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Abstract

Embedded systems are microprocessor-based systemsytbhagadarge range
of computer systems from ultra small computer-based dsvtckarge systems
monitoring and controlling complex processes. With thewgng hardware
capabilities of embedded software the ability to add monefionality to em-
bedded systems also grows, leading to an increasing coitypté>embedded
system software. Moreover, embedded systems must usuaky stringent
speci cations for extra-functional properties. This hasimplication that de-
velopment and maintenance of such systems are very costlyarticular,
activities related to veri cation and maintenance reqaitet of efforts. There-
fore, the technologies and processes that lead to lowes fiyghese activities
are very attractive and desirable. An attractive approaatetnage the software
complexity, increase productivity, reduce time to marked aeduce develop-
ment costs, lies in the adoption of the component based amdtengineering
(CBSE) paradigm. The speci c characteristics of embeddestesns lead to
important design issues that need to be addressed by a cemtpoadel. Con-
sequently, a component model for development of embeddstdrag needs to
systematically address extra-functional system progesiich as timing (e.g.,
meeting deadlines), dependability (including reliakjlgafety, and security),
and resource usage (such as memory, energy and CPU). Thecentpnodel
should support predictable system development and as siachrfee absence
or presence of certain properties. Formal methods can bigadlsusolution to
guarantee the correctness and reliability of softwareesyst

Following the CBSE spirit, in this thesis we introduce the®om compo-
nent model for development of distributed embedded systemigh aims to
tackle designer's demands for building vehicular embedystems in partic-
ular. ProCom is structured in two layers, in order to suppoth a high-level
view of loosely coupled subsystems encapsulating compiestionality, and
a low-level view of control loops with restricted functiditg These layers



differ from each other in terms of execution model, commatian style, syn-
chronization etc, but also in kind of analysis which areahlii. In order to de-
scribe the internal behavior of a component, in a structway in this thesis
we propose REsource Model for Embedded Systenmsv) that describes
both functional and extra-functional (such as timing angbtgce consump-
tion) behavior of interacting embedded components. We falsnalize the

resource-wise properties of interest and show how to aealyzh behavioral
models against them.
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Chapter 1

Introduction

An embedded system is a microprocessor-based system thaittisembed-
ded) in a larger system that may or may not be a computer sysimnied-
ded systems can be found in an enormous range of electrrasisuch as
cellphones and PDAs, instruments such as GPS automotivgatiam sys-
tems, and also large engineering systems such as traf caosystems, or
nuclear power plants. Virtually any electronic device dasd and manufac-
tured nowadays is an embedded system, and virtually alllpewe touched by
this technology.

Embedded systems have tightly constrained heterogenguisements [1,
2]. Thus, they must often have low cost, constantly reacthtanges in the
system'’s environment, must compute certain results intnea without delay
and satisfy reaction constraints, such as deadlines andghput, must be
sized to t on a single chip and consume minimum resources.

Like all computing systems, embedded systems consist awsae and
software integrations, in which the software reacts to tingrenment. Nev-
ertheless, in difference to other computing systems, nfo$teorequirements
of embedded systems are related to extra-functional ptiepgsuch as relia-
bility and safety), and to limited resources. As such, desjgace exploration
and veri cation at an early design stage are (extremelyirdbke. In addition,
in application speci ¢ systems, which do not bene t from aspc platform,
which is the case with many embedded systems, hardware &ndsodesign
is often performed in parallel but with interactions anddieeck between the
two processes. The hardware-software co-design is negemsd envisions
resource-usage optimization. The co-design process thanasti cation for
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embedded system early analysis. In this thesis, we do no¢ssithe hardware-
software co-design process of embedded systems.

During recent decades, the vast majority of functionalftgrnbedded sys-
tems is realized with software. Up to 40 percent of the dgwelent time for an
upper-class car is spent in car-IT (such as driver assis}jdB8t Nowadays, a
car may hold up to 80 control-units that are cross-linkede &xisting theories
and methods for software development, when applied to so&wesign of em-
bedded systems, reveal the fact that the major challengmbééded system
design is to “provide an artifact (an embedded computeesgysthat provides
the speci ed services under given constraints and wheewaek properties of
this artifact can be modeled at different levels of absioadby models of ad-
equate simplicity” [4]. Accordingly, there is a need for imped software de-
velopment techniques and processes that will let deveddpgame software's
growing complexity, while reducing time to market and deyghent costs. A
promising approach to handle the complexity, reduce timmaoket, intro-
duce structure and abstractions, lies in the adoption ottimponent based
software engineering (CBSE) paradigm. The central poirf@BSE has been
reuse, but for embedded systems the structure and abstsatiroduced by
components are equally important as a basis for constructiabstract formal
models. In that sense, the CBSE paradigm facilitates theiufemal meth-
ods, in modeling and analyzing the used components, togdbkl need for
early stage veri cation.

The goal of this thesis is to propose solutions for modeliraglern real-
time embedded systems, in a component-based fashion, itteampd to man-
age the associated extra-functional properties includésgurce constraints.
Following the CBSE spirit, this thesis introduces an analfe component
model for development of distributed embedded systems;twinies to meet
the designer's needs for building vehicular embedded syst@ particular.
The component model is built in two layers, in order to adgliessame time
loosely coupled subsystems (big parts) and control taskal(parts) of a sys-
tem. These parts differ from each other in terms of executimadel, com-
munication style, synchronization etc, but also in kind nélgsis which are
appropriate.

While a fully and semantically described interface of a comgnt de nes
the intent of a component, that is, what the component dbes;dntent of a
component describes how the intent is realized [5]. Suajrinétion is hidden
from the casual user and becomes important only to thosentdied to modify
the component. Hence, in order to provide the designer wéhama for repre-
senting the internal behavior of a component, in a strudturgy, in this thesis
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we also introduce a model that describes both functionaleatr@-functional

(such as timed behavior and resource consumption) behaf/@ymponents.
Any modi cation of a component’s internal description, evié gives rise to

a functionally equivalent model, might alter the compofseatiginal prop-

erties wrt timing and resource usage. To prove that the elbpiroperties are
still exhibited by a modi ed component model, we formalibetresource-wise
properties of interest and show how to verify such behaVim@dels against
them.

The work has been carried out withiRBGRESS[6], a Swedish national
centre for development of predictable embedded systems.midin aim with
PROGRESSIs to promote the development of embedded systems to a mature
engineering discipline. ThusR@GRESsshould provide theories, methods and
tools, which will increase quality, reduce costs and cowxipfen the develop-
ment of embedded systems.

The following section provides the background for the basiocepts of
CBSE, and formal analysis, as a foundation for reading theaneder of the
thesis. In the end of this chapter the overview of the thagsésented.

1.1 Preliminaries

1.1.1 Component Based Software Engineering

The basic rationale for the eld of CBSE [7, 8] is the idea ohstructing sys-
tems by reusing existing components, in much the same wapadasd com-
ponents are used in electronics or mechanics: integrateuitsi, switches, etc.
It is a promising approach for ef cient software developméacilitating well
de ned software architectures and reuse.

With CBSE it is possible to divide large and complex softwarstems into
smaller, less complex modules. These modules can be decbfrpin each
other and thus be implemented in parallel by different dgvets, indepen-
dently of each others work. Therefore, development timedsiced. Virtually
reliability is increased because components which have tested thoroughly
and worked good for one system may be reused in another syStkmex-
tra time and effort required for selecting, evaluating,fitey, and integrating
components is mitigated by avoiding the much larger eftwat tvould be re-
quired to develop such components from scratch. Moreov@EE_promises
higher quality and reliability because the components @atebted separately
with unit tests and the component assembly has to be testeglbwith in-
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tegration tests. Another advantage is that software systehich consist of
several modules are more exible and maintainable than rithiosoftware
systems.

Although CBSE has been widely used for software developwfedesktop
and distributed enterprise applications, there is stiicklof broadly adopted
component technology standards which are suitable for dddik systems.
Due to the speci ¢ characteristics of embedded systemsygpooent archi-
tecture for embedded systems must have low overhead, bblestd accom-
modate application unique requirements, and be able tceaddelevant non-
functional issues (resource restrictions, timelinesgtgand dependability).

In CBSE the smallest functional building unit iscamponent The idea
behind components originates from a paper published by M®lroy [9] at
the NATO conference in Garmisch in 1968 about the idea of rpasduced
software components. However, since Mcllroy's paper, congmt de nitions
and notions advanced in various, and in same time contraglidirections. Up
until today there is no generally accepted de nition of waatomponentis. A
de nition that is commonly cited in publications is the omerih Szyperski [8],
which focuses on the key characteristics of components:

A software component is a unit of composition with contraltyu
speci ed interfaces and explicit context dependencieg. dhkoft-
ware component can be deployed independently and is subject
composition by third parties.

This de nition implies that in order a component to be de@dyndepen-
dently, a clear distinction between the environment anérotomponents is
required. A component must have clearly speci ed interfaaad the com-
ponent's implementation must be encapsulated in the coemgaand not be
directly reachable from the environment. The de nitionlines that compo-
nents should be delivered in binary form, and that deploytraed composition
should be performed at run-time. Regardless of its gemgréliwvas shown
that Szyperski's de nition does not fully cover a wide rangiecomponent-
based technologies (e.g., those which do not support ainadly specied
interface or independent deployment). Further, embedgs&dms require op-
timal utilization of hardware (which in many cases has leditesources), and
a predicable behavior, rather than exibility at run time.sfatic compilation
of components into an image is proven to be more ef cient andenaccurate
than dynamic uploading of components. For this reason ineelaidd systems
components are usually expressed as models or source code.
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Component models are used in the development of comporedesre
standards for their interfaces, illustrate their depewraen) specify their prop-
erties and composition mechanisms [7]. In other words, tmeponent model
embraces a set of rules regulating how the components magynot be used.

Nowadays a number of component models for embedded systshElO—
15], however they seldom provide support for relevant namzfional proper-
ties.

1.1.2 Formal Analysis

Component technologies for embedded systems should sigystem devel-
opment with high degree of predictability. Predictabilityncerns the possibil-
ity to guarantee absence or presence of certain propetiespredict/guaranty
a value of a property. The employed predictability analgsisuld guide the
design and selection of hardware and software system coempgn

Formal analysis is a process of rigorously exploring theexiness of sys-
tem designs expressed as abstract mathematical modelsliketyswith the
assistance of a computer. Formal analysis can give two tyfesswers: qual-
itative and quantitative. In the rst casqualitative answersre given in the
sense that a formal model is checked against a formal pgoped the result
of the analysis is an answer "yes, the model satis es the gntgp or "no,
it doesn't (and here it is a counterexample)”. In the latt@asesquantitative
answersare given e.g., computing maximum/minimum accumulatedues
usage for reaching a given goal expressed as a logical gypfrade-offs be-
tween con icting requirements or computing probabilitteat some property
is satis ed, which are not just yes/no answers anymore, botesguarantees
that are valid up to some probability.

Today the best known formal analysis methods are modelkaihg@and
theorem-proving, both of which have sophisticated toopsupand have been
applied to non-trivial systems [16,17]. Theorem-provingphasizes highest
assurance (theorems can only be created by a logical kernieh implements
the inference rules of the logic) and handling in nite-statystems, the main
challenge being proof automation. Model-checking empegsautomation,
by relying on various ef cient algorithms for deciding teomal logic formulas
on nite state models, the main challenge being to reducélpros to a form
in which they can be ef ciently model checked. The advantagenodel-
checking of providing high level input languages that supthee modeling and
checking of complex computer systems, and the highest defr@utomation,
justify our choice for model-checking as the veri cationrpdigm.
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To perform model-checking, an automata model describiegpibssible
system behaviors is fed into a model-checking tool, togetyith a desired
property (requirement) expressed in a temporal logic. dbkthen automati-
cally traverses the system'’s state space in an exhaustiweendf an invariant
property is satis ed, the tool nishes the veri cation suessfully, or if the in-
variant property is violated, it reports one of the traces tiolates the property
as a counter-example to the model. For reachability pragsettie opposite is
true i.e., a trace is reported when the property is satisMddel-checking has
achieved huge success in industry for verifying hardwasis. Companies,
such as IBM, Intel, Motorola, Siemens are having in-houselehchecking
groups. Despite these successes, formal analysis hasemtigely used in
the development of embedded systems. One possible reaenléck of ex-
pertise of design engineers for constructing and undedstgrabstract models
in an interactive environment formal speci cations.

Due to the real-time requirements of embedded systems andetad to
verify the models against them, the designer should be pgdiwith methods
and tools that support modeling of real-valued variablad, the combination
of discrete and continuous behaviors. The framework ofdicngomata is an
established formal framework to support such needs, andUt#mAL [18]
tool is one of the most popular and mature veri cation toadséd on timed
automata, and it is also used in this thesis. In the followivgrecall the model
of timed automata and the model of priced (or weighted) timedmata [19,
20], an extension of timed automata [21] with prices/costdoth locations
and edges.

Timed Automata

The model of timed automaton (TA) [21] is a timed extensiorthe nite-
state automaton. A notion of time is introduced by a set ofnegative real
numbers, calledlock variables, which are used in clock constraints to model
time-dependent behavior. TA consists of a nite set of |awad, connected by
edges. One of the locations is marked as initial. All clock3A start at zero,
evolve continuously at the same rate, and can be tested seidoezero. Edges
are labeled with guard expressions, an action, and a reset.seet of clocks
to be reset. We say that an edge is enabled if the guard essligetrue and the
source location is active. Locations are labeled with clookstraints called
invariants, which enforce that the location is left befdreyt are violated. The
semantics of TA is de ned in terms of a timed transition systeA state of
TA depends on its current location and on the current valbigs olocks. The
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transitions between states can be of two kintlayanddiscrete Delay tran-
sitions are result of passage of time while staying at soroation. Discrete
transitions are result of following an enabled edge in a TAtdaestination
location with the clocks in the reset set, set to zero. Systesmprising mul-
tiple concurrent processes are modeled by networks of temémmata, which
execute with interleaving semantics and synchronize onrotla.

UpPPAAL is atool set for modeling, simulation, and veri cation oftnwerks
of timed automata. The RPAAL model checker supports veri cation of tem-
poral properties, including safety and liveness propgrfiée simulator can be
used to visualize counter examples produced by the modekeheUPPAAL
automata extend timed automata by introducing boundedeénteariables, bi-
nary and broadcast channels, and urgent and committeddocat

An example of a network of timed automata modeled #PRAL is shown
in Figure 1.1. The timed automata consist of an automaton lafrgp and
an automaton of a user. The behavior of the lamp depends on thkeuser
presses the on/off switch. The automaton of the lamp casishree locations
Off, Dim andBright, and one clock. The automaton starts at locati@if. In
case the user presses the switch the automaton of the lartghesito location
Dim and the clockt is reset, by the assignmett0. In locationDim the
automaton can remain as long as the clock is smaller or equ#l.tHowever,
if the user presses the switch of the lamp before 5 time urat® lelapsed
then the automaton of the lamp switches to locaBoight, in which it stays
until the next pressing of the switch. Processes lamp andsysehronize by
sending and receiving events through channels. Sendingemeiling via a
channebress is denoted byress! andpress?, respectively.

press?

Bright
t<5 press?

press!

Idle

press?

(a) Lamp (b) User

Figure 1.1: Timed automaton of a lamp and a user.
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Priced Timed Automata

Priced timed automata extend timed automata with pricegoon both lo-
cations and edges. The cost labeling a location repredeagrice per time
unit for staying in that location, whereas the cost labelingedge represents
the price for taking the transition. As such, every run in phieed timed au-
tomation has a global cost, which is the accumulated priocegathe run of
every delay and discrete transition. Multi priced autonja®] are extension
to priced timed automata in which a timed automation is augetewith more
than one cost variable. In this thesis, the framework ofgatitmed automata
is used for formally analyzing resource consumption in esleel systems.

Switching on a lamp and letting it burn uses energy, theegfoFigure 1.2
is depicted a priced timed automaton of the lamp elabora€ie The en-
ergy consumption is modeled by using costs. A special viriedst can be
increased explicitly on an edge by an update, or implicityspecifying a rate.
Guards and invariants are, however, not allowed to refeneocbst variable.
The switch of the lamp from locatio®ff to Dim is labeled with an update
cost+=50, indicating that the cost is 50 for switching on the ladmgocations
Dim andBright we have the cost rateost'== 10 andcost'== 20, respec-
tively, which indicate that the energy consumption is 10 2@dinits per time
unit in the respective locations. When staying in thesetlons, cost is in-
creasing linearly with time, with rate 10 and 20, respetyive

press? t:=0,
cost+=50

Dim Bright

t<5 press?

t<=10&&cost©==10 costO==2

press?

Figure 1.2: Priced timed automaton of a lamp.
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1.2 Thesis Overview

The thesis is divided into two distinct parts. The rst pastd summary of
the performed research. Chapter 1 describes the backgamahmiotivation of
the research. Chapter 2 formulates the main research gtraldiices the re-
search questions and brie y summarizes the relevant darttons. Chapter 3
discusses in details the research questions. Chapter dnisethe research
method used. Chapter 5 surveys related work. Finally, Gnagptoncludes
the thesis and outlines future work that formulates gumddifor further PhD
studies.

The second part of the thesis presents a collection of meéwed journal,
conference and, workshop papers that contain details oétisevers of the
research questions, methods and, results presented irsthigart of the thesis.
The following ve papers are included in the second part &f tiesis:

Paper A. "A Classication Framework for Component Models”. lvica
Crnkovi€, Séverine Sentilles, Aneta Vulgarakis, Micl#laudron. Accepted
to IEEE Transactions on Software Engineering (in the prooésevision).

SummaryThis paper presents a survey of a number of component models,
described and classi ed with respect to a four dimensiolzals cation frame-
work, which groups different aspects of the development@se of component
models. As such, this classi cation framework identi esnemon character-
istics as well as differences between selected componet¢isioThe results
of the comparison have led to some observations which aceiged in this
paper.

Contribution: This paper was written with equal contribution from the rst
three authors. All the coauthors have contributed with sgdeéscussions, and
reviews. | was responsible mainly for the lifecycle sectam shared the re-
sponsibility with Séverine Sentilles for collecting, &mng and classifying in
tables the included component models. The classi catiamfwork was de-
veloped in several iteration steps including observatams analysis. It was
discussed with several CBSE and empirical software engmgeesearchers
and experts from different engineering domains.

Paper B. "A Component Model for Control-Intensive Distributed Entbe
ded Systems”. Séverine Sentilles, Aneta Vulgarakis, 8oBures, Jan Carl-
son, lvica Crnkovi€. In Proceedings of the 11th InternadilcSymposium on
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Component-Based Software Engineering (CBSE2008), KdrésrGermany,
October, 2008.

Summary:In this paper, the two-layered ProCom component model for
design and development of control-intensive distributedbedded systems is
introduced. ProCom takes into account the most importaatacteristics of
these systems and employs the concept of reusable compadnentghout the
whole development process, from early design to deploynidme two-layered
model is developed to ef ciently cope with different desigaradigms that
exist at different abstraction levels of embedded systéigh (level view of
loosely coupled subsystems and a low-level view of contrapk controlling a
particular piece of hardware). Additionally it provide®gnd for analysis and
predicting properties (e.g. timed behavior and resoureswmptions) in such
systems.

Contribution: This paper was written with equal contribution from all the
authors. | took part in the discussions and contributed wititing and im-
proving parts of the paper, particulary in the discussidomiathe semantics of
the component model, analysis and predicting propertidstarelated work
section. The ProCom component model that we describe inptper was
developed in several iteration steps resulting from thedooted discussions
between the authors.

Paper C. "Embedded Systems Resources: Views on Modeling and Analy-
sis”. Aneta Vulgarakis, Cristina Seceleanu. In Proceeslofd OMPSAC, the

1st IEEE International Workshop On Component-Based DeSigResource-
Constrained Systems Software and Applications Confer@@@O&RCS), Turku,
Finland, July, 2008.

Summaryin this paper, we discuss several representative frametbsat
model and estimate resource usage of embedded systentsfyidgriheir ad-
vantages and limitations. As such, we divide the varietyppfraaches existing
in the literature into three distinctive categories: coelel resource modeling
and analysis of component assemblies, UML-based degmipfiembedded
resources and higher-level formal approaches based orotairipgics and
process algebras. In the end, we present the resource-dexsl®@pment view
that we are adopting throughout the rest of the thesis.

ContributionThis paper was written with equal contribution from all the
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authors. | was speci cally working on the code-level and Ubiased resource
modeling and analysis.

Paper D. "REMES. A Resource Model for Embedded Systems”. Cristina
Seceleanu, Aneta Vulgarakis, Paul Pettersson. In Pravgedif the 14th
IEEE International Conference on Engineering of Compler@oter Systems
(ICECCS 2009), IEEE CS, Potsdam, Germany, June, 2009.

Summary:This paper introduces the modekERES for formal modeling
and analysis of both functional and extra-functional bébresf interacting em-
bedded components.BRIESis a state-based behavioral language with support
for hierarchical modeling, resource description, cortimgitime, and notions
of explicit entry and exit points that make it suitable as mamtic basis for
component-based modeling of embedded systems. The analyBEMES
based systems is placed around a weighted sum in which tlables capture
the accumulated consumption of resources, respectively.

Contribution: This paper was written with equal contribution from all the
authors. | particularly worked on the classi cation of tresources and speci-
ed, modeled in REMES, and analyzed in BPAAL CORA [23] the TCS system
presented as a case study in the paper.

Paper E. "Formal Semantics of the ProCom Real-Time Component Model”
Aneta Vulgarakis, Jagadish Suryadevara, Jan Carlsonjr@riSeceleanu, and
Paul Pettersson. In Proceedings of the 35th Euromicro Cemée on Soft-
ware Engineering and Advanced Applications (SEAA), Pattakece, Au-
gust, 2009.

Summary:In this paper, we de ne the formal semantics of the ProCom
component model in a small but powerful nite state-machi@sed formal-
ism, with notions of urgency, timing, and priorities. As huthe formalism
provides an unambiguous description of the modeling elésnehProCom,
sets the ground for formal analysis using other formalisansl provides and
intuitive and useful description for both practitionerslansearchers.

Contribution: | was the main driver and principal author of this paper and
contributed with de ning a formal semantics of the ProCormgmnent model
and exemplifying it on the modeling elements of ProCom. Thpegy pro-
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ceeded from a technical report that was written togethdr thi2 second author
of this paper.



Chapter 2

Research Problems

This chapter presents the scope of our work by formulatiegdsearch goal,
introducing the research questions that address the gdddraay summariz-
ing the relevant contributions.

2.1 Problem Description

Our research is in the area of component based developmreatfoedded
systems, and was driven by the problems coming from the eddubslystems
domain, such as managing complexity, distribution, reselimitations, anal-
ysis, managing the strong coupling between the compongsystem and
the target platform. In this thesis, we address the problemmoaleling modern
real-time embedded systems, in a component-based fashian,attempt to
tackle the system complexity and manage the associatedroesconstraints.
Concretely, the overall goal of the thesis is

design of an analyzable component model for real-time eddukd
systems

This goal is broad and admits various answers. We appro&chdal by an-
swering to three research questions that address compuonesets for embed-
ded systems and behavioral modeling of embedded systendd) wh formu-

late in the next section.
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2.2 Research Questions

Research question 1.

Component models are indispensable to CBSE, as they delegfiar con-
structing individual components and for assembling thetm §ystems. There
are various component models proposed in the literatureitebte for the
development of real-time embedded systems. Some chastickeare shared
among the component models, yet each of the latter hasdalistiaracteristics
too. Therefore, it is important to analyze and compare thstiag compo-
nent models in order to identify the most interesting for tdewelopment of
embedded systems. Such motivation justi es our rst reshauestion:

What are the common characteristics and differences beteee
isting component models?

Q1)

Research question 2.

One of the main characteristics of embedded systems is $fct®n of
available resources. The diversity of approaches on resamodeling and
analysis existing in the literature [24-31] indicate thécdilty of handling
all relevant embedded resources within the same formal moteis calls
for a fresh look on resource-aware design methods, baseleoexperience
gathered from the existing modeling approaches. In ordprdperly specify
and analyze embedded systems, the designer should use dngdaleguage
that incorporates resources as primitive types, that id#t-iouthe model. Ide-
ally, the same language should provide support for modedimg) analyzing
functional and timing behavior too, besides the resouriseWwehavior of the
embedded system. This would allow both separation of coiscas well as
simple model-to-model transformations, for analysis pggs. Accordingly,
the second research question can be formulated:

How can we model and formally analyze functional, timing and
resource-wise behavior in a uni ed manner?

(Q2)
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Research question 3.

The potential bene ts of CBSE (such as reusability, comipyemanage-
ment and reductions in development times and costs) ardrastate in the
domain of embedded systems as they are in other areas oftivarsindustry.
Beside component models, component technologies fornhanoéntral con-
cept of CBSE. They make use of componentmodels in practiaéig, a partic-
ular componenttechnology provides tools that enable dpweént and deploy-
ment of systems that adhere to a corresponding componereglmalihough
there exist several component models and technologiehé&dévelopment
of embedded systems (e.g., Koala [10], Robocop [14], BIXeM5], AU-
TOSAR [32], COMDES-II [33], Pecos [12], Rubus [13], and S@&M [11]),
CBSE is still not broadly used in the embedded systems indugtn im-
portant reason for such limited success is the dif culty adyding solutions
that meet typical embedded system requirements. Wolf [&tudses about
which domain speci ¢ requirements a component technol@ggeting em-
bedded system development should be aware of. In the emibsgisiems do-
main, designing for predictability requires architectufeat meet both the cor-
responding functional requirements (e.g., expected sesyfunctionality and
features), as well as extra-functional ones (resourcsijgity, timing and/or
reliability). Hardware and software models annotated wiginformance, re-
source consumption or size information can be bene cialrttbedded sys-
tem designers. In order to simplify analysis and help theitiian behind the
embedded system's functioning, one could create a hieyasEimodels that
will alow them to reason about timed behavior, resource wonion and so
on, without going down to to the instruction level. For insta, architectural
models may be used for modeling basic functionality, anchbigial models
for modeling functional and extra-functional behavior.séJ] embedded sys-
tem developers must verify that applications meet theicfiomal and extra-
functional speci cation. All these requirements shouldeected in the com-
ponent model. In addition, the speci cations of many comgrarmodels are
de ned informally and component models suffer from incogtpland impre-
cisely de ned syntax and semantics. Formalization of congmt models us-
ing formal methods can provide precise de nitions. The falization should
be designed to unambiguously describe the elements of thpawent model.
Thus the third question is as follows:
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What is an appropriate component model for real-time embddd
systems and how can we describe its elements in an unamkiguou
way?

(Q3)

2.3 Summary of Contributions

In brief, the main contributions of the conducted researelsammarized bel-
low:

A development of a four dimensional classi cation framelwd@ifecy-
cle, constructs, extra-functional properties and don)dorscomponent
models.

A design of a two-layered ProCom component model for embe:dys-
tems, which addresses quality attributes and distributiore systemat-
ically than the existing component models tailored for edussl system
design.

An unambiguous and compact description of the modeling efsnof
ProCom based on a nite-state machine-like formalizatioat tsets the
ground for formal analysis of systems built out of ProComredats.

A development of a RMES behavioral language for modeling and anal-
ysis of functional, timing as well as resource-wise behavf@mbedded
systems.

A weighted sum encoding of the resource-wise analysis prplin
which the variables represent the accumulated consumpiti@sources,
respectively.

These contributions are further detailed and discussedhapter 3.



Chapter 3

Research Contributions

The current chapter presents the main lines of our contoibustarting from
the research questions proposed in Chapter 2. The reseagsmdt provide
complete answers to the questions, but only partially arstiem and gives
directions for further research. The following sectionsa#e each research
topic.

3.1 Classi cation of Component Models

Goal: The large number of existing component models having pddtiities,
differentaims, sometimes unclear concepts, but also nianilasities, calls for
a systematic analysis of such models. The goal of this relsaarto provide
a classi cation framework that will identify and discus®thasic principles of
component models. Later, according to this classi cati@anfework, existing
component models may be classi ed and compared. This fraweaould
also help in the design of new component models, since onts @foals is
to identify the elements of a component model that would bgoirrant when
designing a (new) component model.

Research process: The research was performed in several iterations of ob-
servations, analysis, classi cation, and validation. Vaeénstarted with a large
number of component models, by rst studying the state ofatieon general
principles of CBSE, and the existing literature on clasation of architecture
description languages, quality attributes and componeutats. From this we

19
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have gained knowledge and made the rst version of the ctad&in frame-
work. Then, we discussed this classi cation framework wsttveral CBSE
and empirical software engineering researchers and exfpenh different en-
gineering domains. The discussions have led to a re nenfghedramework.
In the next iterations the re ned framework was mapped onstiuelied and
new component models and discussed with other researaigepsactitioners.
The research process has been completed when all studiggboent models
complied well with the classi cation framework.

