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Summary

Product configuration systems play an important role in the development of
Mass Customisation, allowing the companies to reduce their costs while offering
highly customised products. Such systems are often based on a configuration
model, representing the product knowledge necessary to perform the configura-
tion task. Several challenges arise when dealing with product configuration. One
of those issues concerns how to model a configurable product family, i.e. how to
represent the different types of configuration knowledge and their interactions.
Another challenge is to provide adequate formalisms and efficient algorithms to
solve the dependencies of the models at runtime.

In this dissertation, we present a constraint-based framework for configuration.
The design of this framework is partly based on a study of product configuration
requirements as well as a comparison of several general modelling languages. We
then develop ProColLa, a configuration-specific modelling language based on a
conceptual framework that synthesizes, unifies and extends several approaches
to modelling configuration in different design disciplines, e.g. physical products,
software or services. A rigorous formalisation of the ProCoLa language is given
and used to verify and analyse the configuration models.

Another goal of this dissertation is to describe the semantics of ProCoLa by pro-
viding a translation to a Constraint Satisfaction Problem (CSP) representation.
For that purpose, several CSP formalisms are discussed and a new algorithm
DnSTR is developed in order to solve the dynamic addition and retraction of
table constraints at runtime. Finally, we present and evaluate a prototype im-
plementation of ProCoLa and the configuration framework, including the inte-
gration in a development environment, tool support and interaction with UML,
databases and spreadsheet applications.






Resumé

Produktkonfigurationssystemer har stort indflydelse pa udviklingen af mass cus-
tomization, fordi deres brug kan resultere i at virksomhederne reducerer omkost-
ninger og samtidigt kan tilbyde specielt tilpassede produkter. Disse systemer
baseres ofte pa et konfigurationsmodel, der repraesenterer viden om produktet,
som er ngdvendigt til at gennemfgre konfigurationsprocessen. Produktkonfig-
uration er en kompleks process med mange udfordringer, blandt andet hvor-
dan man modellerer konfigurerbare produktfamilier, det vil sige, hvordan man
repraesenterer forskellige slags viden om produktet og deres vekselvirkning.

Et andet problem er udviklingen af passende formalismer samt virksomme al-
goritmer til at lgse modelathaengigheder. I denne afhandling praesenteres et
constraint-baseret rammevaerk for konfiguration. Rammeveerkets struktur er
delvist baseret pa en studie af krav til produktkonfigurering samt en samligning
af flere produktmodelleringssprog. Baseret pa det udvikles sproget ProCoLa,
et konfigureringsspecifik modelleringsprog baseret pa et abstrakt rammevaerk
som kombinerer og udvider forskellige tilgang til konfiguration, bade af produk-
ter, software, og services. Konfigurationsmodellerne er verificeret og analyseret
baseret pa semantikken af ProCoLa.

Derudover beskriver afhandling semantikken af ProCoLa med hjelp af en over-
saettelse til et Constraint Satisfaction Problem (CSP). Baseret pa en diskussion
af forskellige tilgang til lgsning af CSPs, en ny algoritme DnSTR er udviklet, som
understgtter dynamisk tilfgjelse og fjernelse af tabelle-constraints. Afsluttende
praesenteres og evalueres en prototype af ProCoLa og konfigurationsrammevaer-
ket, samt deres integrations i en udviklingsomgivelse, veerktgjunderstgttelse og
interaktion med UML, samt databaser og regnearkprogrammer.
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CHAPTER 1

Introduction

There has been an important need for companies to reduce their costs while
proposing highly customised products. Today’s customers demand indeed prod-
ucts with lower prices, higher quality and faster delivery, but they also want
products customised to match their unique needs. To meet these demands,
manufacturers have to adapt their business model to mass customisation [73|,
allowing customers to order customised products, often choosing among hun-
dreds of product features and options, for a competitive price.

However, mass customisation can result in an expansion of the specification pro-
cess, causing iterations to be developed in the process, and information tech-
nologies like product configuration systems are essential to implement this new
concept.

Product configuration has received a lot of interest for these past years. How-
ever, manufactured products are getting more and more complex, and tech-
niques like product configuration need to evolve all the time in order to meet
the requirements for managing these products. The main focus of this thesis
is to analyse modelling and constraint-based solving methods for product con-
figuration, and design and implement a framework for creating and configuring
modern product models.



2 Introduction

1.1 Mass Customisation

We start this dissertation by introducing mass customisation and the need for
product configuration systems. The main issue with mass customisation is that
it can result in an expansion of the specification process, causing iterations to
be developed in the process. This process represents the tasks that are done
on an individual order before production, and that defines the product to be
manufactured (Figure .

The concept of mass customisation thus differs from previous industrial pro-
cesses (Figure|1.2)) such as:

e Mass production consists in producing a large amount of the same stan-
dard items, with no option to customise them. This type of process was
popularised by Henry Ford, who was describing it by:

“Any customer can have a car painted in any colour he wants, as long as
it is black.”

e One-of-a-kind production consists in producing a small amount of items,
but with a wide panel of different options to customise these few items.
This type of process is usually used when producing large, highly complex
and specific products.

e Small series production consists in manufacturing customised products in
small series. Companies working with this type of process do usually not
produce as much as in mass production, and neither are they customising
their products as in one-of-a-kind production.