Results: The result of this research is a classi cation and comparfsame-
work for component models. The classi cation frameworklies four di-
mensions (lifecycle, constructs, extra-functional prtipe and domains) in
which the basic characteristics and principles of compbnerdels are dis-
tinguished: (i) The lifecycle dimension identi es the sugppprovided (explic-
itly or implicitly) by the component model during componshifecycle, such
as modeling of components and component based systemsnmaptation,
packaging and distribution, and deployment of componentsdan executable
system or some target environment. (ii) The constructs d#ioa identi es
(i) the component interface used for the interaction witiheotcomponents and
external environment, and (ii) the means of component hipeind communi-
cation. (iii) The extra-functional properties demensidenti es speci cations
of different property values, and means for managementaiddomposition.
(iv) The domain dimension classi es component models atiogrto their us-
age domain: general-purpose, specialized or generative.r8search has led
us to the conclusion that many principles of CBSE are not ydwacluded
in every component model. Details about the classi cati@mfework can be
found in the included paper A.

Limitations and future work:  The proposed framework can always be ex-
tended since it does not comprise all the elements of all corapt models.
Some component models have speci ¢ solutions related ticpér models or
technologies. Furthermore, we have not characterizeddhgwonents them-
selves (e.g., internal behavior, whether components dneear passive, etc.)
and the list of component models that we have studied caryalb@extended.
This is subject to future work. However, to our knowledgefih@posed frame-
work identi es the minimal criteria for considering a modelbe a component
model and it groups the basic characteristics of the models.
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3.2 TheReMESsBehavioral Model

Goal: The competing or inconsistent requirements of real-timéeaded

systems, such as minimizing memory consumption while stikuring all

deadlines are met at run-time, call for rigorous analysishef system's re-
source consumption already at early design stages. Ourigt@lpropose a
model for formal modeling and analysis of embedded resaurdéde envi-

sioned outcome has been a behavioral model with supporé&soning about
functional, timing and resource-wise behavior in a uni edyw

Research process: The research included several iterations. First we have
studied and grouped several representative frameworksrtbdel and esti-
mate resource consumptions of embedded systems. Thedsfualieeworks
indicate the possible dif culty of reasoning about all rasce types within the
same theoretical framework. While studying them, we deyvetdiour own view
on how to model and, carry out analysis of embedded resaurcdsveloping
our behavioral model we were inspired by theeARoN [35] modeling lan-
guage, used for specifying embedded systems as commungieatents, while
relying on hybrid automata for the semantic translation.r ain contribu-
tion is the introduction of resource as a built-in data typed the addition
of other constructs (like the conditional connector) ttztilftate the applica-
tion of REMES to modeling both functional and extra-functional behaabr
component-based embedded systems.

Results: The result of this research is the behavioral modeMRs (RE-
source Model for Embedded Systems) and associated antdghisiques for
performing resource-wise behavioral analysis, such asilfgity analysis,
optimal/worst-case resource consumption, and tradepatfyais. In our stud-
ies we consider resources as quantities of nite size, andlagsify them by
their discrete or continuous nature, the way they are cordand/or allocated
and released, and whether they can be referred to, or notclabs cation of
resources is not tied to any particular formal semanticesgmtation. Conse-
quently, REMEs can model number of generic resources (e.g., memory, CPU,
energy, bandwidth, etc.). BMES is a dense time state-based hierarchical be-
havioral language with a notion of explicit entry- and exiints, continuous
variables, ows and progress invariants. For formal analpsirposes, RMES

can be semantically translated into timed automata or (hprited timed au-
tomata depending on the analysis goals (i.e., timing aiglyssource con-
sumption, etc.). The analysis ofeRIES is based on a weighted sum in which
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the variables capture the accumulated consumption of ressirespectively.

Details about the variety of approaches on resource mayglatid analysis
existing in the literature and aboueRES can be found in the included papers
C and D, respectively.

Limitations and future work: REMES is tailored for embedded systems,
but it is also suitable for modeling behavior of reactiveteyss. We have
performed analysis in RPAAL CORA [23], which can currently only handle
priced timed automata models where the weighted sum is rooiuatly in-
creasing. As future work, we plan to integrateENRES in the
PROGRESSIDE, by rst connecting REMES with ProCom, and second, by im-
plementing the kinds of analysis that we are interestechityRPAAL CORA.
The scalability and appropriateness of REMES for real-dvortiustrial appli-
cations is unfortunately not exercised in this work. We glaapply REMES
on a series of complex systems, in order to better idensfwiaknesses and
limitations.

3.3 The ProCom Component Model

Goal: The goal of this research is to propose a component modaksaifor
development of real-time embedded systems, in particukshicular-,
and telecommunication systems. The type of embedded sydgtamd in the
targeted domains typically have speci ¢ characteristibewconsidered at dif-
ferent levels of granularity. The loosely coupled subsysteliffer from the
control loops controlling a certain piece of hardware, wibpect to execution
model, communication style, synchronization, etc. Alberé are differences
in the kind of information that must be available and the tgpanalysis that is
appropriate. Our goal has been the design of a component thadsupports
both a high-level view of loosely coupled subsystems endafing complex
functionality, as well as low-level view of control loops\iiag dedicated, re-
stricted functionality, simpler communication, which ¢aha certain piece of
hardware.

To enable formal analysis, the component model should Engivformal
semantics. The formalization should not only describe thdeting elements
of the component model in a rigorous way, but also providgsetigor reason-
ing about functional and extra-functional behavior of thed®sling elements.
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Research process: The research process included studying existing compo-
nent models (in particular SaveCCM [11]) for the developtrafrembedded
systems and discussions with domain experts from the edgktmains. From
this we have identi ed the following requirements that atable component
model should ful Il

manage complexity;

manage the strong coupling between the system and thedédrpktt-
form;

deal with different types of components with respect to gharity, func-
tionality and semantics;

utilize resources ef ciently;

provide support for different kinds of analysis (functibbehavior, timed
behavior, resource usage, etc.).

Following these requirements, the ProCom component madebben devel-
oped in several iterations.

The formalization of ProCom's architectural elementsued several it-
erative steps as well. We rst started with studying the fatrsemantics of
the SaveCCM [36] component model (ProCom's predecesshbg fdrmal se-
mantics of SaveCCM is based on timed automata (TA). Whileyoay out the
formalization work, we have managed to comprise the necgssmantic de-
scriptions in a simpler and more compact form than TA prosidehigh-level
FSM-like model that abstracts away some aspects presdrg ootresponding
TA.

Results: The result from this research is the ProCom component makl a
an associated architectural semantics based on an FSM reltkesentation.
In comparison to other component models targeting embesigitdms, Pro-
Com addresses quality attributes, resource consumptibdiatribution more
systematically. In order to address the different concatmfferent levels of
granularity, ProCom is structured in two distinct, but tetg layers (ProSys
and ProSave). The two layers differ in terms of granulaatghitectural style
and communication paradigm. The upper layer, called ProiSystended
for modeling the embedded system as a collection of compltaxesand con-
current subsystems, communicating via asynchronous gessssing. The
lower layer, ProSave, serves for modeling the internalgiesf a subsystem
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down to primitive functional components implemented byeddroSave com-
ponents are passive units, which communicate based on eapipdter ar-
chitectural style with an explicit separation between datd control ow. In
both layers, information about a component is stored in asiggry, including
requirements, textual documentation, formal semantidsReMEes behavioral
models.

The FSM language, used for the ProCom formalization, hasmebf ur-
gency, implicit timing and priorities. Its formal semargtjitience of the archi-
tectural elements of ProCom, is expressed in terms of TA piitbrities [37]
and urgent transitions [38]. The FSM language has graphjmad¢al, making
it simpler than the corresponding TA model, as it abstracmfreal-valued
variables and synchronization channels. The FSM modelsaZém systems
can be analyzed both in a dense-time underlying framewarkyedl as in a
discrete-time one, since TA has been recently given a sahsgiemantics [39].
Hence, tools such asrpAaAL [18] can be employed for early-stage veri ca-
tion of ProCom models, whereas discrete-time model-chsckeich as DT-
Spin [40], could be used for later-stage analysis, as salrpiee semantics
is closer to the actual software or hardware system with @ geanularity of
time.

Details about the design and formal semantics of the ProGomnponent
model can be found in the included papers B and E.

Limitations and future work:  The current version of the ProCom compo-
nent model is developed for the vehicular domain and focosethe design
of a class of distributed embedded systems that primaritfopa real-time
controlling tasks. In the future, ProCom may be extendedrfstance to the
telecommunication domain. Additionally, ProCom has ndt lyeen indus-
trially veri ed on a real-world example case study but werpta do this as
future work. Although the FSM formalism sets the groundsféomal analy-
sis, the semantic descriptions focus only on formalizirggdbrrect behavior of
ProCom architectural elements, without consideratiorefaiency in formal
analysis of the resulted models. As future work, we plan tegrate RMES
with the formal semantics of ProCom.

3.4 Questions Revisited

In this section, we show how the research results and indlydgers give
answers to the research questions.
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Question Q1: What are the common characteristics and differencesden
existing component models?

From the research summary, we can see that this questioswseesd by the
rst research topic and by paper A in which a classi catiomrfrework for
component models is introduced. Among other things, the-dmensional
framework identi es the common characteristics and déferes between ex-
isting component models.

Question Q2: How can we model and formally analyze functional, timing
and resource-wise behavior in a uni ed manner?

The second research topic and included papers B and E aatetmith an-
swers to this question. It is our intention thatRes is used to model both
functional and extra-functional behavior of interactimgteedded components,
while relying on the solid veri cation framework of pricednted automata.

Question Q3: What is an appropriate component model for real-time ethb
ded systems and how can we describe its elements in an unaoukigiay?

The second and third research topics give answers to thigiqoe ProCom

is targeting the development of embedded systems and thansiesof the
ProCom architectural elements can be presented with the lBB§uage in-
troduced in paper E. RMES can be used for internal behavioral modeling
of ProCom-based systems, whereas the underlying PTA frankew which
REMES is translated can be used for formal veri cation of dional and
extra-functional requirements/properties.

Hence, all three questions have been at least partly andwedeedless to
say, we have provided one possible answer to each questibaf a possibly
large pool of valid answers.






Chapter 4

Research Method

Different research methods are suitable for differentirsggt and similarly
different validation techniques are suitable for diffdreqpes of results. The
methodology that has been used in this research is base@ oasttarch steps
presented in [41]. The main activities are:

1. Identi cation of the research problem from real-worldfteeare engi-
neering issues.

2. Transferring the problem to a research setting, and de tie research
guestions. In this stage the research problem is often ceara nar-
rowed down.

3. Analysis of the current state of the art addressing theares questions.

4. Answering the research questions and presenting tharokseesults.
This stage includes several iteration steps, such as ais®rs, discus-
sions, analysis and improvement of the research results.

5. Checking whether the research results adequately anbeeesearch
guestions. This can be performed in several different waugs, by for-
mal proofs, by performing case-studies, by implementadiba proto-
type, by describing experiences etc.

6. Validating the research results in the sense of checkhegher they are
feasible for the real-world software engineering problem.

27
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Following the abovementioned activities to a great exteathave initially
de ned the research problem, as stated in Chapter 2. Sedwd,the re-
search problem we have identi ed the research questionpegsknted them
in Chapter 2. Later we have conducted a thorough investigati the current
state of the art addressing the research questions. Thastigation has re-
sulted in two papers: paper A and paper C. Further in papeBs&)d E we
have presented our research results on designing a contpuondel suitable
for development of embedded systems and a behavioral modetddeling
and analyzing functional, timing and resource-wise beatrawia uni ed man-
ner, which are summarized and discussed in Chapter 3. Siecestearch
done so far does not yet offer a complete solution to the rekgaoblem (a
thorough validation of the results is missing), the redeaesults have been
applied on simple yet relevant “research examples” preskint papers A, B
and D. Accordingly, in paper A the classi cation frameworkswdemonstrated
on a considerable number of component models. In paper B we dxem-
pli ed the ProCom component model on an electronic stabdiintrol system
of a car, but a deeper analysis of a real case is needed . Furthaper D,
we have performed a small case study demonstrating theipliesof our re-
source modeling and analysis approach. The case study bascbaducted
on an abstracted version of the internal design of a temyerabntrol system
for a heat producing reactor. Again, a more detailed casty$tur a complete
evaluation is needed. Consequently, in the aforementioessehrch method-
ology, we have completed the rst 3 activities. The methodyl awaits the
validation of the research results, which might entail ioyaing and extending
the research results towards applicability on real-wonlgieeering problems.
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Related Work

This chapter relates the contributions presented in thgsishto relevant re-
search and practice areas, subdivided into two sectiorerPaand Paper C
contain extensive related work and state of the art so heigiweeonly a short
summary.

5.1 Component Models for Embedded Systems

Nowadays many component models exist, either general parpodedicated
to speci ¢ domain. Still, only few component models targeé tdevelop-
ment of embedded systems and most of them are dedicated dbcspeb
domains only. In these component models, component impl&tiens are
mostly given in C programming language and components argoseed be-
fore compilation. Often the component models are intendedfiplications of
an algorithmic nature and these applications are commonblyeted as data-
or signal-driven block diagrams. Another name for this gepand- Iter archi-
tecture. Most component models targeting embedded systsus primar-
ily on “small” granularity components. Although they prdeitechniques for
handling extra-functional properties there is still needflrther research to
improve the theories of specifying, modeling and analyzartra-functional
properties of components and composed systems, and tmgdweel support.
In this section we survey some component models that have deeloped
speci cally for application in the embedded system domaid eompare them
with the ProCom component model proposed in this thesisciSlpattention
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is dedicated to the capability of these component modeloidetrand analyze
extra-functional properties, in particular resourceated properties.

AUTOSAR(AUTomotive Open System ARchitecture) [32] compaobhmod-
el has resulted from the cooperative research of a numbertorfretive manu-
factures and suppliers. The goal of AUTOSAR is to de ne adtadized plat-
form for automotive systems facilitating the exchange défi@ents” between
different vehicle platforms and subsystem manufactuithough some sim-
ilarities with ProCom exist, such as the transparent comecation between
subsystems and components with the use of standardizethoes, distribu-
tion of the functionalities provided by each subsystem s&meveral nodes,
some essential differences can also be noticed. In AUTO$ARponents are
runtime entities whereas in ProCom they are consideredsggriéme. More-
over, in AUTOSAR subsystems are unaware of the charadtarstthe under-
lying platform and not so much emphasis is put on analysisefdeveloped
elements. The upcoming AUTOSAR 4.0 release should contaiata-model
extension for specifying timing properties and constsaoftsoftware compo-
nents and it is expected that TIMMO [42] project results witbngly in uence
future AUTOSAR releases with respect to timing modeling.

BlueArX [15,43] is a component model developed and used kscBdor
automotive systems, such as engine control systems orislsgs¢ems. Each
component consists of speci cation, documentation andémentation and
has an analytic interface which is used to store comporseat$ta-functional
properties (such as worst-case execution times, code nyestack memory,
and data memory). Input to the analytic interface is theantrcontext such
as hardware dependencies, tool chains and the setting sfacus and/or cal-
ibration parameters in which the component should be aghpReoperties are
speci ed in the service level of each component and the cortéormation
is speci ed for each property. Semantic context informaiti® also speci ed
by referring to the modes (such as initialization mode, icyekecutive mode
or shut-down mode). Bosch uses static analysis tool aiT fd4jnalyze ob-
ject code and to extract the worst-case execution time ofnapooent, and
SymTA/S [45] tool as a reasoning framework that aids anglgsd prediction
of timing properties. The BlueArX concepts are close to ®BnoSave layer
of the ProCom component model, however ProCom uses a maeatjgame-
work to associate extra-functional properties to comptand others entities
of the component model (component services, message pontsnunication
channels and component instances).

COMDES-II (COMponent-based design of software for Disitdd Em-
bedded Systems) [33] is a two-layered component modelainal ProCom,
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developed at University of Southern Denmark. At the systest)(layer, a
distributed system is modeled as a network of communicataigrs, and at
the second level the functionality of individual actors usther speci ed by
interconnected function blocks. COMDES-II supports moudgérchitectural
and behavioral aspects of systems with a goal to analyzeexifg system be-
havior at high abstraction level and to enable automatie grheration. In dif-
ference to ProCom, the timing behavior in COMDES-II is seped from the
functional behavior. The timing behavior is veri ed by scldability analysis,
whereas functional properties are formally veri ed. Ke kt[d6] show how
a COMDES-II system can be equivalently transformed inePhAL timed
automata, and veri ed with preservation of system operatieemantics.

IEC 61499 [47]is developed by the International Electrbtécal Commis-
sion (IEC) to support the development of automation androbsystems. It
has evolved from IEC 61131-3 [48] standard that is widelyduse¢he develop-
ment of software for PLCs. IEC 61499 components are calledtfon blocks.
Similar to ProSave, the data between the blocks is tramsfersing pipe-and-

Iter paradigm and the execution of the function blocks isevdriven. In
comparison to ProCom, there is no support for specifyingeasoning about
extra-functional properties.

Koala component model [10] is designed and used by Philipthéodevel-
opment of software in consumer electronics (such as TVs,8/@Rd DVDs).
Components are connected via provided and required ictsfthat depict a
small set of semantically related functions. The Koala congmt model is
hierarchical, so, compound components may be de ned. Siwada com-
ponents are delivered as source code, it is possible teatgtanalyze com-
ponents and systems built by composing them. To some e¥teala allows
calculating and predicting resource consumption (e.gtjcsnemory), but it
lacks support for managing other extra-functional prapsrt Compared to
ProCom, Koala is geared towards less safety-critical apptins.

PECOS [12] is a component model developed conjointly by AB&-C
porate Research and academia for development of smaliveachbedded
systems in automation applications (such as PDAs, smanpleehes, and in-
dustrial eld devices). The PECOS component model suppuigsarchical
component composition. Similarly to ProSave level, congmis interact via
data ports, and the communication between them is basedeopipk-and-

Iter paradigm. A PECOS component can be active, passivenavant. Ac-
tive and event components have their own thread of execudind passive
components cannot control their execution and are usedrasfthe behav-
ior of another component being executed synchronouslyidBsglata ports,
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PECOS components have also interfaces to express exictieiual proper-
ties and constraints. In PECOS, as in ProCom, a strong igpaogtis given
to extra-functional properties, and there is possibilityspecify component's
meta-data such as worst-case execution times and memay, s the tech-
niques differ. The behavior of the components can be modeibdPetri nets.

Pin [49] component model is developed at Carnegie-Melloivéisity. Its
purpose is to be used as a basis for PECTs (Prediction-Eh&admponent
Technologies), which are concerned with providing preidity principles
for the run-time behavior of assemblies of software comptsesuch as per-
formance, safety and security. In order to attain predititglof a given prop-
erty PECT offers a reasoning framework that includes a comapbtechnol-
ogy powered by analytical interface and analysis theonalical interfaces
are used for speci cation of the properties, which are nasgonsisting of
a name, value and additional property-speci ¢ informat{erg., con dence
interval of the property value). Analysis theories are usegredict proper-
ties of component compositions. At this time PECT suppdntsd reasoning
frameworks: aga - for predicting average latency in assemblies with peri-
odic tasks, ss - for predicting average latency in stochastic tasks mahage
a sporadic server and ComFoRT - for formal veri cation of oral safety
and liveness. Contrary to ProCom, Pin is not distributedssdioot support
hierarchical component nesting and does not allow higbtlggsign.

Robocop [14] component model is a successor of the Koala onemt
model, and is developed out the collaboration betweeng3héind Eindhoven
Technical University. Similar to ProCom, a component issidared as “a
whole”, i.e., a collection of models gathering all the infation needed and/or
speci ed at different points of time of the development prsg (e.g., documen-
tation, source code, functional model, resource modelylsition model and
execution model). Models may be used as well for depictirigaefkinctional
properties of Robocop components. These extra-functionekls can include
timeliness, resource consumption, reliability, safetgt aecurity. The resource
model is based on resource predictions, which can not peoliiD% guar-
antees if compared to formal methods. Therefore, it is nivaisie for safety-
critical systems. The functionality offered by a comporisidgically modeled
as a set of “services”. Similar to Koala, Robocop is dealinly avith static re-
source consumption, since it is assumed that consumptioesofirces stays
constant per operation of a service.

Rubus [13] is a component model developed in collaboratatween Arcti-
cus Systems AB and Malardalen University, and is intendedl&évelopment
of distributed, resource-constrained, embedded congedéms, with a mix of
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hard-, soft- and non real-time system requirements. Rubugponents are
called software circuits and each of these circuits is dd bg its behavior,
internal state, and interface. An interface is a set of inpatl output ports.
ProCom has been in uenced by Rubus time- and event-triggdeatures and
the ability to perform real-time analysis. In Rubus it is pibte to specify

timing properties and there is is a tool for schedulabilitalgsis. Similar to

ProSave, Rubus has data- and trigger ports, which capttiae aad control
ow, respectively. However, Rubus does not provide suparrtdistributed

implementation nor high-level design.

SaveCCM [36] is a component model for embedded control egfatins
of vehicular systems developed at Malardalen Univer$tyCom has inher-
ited some concepts from SaveCCM, in particular in the PreSayer, such
as the emphasis on reusability, a strong degree of analifgalficomponent
behavior wrt to timing behavior and safety due to the stragrictions in the
proposed syntax and semantics, and the decoupling of dadazamtrol- ows.
Component behavior modeling is done using timed automatndrd with
tasks. Nevertheless, ProCom has a clearer concept of cidmpomponents,
and addresses distribution and extra-functional propemiore systematically.

5.2 Resource Modeling and Analysis

Although, one may think of numerous extra-functional proips crucial for
embedded systems, in practice, they often reduce to tinnirggmory, perfor-
mance or throughput, and dependability/reliability-tethaspects. These as-
pects may be addressed differently depending on the cootekie applica-
tion domain (e.g., timing aspects have to be more precissdtaty-critical
systems than for home-appliances). Thus, depending onathiext, extra-
functional properties can be modeled or built-in at différievels of formal-
ity, such as: informal level, which describes non-functibaispects in natural
language; semi-formal, which uses notations such as the Oidven more
formal, which describes extra-functional aspects by usmgh more formal
notations such as temporal logics or process algebras.gUsia great ex-
tent the research detailed in paper C, this section sumesattie related work
on modeling and analyzing resources in component-basktimeaembedded
systems and compares them with theM&s behavioral model proposed in
this thesis. The related work may be grouped into three oaiteg)

First, research has been devoted to predicting code-leselirce consump-
tion of component assemblies. In Koala [27] component masiehpositional
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ways of estimating static memory consumption have beeropagd for ap-
plications in which the instantiated components of a coritiposare known
prior to run-time. The resource information is exposed tigioa spacial type
of component'sinterface, called IResource. The intertargains information
about different types of memory and a formula for estimatimgmemory size
of each type of memory is added to the IResource implementafihe tech-
nique supports budgeting i.e., the expected values of gwiree consumption
of non implemented components can be also accounted forolho¢dp [28]
componentmodel is presented a scenario-based predi¢tion-time resource
consumption. Robocop resource model speci es the pratiigsource con-
sumption for all operations implemented by the servicesxahacutable com-
ponent. The resource consumption is given as a number ofwgugtons. The
resources that are claimed and released are speci ed peatape Similar to
Koala, this method is also dealing with static resource gomngion, since it is
considered that the consumption of resources is constanppeation. Both of
the aforementioned approaches deal with low-level codesdiresource esti-
mates, which can only be used in cases when one has accesgtotbonents
implementations. However, more abstract descriptionsxpéeted resource
usage may be needed for not-yet implemented components;, guiding the
selection of components from the repository. In such cdbegjesigner could
rst employ REMES for early resource usage analysis, and then apply the ap-
proaches mentioned above.

The second category is represented by the attempts of seftwadeling
languages and pro les (e.g.,UML [50], UML/SPT [29] and MART51]) to
tackle the modeling and analysis of embedded resources.r Atred. [30]
model resources in UML-based simulative environment. Téxtgnd the UML
notation with new stereotypes for resources types. In opsua diagram are
gathered the software architecture and the resourceshhabttware compo-
nents require. As such, the capsule diagram is spilt in twtspthe software
side and the resource side. The resource side is composedviaynaDis-
patcher, which is in charge of receiving resource requests the software
side and a set of resource types. Internally every resoypeedapsule con-
tains an Internal Dispatcher and a set of actual resourtanoss. The UML
pro le for Schedulability, Performance and Time (UML/SPRR] is a frame-
work for modeling concurrency, resources and timing cotsephich even-
tually produces models for schedulability and performaatalysis. The core
of the pro le represents the General Resource Modeling &&ork, which
describes resource types (hardware or software) and tleiagement. The
UML/SPT pro le provides set of stereotypes and tag valued tan be used
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for annotation of the model elements and for performingsial The new
pro le, MARTE (Modeling and Analysis of Real-Time and Emluzbat sys-
tems) [51], which emerged from the UML/SPT pro le is dedigdto comple-
ment UML with the required extensions for supporting maugiand analysis
of embedded real-time systems. The new pro le should agdspsci cation
of not only real-time constraints but also other embeddedfnactional char-
acteristics such as memory and power consumption and nocsatid analysis
of component-based architectures. It provides a basiodwark for platform-
based modeling, the General Resource Modeling (GRM). laseld on a clear
design pattern considering platforms as a set of resouargsiaing possible
sub resources in hierarchical manner and offering at laastservice. GRM
is re ned in Software Resource Model and Hardware Resouroeé¥ided-
icated to describe software and hardware computing pfagprespectively.
Although graphical and intuitive, these UML-based appheacare not pre-
cise and rigorous, and lack formally founded semanticsy Ta@ not entirely
guarantee the feasibility of the architecture, but rathee gartial answer. In
contrast, RMES provides both a graphical behavioral notation, as well as a
rigorous underlying framework for formal analysis.

The third category is mainly represented by the highertlésenal ap-
proaches [25, 26], proposed by Lee et al. They propose ayahiprocess-
algebraic formalisms, developed to unify formal modelindg analysis of em-
bedded systems resources. Their formalisms can thedigtcaount for var-
ious resource types and a resource is considered as a gerstratass mod-
eling entity. A resource may be characterized by a set obat#s, such as
timing parameters, probability of failure, priority, poweonsumption, etc.,
which capture the resource's behavior. The authors takeaotount sets of
resource classes important for embedded real-time systegniglly reusable
shared resources, used to model processor units, comrtianicasources,
used to model synchronous and asynchronous communicdtammels, and
multi-capacity resources that naturally correspond to orgrmodules. The
framework is theoretically rich, however it is not intugiand the tool support
is not equally mature. Ouimet et al. [31] use timed abstretesmachines
as a uni ed formalism to specify functional and extra-fuonogl properties of
embedded systems. The resources are described as simptatams, in the
form of real-valued variable assignments. Consequerttty ftamework can
not support trade-off analysis of possibly con icting resce requirements,
which is supported by RVES.






Chapter 6

Conclusions and Future
Work

In this thesis we have addressed the design, behaviorallmg@ad analysis
of resource-aware component model for development ofibligad embed-
ded systems, vehicular embedded systems in particular.d&sign problem
is approached by developing the two-layered ProCom conmmqamedel to
match the common requirements and functionalities of emidedystems. The
two layers differ in terms of granularity, architecturallstand communication
paradigm. The upper layer, ProSys, serves for modeling bkelted systems
as a collection of complex active and concurrent subsysteammunicating
via asynchronous message passing. The lower layer, Pro@avkels the in-
ternal design of a subsystem down to primitive functionahponents imple-
mented by code. The formalization of ProCom is given in tepfrem extension
of nite-state machines with notions of urgency, impliditiing and priorities.
In order to enable analysis of timing dependent propertiesformal seman-
tics of the nite-state machine formalism is de ned in termfan extension
of timed automata with priorities and urgent transitionseM& s behavioral
model is proposed for uni ed modeling of both functional andra-functional
behavior of component-based embedded systems. For formablsis pur-
poses RMES can be semantically translated into timed automata or (mult
priced timed automata depending on the analysis goals t{iréng analysis,
resource consumption, etc.). The analysis eMRs is based on a weighted
sum in which the variables capture the accumulated consampftresources,
respectively.
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6.1 Contributions

The main contributions of the presented research are suizedas follows:

A four dimensional classi cation framework. In this thesis we present a
classi cation and comparison framework for component niedd&he classi-
cation framework consists of four dimensions (lifecycleonstructs, extra-
functional properties and domains) in which the basic attaeratics and prin-
ciples of component models are distinguished.

A two-layered ProCom component model for embedded systems.Com-
paring with other component models targeting embeddedmsstthe ProCom
component model addresses quality attributes, resourcguiogption and dis-
tribution more systematically.

An unambiguous and compact description of the modeling eleents of

ProCom. The description is based on an extension of nite-state rimesh
and sets the ground for formal analysis of systems built 6iRroCom ele-
ments. The proposed nite-state machine language has ipa@tppeal, mak-
ing it simpler than the corresponding timed automata maaled, it abstracts
from real-valued variables and synchronization channels.

REMES behavioral language. REMESis a dense time state-based hierarchi-
cal behavioral language that has a notion of explicit entiyd exit points,
continuous variables, ows and progress invariants. Itusiatention REMES

to be used for uni ed modeling and formal analysis of funoti§ timing and
resource-wise behavior of embedded systems.

Performing resource-wise analysis. We present a method for encoding the
resource-wise analysis problem as a weighted sum in whekiahables cap-
ture the accumulated consumption of resources, respbctivaus, we per-
form three types of analysis: feasibility analysis, optimaworst-case re-
source consumption analysis, and trade-off analysis.ifiégsanalysis checks
whether the accumulated values of the resources consuseedfluring all
possible system behaviors are within the available regoamtounts provided
by the implementation platform. Optimal or worst-case tese consumption
analysis returns the cost of the “cheapest”, and/or mogi€egive” trace that
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will eventually reach some goal. This analysis may help sohéng the pos-
sible non-determinism in a component implementation. &raff analysis is
a systemic approach to balancing trade-offs between ctingaesource re-
quirements: memory vs. execution time, energy vs. memuy,lde result of
this analysis is the best alternative between the con gctequirements.

6.2 Future Research Directions

This work covers the core parts of our resource-aware cosmtanodel for
embedded systems. However, the current version of the Pnas@onponent
model is primarily targeting vehicular systems and focusedesign of a class
of distributed embedded systems that execute real-timgalting tasks. As
future work, ProCom component model may be extended foartst to the
telecommunication domain. Additionally, ProCom has ndthgen industri-
ally veri ed on an industry case study and we plan to do thifuaisre work.
We have already started with studying the applicability e sto other
domains related to embedded systems, such as serviceearigystems and
programmable logic controllers. In future, we plan to imtgg REMES and
its notion of resources in the ProCom component model. Hexpping be-
tween ProCom ports andeRIES entry/exit points should be formally de ned.
Further, we plan to perform automatization of the procesprefiicting the
resource usage of components and systems. As sueiERGUI should
become part of the ProCom development IDE, that is curreéntighase of
development. We have performed analysis imPdAL CORA, which can cur-
rently only handle priced timed automata models where thighted sum is
monotonically increasing. Therefore, it is left for futunerk to conduct a
case-study which tackles feasibility analysis problemdmystem in which
some of the edge prices are negative so that the global costida is non-
monotonically increasing. In addition, all of the resouvgse veri cation al-
gorithms presented in this thesis need to be implementedrirall. CORA
and the scalability of the approaches should be checkedutsef work, we
also plan to integrate ®vES with the formal semantics of ProCom. Another
opportunity for future work is to investigate the compasiidl reasoning i.e.
analyzing each component of the system in isolation anevaitpglobal prop-
erties (such as resource consumption of the whole systel®) ittferred about
the entire system. This of course will leave us the obligatibproving that the
component speci cations in turn imply the speci cation bitentire system.
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Abstract

The essence of component-based software engineering isdéedabin com-
ponent models. Component models specify the propertiesraponents and
the mechanism of component compositions. In last decadpid gaowth, a
plethora of different component models has been developsidg different
technologies, having different aims, and using differeimgples. This has
resulted in a number of models and technologies which havey sieilarities,
but also principal differences, and in a lot cases uncleacepts. Component-
based development has not succeeded in providing standaoiptes, as for
example object-oriented development. In order to incréfaseainderstanding
of the concepts, and to easier differentiate component tapties paper pro-
vides a Component Model Classi cation Framework which iiles and dis-
cusses the basic principles of component models. Furtbgrdher classi es a
certain number of component models using this framework.
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7.1 Introduction

Component-based software engineering (CBSE) is an estt@bliarea of soft-
ware engineering. The inspiration for “building systenmnfrcomponents” in
CBSE comes from other engineering disciplines, such as amécél or elec-
trical engineering, software architecture. The technscared technologies that
form the basis for component models originate mostly frorjectoriented
design and Architecture De nition Languages (ADLS). Simodtware is in its
nature different from the physical world, the translatidmponciples from the
classical engineering disciplines into software is natati For example, the
understanding of the term component has never been a prabtbeclassical
engineering disciplines, since a component can be inaljtimnderstood and
this understanding ts well with fundamental theories aadhnologies. This
is not the case with software. The notation of a software amept is not
clear: its intuitive perception may be quite different fritmmodel and its im-
plementation. From the beginning, CBSE struggled with &jem to obtain
a common and a suf ciently precise de nition of a softwarengmonent. An
early and probably most commonly used de nition coming fr8ayperski [1]
(“A software component is a unit of composition with contaadly speci ed
interfaces and explicit context dependencies only. A saféacomponent can
be deployed independently and is subject to compositiorhisgl party”) fo-
cuses on characterization of software component. In spifes @enerality
it was shown that this de nition is not valid for a wide rangeammponent-
based technologies (for example those which do not suppoitactually spec-
i ed interface or independent deployment). In the de nitiof Heineman and
Councill [2] (“A software component is a software elemerattbonforms to a
component model and can be independently deployed and cedpathout
modi cation according to a composition standard”), the gmment de nition
is more general actually a component is speci ed througlspiezi cation of
the component model. The component model itself is not sgmkcrhis de -
nition can be even more generalized in respect to the conmpspeci cation,
but component model can be expressed more precisely [3]:

De nition: A Software Component is a software building block that con-
forms to a component model. A Component Model de nes stasdar (i)
properties that individual components must satisfy andethods, and pos-
sibly mechanisms, for composing components.

This generic de nition allows the existence of a wide spegtrof compo-
nent models, which is also happening in reality; on the ntaake in differ-
ent research communities, there exists many componentlawik different
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characteristics. However, it makes it more dif cult to pssty understand the
Component-Based (CB) principles. In particular, this isetsince CB princi-
ples are not clearly explained and formally de ned. In thdiirersities compo-
nent models are similar to ADLs; there are similar mechasiand principles
but many variations and different implementations. Fos tieiason there is a
need for having a framework which can provide a classi catimd compari-
son between different component models in a similar marsigémaas done for
ADLs [4,5]. In addition, a framework can help in the selentif a particular
component model or in the design of a new component model.

In this paper, we propose a classi cation and comparisoménaork for
component models. Since component models and their impitiens in
componenttechnologies cover a large range of differerdcspf the develop-
ment process, we group these aspects in several dimensidisigd a multi-
dimensional framework that counts different, yet equalitportant, aspects of
component models. We have also analyzed a considerableamahbompo-
nent models, and compared their characteristics. Thetsasfithe comparison
have led to some observations which are discussed in the. pape

Our research methodology was based on several iteratiofisaifserva-
tions and analysis, (ii) classi cation, and (iii) validati; in the rst iteration,
based on the literature related to general principles ofpzmant- based soft-
ware engineering and existing classi cation [1-11], thassl cation model
was applied to a set of component models, and discussed svidred CBSE
and empirical software engineering researchers and exfgerh different en-
gineering domains. The resulting analysis and discusdiane led to a re-
nement of the framework. In the next iterations the re ne@rmework was
applied to new component models and discussed with newrcdsa. The
process (which lasted more than one year) has been complbtadin the last
iteration all new component models complied well with thanfiework. An-
other important issue that we learned was related to a decighat to de ne
as a component model and what not. This is discussed in sehtiee.

The remainder of this paper is organized as follows. Segtidmotivates,
explains and de nes the different dimensions of the classiion framework.
Section 7.3 discusses the criteria for inclusion of différaodels/technologies
into to component models survey and the classi cation frant&. The com-
parison framework and observations from the comparisopr@gented in sec-
tion ??. Related work is covered in section 7.5 and section 7.6 caied the
paper. A very brief overview of the selected component nodelwhich the
classi cation framework has been mapped is given in appendi.
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7.2 The classi cation framework

The main concern of a component model is to (i) provide ruteghe spec-

i cation of component properties and (ii) provide rules amg&chanisms for
component composition, including the composition rulesamhponent prop-
erties. These main principles hide many complex mechan&msmodels,

and have signi cant differences in approaches, concerdsraplementations.
For this reason we cannot simply list all possible charéties to compare
the component models; rather we want to group particularacieristics that
have similar concerns i.e. that describe the same or retesjeelcts of compo-
nent models. Starting from the de nition of component mageale distinguish

speci cation of components from speci cation of commurtioa. Component
speci cations express component functions (typically fioam of signatures),

and extra-functional properties. Most of the component ef®ihclude only

speci cation of functions, in form of interfaces. Extrarfctional properties, if
speci ed at all, are de ned either in a form of extended ifdee or as compo-
nent metadata. The functional part of an interface is diyeetated to interac-
tion between components and realized through constructemhanisms using
different interaction (architectural) styles. Commumiga between compo-
nents is usually not explicitly speci ed, but there are ditnt types of com-
munications that are assumed in component models.

Finally different component models cover different phasescomponent
lifecycle; while some support only the modeling phase, ttedso provide
mechanisms supporting the implementation and run-timegaha

In this paper we divide the fundamental principles and attarastics of
component models into the following dimensions.

D.1 Lifecycle. The lifecycle dimension identi es the support provided (ex
plicitly or implicitly) by the component model, in certainipts of a life-
cycle of components or component-based systebmnponent-Based
Development (CBD) is characterized by the separation ofithelop-
ment processes of individual components from the procesysiem
development. There are some synchronization points intwaicom-
ponent is integrated into a system, i.e. in which the compbisebeing
bound. Beyond those points, the notion of components in ystes
may disappear, or components can still be recognized asqfahe sys-
tem.

D.2 Constructs. The constructs dimension identi es (i) the component inter
face used for the interaction with other components andreatenvi-
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ronment, and (ii) the means of component binding and contation
In some component models, the interface comprises the satioh of
all component properties, including both functional anttafunctional,
but in most cases, it only includes a speci cation of funotbproperties.
Directly correlated to the interface are the componeneragerability
mechanisms. All these concepts are parts of the “constnictiimen-
sion of CBD.

D.3 Extra-Functional Properties. The extra-functional properties dimen-
sion identi es speci cations and support that includes trevision of
property values and means for their compositidn certain domains
(for example real-time embedded systems), the ability tdehand ver-
ify particular properties is equally important but more l¢raging than
the implementation of functional properties.

D.4 Domains. This dimension shows in which application and business do-
mains component models are used or supposed to be itsedicates
the specialization, or the generality of component models.

In these four dimensions, we comprise the main charadterist component
models but, of course, there are also other characterikitsan differentiate
them. For example, since in many cases component modelsudrei a
particularimplementation technology, many charactesstome directly from
this supporting implementation technology and are noblésin component
models themselves. Still the intention with the classiicatand comparison
model is to comprise the main characteristics of componemtats.

7.2.1 Lifecycle

While CBSE aims at covering the entire lifecycle of compdremsed sys-
tems, component models provide only partial lifecycle supand usually are
related to the design, implementation and integration @has

The overall component-based lifecycle is separated interagprocesses;
building components, building systems from components,emsessing com-
ponents [6]. Some component technologies provide certgipat in these
processes (for example maintaining component repositoerposing inter-
face, component deployment).

The component-based paradigm has extended the integeatiivities up
to the run-time phase; certain component technologiesige@xtended sup-
port for dynamic and independent deployment of componetdsunning sys-
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tems. This support is re ected in the design of many componsdels. In
contrast, in other component models components only egiseparate units
in the development stage and become assimilated into ansygiten the sys-
tem is built. In this case the system at run-time is monalithiowever not all
component models consider this integration phase. We eanlgldistinguish
different component models that focus on one particular orenphases and
such phases can be different for different component modatene compo-
nent technologies start in the design phase (e.g. Koalahaltas an explicit
and dedicated design notation of components and other etermithe compo-
nent model), while other component technologies focus erintiplementation
phase (e.g. COM, EJB). For this reason one important diroariour com-
ponent model classi cation lifecycle support. In our clasation, we distin-
guish the lifecycle of components from the lifecycle of thmrponent-based
system, which are different [3,7] and are not necessaryoeatly related they
are ongoing in parallel and have some synchronization goint

Component lifecycle stages
We identify the following stages of the component lifecycle

L.1 Modelling stage.The component models provide support for the mod-
elling and the design of component- based systems and canfon
Models are used either for the architectural descriptiothefsystems
and components (e.g. ADLS), or for the speci cation and the gation
of particular system and component properties (e.g. statés; resource
usage models, performance models).

L.2 Implementation stageThe component model provides support for pro-
duction of code. The implementation may stop with the priovif
the source code, or may continue up to the generation of ayb{pae-
cutable) code. The existence of executable code is a premonibr the
dynamic deployment of components (during run-time).

L.3 Packaging stageBecause components are the central unit in CBSE,
there is a need for their storage and packaging either in@sitepy or
for distribution. A component package is a set of metadathade
(source or executable). Accordingly, the result of thigetean be a le,
an archive, or a repository in which the packaged componeside
prior to decisions about how they will be run in the targetisstvment.
For example, in Koala, components are packed into a le sydtased
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repository, with a folder per component. The folder incleidenumber
of les: Component Description Language (CDL) le and, a sd#tC
and header les, test le and different documents. Anothesiraple of
packaging is achieved in the EJB component model. Therdagaty
is done through jar archives, called ejb-jar. Each archor@ains XML
deployment descriptor, component description, compoingolementa-
tion and interfaces.

L.4 Deployment stageAt a certain point of time, a component is integrated
into a system. This activity may happen at different phasekesys-
tems lifecycle. In general, the components can be deployed a

(a) compilation timeso it is no longer possible to change the way the
components interact with each other. For instance, Koatapos
nents are deployed at compilation time and they use statatir
by following naming conventions and generated renamingasac

(b) runtimeas separate units by using means such as registers (COM)
or containers (CCM,EJB). For example, CORBA components are
deployed at run time in a container by using information ef dle-
ployment descriptor packed with the component impleméantat

Figure 7.1 illustrates different stages in a componentyifée and the as-
sociated forms of the components. Through the stages sothe ébrms are
transformed into new ones, some remains, while some disapimethe gure
the requirements and execution phase are denoted with sheddines which
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indicate that in these stages components do not necesssiragindependent
units. The forms of the components will be different acrdsages for different
component models.

7.2.2 The constructs

As de ned in [12], the verb “construct” means “to form somiethby putting

different things together”, so in applying this de nition the CBSE domain,
we de ne by the Constructs dimension, the way componentcanmected
together within a component model in order to provide comication means.
But although this communication aspect is of primordial artpnce, it is not
often expressed explicitly. Instead, it is re ected implicby some underlying
mechanisms. This should be distinguished from speci cetiof functional

and sometimes extra-functional properties in a form of congmt interfaces.
Consequently, a component interface has a double role:sttspeci es the

component properties (functional and possibly extra-fional), and second, it
identi es the connection points through which componengsiaterconnected.

Interface

Interface speci cation is the characteristic “sine qua’hoha component
model. Interfaces are de ned either by using special laggsaor elements
of programming languages. Several languages exist thatfgm®mponents
interfaces and their connections: modeling languages$, asd¢JML or differ-
ent Architecture Description Languages (ADLSs), particpeci cation lan-
guages, such as Interface De nition Languages (IDLs), pogning languages
such as Interface in Java, or abstraction class in C++, oesadditions built
directly in a programming language, such as pre-de necsérim C. In case of
special languages, the interface speci cations are te@gIto a programming
language. In a few cases (e.g. COM), the interface is alsoeatkin a binary
format in order to have a standard representation at deoyand run-time.
Some mechanisms such as introspection in Java are alsoaidestdver the
interfaces of a component at run-time.

The component models that use programming languages oettensions
for component speci cation, also inherit properties ofsaéanguages. For ex-
ample the component models that use object-oriented lgagudilize the con-
cepts of classes and (interface) inheritance. Typicallyragonentis expressed
as a class in which the interface is de ned as a set of opersffionctions and
attributes. However there exist other types of interfacesadled port-based
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where ports are entries for receiving/sending differena dgpes and events.
Note that this concept is different from the concept in UMD PL3] in which
a portis de ned as a set of speci cations.

Some component models distinguish also the “providest{par the spec-
i cation of the functions that the component offers) fronettrequires™part
(i.e. the speci cation of the functions the component regsii of an interface.

In order to ensure that a component will behave as expectadding to
its speci cation and operational mode, and in order to eaghat a compo-
nent is supplied with expected input and environment thénatf contract
has been adjoined to interfaces. According to [8], consraah be classi ed
hierarchically in four levels which, if taken together, maym a global con-
tract. We only adopt the three rstlevels in our classi aatisince the last level
“contractualizes” only the extra-functional propertieslghis is not in direct
relation with interoperability

Syntactic leveldescribes the syntactic aspect, also called signatuas, of
interface. This level ensures the correct utilisation obmponent. That
is to say that the “calling-component” must refer to the @motypes,
elds, methods, signals, ports and handles the exceptiaised by the
“respondingcomponent”. This is the most common and mostagixe-
ment to certify as it relies mainly on an, either static or aymc, type
checking technique.

Semantic levelreinforces the previous level of contracts in certifying
that the values of the parameters as well as the persistgatariables
are within the proper range. This can be asserted by prexommg post-
conditions and invariants. A generalization of this leveeh e assumed
as semantics.

Behaviour level dynamic behaviour of services. It expresses either the
composition constraints (e.g., constraints on their ter@pardering) or
the internal behaviour (e.g. dynamic of internal states).

Finally, the constructs dimension refers to the notionseafsebility and
evolvability, which are important principles of CBSE. Iretemany component
models are endowed with diverse features for supportingttene typical
solution is the ability to add new interfaces to a componérttis makes it
possible to embody several versions or variants of funstiothe component.
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Composition of constructs

While compositions in general consider compositions of ponent proper-
ties, both functional and extra-functional, compositi@fisonstructs are re-
lated to components interactions. Constructs compositare implemented
as connections of interaction channels and the processsotdmnection is
called binding. The binding mechanism is related to the comept lifecycle;

it can occur at compilation time (when a compiler providearactions be-
tween components using programming language mechaniemes) runtime,

in which connection mechanisms are utilised that are pexl/lgy the underly-
ing run-time infrastructure. Such a run-time infrastruetonay consist of dedi-
cated component middleware, and/or a component framewarkaocommon

operating system or middleware.

A so-called “docking interface” method is commonly used whwnding
occurs at run-time. This docking interface does not offgrapplication func-
tionality, but serves instead for managing the binding argssequent interac-
tion between a component and the underlying run-time itrinature. In many
component models (e.g. CCM, EJB) the composition spedbed location-
transparent; the run-time location of components (placed local or a remote
node) is speci ed separately from the binding informatidrhis information
about the location is used in the deployment phase.

Connectors, introduced as distinct elements in ADLs, artecoomon
among the rst class citizens in most component models. @€otuns are me-
diators in the connections between components and have ldedpurpose:
(i) enabling indirect composition (so called exogenous positions), and (ii)
introducing additional functionality, especially for mation between compo-
nents. In the exogenous composition information concerttie binding re-
sides outside of the components; the components have noldageof who
they are connected to. Exogenous composition enables reamlass evolu-
tion because it separates changes to components from chengeeir bind-
ings. In several component technologies, connectors goeimented as spe-
cial types of components, such as adaptors or proxies,reithgrovide ad-
ditional functional or extra-functional properties, oregtend the means of
intercommunication. In direct (endogenous) type of contfmsthe compo-
nents are connected directly through their interfacesorin&tion concerning
the binding resides inside components.

The interface speci cation implicitly de nes the type oftaraction be-
tween components to comply with particular architectusdés. In most cases,
a particular component models provide a single basic intemastyle (for ex-
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ample, “request-response” or “pipe & Iter”, but others,céuas Fractal, Pin
and BIP allow the construction of different architectutsles.

An important question related to the composability of comgrts has con-
cerned the research community [9]: Can the assemblies opopents (by
assemblies we assume a set of components mutually conhbetéeated as
components themselves, i.e. is he composition hierar¢hiGaere are two
kinds of assemblies supported by existing component tdobies. The rstis
the rst order assembly which is not treated as a componetitdrcomponent
model. This type of assembly is merely a set of components afrhitrary
form, creating an application or a part of an applicationtdrms of binding
the component models refer to “horizontal composition” lorizontal bind-
ing”. The second type of assembly is hierarchical which rs¢hat the assem-
bly, created from components, again satis es the propettiat an individual
component should satisfy according to the component mddé¢hat case we
refer to “hierarchical composition” or “hierarchical bing”. The criteria for
vertical composition are related to constructs (interfggeci cation and the
interaction), and possibility extra-functional propegti Most of the compo-
nent models support partial vertical composition. For eglenmterfaces can
be composed recursively in modeling phase, but not in théogeyent phase
(in particular when deployment is performed during rundjm

Constructs classi cations

Following the observations and reasoning from above wdiiyehe following
classi cation characteristics for interfaces and conioet in the constructs
dimension.

C.1 Interface speci cation in which different characteristics allowing the
speci cation of interfaces are identi ed:

(a) The distinction of interface type: operation-based.(enethods
invocations) and port-based interface (e.g. data passing)

(b) The distinction between the provides-part and the regtpart of
an interface.

(c) The existence of some distinctive features appearirg iorthis
component model (such as special type of ports, optionalaepe
tions).

(d) The language used to specify the interface.
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(e) Interface levels which describes the levels of contralitation of
the interfaces, namely syntactic, semantic and/or behaléwel.

C.2 Interactions which comprise the following characteristics:
(a) Interaction style which describes the main underlyirogpectural
style used.

(b) Communication type which details mainly if the commuation
used are synchronous and/or asynchronous.

(c) Binding type describes the way components may be linkgether
through the interfaces. It is realized in two subtypes:

i. The exogenous/endogenous sub-category describinghehet

the component model includes connectors as architectidral e

ements, and

ii. The hierarchical sub-category expressing the possiloif hav-
ing a hierarchical composition of components (horizonahe
position is an intrinsic part of all component models, thus i
is implicitly assumed, and not put in the classi cation fram
work).

7.2.3 Extra-Functional Properties

Properties are used in the most general sense as de nedrimastedictionar-
ies, e.g.: “aconstruct whereby objects and individualdmmadistinguished” [9].
There is no unique taxonomy of properties, and consequerdlyy property
classi cation frameworks can exist. One commonly usedsilestion is to
distinguish functional from extra-functional properti&ghile functional prop-
erties describe functions or services of an object, extrational properties
(EFPs) specify the quality, or in general a characteridtiaterest, of objects.
In CBSE, there is also a distinction between component ptigseand system
properties. A property at the system level can result froendbmposition of
the same properties of constituent components, but also tihle composition
of different properties. In latter case such property cast@nly on a system
level. Such properties are called emerging properties.

Composition of extra-functional properties

EFPs can be complex and abstract or, they can be tangibleantete. Exam-
ples of abstract (and complex) properties are dependabilpperformance and
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examples of tangible properties are memory footprint ofadxility. Complex
properties are typically the result of the composition ofesal more tangi-
ble properties. An important concern of CBSE is compositibiproperties
expressed in the following way. For an assembly A that is caosed of com-
ponent C1 and C2

A=Cl C2

expresses a property of the assembly as a composition o giiepof the
components

P(A)= P(C1) P(C2)

are speci ed in very different ways. Also computing the camajions of
EFPs require different composition theories for differEfPs. In relation to
composability, one of the challenges of CBSE is predicitgbilo enable anal-
ysis at the design stage and to avoid expensive, tedious@mdcturate tests
and increase reusability, a lot of efforts has been made BECRsearch com-
munities to design component models that enable prediityabAccording
to [9], the properties can be classi ed according to typesahpositions in
the following basic categories.

Directly composable propertigexample: static memory): A property
of an assembly is a function of, and only of, the same prop=frthe
components involved.

Architecture-related propertieexample: performance): A property of
an assembly is a function of the same property of the compsaenl of
the software architecture.

P(A) = f(SA;:::P(Ci)::);
i = 1:::n
SA = softwarearchitecture

Derived propertiegexample: response time vs. execution time): A
property of an assembly depends on several different ptiepesf the
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components.
P(A) = f (SA:::Pi(Cj)::);
i = 1::im
j = 1:::n
Pi = componentproperties
Cj = components

Usage-depended propertiésxample: reliability): A property of an as-
sembly is determined by its usage pro le.

P(A;U) = f (SA;:::Pi(Cj;U)::);
i = 1::im
j = 1:::n
U = usageprofile

System environment context proper{iesample: safety): A property is
determined by other properties and by the state of the systenon-
ment.

P(S;U;X) = f(SA;:::Pi(Cj;U;X)::2);
i = 1::'m
j = 1:::n
S = system
X = systemcontext

This idealised classi cation indicates the limitationstbE compositions
of EFPs. Determining the compositions of properties of congmts becomes
feasible when restrictions are imposed on the design ofidhdal components
(by means of rules/constraints in of the component model)system archi-
tecture. For example static memory usage of an assemblyeae bed as
the sum of static memory usage of involved components, biytusing par-
ticular composition policies (e.g. no concurrency). Irstiviay, we can obtain
predictability of the considered property. Other propestare related to us-
age pro le and if we cannot predict usage pro le we cannotdicethe system
properties. Some other properties are not composable, arallin that case
we cannot predict their composition.
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Management of extra-functional properties

component O) component component O) component
EFP manageme {:I—P gemeh\ [EFP managemeht [EFP management
Endogenous EFP
management
[EFP management
Component Execution Platform
P xecut Component Execution Platform
component [— O —] component| component. [— O —] component|
—0—
Exogenous EFR EFP management EFP management
management
EFP management
Component Execution Platform
Component Execution Platform
EFP managed per collaboration EFP managed systemwide

Figure 7.2: Management of extra-functional properties

Even if EFPs are not composable, they can be manageabl¢hég.can
be obtained by using some solutions encapsulated in compamedels and
standardized architectural solutions. Different typeEBP management exist
according to the way the component models handle them. Wieglissh two
main dimensions Fig. 7.2:

1. A property is managed by the components (endogenous ERBgea
ment — approaches A and B), or by the system (exogenous EF&g@an
ment — approaches C and D) or managed.

2. A property is managed on a system-wide scale (approachaed B), or
the property is managed on a per-collaboration basis (agpes A and
C).

Approach Alendogenous per collaborati®nA component model does not
provide any support for EFP management, but it is expectecbitiiomponent
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developerimplements it. This approach makes it possililectade EFP man-
agement policies that are optimized towards a speci ¢ systend also can
cater for adopting multiple policies in one system. Thisehegeneity may
be particularly useful when COTS components need to berated. On the
other hand, the fact that such policies are not standardiegdbe a source of
architectural mismatch between components. This approacthardly man-
age emerging properties.

Approach B(endogenous systemw)dén this approach, there is a mecha-
nism in the component execution platform that containscesifor managing
EFPs for individual components as well as for EFPs involvingtiple compo-
nents. The ability to negotiate the manner in which EFPs anelled requires
that the components themselves have some knowledge abauthkoEFPs
affect their functioning. This is a form of re ection.

Approach C(exogenous per collaboratiprand Approach D(exogenous
systemwide In these approaches the components are designed suc¢hehat
address only functional aspects and not EFP. Consequéantlye execution
environment, these components are surrounded by a contairie container
contains the knowledge on how to manage EFPs. Containersittear be
connected to containers of other components (approach €)rdgainers can
interact with a mechanism in the component execution platfhat manages
EFPs on a system wide scale (approach D). The container agpre a way
of realizing separation of concerns in which componentseotrate on func-
tional aspects and containers concentrate on extra-amataspects. In this
way, components become more generic because no modi datieqguired to
integrate them into systems that may employ different pediéor EFPs. Since
these components do not address EFPs, another advanthgetiel are sim-
pler and hence cheaper to implement. A disadvantage of pipioach might
be a degradation of the system performance.

Extra-functional properties classi cation

For the EFPs we provide a classi cation in respect to theofelhg questions:

E.1 Management of EFP3Nhich type of management (if any) is provided
by the component model?

E.2 EFP speci cation Does the component model contain means for spec-
i cation and management of speci ¢ EFPs. If yes, which prdjees or
which types of properties?
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E.3 Composability of EFPs Does the component model provide means,
methods and/or techniques for composition of certain extnational
properties and/or what type of composition?

7.2.4 Domains

Some component models are aimed at speci ¢ application dwas for in-
stance consumer electronics or information systems. |h sases, require-
ments from the application domain penetrate into the corappmodel. The
bene ts of a domain-speci ¢ component models are that thegonent tech-
nology facilitates achieving certain requirements. Suwarhgonent models are,
as a consequence, limited in generality and will not be sdyeasable in do-
mains that are subject to different requirements.

Some componentmodels are of general-purpose. They proagiemech-
anisms for the speci cation and the composition of compasebut do not
assume any speci ¢ architecture beyond general assungpafiiée interaction
style, support for distributed systems, compilation or-tinme deployment).
A general solution that enables component models to be berlerglly ap-
plicable but to also cater for speci ¢ domains is through tise of optional
frameworks. A framework is an extension of a component mduki may
be used, but is not mandatory in general. There is a third ¢yp@mponent
models, namely generative; they are used for instantiatfqrarticular com-
ponent models. They provide common principles, and somexxamparts of
technologies (for example modeling), while other partsspeci ¢ (for exam-
ple different implementations). According to this, we sif§gthe component
models as

D.1 General-purpose component models;
D.2 Specialized component models;

D.3 Generative component models.

7.2.5 The classi cation overview

Fig. 7.3 summarizes the classi cation framework in a gramimT.
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Figure 7.3: The hierarchical structure of the classi catfamework
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7.3 Survey of component models

Nowadays a number of component models exist. They vary widelusage,
in support provided, in concerns, in complexity, in formalmtions, etc.. In
our classi cation of component models, the rst questiomiBether a partic-
ular model (or technology, method, or similar) is a compdmeadel or not.
Similar to biology in which viruses cover the border betwéfmnand non-life,
there is a wide range of models, from those having many elesyafrcom-
ponent models but still not assumed as component modelfosa that lack
many elements of component models, but still are desigresetbmponent
models, to those which are broadly accepted component modélerefore,
we identify the minimum criteria required to classify a mhae a notation as
a component model. This minimum is de ned by the de nitiona@imponent
models given in the introduction: A model that de nes rules the design
and speci cation of components and their properties andnma@f their com-
position can be classi ed as a component model. It shoulddiechthat this
condition is mandatory, but not suf cient. We have identd several models
that ful Il this condition, but still we have not included &m in the survey. We
can call them “almost” component models.

7.3.1 “Almost” component models

A wide range of modeling languages contains the term “coraptirand even
(semi)formally speci es components and component comjoos. For exam-
ple in the classi cation of ADLs [5] one of the basic elemeate components
(and connectors as means for construction composition).L 2M is even
closer to component models since it provides a metamodeidorponents,
interfaces and ports. Still we have deliberately chosenmaelect them as
component models, in difference to some other classi esti(such as [11]).
One reason is that their purpose is not component-basetbgevent but rather
the speci cation of system architectures. ADLs and UML 2@ excellent lan-
guage candidates for modeling component-based systemsoamabnents in
the design phase, but are missing other characteristios tieblared as com-
ponent models. Certain languages derived from UML, suchlidix [14]
in which the component speci cation is translated to an exalle entity, are
even closer candidates for component models. However xUML samilar
languages do not operate with components as rst claseoiiffor example
components are not treated as separate development otaxeantities), but
components are only architectural elements.
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On the other side of the lifecycle line are services. One egneathat
services are special types of components. Services areddan run-time
retrieval and run-time deployment. Similar to componesésyices are speci-
ed by an interface, and provide support for constructs cosifons [15]. Still
we have not included services in the classi cations for Emieasons as for
ADLs their focus is not component-based development. Itoglyao ADLS,
services are not component models but rather use compormneietisn Further,
we have not included technologies such as Unix processepgpel& Iter”
mechanisms, or modeling environments such as Simulinkaely [16], as
again the components are not the primary concern in theseagies.

Finally we have not included technologies like Eclipse oot®shop that
enable the integration of plugins from third parties anchis tvay suit well to
a part of Szyperskis de nition of components (“deployedépdndently and is
subject to composition by third party”). However they do patvide mecha-
nisms of compositions between components, rather mechdrésveen com-
ponents and the underlying platform.

For these “almost component models” one can argue that tieeyoenpo-
nent models or technologies, and that they could be incliugtedhe survey.
Our position is that their inclusion will break the spiritthie component mod-
els as de ned in this paper according to the arguments pteden

7.3.2 Component models

In our classi cation framework we have selected a numbeionfiponent mod-
els that appeared in the research literature and in prattibde some of them
are widely spread and proven, others are used as demonswathiustrations
of ideas in research.

The classi cation framework does not show the success dfquéar com-
ponent models, or any business model, but it is based on thaital char-
acteristics only. The components models that we have ieduw the list are
shortly referred to in the appendix 7.7.

Itis worth to mention that for some of the component modedswe found,
our selection criteria were satis ed, however because afdty of available
documentation it was impossible to get the needed detaifednation (which
usually is a sign that no activity around the model is goiny tmthese cases,
we have decided to omit them from our list.
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7.4 The comparison framework

The characteristics of the component models are colleatétki tables below,
following the dimensions in the classi cation frameworlgmely lifecycle (Ta-

ble 7.1), constructs (Tables 7.2, and 3), extra-functipnaperties (Table 7.4),
and the domains (Table 7.5) lined in the alphabetic orddlowing each table,

a short discussion gathering observations and their ra@tsns presented.

7.4.1 Life-cycle classi cation

From the observation of Table 7.1, one can notice that tisemegroup of com-
ponent models that do not provide any support for modelirgpafiponents or
component-based applications, but cover only implemiemtgtart (speci ca-
tion and deployment). All these component models belongéostate of the
practice and most of them are widely used. Does that mearnht@ahodeling
of components is not supposed to be a part of a component thddietioes
it mean that other tools, for example general-purpose nmoglébols, such as
UML or ADLs are used for modeling, while component technidsgre used
for the implementation? It is partially true that most of gractitioners do not
model their systems using formal speci cation languages,rbther express
their design in a non-formal way for documentation purpadg,@r in a semi-
formal way typically using UML. In both cases neither thegise de nitions
of components nor their interactions are assumed to be bfgrigrity. This is
also an indicator of differences between state of the arstatd of the practice;
many solutions that include modeling of components or theperties from
the state of the art have still not been realized or scaled ppectice.

The second observation from Table 7.1 is the fact that mosteo€ompo-
nent models use object-oriented languages for the impl&atiens with dom-
ination of Java. Still there exist component models usitgiolanguages, for
example imperative programming languages such as C.

It seems that the packaging and component repositorieaie focus of
component models. In most cases, certain standard arcreesed (such as
DLL or JAR packages). The lack of repositories indicatesiafticus of reuse,
in particular of COTS components.

Deployment at compile time and run-time occurs almost dgoéten. De-
ployment at compile time limits the exibility at run-timéut on the other hand
enables easier predictability, richer composition feadusuch as hierarchical
composition), and more ef cient reuse (such as deploymemplementation
parts that will be used in the application). This might be asmn why this
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is the primary deployment style chosen by specialized corapbmodels (cf.
Table 7.5).

7.4.2 Constructs classi cation

Tables 7.2 and 7.3 show interface and interaction spedoaatof the se-
lected component models. Although the existence of interfa a “conditio
sine qua non” for component models, and all selected comyponedels iden-
tify the interface as an indispensable part of a componeati|eT7.2 shows
that interfaces can be of different types. Most interfacesod operation type,
thus using functions and parameters for de ning elemenseofices the com-
ponent provides and requires. Still, many component magsdsports as in-
terface elements using them for passing data. Such compaorefels are
typically used in embedded systems and have their groundstine concept
of hardware components. Some component models do notglisimbetween
required and provided interface, but the interface is ideshtvith the provided
interface, similar to the object-oriented approach. Infb@sed interfaces, in-
put and output interfaces consisting of ports that receidbseend data (often
designated as sink and source) are distinguished, whiglesnds to pro-
vided and required interface.

Since interfaces are an obligatory part of the componerti gja¢ion, all
component models provide at least the rst level, i.e. sgtitaspeci cation.
A considerable number of component models also have bahspéri ca-
tions, in most cases speci ed by a particular form of niteatet machines
(state charts, timed automata). Rather few of the compomeatels iden-
tify semantic of the interfaces. If semantics are de ne&ntmostly pre- and
post-conditions are used for this. It is worth to mentiort ihterface seman-
tics should not be mixed with other types of semantics thatesoomponent
models can have (e.g. SaveCCM has execution semantics wdhioks the
process of the component execution in respect to time).

In line with the type of an interface (operation vs. portspnfi the infor-
mation provided in Table 7.3 one can conclude that the datniganterac-
tion styles in the component models are “request respomgeitally used in
client/server architectures), and data ow and pipe & Ilteéome component
models have speci ¢ additions to interaction styles — exditen, broadcast
or rendez-vous.
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Table 7.1: Lifecycle Dimension
Component| . . K
MoFc)ieIs Modelling Implementation Packaging Deployment
Non-formal
AUTOSAR N/A C speci cation of At compilation
container
A 3-layered representatiorn:
BIP behavior, interaction, and BIP Language N/A At compilation
priority
BlueArX N/A [} N/A At compilation
Language Deployment Unit L
ccMm N/A independent | archive (JARs, DLLs) Atrun-time
COMDES I ADL-like language [} N/A At compilation
. Behavour modeling (Petri Language Deployment Unit L
CompoNETS Nets) independent | archive (JARs, DLLs) Atrun-time
EJB N/A Java EJB-Jar les At run-time
Java (in Julia,
ADL-like language (Fractal  Aokell) )
Fractal ADL, Fractal IDL), C/C++ (in Think) F|Ier:yzt§?;rbased At run-time
Annotations (Fractlet) .Net lang. (in P Y
FracNet)
ADL-like languages File system based o
KOALA (IDL.CDL and DDL) c repository |\t compilation
Language
KobrA UML Pro le independent N/A N/A
Function Block Diagram
p Structured Text
iEc 61131 | (FBD)LadderDiagram | opyi o ction N/A At compilation
(LD) Sequential Function List (IL)
Chart (SFC)
Function Block Diagram Language o
IEC 61499 (FBD) independent N/A At compilation
JavaBeans N/A Java Jar packages At compilation
At compilation
MS COM N/A OO languages DLL and
at run-time
OpenCOM N/A OO languages DLL At run-time
At compilation
OSGi N/A Java Jar- les (bundles) and
at run-time
Palladio UML pro le Java N/A At run-time
PECOS ADL-like language (CoCo} C++ and Java | Jar packages or DLL{ At compilation
Pin ADL-like language (CCL) C DLL At compilation
ADL-like language, timed File system based o
ProCom automata C repository At compilation
ADL-like language, At compilation
ROBOCOP resource management C and C++ Structures in zip les piiati
and at run-timg
model
RUBUS Rubus Design Language C File systgm based At compilation
repository
ADL-like (SaveComp), File system based o
SaveCCM timed automata c repository At compilation
SOFA 2.0 Meta-model based Java Repository At run-time
speci cation language
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Table 7.2: Constructs — Interface Speci cation

Interface Levels

Distinction )
Component| . - | (Syntactic,
Models Interface type| of Prov!des/ Distinctive features | Interface Language Semantic.
Requires ;
Bahaviour)
Operation-
AUTOSAR based Yes AUTOSAR Interface C header les Syntactic
Port-based
. Syntactic
BIP Port-based No Complete |r_1terfaces, BIP Language Semantic
Incomplete interfaces B ;
ehaviour
BlueArX Port-based Yes N/A C Syntactic
Operation- Facets and receptacles
CCM based Yes Event sinks and eventf CORBA IDL, CIDL Syntactic
Port-based sources
C header les Statg Syntactic
COMDESII| Port-based Yes N/A charts diagrams Behaviour
Operation- Facets and receptacles .
CompoNET$ based Yes Event sinks and event] CORBA ".DL' Syntaptlc
CIDL, Petri nets Behaviour
Port-based sources
Operation- Java Programming
EJB P No N/A Language + Syntactic
based :
Annotations
IDL, Fractal ADL,
Fractal Operation- Yes Component Interface, or Javaor C, Syntactic
based Control Interface Behavioural Behaviour
Protocol
Operation- Diversity Interface, .
KOALA based Yes Optional Interface IDL, CDL Syntactic
KobrA Operation- 1 nia N/A UML Syntactic
IEC 61131 Port-based Yes N/A N/A Syntactic
Event input and event
IEC 61499 Port-based Yes output Data input and N/A Syntactic
data output
JavaBeans Or:;rsggn— Yes N/A Java Syntactic
Operation- Ability to extend ) .
MS COM based No interface Microsoft IDL Syntactic
Interfaces additional tg
OpenCom Operation- No COI\/I_-mtgrface Microsoft IDL Syntactic
based managing lifecycle,
introspections, etc.
OSGlI Or;;r:ggn— Yes Dynamic Interfaces Java Syntactic
palladio Operation- Yes Poss@llty to annotate UML Syntaptlc
based interface Behaviour
. Coco language, Syntactic
PECOS Port-based Yes Ab'l!ty to extend Prolog query, Petri Semantic
interface ;
nets Behaviour
Component
. Composition Syntactic
Pin Port-based Yes N/A Language (CCL), Behaviour
UML statechart
ProCom Port-based Yes Data and trigger ports XML based, Timed Syntaptlc
Automata Behaviour
Ability to extend Robocop IDL Svntactic
Robocop Port-based Yes different types of (RIDL), Protocol yntac
. - A Behaviour
interface/annotations speci cation
RUBUS Port-based Yes Data and trigger ports| C header les Syntactic
. SaveComp .
SaveCCM Port-based Yes bata, tylgger, and (XMLbased),Timed Syntaptlc
data-trigger ports Behaviour
Automata
Utility Interface,
Operation- Possibility to annotate Syntactic
Sofa 2.0 based Yes interface and to contro| Java, SPC algebr. Behaviour
evolution
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Table 7.3: Constructs — Interface Interaction

Component . Communication Lo
Models Interaction Styles Type Binding Type
Exogenous Hierarchical
Request responsg, Synchronous, .
AUTOSAR Messages passing Asynchronous No Delegation
Triggering,
BIP Rendez-vous, Synchronous, No Delegation
Asynchronous
Broadcast
BlueArX Pipe& Iter Synchronous No Delegation
ccM Requgst responss, Synchronous, No No
Triggering Asynchronous
COMDES I Pipe& lter Synchronous No No
CompoNET$ Request response Synchronous, No No
Asynchronous
EJB Request responsg Synchronous, No No
Asynchronous
Eractal Multiple interaction] ~ Synchronous, Yes Delegatlc_)n,
styles Asynchronous Aggregation
\ Delegation,
KOALA Request respons¢  Synchronous No Aggregation
\ Delegation,
KobrA Request response@  Synchronous No Aggregation
IEC 61131 Pipe& lter Synchronous No Delegation
Event-driven, .
IEC 61499 Pipe& Iter Synchronous No Delegation
JavaBeans Requgst response, Synchronous No No
Triggering
MS COM Request responsg¢  Synchronous No Delegation,
Aggregation
\ Delegation,
OpenCOM | Request responsg Synchronous No Aggregation
OSGi Requgst response, Synchronous No No
Triggering
Palladio Request respons¢  Synchronous No No
PECOS Pipe& lter Synchronous No Delegation
Request responsg,
Pin Message passing Synchronous, No No
Thi ) Asynchronous
riggering
Pipe& lter, Synchronous, R
ProCom Message passing  Asynchronous Yes Delegation
| Synchronous,
Robocop Request responsg Asynchronous No No
Rubus Pipe& lter Synchronous No No
SaveCCM Pipe& lter Synchronous No Delegatlc_)n,
Aggregation
SOFA 2.0 Multiple interaction] ~ Synchronous, Yes Delegation
styles Asynchronous
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Table 7.3 shows that the dominant communication type in acorapt mod-
els is synchronous. Component models that provide suppoasfynchronous
type of communication also support synchronous commuinitaflhis indi-
cates that component models are not concerned about atchégarchitec-
tural design), but rather targeting detailed design. Téds iis also re ected in
the use of connectors. Quite a few of the component modetsd@mwectors as

rst class entities, which indicates that components in yneomponent mod-
els are implicitly assumed as ne-grained entities, in cast to architectural
components.

Finally, one can observe that many component models do ppiostiver-
tical binding, i.e. the means for hierarchical compositiddomposition of
vertical binding is implemented either through delegatadriaces (i.e. se-
lected interfaces from sub-components build up the intertef the composite
components) or as aggregation in which the composite coemdpr in this
case just an assembly) include all interfaces of the agtgdgamponents.

7.4.3 Extra-functional properties classi cation

From Table 7.4 an interesting observation can be found: Mamgponents
provide certain support for management of EFPs, eitheesystide or per
container. However a signi cantly smaller number of compntmodels have
formalisms for EFPs speci cations. Even smaller numbewrles means for
composition of EFPs. This is particularly true for commatcomponent mod-
els. This is not surprising since many EFPs are either natdtly de ned, or
are considered too complex.

Some of the component models provide architectural saiat{for exam-
ple redundancy or authentication) which in general imptbeequality of sys-
tems. These solutions have an impact on different prope(te example
reliability and availability). The solutions are usuallgtrpart of components
themselves but are built into the underlying platform, addead as additional
service used in some particular domains (for example COM# isMS COM
and .NET technologies). While these component models geosuipport for
increasing quality, they still do not support EFP composiiand by this do
not obtain “predictability by construction”. Clearly, cgmsition of EFPs still
belongs to research challenges. A vast majority of EFPsateexplicitly
managed (speci ed and composed) belong to resource usagerdang prop-
erties.



76 Paper A
Table 7.4: Extra-Functional Properties
Component| ; L Composition and analysi
MoFc)ieIs Management of EFP Properties speci cation P support 4
AUTOSAR Endogenous per N/A N/A

collaboration (A)

Endogenous system wide

BIP ®) Timing properties Behaviour compositions
Endogenous per Resource usage, Timing|
BlueArx collaboration (A) properties N/A
CCM Exogenous system wide (ID) N/A N/A
COMDES I E”dogeno(lés) Systemwide  riing properties N/A
Endogenous per
CompoNET$ collaboration (A) N/A N/A
EJB Exogenous system wide (ID) N/A N/A
Exogenous per Ability to add properties (b
Fractal collaboration (C) adding property controllers) NIA
KOALA Endogenous system wide Resource usage Compile time checks of
(B) resources
Endogenous per
KobrA collaboration (A) NIA NIA
Endogenous per
IEC 61131 collaboration (A) N/A N/A
Endogenous per
IEC 61499 collaboration (A) N/A N/A
Endogenous per
JavaBeans collaboration (A) N/A N/A
Endogenous per
MS COM collaboration (A) N/A N/A
Endogenous per
OpenCOM collaboration (A) N/A N/A
. Endogenous per
OSGi collaboration (A) N/A N/A
. Endogenous system wid¢ Performance properties .
Palladio ®) speci cation Performance properties
-1 Timing properties, generi
PECOS Endogeno(tés) system wid speci cation of other N/A
properties
Pin Exogenous system wide ( ))Analytlc mterfa_ce, timing lefere_nt EFP compositio
properties theories, example latenc
ProCom Endogenous system wide Timing and resources Tlm_lng and resources at
(B) design and compile time
Endogenous system widg M%Pr?irzy cc;(r;stér::iztslon. Memory consumption and
ROBOCOP 9 4 _iming prop ’ timing properties at
(B) reliability, ability to add deployment
other properties ploy!
RUBUS Endogenous system wide Timing Timing propertles at desig
(B) time
.1 Timing properties, generi¢ . . . .
SaveCCM Endogenous system wid speci cation of other Timing propertles at desig
(B) . time
propertie
SOFA 2.0 Endogenous system widg Behavioural (protocols) Composition at design

(B)
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7.4.4 Domains classi cation

From Table 7.5 we see that the distribution between gempengdose compo-
nent models and specialized component models is equal. Ve expect
more specialized; Probably in practice there are more aliged proprietary
and not published component models. We have also observegration of
certain component models. For example OSGI was originakyghed for em-
bedded systems, but later has been used as general-pugpgserent model
in different domains. There is also an opposite trend ta tGsneral-purpose
component models have been adapted for particular domamsbmbination
of addition of new features and restriction of some fundioBuch examples
are CompoNETS and OpenCOM.

Specialized component models belong to two domains: a) édduksys-
tems, and b) information systems. The component models fhenrembed-
ded systems domain have some common characteristics: ¢hef tise “Pipe
& Filterdata ow” architectural style, components are ulyaleployable at
compilation time, components are resource-aware and tfiexe is support
for management of timing properties. These component rsoate signif-
icantly different from general-purpose component modelfie component
models from the information systems domains are signi lyamtore similar to
general-purpose component models. Typically they havigesioharacteristics
as general-purpose component models, such as use of “tegsjgsnse” inter-
action, support for run-time run-time deployment, expdteaterface, imple-
mentation in object-oriented language but they can bendjstshed from gen-
eral purpose component models through speci ¢ support ifstriduted com-
ponents, data transaction support, interoperability wtabases, and some
architectural solutions such as redundancy or locatiarsprarency.

Table 7.5: Extra-Functional Properties
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Generative X X X
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7.5 Related work

Over the last decade, several attempts to identify key featof software com-
ponents and component models have been proposed: clagsi ca studies of
components and interfaces ([17], [18]), interfaces, eiirectional properties
([9]), ADLs ( [5]), component models ( [11]), characterestiof component
models for particular business domains ([10]), among ather

The models presented in [17] and [18] do not consider any cowipt
model but rather focus on practical issues of componentatibn and reuti-
lization. In [17], the interface classi cation is split imtwo categories: appli-
cation interfaces and platform interfaces. Applicatioteifaces describe the
information about the interaction with other componentegsages protocol,
timing issues to requests) whereas the platform aspectisecrates on the
interaction between components and the executing platf8imilarly in [18]
a model for characterizing components is proposed whickae®the classi -
cation model of interfaces from [17]. A component is thergareled as the
description of three main items (informal description,egrtils and internals)
each of them split into several subelements. The informstietion is con-
nected with a set of human-related features which can inceemn the selection
of a component such as its age, its provenance, its leveluskréts context,
its intent and if there is any related component solving adlaimproblem. The
externals are concerned with interaction mechanisms bitthother applica-
tion artifacts and with the platform (application interégc platform interfaces,
role, integration phase, integration frameworks, tecbgpbnd non-functional
features). Finally the internals are concerned with eldmeziated to the po-
tential information needed during the development proogéasystem (nature,
granularity, encapsulation, structural aspects, behaalaspects, accessibility
to source code).

Similar to our work to some extent, a classi cation framelwtw classify
each of the proposed models, frameworks, or standards oped in [19],
trying to determine what the core features of a software aorept are. The
classi cation approach is different from ours; it includielenti cation of a
component by a set of elements/characteristics (unit ofpamition, reuse,
interface, interoperability, granularity, hierarchysibility, composition, state,
extensibility, marketability, and support for OO). The sdacation includes
only business components and business solutions. One gfdidems with
this classi cation is the non orthogonality of some of theddcterized items.

In [5], in which ADLSs are classi ed, components are de nedlasic ele-
ments of ADLs. The components are distinguished by theviaiig features:
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interface, types, semantics, constraints, evolution,resrdfunctional proper-
ties.

In [10], a classi cation model is proposed to structure tH@SE body of
knowledge. All research results are characterized acegtdi several aspects
(concepts, processes, roles, product concerns and bsisioeserns, technol-
ogy, off-the-shelf components and related developmeratdigms). Here, the
component model is only considered as one of the fty eleménthe CBSE
items. However, in this work, a more precise taxonomy of @pgibn do-
mains is proposed. The paper identi es the following apatien domains in
which component-based approaches are utilized: aviotwesmand and con-
trol, embedded systems, electronic commerce, nance thsake, real-time,
simulation, telecommunications and, utilities.

In[7], several component models (JB, COM, MTS, CCM, .NET @8GI)
are mainly described according to the following criteriaterfaces and Assem-
bly using ACME notation, Implementation, and Lifecycle.elimodels are not
compared or valuated, but rather these characteristicdesmeribed for each
component model.

In [11], a study of several component models is presentedctivasiders
the following aspects: syntax, semantics and compositioough an ideal-
ized component-based development lifecycle,. A smallanlmer of com-
ponent models are considered (also UML and ADLs are includ&hsed
on this study, a taxonomy centered on the composition wités proposed,
which clari es at which steps of the development processgifan component
model, components can be composed and whether they carriegedtfrom
a repository to be composed. Further the different typesrafibgs (compo-
sitions) of some of the component models are discussed ie oetrils. This
taxonomy does not consider EFPs.

7.6 Conclusion

In this survey, we have presented a framework for the claasion and com-
parison of component models, which identi es issues relatecomponent-
based development. This survey indicates that many ptexipmprised in
the component-based approach are not always included iy esenponent
model. Many of these principles are taken and further d@esldrom other
approaches (OO development, modeling using ADLs) whicb atsitributes
to an unclear understanding of component-based develdpmen

The intention of this work is to increase the understandingponponent-
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based approach by identifying the main concerns, commoracteistics and
differences of component models. The proposed framewoek dot include
all the elements of all component models since many of thewe kpeci c
solutions some related to models, some related to partitadanology solu-
tions. Further we have not characterized the componentsblers (like im-
plementation, internal behavior, whether componentsetieseor passive, and
similar). The framework however identi es the minimal efita for assuming
a model to be a component model and it groups the basic ckasdicts of the
models.

From the results we can recognize some recurrent patterctsas: general-
purpose component models utilize the “request respongé, sthile in the
specialized domains (mostly embedded systems) “pipe &/di&ta ow” is
the predominate style. We can also observe that supportofoposition of
extra-functional properties is rather scarce. There amymeasons for that: in
practice explicit reasoning and predictability of EFPsti sot widespread,
there are unlimited number of different EFPs, and nally dwnpositions of
many EFPs are not only the results of component propertigg|§o a matter
outside component models for example of system architestuhich makes
EFP an aspect that is dif cult to handle at the level of treial implementa-
tion languages.

In similarity with other technologies we could expect a cengence of the
main characteristics of component models, i.e. becomeg standardized,
using more commonly accepted concepts and terminology,iétlee number
of different component models will not necessary decrea3éa aim of this
work is to provide a help in this convergence process.

7.7 Survey of component models

In this appendix, we provide a brief overview of componentels taken in the
survey and their main characteristics. The component rsatellisted in the
alphabetic order. The list should be understood as a poyvi some charac-
teristic examples, or examples of widely used componentatsdd Software
Engineering.

Note that when listing the component models we have not geatheir
product name with edition number except for cases in whiehetfition num-
bers are part of the name or indicate signi cant differenmarf the previous
version.

AUTOSAR (AUTomotive Open System ARchitecture)[20], the new
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standard in automotive industry is the result of the pasimigrbetween sev-
eral manufacturers and suppliers from the automotive €elthe main focus
of AUTOSAR is standardization of architecture, architeatcomponents and
their interoperability, which allows a separation of deghent of component-
based applications from the underlying platform. AUTOSAIRorts both the
client-server and sender-receiver communication typas ABTOSAR soft-
ware component instance is only assigned to one computer nBtkctronic
Control Unit (ECU). The AUTOSAR software components arelenpented in
C. The main focus of AUTSOAR is the architecture not the congod model
itself.

BIP (Behavior, Interaction, Priority) [21] framework developed at Ver-
imag is used for modelling heterogeneous real-time commutsnd his hetero-
geneity is considered for components having different Bymaization mech-
anisms (broadcast/rendez-vous), timed components otim@a components.
BIP focuses on component behaviour through a model withesethayer struc-
ture of the components (Behaviour, Interaction and Pyifgrée component can
be seen as a point in this three-dimensional space coestityteach layer. In
this model, compound components, i.e components created diready ex-
isting ones, and systems are obtained by a sequence of fsemaformations
in each of the dimension. BIP comes up with its own prograngnamguage
but targets C/C++ execution. Some connections to the analysls of the
IF-toolset [22] and the PROMETHEUS tools [23] are also pded.

BlueArX [24] [25] is a component model developed and used by Bosch
for the automotive control domain. BlueArX de nes a hietsigal component
model with focus on design-time, which does not require talatl run-time or
memory resources on the target hardware. A BlueArX compiocmmsists of
speci cation, documentation and implementation (as dije€ source code).
BlueArX components and interfaces are speci ed using MSR@®&nufac-
turer Supplier Relationship SoftWare), a standardized Xiglimat. Compo-
nents communicate using client-server and sender-radategfaces. Besides
name and type the interfaces speci cation lists additialeghils (e.g. mapping
between internal and physical representation, value raarggkphysical unit).
Other interfaces address component con guration (vanagoints), calibra-
tion data and extra-functional properties, like timing,mugy usage or generic
speci cation of other properties.

COMDES Il [26], developed at University of Southern Denmark, de nes
various types of components to address both architectnddbahavioral prop-
erties of control software systems. It employs a two-levelsi to specify
system architecture. At the rst (system) level a distrdmitontrol application
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is conceived as a network of communicating actors and atebersl (actor)
level an actor is speci ed as a software artifact contairdngingle actor task
and multiple 1/O drivers. The functional behavior is spet by a composition
of different function block instances which implement cagte computation
or control algorithms. COMDES Il de nes four kinds of funatial blocks:

basic, composite, modal and state machine. The former twdeaused to
model continuous behavior (data ow) and the later two diégcthe sequen-
tial behavior (control ow). All non-functional informadin such as physicality,
real-time and concurrency is speci ed with respect to actor

CompoNETS [27], developed at Universit Toulouse 1, is based on CCM
where additionally the internal behavior of a software comgnt and inter-
component communication are speci ed by Petri Nets. Actwlg, a map-
ping from the constructs of the component models (e.g. $aceteptacles,
event sources and sinks) to the constructs of Petri-netizeavioral formal-
ism (e.g. places, transitions etc.) is de ned. Other charistics are the same
(or very similar) to CCM.

CCM (CORBA Component Model) [28] evolved from Corba object model
and it was introduced as a basic model of the OMGs component sation.
The CCM speci cation de nes an abstract model, a prograngmimodel, a
packaging model, a deployment model, an execution modehandtamodel.
The metamodel de nes the concepts and the relationshiggeadther models.
CORBA components communicate with outside world througtigpoCCM
uses a separate language for the component speci catiderfdoe De ni-
tion Language (IDL). CCM provides a Component Implementatrrame-
work (CIF) which relies on Component Implementation Deioit Language
(CIDL) and describes how functional and nonfunctional i component
should interact with each other. In addition, CCM uses XMIsatgtors for
specifying information about packaging and deploymenttiarmore, CCM
has an assembly descriptor which contains metadata abautwm or more
components can be composed together.

EJB (Entreprise JavaBeans) [29], developed by Sun MicroSysemai-
sions the construction of object-oriented and distribdtesiness applications.
It provides a set of services, such as transactions, pemsist concurrency,
interoperability. EJB differs three different types of gooments (The Entity-
Beans the SessionBean and the MessageDrivenBeans). E#utsefbeans
is deployed in an EJB Container which is in charge of their agament at
runtime (start, stop, passivation or activation) and EEBsl{ as security, relia-
bility, performance). EJB is heavily related to the Javegpaonming language.

Fractal [30] is a component model developed by France Telecom R&D
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and INRIA. It intends to cover the whole development lifdey@esign, im-

plementation, deployment and maintenance/managemertjgilex software
systems. It includes several features, such as nestingngla components
and re exivity in that sense that a component may respelgtive created from
other components, be shared between components and caseetgoioternals
to other components. The main purpose of Fractal is to peoait extensi-
ble, open and general component model that can be tuned tlarga variety

of applications and domains. Fractal includes differestdntiations and im-
plementations: a C-implementation called Think, whiclyéas especially the
embedded systems and a reference implementation, callacdd written in

Java.

Koala [31] is a component model developed by Philips for buildin§-s
ware for consumer electronics. Koala components are uhidesign, devel-
opment and reuse. Koala has a set of modeling languagesa Kahlis used
to specify Koala component interfaces, its Component D@ni Language
(CDL) is used to de ne Koala components, and Koala Data Dgomi Lan-
guage (DDL) is used to specify local data of components. &camponents
communicate with their environment or other componenty émiough ex-
plicit interfaces statically connected at design time. lgdargets C as imple-
mentation language and uses source code components wjilesimteraction
model. Koala pays special attention to resource usage sustaic memory
consumption.

KobrA (KOmponentenBasieRte Anwendungsentwicklung) [32] isea-hi
archical component model that supports a model-driven, thidsed represen-
tation of components. In KobrA components are not physicaigonents like
in the contemporary physical technologies (e.g. CORBA,,ENET) but logi-
cal building blocks of the software system. The componesmde constructed
in any UML modeling tool and deposited into a le system. Thoay be com-
pared to subsystems in UML with additional behavior. KobsgsiUML class
diagrams to specify structure, functional model to descfimctionality and
nally the behavioral model describes the component betravComposition
of components is done in the design phase by direct methisd cal

IEC 61131 [33] is a standard for the design of Programmable Logic Con-
trollers approved by the International Electrotechnicahtnission (IEC). In
this standard, the software units are called function td@eid based on incom-
ing events, they execute some algorithms to update thenadteariables. This
standard has been further extended to IEC 61499 [34] whiaVigkes distribu-
tion in the runtime environment through high-level absiactof communica-
tion primitives. IEC 61499 is an open communication staddar distributed
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control systems.

JB (Java Beans)[35] developed by Sun Microsystems is based on Java
programming language. In the JavaBeans speci cation a earreusable
software component that can be visually composed into &geplications,
servlets, and composite components, using visual apijaicdiuilder tools.
Programming a Java component requires de nition of thrae eédata: i)
properties (similar to the attributes of a class); ii) melkoand iii) events
which are an alternative to method invocation for sendirtg.déavaBeans was
primarily designed for the construction of graphical usgeiface. The model
de nes three types of interaction points, referred to asdi) methods, as in
Java, (ii) properties, used to parameterize the componeonaposition time,
(iii) event sources, and event sinks (called listenersgf@nt-based communi-
cation.

COM (Microsoft Component Object Model) [36] is one of the most
commonly used software component models for desktop amnersside ap-
plications. A key principle of COM is that interfaces are cped separately
from both the components that implement them and those seethem. COM
de nes a dialect of the Interface De nition Language (IDW)at is used to
specify object-oriented interfaces. Interfaces are dahjeiented in the sense
that their operations are to be implemented by a class arskgasreference
to a particular instance of that class when invoked. A cohkaepwn as in-
terface navigation makes it possible for the user to obtgioiater to every
interface supported by the object. This is based on VTabléhogh COM
is primarily used as a general-purpose component modetibban ported for
development of embedded software and extended for digtdbnformation
systems

OpenCOM [37] is a lightweight component model developed at Lancaste
University which aims at exploiting component-based téghes within mid-
dleware platforms. It is built atop a subset of Microsofts MOThese in-
clude the binary level interoperability standard, MicridssdDL, COMs glob-
ally unique identi ers and the IlUnknown interface. The higlevel features of
COM such as distribution, persistence, transactions acuritg are not used.
The key concepts of OpenCOM are capsules, componentdaicest recepta-
cles and connections. Capsules are runtime containershagchbst compo-
nents. Each componentimplements a set of custom receptauienterfaces.
A receptacle describes a unit of service requirement, amfade expresses a
unit of service provision, and a connection is the bindingveen an interface
and a receptacle of the same type.

OSGi (Open Services Gateway Initiative) [38] is a consortium ofrer-
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ous industrial partners working together to de ne a serddented framework
with an open speci cations for the delivery of multiple sims over wide area
networks to local networks and devices. Contrary to mostpmmment de ni-
tions, OSGI emphasis the distinction between a unit of caitipm and a unit
of deployment in calling a component respectively servicbundle. It offers
also, at contrary to most component models, a exible aetititre of systems
that can dynamically evolve during execution time. This liegpthat in the
system, any components can be added, removed or modi echaime. In
relying on Java, OSGil is platform independent. There esisteral additions
of OSGi that provides additional characteristics.

Palladio Component Model [39], developed at University of Oldenburg
and University of Karlsruhe, provides a domain speci ¢ miaug language
for component-based software architectures, which isduneenable early
life-cycle performance predictions. Palladio de nes itgrometamodel speci-
ed in EMF/Ecore and divided into several domain speci c ¢arages for each
developerrole (i.e. component developers, software tacisi system deploy-
ers and domain experts). All speci cations can be combimederive a full
Palladio component model instance. As a starting pointrfggiémenting the
systems business logic, the instance can be convertedandocdde skeletons
via Model2Text transformation. Components are speci edpriovided and re-
quired interfaces which consist of a list of service signesuln order to allow
accurate performance prediction, a so called resourcemtdingaservice effect
speci cation can be added to each provided service to desthie sequence
of called required services, resource usage, transitiobgtilities, loop itera-
tion numbers, and parameter dependencies. Componentsanbtes can be
connected via assembly connectors to build an assembly.

Pecod40] is a joined project between ABB Corporate Research aarth B
University. Its goal is to provide an environment that suppspeci cation,
composition, con guration checking and deployment foratege embedded
systems built from software components. There are two tgpesmponents,
leaf components and composite components. The inputs dpdtswof a com-
ponent are represented as ports. At design phase composifgooents are
made by linking their ports with connectors. Pecos targets @ Java as im-
plementation language, so the run-time environment in g@ayment phase
is the one for Java or C++. Pecos enables speci cation of EBtEkB as tim-
ing and memory usage in order to investigate in predictioefehaviour of
embedded systems.

Pin [41] component model developed at Carnegie Mellon Softviare
gineering Institute (SEI) is used as a basis in predictioabéed component
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technologies (PECTSs). By using principles from PECT it ash®chieving
predictability by construction i.e. constraining the @gsand the implemen-
tation to analyzable patterns. To achieve predictabilits particular property
PECT proposes a building of a reasoning framework that dedua compo-
nent technology powered by analytical interface used fguexiscation of a
property of interest and analysis theory used in provisiothe system prop-
erty composed from component properties. Accordingly,rtheoto perform
analysis, proper analysis theories must be found and ingrigzd in a suitable
underlying component technology. PECT currently supptbntse reasoning
frameworks fro Pin Component model: ABA - for predicting eage latency
in assemblies with periodic tasks, ss - for predicting agetatency in stochas-
tic tasks managed by a sporadic server and ComFoRT -for foreniecation
of temporal safety and liveness. Pin Components are de nethiADL-like
language, in the component and connector style, so callest@mtion and
Composition Language (CCL). Pin components are fully esckgped, so the
only communication channels from a component to its envivent and back
are sink and source pins. Composition of components ismddady connect-
ing source and sink pins and the behavior of the interactitich is speci ed
as executable state machines.

ProCom [42] is a component model for control-intensive distriluigam-
bedded systems being developed at PROGRESS StrategicréteSsamter at
Mlardalen University, Sweden. ProCom consists of two lay&r order to ad-
dress different concerns that exist at different levels dis&ributed embedded
system. The upper layer, ProSys, focuses on modeling of Hwensystem
or large subsystems. It considers complex active subsgsésntomponents
and captures the message ow between them. The lower laye8ave, serves
for modeling of ProSys components on a detailed level. ltieitly captures
the data transfer and control- ow between the componeritgyus rich set of
connectors which makes a platform for modelling controplein a way that
allows them to be easily analyzed and synthesized. The sinadyfacilitated
by the explicit control- ow and by the abstraction providbgl components
(read-execute-write semantics, encapsulation). The hydeides support
for different types of analysis by making possible to atteatious models (be-
haviour, timing, resource utilization, etc.) to differarchitectural elements
such as components, connections, subsystems, etc. Flttbensiders de-
ployment as a speci ¢ activity which includes componenteations, trans-
formation of components to the entities complied with thear#ion model,
and synthesis, i.e. creation of a glue code.

Robocop[43] is a component model developed by the consortium of the
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Robocop ITEA project, inspired by COM, CORBA and Koala comgiot
models. It aims at covering all the aspects of the compohased develop-
ment process for the high-volume consumer device domairbo&ap com-
ponent is a set of possibly related models and each modeida®oparticular
type of information about the component. The functional el@tkscribes the
functionality of the component, whereas the extra-funianodels include
modeling of timeliness, reliability, safety, securitydamemory consumption.
Robocop components offer functionality through a set ofises and each ser-
vice may de ne several interfaces. Interface de nitions apeci ed in a Robo-
cop Interface De nition Language (RIDL). The components b& composed
of several models, and a composition of components is calteapplication.
The Robocop component model is a major source of for ISO atai&O/IEC
23004-1:2007 Information technology - Multimedia Middigne.

Rubus [44] component was developed as a joint project betweendust
Systems AB and Mlardalen University. The Rubus componerdehauns
on top of the Rubus real-time operating system. It focusetherreal-time
properties and is intended for small resource constraingzedded systems.
Components are implemented as C functions performed as tAsilomponent
speci es a set of input and output ports, persistent stéitedg requirements
such as releasetime, deadline. Components can be combif@ult a larger
component which is a logical composition of one or more congmbs.

SaveCCM [45], developed within the SAVE project by several Swedish
universities, is a component model speci cally designedsimbedded control
applications in the automotive domain with the main objectf providing
predictable vehicular systems. SaveCCM is a simple modé¢kitnstrains the
exibility of the system in order to improve the analysabijldf the dependabil-
ity and of the real-time properties. The model takes intosgeration the re-
source usage, and provides a lightweight run-time framkewesr component
and system speci cation SaveCCM uses SaveCCM languagehvidibased
on a textual XMLsyntax and on a subset of UML2.0 componergrdias.

SOFA (Software Appliances)[46] is a component model developed at
Charles University in Prague. A SOFA component is speci gdtb frame
and architecture. The frame can be viewed as a black box atedries the
provided and required interfaces and its properties. Hewa\framework can
also be an assembly of components in a composite componédra.arthi-
tecture is de ned a grey-box view of a component, as it déswithe struc-
ture of a component until the rst level of nesting in the cament hierar-
chy. SOFA components and systems are speci ed by an ADLKikguage,
Component Description Language (CDL). The resulting CDtéospiled by a
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SOFA CDL compiler to their implementation in a programmiagduage C++
or Java. SOFA components can be composed by method callgthoonnec-
tors. The SOFA 2.0 component model is an extension of the S@Rfponent
model with several new services: dynamic recon guratiamteol interfaces
and multiple communication styles between the components.
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Abstract

In this paper we focus on design of a class of distributed eitiée systems that
primarily perform real-time controlling tasks. We prop@sgvo-layer compo-
nent model for design and development of such embeddednsystéth the
aim of using component-based development for decreassgdmplexity in
design and providing a ground for analyzing them and predeait properties,
such as resource consumption and timing behavior. The ayerimodel is
used to ef ciently cope with different design paradigms offiedlent abstrac-
tion levels. The model is illustrated by an example from thkigular domain.
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8.1 Introduction

A special class of embedded systems are control-intens@tédited systems
which can be found in many products, such as vehicles, automsystems, or
distributed wireless networks. In this category of systasis most embedded
systems, resources limitations in terms of memory, banttvéidd energy com-
bined with the existence of dependability and real-timeceons are obviously
issues to take into consideration.

Another problem when developing such systems is to dealtiv@mapidly
increasing complexity. For example in the automotive itidughe complexity
of the electronic architecture is growing exponentialisedted by the demands
on the driver's safety, assistance and comfort [1]. In thass of systems, dis-
tribution is also an important aspect. The architectur@ef®ectronic systems
is distributed all over the corresponding product (car,dpiaion cell, etc.),
following its physical architecture, to bring the embeddgstem closer to the
sensed or controlled elements.

In this paper, we propose a new component model called Pro@itm
the following main objectives: (i) to have an ability of hding the different
needs which exist at different granularity levels (provsdéable semantics at
different levels of the system design); (ii) to provide cage of the whole
development process; (iii) to provide support to faciétahalysis, veri cation,
validation and testing; and (iv) to support the deploymédrtanponents and
the generation of an optimized and schedulable image ofysem®ms. The
focus of this paper is on the component model itself, desdréds means for
designing and modelling system functionality and as a fraomnk that enables
integration of different types of models for resource andriig analysis.

The component model is a part of the@cRESSapproach [2] that distin-
guishes three key activities in the development: desigalyais and deploy-
ment. Thedesignactivity provides the architectural description of theteys
compliant with the semantic rules of the component modedqamted in this
paper and enables the integration analysis and deployrapabdities. Anal-
ysisis carried out to ensure that the developed embedded sysests fits de-
pendability requirements and constraints in terms of resolimitations. The
proposed component model provides means to handle and treugéferent
information generated during the analysis activity. Tleploymenactivity is
speci ¢ for control-intensive embedded systems; due tangrequirements
and resource constraints, the execution models can be ifegsedt from the
design models. Typically, execution units are processddtarads of tasks.

The main focus of this paper is oriented towards system dedige two
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supplementary activities (analysis and deployment) atsideithe scope of the
paper. A component model that enables a reusable desigs, itk considera-
tion the requirements' characteristics for control-irtier embedded systems,
and is used as an integration frame for analysis and deplatynseclaborated
in the subsequent sections.

The ideas underlying ProCom emanate partly from the preweork on
the SaveComp Component Model (SaveCCM) [3] within the SAY&qrt,
such as the emphasis on reusability, a possibility to apadgsnponents for
timing behavior and safety properties. Several other gotscand component
models have inspired the ProCom Design. Some of them areut@stompo-
nent model [4], Prediction-Enabled Component Technol®y&T) [5], AU-
TOSAR [1], Koala [6], the Robocop project [7], and BIP [8].

8.2 The ProCom two layer component model

In designing our component model, we have aimed at addgessérkey con-
cerns which exist in the development of control-intensigtrdbuted embedded
systems. We have analyzed these concerns in our previoks Qlowith the
conclusion thatin order to cover the whole developmentgssof the systems,
i.e. both the design of a complete system and of the low-lepstrol-based
functionalities, two distinct levels of granularity arecessary.

Taking into consideration the difference between thosels&ewe propose
a two-layer component model, call@®oCom It distinguishes a component
model used for modelling independent distributed comptmetith complex
functionality (calledProSy3 and a component model used for modelling small
parts of control functionality (calleBroSavég. ProCom further establishes how
a ProSys component may be modelled out of ProSave comporigmsfol-
lowing subsections describe both of the layers and theiticgl. The complete
speci cation of ProCom is available in [10].

8.2.1 ProSys — the upper layer

In ProSys, a system is modeled as a collection of concurcemtmunicat-
ing subsystemgpossibly developed independently. Some of those submagste
calledcomposite subsystentan in turn be built out of other subsystems, thus
making ProSys a hierarchical component model. This hiaseeads with the
so-calledprimitive subsystemsvhich are either subsystems coming from the
ProSave layer or non-decomposable units of implementésioch as COTS
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or legacy subsystems) with wrappers to enable compositidthsother sub-

systems. From a CBSE perspective, subsystems are the “camisd of the

ProSys layer, i.e., design or implementation units thatlmdeveloped inde-
pendently, stored in a repository and reused in multipldiegions.

The communication between subsystems is based on the asyocis
message passing paradigm which allows transparent coroatiam (both lo-
cally or distributed over a bus). A subsystem is speci ed ygyed input and
outputmessage portsexpressing what type of messages the subsystem re-
ceives and sends. The speci cation also includes attriaitel models related
to functionality, reliability, timing and resource usade,be used in analysis
and veri cation throughout the development process. Tsedf models and
attributes used is not xed and can be extended.

Message ports are connected riassage channels explicit design enti-
ties representing a piece of information that is of inteteseveral subsystems
—as exempli edin Fig. 8.1. The message channels make ifipless express
that a particular piece of shared data will be required irsifgtem, before any
producer or receiver of this data has been de ned. Also,rimfdion about
shared data such as precision, format, etc. can be assbuwiiiethe message
channel instead of with the message port where it is prodocednsumed.
That way, it can remain in the design even if, for example, gheducer is
replaced by another subsystem.

51 ~>| Subsystem B D
| subsystem A >—»

a Subsystem C
2]

Figure 8.1: Three subsystems communicating via a messagmeh

8.2.2 ProSave — the lower layer

The ProSave layer serves for the design of single subsydigritsily inter-
acting with the system environment by reading sensor dataantrolling ac-
tuators accordingly. On this level, components providelastraction of tasks
and control loops found in control systems.

A subsystem is constructed by hierarchically structuretliaterconnected
ProSaveeomponentsThese components are encapsulated and reusable design-
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time units of functionality, with clearly de ned interfaséo the environment.
As they are designed mainly to model simple control loopsaedisually not
distributed, this component model is based on the pipesitard architectural
style with an explicit separation between data and contoal. The former is
captured bydata portswhere data of a given type can be written or read, and
the latter bytrigger portsthat control the activation of components.

A ProSave component is of a collection of services, eachigiruy a par-
ticular functionality. A service consists of &mput port groupcontaining the
activation trigger and the data required to perform theiservand a set of
output port groupswvhere the data produced by the service will be available.
Fig. 8.2 illustrates these concepts. The data of an outpuigare produced at
the same time, at which the trigger port of that group is atdivated. Having
multiple output groups allows the service to produce tinigced parts of the
output early.

Figure 8.2: A ProSave component with two servicesh&s two output groups
and $ has a single output group. Triangles and boxes denote triggd data
ports, respectively.

ProSave components goassivei.e. they do not contain their own execu-
tion threads and cannot initiate activities on their owne&oh service remains
in a passive state until its input trigger port has been atgty. Once activated,
the data input ports are read in one atomic operation ancetivice switches
into an active state where it performs internal computatemd produces data
on its output ports. Before the service returns to the imadiate again, each
of its output groups should be written exactly once.

Input data ports can receive data while the service is gdbiveit would
only be available the next time the service is activateds Shipli es analysis
by ensuring that once a service has been activated it isifuraly (although
not temporally) independent from other components exegubncurrently.

A component also includes a collection of structuagitibuteswhich de-
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ne simple or complex types of component properties such asabioural

models, resource models, certain dependability measamesjocumentation.
These attributes can be explicitly associated with a spgedrt, group or ser-
vice (e.g. the worst case execution time of a service, or #hgevrange of a
data port), or related to the component as a whole, for examppeci cation

of the total memory footprint. New attribute types can algoadlded to the
model.

The functionality of a component can either be realized bgecrim-
itive component or by interconnected sub-componentsrfiposite compo-
nen). For primitive components, in addition to a function cdllat system
startup to initialise the internal state, each service iglémented as a single
non-suspending C function. Fig. 8.3 shows an example of ¢laglér le of a
primitive component.

typedef struct {
int  *speed;
float  =dist;
} in_S1;
typedef struct {
[]: control int = control;
} out_S1,;
void init();
void entry_S1(in_S1 *in, out_S1  *out);

speed [] Sy
dist i []

Figure 8.3: A primitive component and the correspondingleede.

Composite components internally consissab-componentgonnections
and connectors A connectionis a directed edge which connects two ports
(output data port to input data port of compatible types amgut trigger port
to input trigger port) whereasonnectorsare constructs that provide detailed
control over the data- and control- ow. The existence ofatiént types of con-
nectors and the simple structure of components makes ifljp@s$s explicitly
specify and then analyse the control ow, timing properaesl system perfor-
mance.

The set of connectors in ProSave, selected to support tyqptdaboration
patterns, is extensible and will grow over time as additiolaa- and control-

ow constructs prove to be needed. The initial set includeanectors for
forkingandjoining data or trigger connections, selectingdynamically a path
of the control ow depending on a condition. Fig. 8.4 showggital usage of
the selection connector together withconnectors.

ProSave follows the push-model for data transfers and itpgaired service
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always uses the latest value written to each input data Sorte communica-
tion may eventually be realised over a physical connectietransfer of data
and triggering is not an atomic operation. For triggering data appearing
together at an output group, however, the semantics sptbeifyall data should
be delivered to their destinations before the triggeringdsasferred, to avoid
components being triggered before the data arrives.

Figure 8.4: A typical usage &electionandor connectors. When component
Ais nished, either B or C is executed, depending on the valtigne selection
data port. In either case, component D is executed aftesyavrith the data
produced by B or C as input.

8.2.3 Integration of layers — combining ProSave and ProSys

ProCom provides a mechanism for integrating the low-leesligh of a sub-
system described by ProSave into the high-level desigrrihescby ProSys.
A ProSys primitive subsystem can be further speci ed usingSave (as ex-
emplied in Fig. 8.6). Concretely, in addition to ProSavenggonents, con-
nections and ProSave connectors, additional connectestge introduced to
(a) map the architectural style (message passing used in Pto®yses-and-
Iters used in ProSave, and vice versa), gbii specify periodic activation of
ProSave components.

Periodic activation is provided by the clock connectorhwatsingle out-
put trigger port which is repeatedly activated at a givee.rafo achieve the
mapping from message passing to trigger and data, and visa, e mes-
sage ports of the enclosing primitive subsystem are tresgembnnectors with
one trigger port and one data port when appearing on the Ped8eel. An
input message port corresponds to a connector with outpts.pd&/henever a
message is received by the message port, it writes the needatayto the out-
put data port and activates the output trigger. Oppositeifput message ports
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correspond to a connector with an input trigger and inpua geatrts. When
triggered, the current value of the data port is sent as aagess

These composition mechanisms do not only allow a consistesign of
the entire system by integrated pre-existing subsystetrel$m provide mech-
anisms for analysis of particular attributes such as tinpngperties or per-
formance of the entire system using speci cations or analyssults of the
subsystems.

8.3 Example

To illustrate the ProCom component model we use as an exangkctronic
stability control (ESC) system from the vehicular domaimatdition to anti-
lock braking (ABS) and traction control (TCS), which aim aepenting the
wheels from locking or spinning when braking or accelegtirespectively,
the ESC also handles sliding caused by under- or overstgerin

The ESC can be modeled as a ProSys subsystem, as shown irbFig. 8

A N

Pp——> Yawange >——3|
Yaw

— Brake
sensor > Tateral accel >3]
—— Steermg angle >———3|  Stability

valves

Throttle adjust.

N

b— \—( A

2 Traction > Throtte adjust >

2 conrol b | s rommmo—s) i

S - Combiner
>

System
'—>Brakes pressurey—3 |
Anti-lock

Braking ~ [>———>Brakes pressurey—5 |
System

Control

Lateral System

acceleration
sensor

LF wheel speed

Steering P—

wheelangle | [ SRFwhesTspeedy
sensor

LR wheel speed
Wheels |
speed >—‘—>

sensor

Figure 8.5: The ESC is a composite subsystem, internallyatiexdiin ProSys.

Inside, we nd subsystems for the sensors and actuatorsateabcal to
the ESC. There are also subsystems corresponding to speris of the ESC
functionality (SCS, TCS and ABS). In the envisioned scemahie TCS and
ABS subsystems are reused from previous versions of thevhde, SCS corre-
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sponds to the added functionality for handling under- aretsteering. Finally,
the “Combiner” subsystem is responsible for combining tigpuot of the three.

The internal structure of a SCS primitive subsystem is mexdigl ProSave
(see Fig. 8.6). The SCS contains a single periodic activetyggmed at a fre-
quency of 50 Hz, expressed by a clock connector. The clodkactivates the
two components responsible for computing the actual anatatkdirection,
respectively. When both components have nished theireetpe tasks, the
“Slide detection” component compares the results (i.e. attual and desired
directions) and decides whether or not stability contreéguired. The fourth
component computes the actual response, i.e., the adjuistrhlerakeage and
acceleration.

Lateral acceleration

Stability Control System

_ Computing Throttle adjust.
Slide braking
detection pressure Brakes pressure
> and throttle P

Yaw angle
LF wheel speed
RF wheel speed

LR wheel speed
RR wheel speed

®{

50 Hz .-\ Computing \\: |

Steering angle o) d‘eS|r‘ed 0
direction

Figure 8.6: The SCS subsystem, modelled in ProSave.

8.4 Conclusions

We have presented ProCom, a component model for contierdive dis-
tributed embedded systems. The model takes into accountdeimportant
characteristics of these systems and consistently usetiwept of reusable
components throughout the development process, from @asign to deploy-
ment. A characteristic feature of the domain we considdnas the model of
a system must be able to provide both a high-level view ofdbosoupled
subsystems and a low-level view of control loops contrglirparticular piece
of hardware. To address this, ProCom is structured in twerkagProSys and
ProSave). At the upper layer, ProSys, components corregporomplex ac-
tive subsystems communicating via asynchronous messagmpgaThe lower
layer, ProSave, serves for modelling of primitive ProSymponents. It is
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based on primitive components implemented by C functiond, explicitly
captures the data transfer and control ow between compisngsing a rich
set of connectors.

The future work on ProCom includes elaborating on advaneatiifes of
the component model (e.g. static con guration, mode giftierror-handling,
etc.), building an integrated development environmentevaduating the pro-
posed approach in real industrial case-studies.
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Abstract

The con icting requirements of real-time embedded systesrgs. minimizing

memory usage while still ensuring that all deadlines are abhetin-time, re-
quire rigorous analysis of the system’s resource consumpsitarting at early
design stages. In this paper, we glance through severageptative frame-
works that model and estimate resource usage of embeddedtsygointing
out advantages and limitations. In the end, we describe wangew on how

to model and carry out formal analysis of embedded resouat@sg with de-

veloping the system.
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9.1 Introduction

Embedded systen{&S) are designed to perform dedicated functions, often
under real-time computing constraints. In most cases, dneynade otom-
ponentsthat communicate with each other and the environment viaassn
and actuators. Theesourceghat such systems use (CPU share, memory, en-
ergy, bus bandwidth, ports etc.) are limited in capacitpamsive and (usually)
not extensible during the system's lifetime. In contrastite xed nature of
available resources, software can be subjected to chargendure that the
combination of components ts on a particular target platipone needs to be
able to estimate the resource consumed by the applicatftwiese. Further, to
facilitate reuse and fast integration of pre-designed comepts, the ES design
techniques should cover systems having minimal resourpgérements.

The limited nature of the available resources, especiaiynory size and
computation resources, complicates meeting the realdonstraints. Hence,
the ability to quantify and reason abduwde-offsbetween various resources,
under given technical constraints, is essenBagdictionmethods for resource
usage should be available throughout the whole systemilolement lifecy-
cle. Access to such information at early stages of desigrelmthe designer
to prevent resource con icts at run-time. This can, in turelp to decrease the
ES' development time and, consequently, reduce developoosis. Analysis
will then require models of resource usage and theoriesimposing resource
usage models.

Extensive research has been recently devoted to modelh@@elyzing
ES resource consumption, in component-based design frarkewCode-level
memory estimation for, e.g. Koala- [1, 2] and Robocop- bgd8¢domposi-
tions, as well as higher-level formal approaches [4—7] aimstablish whether
certain resource-related properties hold for a system mode

The main problem of building an ES is correlating its varimedels of dif-
ferent degrees of detail, which are related via abstraaiioie nement. This
impacts also on transferring the resource analysis refsaitsone design stage
to another. Even so, performing resource consumption aisedy design-time
might guide the selection of the appropriate components &Rristing reposi-
tories, when adopting a bottom-up ES design method. Silpilara top-down
approach, it could help in the correct decomposition of ty&esn's speci-
cation into smaller parts (sub-systems) such that theetatould be easier
matched by existing sub-systems.

Designing apredictableES amounts, among other things, to establishing
that the required resources do not exceed the availableinees For many
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ES, costs and other constraints make it important to “mingthresource us-
age. Here, we advocated@ployment-orientediew of ES resource modeling
and analysis. For this, we argue that it is important, retkéep the abstracted
hardware model at similar level of detail as the one of thexsre model, such
that the resource-usage analysis can become progressvedy, depending
on the design stage; second, we believe that striving fonargéformal frame-
work that could be uniformly used throughout the design eyuld be of
great help in solving the problem of correlating analyss&itts.

The variety of approaches existing in the literature intdisghe possible
dif culty in gathering all resource reasoning in one unifotheory. This calls
for a fresh look on resource-aware design methods, basdokdessons drawn
from the existing component-based approaches. In thewinllp we survey
some of the current trends in analyzing ES resource accesmseégoint out
their limitations. We end by describing our view on what i®ded to make
such methods applicable on a variety of ES, and underlines$sential de-
mands of a resource-aware component-based design pérspect

9.2 Motivating Example

The systematic analysis of the resource consumption of dredded system
must include ways of semantic representation of variousgyy resources, be
they of continuous, monotonic type (like energy), of contins, non-monotonic
type (like memory), or of discrete nature (e.g. I/O portsyefiresentative anal-
ysis goal would be to answer tlieasibility question: does the composition of
the worst-case resource requirements of components sthinwhe available
resources provided by the implementation platform? Chegrkihether the
resource-wise composition is feasible might not be alwégsghtforward.

C1 E{RCI)

Figure 9.1: n-component Embedded System with resourcetaiimms.
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In practice, it may be often necessary to replace a compavitnanother
one having the same functionality, yet using a more solaitgd control al-
gorithm that requires bigger memory resources. Alteretjuf we assume a
repository of models, the designer might need, at some pairg ned com-
ponent model, with modi ed behavior or more ef ciently imghentable data
structures.

Let us now imagine the following scenario. Suppose that \ag $suild-
ing up an embedded system for which we identify the interected software

sent connections to other possible system components.s&¥assume that the
hardware abstraction provides us with global availableuesesR. Consider
that the computed resource requiremen€Cefis Rc 1, of C,, Rc2 and so on.
In Figure 9.1, the components are annotated with this inftion.

Suppose now that a different designer wants to use some cwnpB,
from the repository, instead @; (for one of the reasons mentioned previ-
ously). So, we replac€; by B, both functionally and resource-wise. How-
ever, it so happens thBtneeds more resources thanto performits function:
Rg > R ¢1. Intuitively, the resource feasibility test will fail fohe new com-
position, thus preventing us from accommodatihig In order to be able to
includeB in the system, we need to “ ne-tune”, in the sense of decrepsi
enough, the resource requirements of one or more compgrientastance,
by code-optimization. Then, by rechecking resource fé#gjlwe should get
a positive answetr.

A more challenging situation arises if we do not have acoetkd com-
ponents implementation. How can we then accommo&®ne could think
of trying to change the communication between componentsaybe the al-
location of components to hardware units. We would be isteckto assess,
before deployment, how would any of these design decisiffastahe system
overall resource consumption. This amounts to nding arrappate trade-off
between different con guration requirements and constgai

Performing all kinds of analysis of the embedded systenssuece usage,
starting at an early stage of design, and up to an as closepiennentation
stage as possible, is extremely desirable. First, it alliwscarrying out a
potentially large number of design experiments, withoatéasing cost. Sec-
ond, it may guide designers in making correct decisiond) siscselecting the
right components from some repository, choosing amonguaradmissible
architectural designs, or transforming a component matdelane with less
resource requirements.
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9.3 Modeling and Analyzing ES Resources: Rep-
resentative Current Approaches

9.3.1 Koala and Robocop: Code-level Analysis

The importance of predicting resource consumption of campbassemblies
has motivated many researchers to investigate the issump@zitional ways
of estimating the static memory consumptionkafala-based embedded sys-
tem models are already here to help us live up to the resoueckqgtion chal-
lenge [1, 2]. Koala [8] is a software component model, intreed by Philips
Electronics, designed to build product families of consuelectronics. In
the mentioned approaches, resource information is ex@ited component's
interface. Theprovidesinterface de nes the operations offered by the compo-
nent, whereas theequiresinterface de nes the operations of other interfaces
that the component needs to use. Since in a Koala model aditieenal func-
tionality that is required by the component needs to go thinahe “requires”
interface, it is somewhat straightforward to estimate the af the system's
resources, such as memory consumption. To estimate a Koalpanent's
static memory consumption, one can assume that a specabfye ection
provides the interface. For this purpose, Eskenazi et tibdace the interface
IResource which contains the memory consumption demands of each com-
ponent (see Figure 9.2). Each of this interface's membemnesponds to a
particular type of memory. A formula for estimating the megnsize of each
type of memory is added to the IResource implementationceSihe static
properties of a compound component are speci ed in the tgoednterface of
its constituents, it follows that it is possible to reusebgpective components
in a similar, yet different, composition, without changitgyspeci cation.

The above technique supports budgeting, that is, the exgpp@atues of the
resource consumption of non-implemented components sarbal accounted
for. An important drawback of the approach is that it can drdyused on spe-
ci ¢, reduced-size scenarios and concrete component nfodethich the set
of components instantiated in a composition is known befonetime. How-
ever, in real-world applications, the situation is much encomplicated. If the
set of instantiated components changes during run-tineemithod will only
estimate the memory consumption of the composition for asimat of com-
ponents instantiated at that moment. A lot of experimenegsurements and
simulations need to be carried out on the application.

Full state-space analysis of system models is most of thredtnompanied
by combinatorial complexity, as encountered by model cimeckpproaches.
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interface IResource
{
long XROMCODE_siz€g
long XROMDATA _size
lomg IROMCODE_siz€
long IROMDATA_size;
long XRAM_size;
long IDRAM_size;
long SRAM_size;
long STACK _size;
Bool iPresent();

}

Figure 9.2: Example of an "IResource” interface of a Koalmponent.

In order to avoid such complexity, Jonge et al. [3] introdacseenaricbased
prediction ofrun-timeresource consumption, this time for tR®@bocopcom-
ponent model [9], a variant of the Koala component model. s&gproach
delivers resource estimations for a set of scenarios tipaesent critical us-
ages/executions of the system. The proposed resource suaizles the pre-
dicted resource consumption for all the operations implasttby the services
of an executable component. As such, the model contains deuaf cost
functions that give the operations' costs. There can beiptaitost functions,
for each resource. To increase the faithfulness of the gtiedi the resources
that are claimed and released are speci ed per operatiogur&i9.3 shows
a revised example of how the service speci cation is done&]n Basically, it
speci es services; that requires interfacds andl 3, and provides interfadg .
Services; implements the operatidn that uses the operatiogsandh from
interfaced ; andl 3, respectively. In Figure 9.3, we assume that operdtion
requires 1200 cpu cycles, without counting the invocatiohk,.g andl 3.h;
also, operatiori claims 100 bytes of memory before execution, and releases
100 bytes after nishing execution.

Similar to the re ection interface of the Koala componentdef this method
is also dealing with static resource consumption, since déssumed that con-
sumption of resources stays constant per operation. lity;ethle former typ-
ically depends on parameters passed to operations andpseactions. In
addition, the validity of the analysis results still deperwh the scenario se-
lection. Moreover, synchronization protocols for anatggishared resource
accesses are not supported. On the other hand, this appteadry well
within current system design practice, such as UML [10], reltbe dynamics
of systems are modeled using scenarios.



116 Paper C

service sl
requires 12 resource memon
requires 13 claim 100
release 100
provides 11 {
operation f behavior
uses 12.g operation f call:
uses I13.h 12.g%
13.h}
resource cpu
require 1200

Figure 9.3: Example of a Robocop component's service spation.

The research reviewed so far has been mainly dealing withatshg static
memory usage. In many meaningful platform dependent agtjmics, the
problem of dynamic resource allocation is acute. Huh etldl] 4ddress such
problem and solve it vidlynamic load balancingechniques: in case the fea-
sibility test fails, one can either increase the availahlddet of the current
host, or migrate the application to the next best availab&t.iHowever, this is
mostly applicable on distributed, heterogenous systems.

9.3.2 UML-based Analysis

Low-level, code-driven resource estimates are invaluabken one has access
to the implementation of the components, and especiallyntte components
conform to a particular model. Nevertheless, more abstiestriptions of the
expected resource usage are also needed in cases of noipj@tiented com-
ponents or when the designer has to select components frigtingxeposito-
ries, and adapt them to t the design.

Such abstract descriptions have to not only state what andnhany re-
sources are needed, but they should also include informafiavhen and for
how long must the resources be available. This extra reapgin calls for
systemspeci cationlanguages. The latter range from fully formal temporal
logics [4] and process algebras [12], to the less formalweely used, Uni-
ed Modeling Language (UML) [10]. Let us look at some of the Whbased
attempts to tackle the analysis of embedded resources.

Baum et al. [13] present a structured approach of descriesmurce-usage
scenarios. For this, they distinguish between two basissels of resources:
timed-sharedand space-shared Baum argues that any technique for model-
ing resource-usage scenarios has to consider three destappects: service
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requirements, service provision and resource interacti®arvice provision
captures the characteristics of the services offered bydbkeurce, whereas
service requirements describe the resource's demandallyriresource inter-
action links service requirements with provisions. Howegeach a modeling
approach lacks the ability to extend towards a formal dpsori that could
provide us with more accurate resource reasoning results.

The UML pro le for Schedulability, Performance and Time (WXEPT)
[14] is a framework for modeling concurrency, resourcestanihg concepts,
which eventually produces models for schedulability andguenance analy-
sis. From the user's point of view, UML/SPT provides a settefeotypes and
related tag values (i.e., “attributes” in UML 2.0) that canused by the modeler
for the annotation of the model elements and for performiradyssis. The core
of the pro le is theGeneral Resource ModeliigRM) framework. The GRM
describes resource types, their static and dynamic irtterewith the system,
and their management. Each resource offers services fahvthe effective-
ness or quality of service (QoS) is measured. One advanfahe framework
is that both static and dynamic resource requirements cahdxeked against;
the disadvantage is the lack of a unique semantical intexoa.

Resources can also be modeled within UML-based simulativéran-
ments [15]. For this, Amar et al. extend the UML notation wikw stereo-
types for performance related items: resource types. Tiwa® architecture
and the resources that the software components requir@tredpresented in
the same capsule diagram, which is split in two partsstifevareside and the
resourceside.

We exemplify the modeling idea of such an approach througfaffowing
example.

Example: A Simple Light Switch System. Consider an ES composed of a
display and a fan component, which are turned on/off by theesswitch [16].
The software that implements both the light display's arelfin's behaviors
utilize memory and processor computational resources.

The software architecture is described by the display aedah capsules,
and the resources that these components require are nejgetsy two more
capsules: the memory and the processor. (see Figure 9.4)bdltaviors of
the light display, the switch and the fan are depicted in Feg5. The re-
source requests issued by the display and the fan applicstiware include
the amount of memory/processor needed by each to executsthective soft-
ware block.

Suppose that the display application needs 300 bytes of myeand a share
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of 25% processor time to be turned (and whilep®, and just 100 bytes of
memory and 5% processor time to be turnetf™(similar for the software that
controls the fan). The resource side is composed Mam Dispatcherand
two resource types: memory and processor. In Figure 9.@ thegv stereo-
types have been introduced as capsules: a high-level Mapafiher, a low
level Internal Dispatcher and aProcessor resource The state diagrams of
these stereotypes can be seen in the lower part of FigureT®é processor
is modeled by a simple state diagram: upon a job's arrivalstystem is in
“busy” state, returning to “idle” when no job is to be servey/more. When
the requested memory/processor share, needed for tumioigadf the display
and/or the fan, has been consumed, a noti cation is sentdartternal dis-
patcher and then forwarded to the main dispatcher. The leltecks whether
the completed resource request has been satis ed, e.g.-heth@d0 bytes of
memory have been provided to turn on the display, or if the@ssor utiliza-
tion has been no more than 5%, for turning the same display off

Although graphical and intuitive, the above approach issHam a simu-
lative environment, hence one can not entirely guaraneéaisibility of the
architecture, but rather provide a partial answer.

9.3.3 Formal Reasoning on Embedded Resources

Process Algebraic Approachesin an attempt to unify formal modeling and
analysis of ES resources, Lee et al. [7,17,18] open a new tetg propose a
family of process-algebraic formalisms that can theoaditiaccount for vari-
ous resource types. The family relies on algebra of comnatinig shared re-
sources (ACSR), a discrete-time process algebra thatdxtassical process
algebras with the notion of resource. The starting poinhefrhodeling is the
introduction of a resource aggeneric rst-class modeling entity. This comes
closer to our wish of being able to correlate various analsessults at different
abstraction levels. The authors characterize the resdyreeset of attributes,
such as timing parameters, probability of failure @ssumed constant), pri-
ority (pr, variable), power consumptiopg, variable) etc., which capture the
resource's behavior. For instance, a class of resourcesignaexperience fail-
ures, consume power and whose use can be regulated by eepedaptured
by the following model:

R:[ :<[0;1]:stat>;pc :<int:dyn>;pr :<int:dyn>]

The authors consider sets of resource classes deemed fasefribedded
real-time systemsserially reusableshared resources, used to model processor
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units,communication resourcessed to model synchronous and asynchronous
communication channels, amdulti-capacityresources that naturally corre-
spond to memory modules. In addition, the general framevwsoikstantiated

to several progressively more complex application domiak

A rstinstantiation is Milner's calculus of communicatirgystems (CCS)
[12], in which the resource constraints are equated to jusincunication con-
straints between concurrent processes. For example, orfercaally enforce
model correctness by composing in parallel two processassnd and re-
ceive on the same channel. Such an analysis is pretty testrigs we need to
account for other types of resources, as well. Consequeh#yauthors pro-
ceed to extending CCS towards ACSR, which considers timepandties as
resource attributes. An important restriction is the agstion that each ac-
tion takes exactly one time unit, and that only one processusa a resource
during a time step. However, the extension allows for momamex formal
analysis, such as correct time reservation of concurresdgsses, based on
their synchronous execution. The semantic translatioheftodel gives rise
to a transition system that captures the nondeterministiabior of processes.

Fault-tolerance analysis of embedded real-time systembea&arried out
within probabilistic resource failure in real-time prosedgebra (PACSR), the
probabilistic extension of ACSR [18]. Last but not least,moey use is cap-
tured as a shared resource among concurrent processes, rrutti-capacity
resources algebra (MCSR). Multi-capacity resources daredoced as a new
class with two attributes: the capacity of a resource andrtbory used by a
process during one execution step. Such a rich resourcel fiaoiigates rea-
soning about the effects of reducing the memory use of a psatethe expense
of its longer execution.

Although the ACSR framework is theoretically rich, the resm® analysis
is not correlated with the steps towards ES deployment;d¢hiecation is inde-
pendent of the design stage, which makes it dif cult to attjuase the gained
information, when allocating components to the hardwaitsun
Algorithmic Methods. Quantifying resource usage, such as power consump-
tion, size of message queues, net pro t etc., can be done ¢pyeantingDis-
crete Time Markov Chain®TMCs) with real-valued quantities, calledstérewards
assigned to states and/or transitions [6]. Properties t@lbied are expressed
in a probabilistic temporal logic (PCTL) extended with redi@peratorsR).
Quantitative veri cation involves a combination of theeasal of the state-
transition graph of the model and numerical computation.

If we consider the light switch example, the properties tiwatd be veri ed
with DTMCs, are:



9.3 Modeling and Analyzing ES Resources: Representative @ent
Approaches 121

R 300 [C %]
R . [Flight= o0 )]

The rst property says that the expected memory consumptiitimn the
rst 150 time-steps of operation is less than or equal to 3D8e second for-
mula states that the expected processor share when thée ligate= off” is
reached is no more than 5. DTCMs are not really suitable fadetiog real-
time systems, since there is no notion of real-time, thowggsoning about
discrete time is possible through state variables “cogpitiransition steps [6].

A continuous-time approach to analyzing resource consiomgs pro-
vided by thePriced Timed AutomatéPTA) [19] framework. PTA are proper
extensions of Timed Automata, with cost information on blottations and
transitions. Although suited for real-time system modgliRTA allow mainly
continuous, monotonically increasing consumption of ueses (e.g. energy)
to be modeled and analyzed. How could one then handle nomioioic re-
source models (e.g. memory), along with reasoning abowt,esgergy con-
sumption? The solution might require employimglti-priced TA [20], which
are PTA with multiple cost variables evolving according teeg rates for each
location. Even though multi-priced TA are already on the kefra general,
uni ed PTA-based resource model is still missing, as are ponent-oriented
algorithms for veri cation.

Correct-by-Construction Techniques. The issues of how to deal with reusable
resources systematically, and how to convert a programant requiring
less resources may become mind-boggling if systems arelegrapd heavily
resource-constrained. Naiyong and Jifeng [21] addresetpmwblems and in-
troduce a resource calculus where comparing two prograshsdimsume/reuse
resources is possible. The algebraic laws include programsformation rules
that let the designer change the initial program into a tessurce-requiring
one. The limitations of the method stays in the fact that tto@psystem is not
proved complete and program iterations are not consid&esides, real-time
systems can not be covered, since timing information isingfsom the mod-
els. Even if not component oriented, the approach shedhiedigthe meaning
of resource-wise program re nements.

A related class of correct-by-construction techniquescsi$ed on the use
of component interfacef]. A well-designed interface exposes exactly the
information about a component which is necessary to checkdmposabil-
ity with other components. In a sense, an interface formmigsa “type the-
ory” for component composition. As we have seen in the abaent trends
are towards rich interfaces, which expose extra-functimfiarmation about a
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component, like resource consumption levels, besidesuthetibnal aspects.
Interface theories are especially promising for increralkedésign under such
quantitative constraints, because the composition of twoare interfaces can
be de ned as to calculate the combined amount of resouregsith consumed
by putting together the underlying components.

Timed Abstract State Machines (TASM) Approach Timed Abstract State
Machines(TASM) is a uni ed formalism for the speci cation of functital
and non-functional properties of ES [16]. The model is mafievo parts,
a timed ASM and an environment. Resources are de ned at thieoement
level, such that when a machine executes a step, the updsteticontrolled
variables contains the step duration and the amounts ofires® consumed
during the respective step execution. Hierarchical sanestand parallel com-
positions of TASMs are supported, which makes the framewapgiicable to
resource analysis of more complex ES. However, the modeis@edequate
for modeling more detailed resource descriptions, sinegélsource informa-
tion is a simple annotation, in the form of a real-valued ablé assignment.
Another limitation is the impossibility to carry out traddf analysis of con-
icting resource requirements.

9.4 Our Vision of Resource-aware ES Design

In order to be able to synthesize a predictable ES from coeptsrand com-
positions, aesource-awarglesign framework is a must.

Let us assume that the ES under design is real-time, and ttilisflom
components existing at one of the following three levelsrahglarity (see Fig-
ure 9.7):subsystem componefitearse grained with restricted inter-subsystem
interaction capabilities)rchitectural component&lements providing an in-
ternal decomposition and interconnection structure ofgstems), orsoft-
ware componentgcontainers of software with speci ¢ interfaces and prop-
erties) [22].

Predictability amounts to establishing that the total, stiamase resource us-
age, in terms of memory, bandwidth, power etc., is withintibends given by
the resources of the selected execution platform. The graglpredictability
analysis should guide the design and selection of compenastwell as the
design and selection of the hardware and system software.

Our vision (Figure 9.7) relies on two pillargarly stage resource-usage
analysisbased orabstract system modelat subsystem and architectural lev-
els) andplatform assumptiongee virtual architecture in the gure), atater
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Figure 9.7: Resource analysis within our proposed ES desigiicourtesy of
Severine Sentilles).

stage(when a speci ¢ system instance to be executed on a spedigetds
known)veri cation that the assumptions underlying the early analysis ate stil
valid.

The common model-based development approach for ES assutore-
way” process, starting from requirements, followed by folah independent
system models (PIM), platform speci ¢ system models (PSafigd nal im-
plementation. As opposed to such a method, we advocate blesfiterative)
resource-aware analysis framework for real-time ES, wisitightly correlated
with the deployment process, from the beginning. The cafi@t is ensured
by the notion ofvirtual architectureon which components can be (virtually)
mapped to [22]. The virtual architecture provides an abtitya of the targeted
platform, which is gradually added with detail, at the saimetwith increasing
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the detail of the system representation. The elements ofittual architecture
(nodes and networks) have resource attributes (memory@amerfgpudgets per
node, CPU load per node, bandwidth of the communicationortvetc.) that
allow feasibility analysis, w.r.t resource usage, at défe levels of abstraction:

Subsystem/Architectural/Software Component-level Resoce Anal-

of the motivating example (Section9.2) are either subsysiar software
components (SC) mapped onto the virtual nodes. We can asstithe

beginning, a one-to-one mapping. Various design soluttande inves-
tigated for feasibility, by checking whether the resoureendnds of the
subsystems/SCs are smaller than the available ones ofrthaliodes,
respectively.

Early analysis requires a general, uni ed theoretical fearark (like
in [19], or [7]) for composing resource-usage models ofager com-
putation and communication resources. The model shouldnbedu
especially for being able to perfortrade-offanalysis between appar-
ently con icting resource requirements: memory vs. exegutime,
energy vs. memory etc. If we assume a PTA formal real-time B8eah
trade-off analysis would requinaulti-objectivemodel-checking algo-
rithms. However, creating the suitable mathematical fraork is work-
in-progress, and involves other people than the authorhieowe we just
sketch the initial ideas below.

Within the PTA model, we can encode the notion aésource by con-
structing the weighted sum of all the objectives;(::;c,), as the fol-
lowing costfunctionc= w1 C;+wy Co+:::+w, Cp. Heregcy;:::;

ter; the way they are chosen depends both on the applicatidroa
the analysis goals. For example, if we are designing a hessburce-
constrained soft real-time ES that might tolerate latema¢dise expense
of quality of service, and are considering trade-offs betwenemory
consumption and (execution) time, we can assign higherhwé&ignem-
ory than to time. To derive the costs, one could apply staiilyesis
techniques on the implementation of a previous version ektftware
component [23]. Finally, the ES resource-usage would tieatescribed
by equationc=w; c + :::+wy Cy.
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Task-level Resource Analysis (Later stage Veri cation) We now as-

which are assigned to virtual nodes. Next, virtual nodesnaapped
onto physical nodes, according to the resource attribismaaed by the
virtual architecture, which are now requirements that thgsjal ar-
chitecture must satisfy. The later stage analysis reqairsisnple yet
faithful (abstract) description of the mapping of compasegrouped
into real-time tasks, onto hardware units.

If, on top of the hardware abstraction used in the early amslyve also
assume a simple task model (deadline, worst-case exetimienoffset,
priority), we could roughly estimate resource-usage bsymer tasks,
respectively, and their compositions.

The resource analysis process described above is iterativaing feed-
backs between steps, in case the veri cation fails. This tete narrow the
space of design solutions, at early stages in the design ow.

We hope that the reader will regard the above arguments aantive to
looking at more practical ways of incorporating resourderimation into ES
models.
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Abstract

In this paper, we introduce the modet Resfor formal modeling and analysis
of embedded resources such as storage, energy, commanjeaid computa-
tion. The model is a state-machine based behavioral larguily support for
hierarchical modeling, resource annotations, contindimog, and notions of
explicit entry and exit points that make it suitable for campnt-based mod-
eling of embedded systems.

The analysis of RMES-based systems is centered around a weighted sum
in which the variables represent the amounts of consumediress. We de-
scribe a number of important resource related analysidgm including fea-
sibility, trade-off, and optimal resource-utilizationadysis. To formalize these
problems and provide a basis for rigorous analysis, we shtmwtb analyze
ReEMES models using the framework of priced timed automata and led)
CTL. To illustrate the approach, we describe a case studyhiohwit has been
applied to model and analyze resource-usage of a tempeiaintrol system.
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10.1 Introduction

The importance of resource awareness in embedded systgrosviag rapidly
[1-7]. The limited availability of computing resources igpenting the intro-
duction of new product features and applications, esgdgdialareas where
high-performance embedded systems are required. Resdonotede energy,
computational power, memory, and hardware components asiduses, in-
put/output ports, etc.

The systematic analysis of the resource consumption of dredded sys-
tem must include ways of semantic representation of vatiqes of resources,
be they of continuous type (like energy), or of discrete rag.g. memory,
I/0 ports). A representative analysis goal is to verify thgource-wise feasi-
bility property. Such property can state that the compositionefbrst-case
resource requirements of components stays within theadlaitesources pro-
vided by the implementation platform, or that there existee&ecution path
that uses no more than the available resources to behaeztprr

In practice, it may often be necessary to replace a compavitnanother
one having the same functionality, yet using a more solaitgd control algo-
rithm that requires bigger memory resources. Alternagiviélone assumes a
repository of models, the designer might need, at some pointplace a com-
ponent model with a re ned one, having modi ed behavior ormmef ciently
implementable data structures.

We would be interested to assess, before deployment, howdvaoy de-
sign decision, such as, reallocation of components to henelwnits, or re-
placement of components, affect the system's overall regoconsumption.
This amounts to nding an appropriate trade-off betweeffedént con gura-
tion requirements and constraints.

The analysis of the embedded system's resource usage atlpresign
stage is extremely desirable. First, it allows for carrying a potentially large
number of design experiments, without increasing costofedt may guide
designers in making correct decisions, such as selectangdght components
from a repository, or choosing among various admissibléggderodels.

In this paper, we propose a modeling framework and applyciestsal anal-
ysis techniques for performing quantitative analysis sagffeasibility, trade-
offs, and optimal/worst-case resource consumption aizalyee model, called
REMES, is tailored for embedded systems, but it is generally bigtéor reac-
tive systems. It provides support for discrete and contisiabstract resources
characterized further by the way in which they are consumedealeased, and
by whether they can be referred to, or not. A number of gemesources can
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be modeled in this way, including memory, ports, energy, Cidl buses. As
such, the characterized and classi ed abstract resoupestgre not tied to any
particular formal semantic interpretation.

In brief, our contribution is threefold:

A classi cation of embedded resources, based on their faterssump-
tion overtime, and the attribute of being referable, or set{ion 10.3.1).

The behavioral languageefIES (sections 10.3.2, 10.3.3).

Encoding the resource-wise analysis problem as a weightad$ con-
sumed resources (section 10.4.1).

Since REMES allows the description of functionality and timing in a dens
time state-based modeling language, we also show how tiee daitd a number
of important resource analysis problems can be formalingtié framework
of (multi-)priced timed automata (sections 10.4.2, 10.4(B4.4).

The main purpose of RVES is to narrow the gap between architectural
modeling (e.g., architecture description languages (A&} and formal anal-
ysis models (such as priced timed automata [9, 10]). Thisncia supported
throughout a case study presented in section 10.5, in whiemperature con-
trol system is modeled and analyzed. Following the exampdediscuss our
approach and compare to related work in section 10.6, theclede the paper
and present a line of future work, in section 10.7.

10.2 Preliminaries

10.2.1 Priced Timed Automata

In the following, we recall the model of priced (or weightemihed automata
[9,10], an extension of timed automata [11] with pricesisas both locations
and transitions.

Let X be a nite set of clocks an®(X ) the set of formulas obtained as
conjunctions of atomic constraints of the fosnY n , wherex 2 X, n 2 N,
and/ 2f<; ;=; ;>g. The elements dB(X) are callectlock constraints
overX.

De nition 1. A linearly Priced Timed Automaton (PTA) over clocks X and
actions Act is a tupléL; | o; E;I; P ), whereL is a nite set of locationsl is
the initial location,E L B (X) Act P (X) L isthe set of edges,
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I : L !B (X)assigns invariants to locations, afl: (L[ E) ! N assigns
prices (or c_qsts) to both locations and edges. In the cage gfa;r;19 2 E,
we writel %" 10,

The semantics of a PTA is de ned in terms of a timed transisgatem
over states of the forrfl; u), wherel is a location,u 2 R*, and the initial
state is(lo; Ug), whereug assigned all clocks iXX to 0. Intuitively, there are
two kinds of transitions: delay transitions and discresmsitions. In delay
transitions, _

) ™ (;u d)
the assignmerd  d is the result obtained by incrementing all clocks of the
automata with the delay amouditandp = P(l) dis the cost of performing
the delay. Discrete transitions )

(;u) ¥P 1% u9

correspond to taking an edgé1™" 1 for which the guardy is satis ed byu.
The clock valuationu® of the target state is obtained by modifyiagccording
to updates. The costp = P((l;g;a;r;19) is the price associated with the
edge.

A timed trace of a PTA is a sequence of alternating delays and action
transitions ) ) )

= (lo;uo) P (laiun) "2 1 *1™ (I up)
and the cost of performing is i”:l p;. For a given statél; u), the minimum
cost of reachindl; u) is the in mum of the costs of the nite traces ending
in (I;u). Dually, the maximum cost of reachirffj u) is the supremum of the
costs of the nite traces ending ih; u).

A network of PTAAjj :::jjAn overX andAct is de ned as the parallel
composition ofn PTA overX andAct. Semantically, a network again de-
scribes a timed transition system obtained from those commts, by requiring
synchrony on delay transitions and requiring discretesitemms to synchronize
on complementary actions (i.&2? is complementary tal).

In order to specify properties of PTA, the logic Weighted CIWCTL)
has been introduced [12]. WCTL extends Timed CTL with reseis testing
of cost variables. We refer the reader to [12] for a thorougtoduction of
WCTL.

10.2.2 Multi Priced Timed Automata

An extension of PTA is the class of Multi Priced Timed Autom@PTA) in
which a timed automaton is augmented with more than one ewithle [12,
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13]. In the case of two costs associated with a PTA, the miliost reachabil-
ity problem corresponds to nding a set of minimal cost p&ps, p2) reaching
a goal state. Note that the solution is a set of pairs, ratear & single pair,
since the costs contributed from the individual costs caimtemparable, i.e.,
if for two traces(pz; p2) and(pd; p) e.g..p9 < p1 andp, < p9. In this setting,
the minimal cost reachability problem is to nd the set offgavith minimum
cost reaching the goal state. Dually, the maximization |emobis de ned as
nding the set of pairs with maximal cost reaching the tarlgeation, or to
conclude(1 ;1 ) if the target location is avoidable in a path that is in nite,
deadlocked, or has a location in which it can make an in niséagl. A specic
problem is the optimal conditional reachability problem which one of the
costs should be optimized, and the other bounded by an upper/bound.
We refer the reader to [13] for a thorough description offoptation problems
in MPTA.

10.3 ReMES: The Proposed Resource Model

In this section, we de ne the resources of interest and thioe the model
RemEs intended for resource modeling and analysis.

10.3.1 Classes of resources

We consider resources as global quantities of nite size.r#¥er to thecon-
sumptionof a resource as being the accumulated resource usage up to some
point in time, whereas the derivative of ¢, denoteds the rate of consump-
tion over time. Resource consumption can bdis€reteor continuousature.
We also classify resources depending on whether theyedeeableor non-
referable A representative example of a referable resource is theanem
Memory can be dynamically allocated, deallocated, addresand manipu-
lated during run-time.

Taking all these into consideration, Table 10.1 shows tideanti ed re-
source classes and their characteristics of interest. IRes@onsumption for
resources that belong to class C is continuous, which isposition to the dis-
crete resource consumption nature for the resources frass @& and B. The
consumption of the CPU can be modeled either by a discrei@blar denoting
the number of accumulated clock ticks, or by a continuousisée, which en-
codes the processor load (that is, the derivative descrbgs how many tasks
are starting execution, every time unit). Accordingly, CRIdy be in either
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I Resource Class || Characteristics |
A discretec=0
(memory) referable
B discretec=0
(CPU, bandwidth) non-referable
c continuousc=n,n 2 Z
(CPU, energy, bandwidth non-referable

Table 10.1: Resource classes/characteristics

class B or C (same applies to bandwidth). Only the resouroes ¢lass A are
referable and can be dynamically manipulated.

10.3.2 Introducing REMES

OurREsourceM odel forEmbeddedystems (RMES) is intended to describe
the resource-wise behavior of interacting embedded coemen REMES re-
lies heavily on the modeling languagei£rRoN [14], used for specifying em-
bedded systems as communicating agents. Our main comnbistthe ad-
dition of information regarding resource consumption asdate, as well as
other constructs that facilitate the application &NrResto modeling both func-
tional and extra-functional behavior of (real-time) compaot-based systems.

In REMES, the internal behavior of a component is described lnycale
We call a modeatomicif it does not contain any submode, acaimpositef it
contains a number of submodes (see Figure 10.1). LikeHnRON, the data
is transferred between modes via a well-de raata interface that is, typed
global variables, whereas the (discrete) control is pagsedgh a well-de ned
control interfaceconsisting ofentry andexit points. Observe, in Figure 10.1,
that the entry and exit points are drawn as blank and lledles, respectively.
The variables of mod®l are partitioned intdocal variables, (y), andglobal
variables Gy ), and can be of typesoolean, natural, integer, array, or of an
extra typeclock that speci es continues variables evolving at rate 1. Thobgl
variables are in turn partitioned intead variablesRdy, andwrite variables,
Wry, such thaGy = Rdy [ Wry.

Read/Write Variable Accesses. The local variables oM, Ly, can not be
read or written by other modes, the ¥éty, written byM can be read by other
modes, whereas the sethy may be written by other modes. The s&tsy
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andRdy need not be disjoint; concurrent access to common writ@bkes of
modes can be regulated by specifying certain synchrooizatiotocols in the
REMES model.

Figure 10.1: A RRMES Composite Mode.

The atomic modes Submode 1 and Submode n in Figure 10.1 avtaseoh
with their respective resource-wise continuous behasgsuming that the cor-
responding component is consuming resourcésr@) belonging to class C.
Such consumption is expressed by the rst derivatives oftyiped resource
variablesr 1;r2 : Tc, respectivelyr 1% r 2% which give the rates at which the
composite mode consumes the resources in time, dependitig @axecuting
submode.

For a composite mode, the control ow is given by a set of dizgddines,
callededgeswhich connect the control points of the submodes, or of tme-c
posite mode and its submodes. For example, in Figure 10el¢dmposite
mode takes the edge labeldd, in order to enter Submode 1, after initializa-

Submode 2;::, Submode n, respectively.

REMES supports two types of actiondelay/timedactions andliscreteac-
tions. A delay action describes the continuous behaviohefrhode, and its
execution does not change the mode. The delay/timed actiensot visible in
a REMEs model, but they are usually constrained by the differemtgplations
that annotate the modes, and they represent the solutiosiscbf equations.
Observe that Submode 2 is decorated with ldttemeaning that such a mode
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exits right-away after its activation, without any delayicB modes are called
urgent On the other hand, discrete actions are instantaneownactnd they
are represented as annotations of the edges. Executingratdiaction results
in a mode change, by taking the outgoing edge starting framtbde's exit
point.

A discrete actiorA = (g;S) is a statement list pre xed by a boolean ex-
pression, withg called theaction guard andS the action body that is, the
statement (assignment, conditional statement etc.) aresexg of statements
that must be executed once the corresponding edge has BeanVee say that
a discrete actiod is enabledhence it could be executed, if its corresponding
guardg evaluates t'RUE at some point in time. A discrete action is called
always enabled its guard always holds, aremptyif its body does not change
any of the mode variables (in such cases, the action bodyeamiited).

In addition, one needs to specify for how long a (sub)modeéseted, so
aninvariant, e.g.,Inv1,...,Invn, thatis, a predicate over continuous variables,
captures such a timing constraint. Once the invariant stopsld, the mode is
exited by taking one of the outgoing edges.

Similar to Statecharts [15], BVES provides aconditional connectofde-
picted by C in Figure 10.1), which allows the selection of amgoing edge,
out of two or more possible ones, via the guarding booleaxitions (guards

conditional connector. For a discrete action to be posshkbcuted, the com-
ponent must be in the right mode and the corresponding guast evaluate
to TRUE. If none of the guards evaluatesTRUE, then no discrete action is
executed and the component remains in its current modegrparfg delay
actions. If more than one action guards @arRUE, then one of the enabled
discrete actions could be executed non-deterministically

We classify a mode's edges, and afferent discrete actiarfe/laws:

entry edgesconnect an entry point of the composite mode with the entry
point of a submode (e.g., annotated with acttay);

exit edgesconnect the exit point of a submode with the exit point of the
composite mode (e.g., annotated with actgy);

entry conditional top edgesconnect an entry point of the composite
mode with a conditional connector (e.g., annotated witloadc);

exit conditional top edge€onnect a conditional connector with the exit
point of the composite mode;

entry conditional sub edgesonnect a conditional connector with the
entry point of a submode;
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exit conditional sub edgesonnect the exit point of a submode with a
conditional connector;

internal edgesconnect the exit point of a submode with the entry point
of another submode (e.g., annotated with actibnsA,).

The control points of submodes should be connected by edgeh, that
the termination of the internal behavior of the compositelmis ensured (e.g.,
in case cycles exist, termination can be guaranteed by asioga chosen
termination function each time the cycle is executed). Nbg, in REMES,
each mode describes the behavior of a component, and a civenpasle is a
way of encapsulating behavior and it describes a compasitgonent.

Formal De nition of a Mode. A modeM is a tuple(SM; V; In; Out; E; RC,
Inv), where: SM is the set of submodey is the set of variabledn is the
set of entry control pointfut is the set of exit control pointE, the set of
edgesRC, the set of resource constraints that de ne the admissiiliges for
the consumption rates of the involved resources in class\, aally, Invis
the set of invariants.

For the submodes dfl, the conditionGsyy  Lw [ Gu should hold, for a
local variable of a mode to be accessible only in its submoaied not any-
where else.

Mode Execution. The top-level mode, which is activated when a correspond-
ing event is received, enters execution for the rst timeotigh the specidhit
entry point, while initializing the global variables, acdngly. After that, the
mode is re-entered through control painttry.

A mode can execute eitherdiscrete stepby a discrete action, or eon-
tinuous stepvia a delay action, with such steps alternating as dictayethe
urgency of the mode. When executing a continuous step, thierfulows a
continuous path that satis es the resource constraR@.(When the mode in-
variant is violated, the mode must execute an outgoingelisatep. A discrete
step of a mode is a nite sequence of discrete steps of the sdbg) that s,
a sequence of executing discrete actions. A discrete s@gipdm the current
mode and ends either at the entry point of a submode, or wheeadhes the
current mode's exit point, meaning that the current modeplaased control to
some other mode.

The fact that a mode can pass control is ensured bgltiseireconstruction:
each exit point of a mode is either connected to the exit pfitiie composite
mode, or deterministically connected to an entry point afthar mode that
eventually leads to the composite mode's exit.
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For example, in Figure 10.1, the executiomMafde proceeds as follows: af-
ter initialization, the discrete step correspondingtois executed, after which
a sequence of continuous steps is executed, until the &mténv 1 fails to hold;
alternatively, in cas@'s guard evaluates toRUE, the mode could take a dis-
crete step and entry Submode n. Next, a similar sequenaaviglwhile the
mode executes Submode n. Whewn does not hold anymore, the mode takes
a new discrete step corresponding to discrete adtign The next time when
the control is passed tdode, a discrete step correspondingXe is taken and
the selection of a possible path is made through the conditimonnector, etc.

10.3.3 Composition ofREMES models

REMES atomic modes and composite modes can be composed in paridtiel
each other. The parallel modes can execute concurrentiptésleaving ac-
tions, whereas the submodes can never execute in parhkglstmply obey
the strict execution order imposed by the control ow.

Like in CHARON, if M is a composite mode, arain 2 M is the variable
ranging over the constituent submodes, we have: [ sm2mGsm, andGy =
[ ssemGsm Lm. The mode composition is de ned as follows.

De nition 2. AssuméMode, andModes are twoREMES (atomic or compos-
ite) modes. Then, the compositidiode; = Mode, jj Modes is the mode with
the set of local variableByode, = Lmode, [ Lwmodes . the set of write variables
Wrmodes = Wrmode, [ WrnModes » the set of read variabléRdvioge, = ROuode, [
Rdwodes , @and the top-level moddode, [ Modes.

In De nition 2, the parallel composition of composite modegsumes the
reunion of all the constituent submodes, correspondingedgd associated
actions.

10.4 Analyzing REMES-based Systems

10.4.1 Analysis model for EMES

cess to. Our main goal is to analyze various scenarios ofygtera's resource
usage, and be able to compute, e.g., the maximum or minimuous of

needed resources for guaranteeing correct resource-ygtans behavior. In-
tuitively, this problem reduces to a scalar problem if onestnucts a weighted
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sum of all resource consumptions, which should then be nibeidy maxi-
mized, or manipulated in order to compute trade-offs. Cqueatly, we pro-
pose the following function as the analysis model f@MEs:

Mot , W1 ri + wp rro+ ...+ W I,

where variable; represents the total consumption of resouRRes ::; Rn,

and variables;:::;r, denote the accumulated consumptiorRaf : : :; R,,
respectively. The constantsy;:::;w, (weights), represent the relative im-
portance of 1;:::;r,. The values of the weights are a subjective matter; the

way they are chosen depends both on the application and em#tgsis goals.
For example, in designing a heavily resource-constraioédreal-time em-
bedded system that might tolerate lateness at the expenselitly of service,
in order to determine trade-offs between memory consumjatia (execution)
time, one can assign higher weight to memory than to time.

Informal Translation of REMES into PTA. In order to be able to analyze
REMEScompositions, formally, we need a semantic translatiohehtodel. If

can use the framework of Priced Timed Automata as the uridgrsemantic
representation.

Informally, translating RMES into PTA is quite straightforward: the syn-
tactic REMES element of an edge corresponds to an edge in PTA, whereas the
REMES semantic discrete step is a transition in PTAS semantias.afdmic
mode represents a PTA location, and global variables usguhfgsing control
in REMES become synchronization channels in PTA. The formal trdiosiaf
the hierarchical RMESinto a network of PTA and the associated tool are sub-
ject to future work. Next, we formalize some of the main asi\goals that
we are interested in.

10.4.2 Feasibility Analysis

Component-based feasibility analysis reduces to cheokimgther the accu-
mulated values of the resources consumed/used duringsaliije system be-
haviors are within the available resource amounts provigetie implementa-
tion platform. For resources like non-referable memoryemetgy, the compo-
sition of individual resource consumptions of RES components is additive.

If one considers the PTA model of De nition 1 as the semanmtnslation
of a REMES model, feasibility goals can then be formalized as the falhgy
WCTL properties that the PTA model can be checked against:
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AFcost nV (10.1)
AG(q) AFcost nV) (10.2)
E Fcost nV (103)
AG(q) EFcost nV) (10.4)

whereG andF are the WCTL temporal operators “always” and “eventually”,
respectively [12].

The above properties are in fact liveness properties (10L0)2), (10.4),
and a reachability property (10.3), indexed by cost coirgBa The rst two
properties specifgtrong feasibility property (10.1) requires that for all exe-
cution paths, the target locatianis eventually reached within a total cost of
n that can model the available resources provided by theogpfatfproperty
(10.2) states that, for all paths, it is always the case thateq, the cost of
eventually reaching will be no more tham, regardless of how is reached.
We say that property (10.3) modelgak feasibility the target location may
be reached within a total cost af Finally, property (10.4) states that for all
paths, it is always the case that once a locatji@reached, there exists a way
by which v will be eventually reached within cost We call this last prop-
erty live feasibility However, model-checking WCTL formulae is decidable
just for one-clock priced automata [16]. For other PTA, oaa only verify
reachability properties of the form given by (10.3).

Assuming that the cost function equatestst= w; C;+:::+ Wy Cp,

volve a single cost variable that represents the accuntlag®murce consump-
tion of all resources of interest, regardless of the clasg belong to. Hence,
semantically, the various resources become undistinghistin these cases.

10.4.3 Optimal and Worst-Case Resource Consumption

Optimal and worst-case resource consumption analysegeggymbolic) al-
gorithms on PTA, which compute the cost of the “cheapesti/@mmost “ex-
pensive” trace that will eventually reach some goal. Thénogifworst-case re-
source consumption problem reduces to minimizing/maximgithe one-cost
functioncost= w; ¢+ :::+ W, C,, such that a given reachability, or
liveness property is satis ed.

Finding the optimal/worst-case resource consumptionegia attain such
goals calls for synthesis algorithms of minimal/maximaaleability costs for
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PTA, which have been proposed by Larsen and Rasmussen [i8laiSo the
feasibility case, only optimal/worst-case reachabiligts can be synthesized
by a model-checker. Later, we show how such a cost-optiraaktcan be
actually computed in the example of section 10.5.

A considerable veri cation challenge arises in case sonth@g&dge prices
are negative, so thabst becomes a non-monotonically increasing cost func-
tion. In such situations, the usual branch-and-bound syimkeachability al-
gorithms, for PTA, cannot be applied as such anymore, siriciEmal/maximal
reachability analysis requires a monotonically incregsinst function. The
optimal- and worst-case-cost reachability problems hasenbtheoretically
solved even when negative costs are involved [17].

The tool used for verifying optimal resource consumptiorparties is W-
PAAL CORA, where one could check, e.g., the relevant reachabilitpenty,

E F v, while the tool calculates the minimum cost, in terms of tgse ex-
emption, “paid” to satisfy the property.

10.4.4 Trade-off Analysis

Minimization of memory usage plays a major role in the desi§embed-
ded systems. Limited memory is one of the dominating coimgtrdor many
advanced embedded systems. However, while trying to magimiemory con-
sumption, one might be forced to increase the executiondimeal-time com-
ponents beyond acceptable limits, that is, limits thatxdezded, would make
the set unschedulable.

As such, for a given RMESmodel, we may have more than one property to
satisfy simultaneously, and we want to know whether it issgae to satisfy all
of them, although they might be subjected to apparently mhimg constraints.
In such cases, there should be possible to computade-off between the
considered resource consumptions.

Computing a trade-off between memory and execution timéyetween
any resource belonging to classes A and B, or A and C, or B anfiTalie
10.1, could be done in PTA, by employing a single-cost functil he trade-off
could then be achieved by varying the weights : : : ; w,, accordingly.

In some other cases, e.g., when one needs to compute tiadeebfieen
consumption of resources belonging to class C, the functish= w; ¢ +
ili+ Wy ¢y becomes a multi-cost function that lets one distinguiskvben
various types of resources (e.g., between energy and CPig)farces one to
carry out the analysis on MPTA, rather than on PTA.
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Assuming energy and CPU as the resources of interest, wetwaleter-
mine which are the simultaneously achievable pairs of ¢@&lg, Ceng; Wepu
Cepu) Such that energy consumption is minimized, while CPU corgion re-
mains bounded from above.Such synthesis of cost pairsjwvdaic be seen as
a variant of trade-off analysis, can be achieved by applgptanal conditional
reachabilityalgorithms on MPTA [18], while consideringng as the primary
cost andcep, as the secondary cost. Larsen and Rasmussen have proved that
such problems are decidable for MPTA [18].

Alternatively, one could perform a feasibility-like ched¥y requiring that
the following WCTL property is satis ed:

EF(Weng Ceng) n (V™ (Wepu  Cepu) m)

The formula states that the accumulated weighted CPU usiéigeotbe more
thanm ticks at locationv, while v may be reached by consuming no more than
n weighted energy units.

10.5 Example: A Temperature Control System

As a case study (taken from [19]) demonstrating the priesipf our resource
modeling and analysis approach, we consider a temperatunteot system
(TCS) for a heat producing reactor. It has two rods that candested into the
core of the reactor, to control the heat producing (chaiagtien. If inserted
into the core, the control roads absorb neutrons and coesdguhe reaction
is slowed down, so the temperature inside the core starreasog. If they
are pulled out, the reaction speeds up again, which in twreases the core
temperature. The goal of the TCS is to maintain the temperatithe reactor
core betweennin and max . Whenever the core reaches temperatyg ,
it has to be cooled with one of the two rods. After a rod has hessd for
cooling, it is then unavailable fdr time units.

10.5.1 A REMES Model of TCS

We model an abstracted version of the internal design of TGlsei SaveComp
component model [20], with three componeri€ controller, Rod selector,
andClock as depicted in Figure 10.2.

The interfaces of the components are described in terms rof.p&ave-
Comp distinguishes between input and output ports, whiothesof the types:
data for transferring of datafriggering to trigger component executions, or
combinedo combine the two.
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Figure 10.2: Component based TCS model.

The componentC controller activates the heating/cooling process of the
core using trigger pot2. TheRod selector uses temperature data of the core
conveyed through data pdemp to control whether the core should continue
to heat, or if a rod should be selected for insertion into e ¢o slow down
the reaction. The latter must take the availability of rout® iconsideration,
as a rod has to rest for at ledsttime units after its previous use. Finally, the
Clock component, periodically generates the trigger evethat activates the
HC controller. Thetemp value in theHC controller is updated by reading the
value of variabléaempROD that is assigned the cooling rate of the rods within
theRod selector component.

We model the resource usage of the TCS components as modesiesR
The modes of th€lock, theHC controller, and theRod selector are depicted
in Figure 10.3, 10.4, and 10.5, respectively.

The modes communicate data between each other using thal gt
ables: temp, tempROD, t1, andt2. The modes oHC controller and the
Rod selector are made of submodes, conditional connectors, and edges, as
described in Section 10.3.

Figure 10.3: The Clock modeled ingRIES.

In the TCS model, we make use of three resouroemmory, energy, and
CPU, which belong to two different classes of the taxonomy pmeesetin Sec-
tion 10.3.1. We assume that every simple cpu instructidizesi one cpu tick.
We treat static memory and simple dynamic memory that i<atkx when a
mode is entered and released as soon as the same mode iswititedt mem-
ory management.
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Figure 10.4: The HC Controller modeled ireREsS.

Figure 10.5: The Rod selector modeled iBNRES.
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10.5.2 A PTA model of TCS

We have analyzed theEEs-based TCS system, as a network of three PTA
models, in bPAAL CORAL. The PTA models of th€lock, theHC controller,
and theRod selector are shown in Figure 10.6.

(a) The model of the clock component as a PTA.

(b) The model of the HC controller component as a PTA.

(c) The model of the Rod selector component as a PTA.
Figure 10.6: TCS modeled with three PTA.

The Clock is modeled as a simple PTA that, after evéhytime units,
periodically synchronizes on channélwith HC controller. The HC con-

1See the web page www.uppaal.org/cora for more informatimutthe LPPAAL CORA tool.
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troller PTA has three locationsStart, Idle, andHeat_Cool. The constant
C_HC is the execution time of the HC controller. The differefftmmp_HC
tempROD, wheretemp_HC is the heating produced by the reactor, and
tempROD is the current cooling effect of the rod, is used to updateréhe
actor temperature.

The PTARod selector has ve locations:Start, Select, Heat, Cool1, and
Cool2. The execution of the Rod selector consumes 40 units ot stegimory.
The locationsStart, Heat, Cool1l, andCool2 are committed, as their actions
are atomic. The synchronization wifC controller is modeled using channel
t2. The selection of the rods is controlled by variatdd. From locatiorHeat,
based on the temperature of the cdesnp, and the time since a rod has been
previously used for cooling (i.ex1 andx2 for rod1 and rod2, respectively),
an available rod is selected for insertion into the core, andsequently, the
Rod selector enters locatiorCooll or Cool2, or alternatively jumps back to
locationSelect, provided that no rod needs to be used.

For analysis purposes, we have added the TCS model with tietidn
run() (see Figure 10.6(c)) that merely stores the rst few setetiof rods, in
an array of integers.

10.5.3 Formal Analysis of the PTA model

In the analysis model, we have encoded the relative impoetafithe resources
energy, CPU, and memory. We consider CPU to be the mostadnigsource,
followed by memory. Energy is not critical, yet it is takeridrconsideration
in order to ensure higher energy ef ciency in the system. réfae, we give
highest weight to CPU and lowest to energy. The cost of resousage is
in uenced by the individual weights of each resource, armldbnsumed (uti-
lized) resource on each transition (location). CurrentlyPlaL CORA can
only handle PTA models where the cost function is monotdiyidecreasing.
This means that in order to keep the cost function monotdipicereasing we
have to ne-tune the weights of the resources.
In the TCS system, we consider the following total cost fiorct

Cot = WCPU  Cepy + WMEM  Cmem + WENQG  Ceng

wherewcpu = 15,wmem = 2, andweng = 1, andcepy , Cmem , 8NdCeng are
the accumulated consumed amounts of cpu, memory, and enesgectively.
After having fed lbPAAL CORA with the PTA model of the TCS, we were
able to analyze the minimum cost reachability problem, thato compute
the lowest cost of satisfying a given reachability propeahd a corresponding
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trace. However, we have rst checked the model against tifietys@roper-
ties: AGtemp thetamax andAGtemp thetan,. In our case, we are
interested in nding an execution order of the system (a pesasequence of
rod insertions) that results in the lowest possible totabuece cost, that is,

to minimizecy; . Such information extracted from the analysis could be used
in the implementation stages of the TCS system, by resolgkigting non-
determinism in such a way that a speci ¢ execution trace,ctieapest with
respect to total resource usage, is enforced.

To illustrate the technique, we check for an optimal tradesfyang the
property:ERcount == 3) , that is, a trace in which rods are inserted into the
reactor three times. kRPAAL CORA has found that the second rod should be
inserted two times, followed by the rst one, the third tinfeable 10.2 shows
the cost of this best trace, and also the cost of another mqeneive trace
where only rod 2 has been used.

For TCS, we can only partially tackle the trade-off resowanalysis prob-
lem, by giving higher weight to the most critical resourdes CPU, followed
by memory and energy. Additionally, we have conducted oglti@achability
resource usage analysis, by minimizing the memory consompwhile im-
posing upper bounds on the CPU consumption, in the TCS. Fmplbe, for
three sequential insertions of the rods in the reactor's,domight happen that
it is necessary to insert the second rod three times in a roerder to satisfy
all constraints, even though the total cost is higher fohsautrace than for the
best execution trace.

Scenario| Order of execution Cost
1 P,-P>-P; 127499
2 P5-Py-P, 127509

Table 10.2: Cost of execution for different rod insertiorrsarios.

10.6 Discussion and Related Work

The REMES model presented in Section 10.3 can be employed in the design
of embedded systems, for representing the internal behai/tbe interacting
embedded components. As such, it complements architédeseription lan-
guages (ADLSs) [8], which describe the software system'sceptual architec-
ture as a collection of components, connectors and ar¢chitdcon gurations,
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by adding component behavior. If one attaches semantidset@dannection
points of the architectural elements of a systeraMRs can then be used for
modeling the behavior of a generic embedded system. Morgaeebelieve

that REMES is simple enough to be utilized by both formalists and englise
with different backgrounds, as an intermediate layer betwabstract architec-
tural modeling and very detailed behavioral modeling (dag.PTA [9, 10]).

The cost analysis model proposed in Section 10.4.1 is ptatioware.
Hence, as future work, it could bene t from including abstians of platform
speci c tools, such as the associated compiler, linker ®te. do believe that
the cost model can be derived from the results provided lig staalysis tools,
which could be applied on already implemented componenfdsible solu-
tion is presented by Bonenfant et al. [21]. In order to obtaiwvably correct
static analysis results, the authors propose a formal sdawel cost model,
enriched with rules for deriving the execution cost of a stilad expressions
belonging to the system-oriented language Hume.

Last but not least, we underline the fact that the selectidheweights in
our resource model depends mostly on the designer's experend decisions.
However, by analyzing the results of model checking the eha®st models,
one could adjust the weights accordingly.

Related Work. In a recent study [22], Vulgarakis and Seceleanu have pre-
sented related work on modeling and analyzing resourcesitponent-based
embedded real-time systems, and they have grouped it irde tategories, as
follows.

First, research has been devoted to code-level resourcelimpdnd anal-
ysis, in component assemblies. In Koala [3] and Robocop ¢@hmonent
frameworks, static memory estimation has been performeddplications in
which the instantiated components of a composition are knprior to run-
time. Such low-level code-driven resource estimates cintmnused in cases
when one has access to the components implementations. dstect de-
scriptions of expected resource usage may be needed fgehotiplemented
components, or for guiding the selection of components ftoerepository.
In such cases, the designer could rst employniEs for early resource usage
analysis, and then apply the approaches mentioned above.

The second category is represented by the UML-based atefhp4] that
have been undertaken to tackle the analysis of embeddearceso Although
graphical and intuitive, these approaches lack a formairge®n that could
provide the designer with veri ed resource usage claimscdntrast, RMES
provides both a graphical behavioral notation, as well agaous underlying
framework for formal analysis.
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Third, higher-level formal approaches [5, 6], proposed kg let al., en-
compass a family of process-algebraic formalisms, deesldp unify formal
modeling and analysis of embedded systems resources. arhevrork is theo-
retically rich, yet the tool supportis not equally matureliet et al. use timed
abstract state machines [7] to describe resources as sanptations, in the
form of real-valued variable assignments. Consequertittyfitamework can
not support trade-off analysis of possibly con icting resce requirements.

Last but not least, as mentioned earlieEMES focuses on component-
based behavioral modeling, and, if paired with ADL desdwips [8], could
provide the designer with a complete system representation

10.7 Conclusions and Future Work

In this paper, we have introduced=RES — a language for resource model-
ing and analysis of embedded systems. The essencemERis a notion of
resources that are characterized by their discrete orragmis nature, the way
they are consumed and/or allocated and released, and whiletlgecan be re-
ferred to, or not. Resources that can be easily modeleddeatemory, ports,
energy, CPU, busses etc.

In order to express resource usage in a systeEMHES has a graphical
behavioral language in uenced byHaRON, timed and hybrid automata, and
Statecharts. The language supports hierarchical modatidghas notions of
explicit entry and exit points that make it suitable as a sgtindasis in compo-
nent based development frameworkEMES has notions of continuous vari-
ables, ows, and progress constraints (invariants), whiamodeling timed
behaviors in embedded systems.

In this setting, we have de ned three important resourcdyaiga prob-
lems: feasibility analysis, trade-off analysis, and ojtitworst-case resource
analysis. All these problems rely on weighted sums of corgliamounts of
resources and their given weights. In this way, the anabaisresult in opti-
mizing the overall resource usage of a system, with respgetameters such
as criticality or costs of the available resources.

To illustrate analysis, we have shown in an example h@&wRs mod-
els can be analyzed in the framework of (multi) priced timatbenata. The
studied example is a temperature control system of a redwabrconsumes
CPU, energy, and memory resources. The system is archidigtonodeled in
the component modeling language SaveCCM, agadEs is used to describe
function, timing, and resource usage of the included corapts To synthe-
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size the optimal resource usage of the system, we model ttee &nd the
weighted sum of resource costs, as a network of PTA, and e tfee analysis
in the UpPAAL CORA tool.

As future work, we plan to apply the results of Bouyer et af][1n order
to tackle the feasibility analysis problem for systems iriakitthe global cost
function is non-monotonic. We also plan to integrateM&s and its notion
of resources in the recently proposed ProCom componentIf@gleand its
associated tools.
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Abstract

ProCom is a new component model for real-time and embeddstdrayg, tar-
geting the domains of vehicular and telecommunicatioresgst In this paper,
we describe how the architectural elements of the ProConpoosnt model
have been given a formal semantics. The semantics is givansimall but
powerful nite state machine formalism, with notions of ergy, timing, and
priorities. By de ning the semantics in this way, Wi provide a rigorous and
compact description of the modeling elements of ProCgin,set the ground
for formal analysis using other formalisms, afiiidl ) provide an intuitive and
useful description for both practitioners and research@osillustrate the ap-
proach, we exemplify with a number of particularly intenegtcases, ranging
from ports and services to components and component hieeatc
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11.1 Introduction

Designing embedded systems (ES) iocanponent-basefdshion has become
an attractive approach for embedded software developm#ith bene ts
ranging from simpli cation and parallel working to pluggabmaintenance
and reuse, the nancial gains are signi cant. In this contesystems con-
sist of identi able, relatively independent and generatiyplaceable units of
composition, calledomponentswvhich encapsulate complex functionality.

Once a component is de ned, it can be distributed and usedherap-
plications. Examples of component models include Java8fdnKoala [2],
SOFA [3, 4], ProCom [5, 6] etc. Out of these, ProCom is a rdggrbposed
component model tailored for developingal-time ES in the vehicular and
telecom domains.

To achievepredictability throughout the development of the ES, the de-
signer needs to employ a design framework equipped withysisainethods
and tools that can be applied at various levels of abstmcitioorder to pro-
vide estimations and guarantees of relevant system prepetisually, embed-
ded system designers deal with two kinds of requiremeéntsctionalrequire-
ments specify the expected services, functionality, aatlifes, independent of
the implementationExtra-functionarequirements specify the use of available
resources. For the same functional requirements, extretiinal properties
can vary depending on a large number of factors and choicelgding the
overall system architecture and the characteristics ofittuerlying platform.
Consequently, ES modeling must deal with both computatigipdysical con-
straints, which calls for an underlying semantic framewtbit abstracts away
from both physical notions of concurrency and from all pbgstonstraints on
computation.

In this paper, we formalize the semantics of ProCom [5] decttirral el-
ements, while identifying potential trouble spots in mawig| which we de-
scribe in detail in Section 11.2.2. To tackle the mentionedieling issues of
ES, ProCom consists of two distinct, but related, layersciwvbxpose a num-
ber of modeling characteristics that pose challenges teytstem designer. The
upper layer, called ProSys, serves the modeling of the E®iamaer of active
and concurrent subsystems, communicating by messagengasEhe lower
layer, ProSave, addresses the internal design of a subsgsien to primitive
functional components implemented by code. ProSave coergsare passive
and the communication between them is based on a pipesiterd-paradigm.
Bridging the semantic gap between the two communicatioagigms is one
particular modeling challenge that we show how to solve ithe proposed
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ProCom formalization.

Another distinguishing characteristic of ProCom is theslmifity to model
both fully implemented components, described internajlycbde, and also
design-time components, possibly modeled internallytesdconnected ProSave
components that might co-exist with the implemented corepts

In order to rigorously describe the above mentioned and #fi@other be-
havioral features of ProCom models, and to provide suppoifofmal analy-
sis, we use an underlyingite state machin€FSM) formalism, with notions of
urgency, timing and priority. The formal semantics of thédvH8nguage, hence
of the architectural elements of our component model, isesged in terms of
timed automatavith priorities [7] and urgent transitions [8]. However, time
following, we chose to present just some of the most intergstases, like
the formal description of services, component hierarchg, BroSys-ProSave
linking. The formalism is intended to provide a high-lexadstract representa-
tion of ProCom semantics, understandable and appealirghddrmalists and
engineers. Our solution is based on a small semantic coraitthihe synthe-
sis of ProCom-based models of real-time embedded systemutdstonform.
Note that, although it sets the grounds for formal veri oati our semantic
descriptions focus only on describing the correct behawfdProCom archi-
tectural elements, without consideration for ef ciencyfammal veri cation of
the resulted models.

The remainder of the paper is organized as follows. In Sedib2, we
brie y recall the ProCom component model and identify somésparticu-
larities. Section 11.3 presents our underlying formal tietaand the actual
formalization of the selected ProCom architectural eleisehhe comparison
to related work is carried out in Section 11.4, whereas irntiGec 1.5, we
conclude the paper.

11.2 The Component Model

11.2.1 ProCom

The ProCom component model [6] is speci cally developedddrass the par-
ticularities of the embedded systems domain, includinguese limitations
and requirements on safety and timeliness.

To achieve ef ciency, ProCom components are design-tintéies that
can comprise information about interfaces, internal $tme; code, models,
attributes, etc., rather than discernable, concrete imttee nal system. Ap-
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plications are build as a collection of interconnected congmts, and in the
later stages of development this component-based desiganisformed into
executable units, such as tasks that can be handled byidrediteal-time op-
erating systems.

Another basis of the ProCom development approach is thaustypes
of analysis are carried out throughout the developmentga®icin order to
ensure that the application will meet requirements on nesousage, safety
and timeliness. Early analysis is particularly emphasiaedt allows potential
problems to be discovered when the cost of resolving theralaively low.
At early stages, analysis is mainly based on models and &gtimnand in later
stages on, for example, source code and concrete desigmetara. A key
concern is to provide means to perform analysis on systenesenfally de-
veloped parts, for example reused components, co-existpaitts in an early
stage of development.

To address the different concerns that exist on differami$eof granular-
ity, spanning from the overall architecture of a distriloléenbedded system, to
the details of low-level control functionality, ProCom iganized in two dis-
tinct, but related, layers: ProSys and ProSave. In additiadhe difference in
granularity, the layers differ in terms of architecturalistand communication
paradigm.

In ProSys, the top layer, a system is modeled as a collectioomomunicat-
ing subsystemthat execute concurrently, and communicate by asynchsonou
messages sent and received at typed output and in@sgage ports

Contrasting this, the lower lever, ProSave, consists o$ipadinits, and
is based on a pipes-and- lters architectural style with aplieit separation
between data and control ow. The former is captureddaga portswhere
data of a given type can be written or read, and the lattdrigger portsthat
control the activation of components. Data ports alwayseapfn a group
together with a single trigger port, and the ports in the sgroap are read and
written together in a single atomic action.

Figure 11.1 (a) shows the graphical representation of ayRre@bsystem
with one input port and two output ports, and (b) shows a sinffoSave
component with one input port group and two output port geoupriangles
and boxes denote trigger- and data ports, respectively.

In addition to simple connections from output- to input gpRroSave con-
tainsconnectorghat provide detailed control over the data- and control, ow
including forking, joining and dynamically changing cowtien patterns.

Both layers are hierarchical, meaning that subsystems hsagsveompo-
nents can be nested. The way in which the two layers are litdgather is that
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ComponentB [+
Subsystem A

(a) (b)

Figure 11.1: A ProSys subsystem and a simple ProSave compone

a primitive ProSys subsystem (i.e., one that is not compogether subsys-
tems) can be further decomposed into ProSave componentse Abttom of
the hierarchy, the behavior of a primitive ProSave compbigeimplemented
as a C function.

For the purpose of analysis, it is possible to associatiatés with compo-
nents and subsystems to specify different functional andfoactional char-
acteristics. Some attributes can be represented by a singiber, e.g., worst-
case execution time or static memory usage, but in the caseooé com-
plex functional and extra-functional behavior (such asirignand resource
consumption), a dense time state-based hierarchical ingdahguage called
REMES [9] is used.

11.2.2 Particularities of ProCom

The ProCom component model imposes restrictions on thevitad its con-
structs, which should be addressed and formally specimedyder to achieve
predictable behavior. This section recalls the informdidséoral semantics
of speci ¢ modeling constructs in ProCom: services, cotiogs, component
hierarchy and building active subsystems out of passivepcorants.

The functionality of a ProSave component is captured by afsstrvices
The services of a component are triggered individually send eéxecute con-
currently, while sharing only data. A service consists of amput port group
and zero or more output port groups, and each port groupstsrafione trig-
ger port and a number of data ports. An input port group may balaccessed
at the very start of each invocation, and the service mayymegarts of the
output at different points in time. The input ports are readtie atomic step,
and then the service switches to an executing state, whpeefirms internal
computations and writes at its output port groups. The dadktiaggering of
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an output group of a service are always produced at the sanee tBefore
the service returns to idle, each of the associated outptigpoups must have
been activated exactly once. This restriction servesdbit tiead-execute-write
behavior of a service. Since a service is a complex condspprimalization
is highly needed.

In the ProCom languagepnnectionandconnectorgle ne how data and
control can be transferred between ProSave componente BioSave com-
ponents can not be distributed, the migration of data ogéiigover a con-
nection is loss-less and atomic. However, the trigger $sgage not allowed
to arrive to any port before all data have arrived to all enstidations. This
should hold also in case when the data passes through a ¢onneoSave
follows a push model for data transfer, so whenever therats produced on
an output port, it is forwarded by the connection to the ingata port and
stored there. In case more data (trigger) connections aigleshat the same
time, the order in which they are taken is non-deterministét us assume the
following modeling scenario: three components A, B and € jaterconnected
via a Data-Fork connector (see Figure 11.2). The Data-Famkector is used
to split data connections, so data written to the input dar is forwarded
to the output ports. When component A has nished executiognponent
B should start executing. However, since the input trigget pf component
B is directly connected to the output trigger port of compang, while the
data is not transferred directly, but via a connector, tigeeerisk that the trig-
ger signal may reach component B before the data has ariienkce, such a
scenario in which trigger might arrive before data shoulgtwhibited by the
formalization.

Figure 11.2: Example of a critical modeling of data and teiggransfer in
ProCom.
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Internally, a ProSave component may be described by codther mter-
connected sub-components. When a trigger of an output geoaptivated
internally, all the data (assuming it is ready internallydahe trigger are
atomically transferred to the corresponding output pastigs of the enclosed
component. This contributes to the fact that, externdtlgre is no difference
between components, which allows the coexistence of fglyetbped compo-
nents and early design units.

ProSys systems are active entities that communicate viaagegpassing.
In contrast, the communication between ProSave compoigehé&sed on the
pipes-and- lters paradigm. Internally, a ProSys systemtmabuilt out of other
ProSys (sub)systems. At the lowest level of ProSys hieyarelsubsystem
can be internally modeled by ProSave components. In ordbuitd active
subsystems out of passive components, weclggeks A clock is a special type
of construct that has one output trigger port, which is at&d periodically at
a given rate. Clocks are not allowed to drift, but it is notwesed that all
clocks are initially synchronized. Additionally, a mapgiis needed between
the message passing in ProSys and the trigger/data comationiaised in
ProSave.

Given the above, we identify the following issues that hawivated our
formalism and that we show how to solve in Section 11.3:

The data and triggering of an output group of a service mugtys be
produced atomically, and each of the service output porigganust
have been activated exactly once before the service retiuidke state.

All the data must arrive to its end destinations before tlygér signal.
This rule should also hold in cases when data is transfemeigh a
connector.

Coexistence of both fully implemented components havinty kvewn
inner structure, and early design black box componentsjldhie sup-
ported.

Bridging the two communication paradigms: message passiRgpSys
and pipes-and- lters in ProSave.

11.3 Formal Semantics of Selected ProCom Ar-
chitectural Elements

To describe the behavioral semantics of ProCom architalatlements, we in-
troduce a high-level formalism as an extension of nite statachine (FSM)
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notation and semantics. Our FSM formalism is enriched wittiteonal no-
tions of urgency, priority and implicit timing, necessany fnodeling seman-
tics of component-based architectures of real-time systefthe formalism
is small, but powerful enough to grasp all the informatioattis needed for
proper formalization of ProCom. In addition, we believettha language is in-
tuitive enough to be used by developers/engineers, but@isalists/researchers.
Yet this has to be proved by experiments that we leave foréuttork.

The FSM formalism and related graphical notation are intoed formally
below.

11.3.1 Formalism and Graphical Notation

LetV be a set of variable$; a set of boolean conditions (guardg overV,

B the set of booleand) a set of variable updates, ahd set of intervals of
the form |ng, ny], whereny;  ny andng; n, are natural numbers. Our FSM
language is a tupleS; so; T; Di, whereS is a set of statesy 2 S is the initial
state T S G B B A Sisthesetoftransitions between states, in
whichB B represent priority and urgency (described below),BndS ! |

is a partial function associating delay intervals with essat

The FSM language relies on a graphical representation thresists of the
usual graphical elements, that is, states and transitelveddd with guards,
priority, urgency, and updates, see rst two columns of Feglil.3. A transi-
tion can be eitheurgentor non-urgentand it can haveriority or no priority.
As shown in Figure 11.3, a transition may be decorated wighnidn-urgency
symbol *, and/or the priority symbdl. Note that, a transition that is not anno-
tated with * is urgent. A state can be associated with a deltgyval, which is
graphically located within the state circle.

Intuitively, the execution of an FSM starts in the initiahtg. At a given
state, an outgoing transition may be taken only if iemabledi.e., its associ-
ated guard evaluates taue for the current variable values. If from the current
state, more than one outgoing transition is enabled, onleenfi tis taken non-
deterministically, and prioritized transitions are prefe over non-prioritized
transitions. In case all enabled outgoing transitions dhtesare non-urgent,
it is possible to delay in the state. On the other hand, ifafa@e any outgoing
urgent enabled transitions, one of them must be taken imatedgi Thus, the
notions of priority and urgency avoid unnecessary nonfdgatesm among en-
abled transitions, clarifying the modeling aspects andgibbsimproving the
performance of formal analysis. A state that is associaiddawdelay interval
[n1, n2] may be left anytime betweem andn; time units after it is entered.
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Informal F SM TA

urgent transition > - >

urgent transition with priority - > - >
- * P

non-urgent transition _ -
. . - ?

non-urgent transition with priority % - A

urgent transition with guard x==5 X=x+1 x==5 a? Xx=x+1
x==5 and update x=x+1 > >

initial state @ @
state Q Q

clki=0 clki3 ny
state with delay interval [ny,n;]

ckEn,

Figure 11.3: The graphical notation of the FSM elements hait translation
into TA.

In order to form a system, FSMs may be composed in paralled.sEman-
tic state of the composed system is the combined states aiadbieavalues of
the FSMs. The notions of urgency and priority are appliedally, and time
is assumed to progress with the same rate in all FSMs.

11.3.2 Formal Semantics of the FSM Language

In this section, we formally de ne the semantics of our FSMdaage using
timed automata (TA) [10] with priorities [7] and urgent tsitions [8] as a
semantic domain. The translation of each FSM element to Teefsicted in
Figure 11.3. The FSM language has four kinds of transitiongent transition,
urgent transition with priority, non-urgent transitiomdanon-urgent transition
with priority. In TA we introduce four channels;, b, ¢, andd. Channels and
bare urgent, and channddsandd have higher priority than channedsandc.
Accordingly we map the transitions of FSMs into TA edges latevith the
appropriate channels, as de ned in Figure 11.3. The tréed®A edges need
a timed automaton offering synchronization on the complaary channels
(e.g.,a!l complementary ta?), depicted in Figure 11.4.

Each FSM state results into a TA location. For every FSM wélay states,
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a clockclk; is introduced. Accordingly, an FSM state with delay intéfva,
n,] is translated into a corresponding TA location with ineauticlk; no.
The clock is reset on all ingoing edges and the guards of #ijcing edges are
conjuncted witrclk;  nj.

The system represented by a composition of FSMs can bedtadshto a
network of TA in two steps. First, each FSM is translated atomed automa-
ton and then all TA are composed into a network together vhighatutomaton
of Figure 11.4.

chan c,d;
urgent chan a,b;
priority a,c < b,d

Figure 11.4: The automaton used for synchronization.

11.3.3 Overview of ProCom Formalization

In the formalization, each data and message port is repegbey a variable
with the same type as the port. The variables are storingthstlvalue written
to the ports, respectively. Likewise, a trigger port is eg@nted by a boolean
variable determining the activation of that port. Portsamfhposite components
are represented by two variables, corresponding to thevgaved from outside
and from inside. Accordingly, in the ProCom formalizatioe wssume the
following set of shared variables through which the FSMs camicate:

Vg, : variable associated with a data pdrtof corresponding type.

Vi, . boolean variable associated with a trigger gprhdicating whether
the port is triggered, default false.

Vm, : variable associated with a message paorof corresponding type.

vgi andvﬂ . internal variables for ports of composite components;esor
sponding to port variableg;, andv;, , respectively.

Additionally, we let" be the null value of any type indicating that no data
is present on a data or message port.
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The complete formalization of ProCom is available in [11felsemantics
of all ProCom elements is de ned as a translation to the FSiglage, and the
semantics of an entire ProCom system is de ned by the paaposition
of FSMs for the individual constructs.

In the following, we chose the most representative, and s&oaly chal-
lenging, architectural elements of ProCom, and preserit thamalization.
The elements are: services, connections, componentkschrtd message
ports.

11.3.4 Services

Assume a ProSave component with one service,Ssagnd letS; consist of
one input port group and two output port groups (Figure 14)%. (The in-
formal semantics of a service in ProSave is described ini@®@edtl.2. The
formal semantics of a service, in this caSe, is described below and shown
in Figure 11.5 (b).

wl=true w2=true
v'y=false V' =false
V=V V=V
Vda=V d3 Vda=V a4

Service

S;

@A 2)V(egmy T™)

vio=false

Vio
Error 2 Error 1

(@) (b)

Figure 11.5: (a) A ProSave serviBg and (b) its formal semantics.

Letwl1 andw?2 be boolean variables corresponding to the output port group
respectively; the variables indicate whether the respegtioup has been acti-
vated or not. By associating boolean variables with thewytprt groups, we
ensure that the groups are written only once during an eixeciristance of
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a service. While being in aBxecute state a service may yield into two error
scenarios:

A service might try to go back to thele state before all output groups
have been activated. In the formal semantics of a servisdshiepicted
by the stateError 1.

During execution, a service might try to activate an alreadtvated
output port group. This problem is captured by the skater 2.

As such, the formal semantics, ensures the informal seosagieiscribed in
Section 11.2i.e., the triggering and data of a service iagdproduced atomi-
cally and each of the service output groups is activatedtxace before the
service returns to thiglle state.

11.3.5 Data and Trigger Connections

We will now focus on the ProSave connections between two platisd, and

d; and two trigger portsy andt;. The formal semantics of ProSave connec-
tions is presented in Figure 11.6, for data connection, arfeigure 11.7, for
trigger connection.

o]

@

Vgo '=€ - temp=vgo Vgo =€

O

Vgi=temp DatalnTransit
(b)

Figure 11.6: (a) A ProSave data connection and (b) its fosmadantics.

To ensure that data is transferred prior to trigger, and tadarndesirable
consequences otherwise, the transitions in the FSM fosma(Figure 11.6)
are associated with priority in the case of data connectidis is also the
case in the semantics of all connectors that forward datai(de in [11]).
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@)

Vio vip=false

Vi=true TriggerinTransit

(b)

Figure 11.7: (a) A ProSave trigger connection and (b) itefarsemantics.

11.3.6 Component Hierarchy

ProCom is a hierarchical component model, with each compuidresng a par-

allel composition of services, executing concurrently ahdring data. The
functionality of a ProSave component can be implementeddiggle C func-

tion (primitive component) or by inter-connected internamponents (com-
posite component).

In early stages of development, a component may still beektdax with
known behavior, but unknown inner structure. Later on, thegonent may
be detailed and in the end implemented. However, all compisrfellow the
same execution semantics. In an early stage of developnvaet) only the
behavior of the component is assumed to be known, it is theoresbility
of the behavior model to signal the end of execution, andke tare of the
internal variables (data and trigger) of a component aéoghyd In a later stage
of development, when the inner structure of a composite corapt is known,
its formalization is handled by the inter-connected subgonents. In this
case, we assume that there is a virtual controller in chdrgjgioaling when the
internal trigger of a component has become false i.e., dtsmponents have
returned to the idle state. Consequently, in both case@mtimal variables are
left to be modi ed by the behavior, code or inner realizatibat the external
variables of a component are always handled by the semaoftiasservice
(de ned in Section 11.3.4). This emphasizes the fact thatnfan external
observer's point of view, there is no difference betweemyadesign black box
components and fully implemented components.
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11.3.7 Linking Passive and Active Components

By de nition, ProSave components are passive and they comzate via data
exchange and triggering. ProSave components can be usedn® tthe in-
ternals of an active ProSys subsystem with some additiaralector types:
clocks (see Figure 11.9 (a)) andput- and output message portsee Fig-
ure 11.10 (a) and Figure 11.11 (a), respectively). Thesaexiors are not
allowed inside a ProSave component, so the coupling betiReeBave and
ProSys is done only at the top level in ProSave. The use oé tt@snectors is
exempli ed in Figure 11.8.

Figure 11.8: A ProSys subsystem internally modelled by BveS

A clock serves for generating periodic triggers. A ProSav@gonent can
be activated by receiving a periodic trigger with approterfgeriod. The formal
semantics of a ProSave clock with period P is shown in Figar@ (b). Thus,
the formal semantics complies to the informal semanticsadek, described
in Section 11.2.

to
@)

Figure 11.9: (a) A ProSave clock with peri®dand (b) its formal semantics.

Vio=true

(b)

Message ports bridge the gap between the two communicai@aljgms:
pipes and lters in ProSave and message passing in ProSgh.rEassage port
acts as a connector with a trigger and data port that may beected to other
ProSave elements. Whenever a message is received, theniegaage port
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writes this message data to the output data port, and aeditla output trigger.
Similarly, whenever the trigger from an output message isoatctivated, the
output message port sends a message with the data curreesignp on its
input data port.
We assume the following:
todata(): is a function that translates messages into data.
tomessage(): is a function that translates data into messag
Given the above, the formal semantics of an input messageapdran
output message port can be described as in Figure 11.10dljigare 11.11
(b), respectively.

Vmo I=e
L1 do
my f3
l‘\\
L2 o Vgo=todata(Vmo)
Vio=true
(b)

(€Y

Figure 11.10: (a) A ProSave input message port and (b) itesdbsemantics.

Vio
do |3 \
Ll)mg
t M. Vmo= tomessage(Vqo)
v vi=false
(b)

@

Figure 11.11: (a) A ProSave output message port and (b)ritselcsemantics.

11.4 Discussion and Related Work

As shown previously, the formalization of the relevant RooCarchitectural
elements can be subsumed by a small and simple FSM-like daygguex-
tended with an abstract representation of clocks, and atgmnay and priority
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on transitions. To place our contribution in the right comtend emphasize
its strengths and weaknesses, in the following, we reviewesof the related
work to which ours can compare.

The BIP (Behavior, Interaction model, Priority) compon&atnework in-
troduced by GoRler and Sifakis [12, 13] has been designedgport the con-
struction of reactive systems. By separating the notiotebévior, interaction
model, and execution model, it enables both heterogeneodsling, and sep-
aration of concerns. The semantics of BIP is given in terniSrobd Automata
(TA), on which priority rules are successively applied téozoe certain invari-
ants of the expected real-time behavior. As opposed to aurdbsemantics,
the BIP formalization targets directly the ef cient veriation of the considered
models.

COMDES-II (Component-Based Design of Software for Disttéd Em-
bedded Systems) [14] is a development framework in whichftinetional
units encapsulate one or more dynamically scheduled BesviBesides pro-
viding a clear separation of concerns (functional behafraon real-time be-
havior), in modeling, COMDES-II also offers support for fical analysis, by
specifying the activity behavior in terms of hybrid stateaiaes. The Pro-
Com semantics presented in this paper does not focus oratiefdarmational
aspects of component and system behavior, but more on tbéveeand real-
time aspects, while emphasizing the co-existence of bteokand fully im-
plemented components, via the component hierarchy.

The communication among SOFA components [3] can be capfiored
mally, by traces, which are sequences of event tokens dwnihté events oc-
curring at the interface of a component. The behavior of a/S6&ity (in-
terface, frame or architecture) is the set of all tracesctvioan be produced
by the entity. Such a formalization can be hard to comprehkuatdthe pro-
posed formalization of ProCom might, on the other hand, beerdd cult to
implement and exploit towards ef cient veri cation, due its higher-level of
abstraction.

A process-algebraic approach to describing architechaldvior of com-
ponent models is advocated by Allen and Garlan [15], and Majel. [16],
who formalize the component behavior in CSP (Communica8aguential
Processes) and via a labeled transition system with a gps$sibite number
of states.

Koala [2] is a software component model, introduced by phiklectron-
ics, designed to build product families of consumer elgdt® For Koala
compositions, the extra-functional information is expgbaéthe component's
interface. The prediction of extra-functional properigsarried out by mea-
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surements and simulations at the application level. Inresitthe ProCom
semantics sets the ground for achieving predictabilityferanal veri cation
(by translating our FSMs into timed automata [7]), priorigpiementation.

ProCom's precursor, SaveCCM, is also an analyzable commomadel for
real-time systems [17]. SaveCCM's semantics is de ned bsaadformation
into timed automata with tasks, a formalism that explicitipdels timing and
real-time task scheduling. The level of detail of such a fairmodel is higher
than in our FSM notation, making it more suitable for formativcation; how-
ever, the timed automata models of SaveCCM can be clutteitadvariables
whose interpretation is not necessarily intuitive, whicikes the formal mod-
els less amenable to changes.

11.5 Conclusions

In this paper, we have presented the overall ideas and s@senie learned
from de ning a formal semantics of the ProCom component nlingdan-
guage. The ProCom language is structured in two layers, quighged with
a rich set of design elements aimed to primarily support fhieation area
of embedded systems. The ProCom language constructs éséudice inter-
faces, data and trigger ports, passive or active compaonemtsections and
connectors, hierarchies of components, timing, etc.

Clearly, a formalization of the language needs to deal witbancepts of
the modeling language. Additionally, it has been our goaitzke the for-
malization as simple and intuitive as possible, so thatrit ®arve as a basis
both for engineers using ProCom, as well as researchersogpavg analysis
techniques, model-transformation tools, etc., within freCom framework.
In order to meet these sometimes contradicting goals, we hagd a small
but powerful FSM language, in which the semantics of eaciCBno element
is described. The FSM language builds on standard FSM, leediwith nite
domain integer variables, guards and assignments ontitarssinotions of ur-
gency and priority, as well as time delays in locations. Tdmgluage assumes
an implicit notion of time, making it easy to integrate withrious concurrency
models (e.g., the synchronous/reactive concurrency modealdiscrete-event
concurrency model) [18]. Its formal semantics is expregsésms of TA with
priorities and urgent transitions, as shown in Section .21.3he FSM lan-
guage has graphical appeal and it is simpler than the camelépg TA model,
as it abstracts from real-valued variables and synchrtinizahannels. More-
over, thanks to the TA formal semantics, the FSM models o€Bro systems
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can be analyzed in a dense-time underlying framework, dsawéh a discrete-
time one, since TA has been recently given a sampled seradhfit Hence,
tools such as BPAAL can be employed for early-stage veri cation of ProCom
models, whereas discrete-time model-checkers, such apiDT2], could be
used for later-stage analysis, as a sampled time semantilser to the actual
software or hardware system with a xed granularity of timed can become
appealing at later stages of design.

To illustrate our approach, we describe in detail how thégiesonstructs
for services, data and trigger connections, componenaitbies, and passive
and active components of ProCom have been formalized imthismer. These
elements are deliberately chosen, since they represemliffeesnt types of
design elements in the language, and expose the encodimgjdees used in
the ProCom-FSM translation.

As future work, we plan to develop support for model-basedyesis tech-
niques such as model-checking, based on the formalizaitien ¢n this paper.
In particular, we plan to integrate our recent work on madgind analysis of
embedded resources and the associated modeling languaMEIRP] with
the formal semantics of ProCom given in this paper.
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