Specification processes

Product Manufacturin
Customer ———3  Sales design [ Engineeringg Calculation
it Ll—r IT [
it i
L Purchasing 4-! Planning ‘—.! Production El:ﬁ;:g;r

Figure 1.1: Tasks in a typical specification process [51]
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Figure 1.2: Three main types of processes [51]

To successfully implement mass customisation, manufacturers have to overcome
three major challenges ( [109]):

1. Lead time: producing a custom configuration for each product becomes
a highly complex and time-consuming task. As the number of parts in-
creases, a simple product can easily end up generating thousands of prod-
uct variations. This can affect the specification process, increasing the
lead time in a significant proportion.

2. Quality assurance: producing a significant amount of product variations
involving hundreds of configurable parts increases the possibility of making
errors in the process. This can create major schedule slips and can lead
to costly unplanned iterations in the process.

3. Ezpertise: being able to configure complex products requires a compre-
hensive product knowledge and expertise from the engineers that are in
charge of the configuration process. This results in a need for substantial
training, which may even be repeated along the years, as technical changes
occur frequently.

These issues can make the implementation of mass customisation very chal-
lenging for the companies, or even become barriers. In order to improve this
implementation, it is important to develop significant information technology
capabilities. One of these technologies is a product configuration system.
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1.2 Product configuration

The product configuration problem is defined by Junker in as characterised
by two constituents:

1. A catalogue which describes the generic components in terms of their func-
tional and technical properties and the relationship between both.

2. User requirements and user preferences about the functional characteris-
tics of the desired configuration.

and the configuration task, which consists in finding the following answer:

1. One or more configurations that satisfy all requirements and that optimise
the preferences if those requirements are consistent.

2. An explanation of failure in the other case.

Product configuration is applied during the specification processes, as can be
seen in Figure It can be implemented through the use of a product config-
urator: a software tool that captures the customer’s requirements as input and
automatically generates customised product designs matching the customer’s
specific needs, based on predefined design constraints.

Specification processes

Cust Sal Product Manufacturing :
ustomer ~———p» ales design engineering Calculation

! ' : ¥

L Configuration system l

E Purchasing “‘) Planning  f—sd Production Delivery/

assembly

Figure 1.3: Specification process with configuration [51]
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There are actually two main issues in the configuration problem:

1. The first one concerns the modelling time, i.e., the time where a design en-
gineer will define a model for the product. At this time, there is a need to
find efficient and easy-to-use ways to express the product knowledge, i.e.,
all the characteristics of the product, from the definition of the attributes,
the different subparts, or the constraints applying to the various combi-
nations possible. The more complex the product is, the more important
this part is.

2. The second issue concerns how to solve, at configuration time, the con-
straints expressed at modelling time. At this time, a sales person will
assign values to the different attributes of the product, so there is a need
for an efficient solving engine, that should be able to solve in real-time the
constraints defined previously.

1.3 Outline of the Thesis and Overview of the
Contribution

We present in this Section the organisation of this dissertation. The thesis is
separated into four parts, each of them composed by several chapters.

In Part I, we focus on requirements for the configuration of manufactured
products. We introduce an example case study and use it to describe and
review several well-known general-purpose modelling languages in the context
of configuration.

We consider in Part IT product families that are not restricted to manufactur-
ing parts, but also contain software and service-related components. Most of the
previous approaches in configuration research only consider each specific type of
product knowledge separately. However, many products nowadays are hetero-
geneous, i.e., different design disciplines are taken into account within the same
products. We thus define a conceptual framework for modelling heterogeneous
product families, and provide clear semantics using a new modelling language
called ProCoLa. ProCoLa is then formalised and several model analyses are
presented.

Part III focuses on identifying and analysing the relevant constraint program-
ming techniques for solving configuration in our framework. Our main approach
is based on Dynamic Constraint Satisfaction Problems to allow efficient addi-
tion and removal of the model constraints and user requirements at runtime.
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One of the most used types of constraints used in product configuration is a
table constraint. We describe the design of a novel algorithm for handling dy-
namic solving with table constraints. Finally, the interpretation of the ProCoLa
language used in our configuration framework is detailed and discussed.

Part IV deals with the practical implementation of the ProCoLa modelling
language. We describe the language’s integration in a development environ-
ment, the analyses implementation, tool support and debugging assistance. An
evaluation of the capabilities of the language is also presented through practical
experiments.

To conclude the thesis, Chapter sums up the results and gives an outlook
on future research. The appendix contains additional material on the ProCoLa
language and the case study used throughout this thesis and during evaluation.



Part 1

Modelling in Product
Configuration






CHAPTER 2

Setting the Scene

Modelling the product knowledge (i.e., the data representing the characteristics
of the products) represents a significant part in the configuration process. It
consists in defining the model of a product family that will then be configured
by the end-user. Development and maintenance of product knowledge bases are
of primary importance, and the representation formalism must be thoroughly
considered when choosing a product configuration system. Major vendors of
configuration systems already use declarative knowledge modelling [47L(70].

We discuss in this first part the different features that are required from a mod-
elling tool in order to support efficient product knowledge modelling. Deciding
on the right modelling language to represent the product knowledge is not an
easy task, and many options are available. Therefore, we present in this part
several general purpose modelling languages and then evaluate their capabilities
in the context of product configuration.

We start by introducing in this chapter relevant background on product knowl-
edge modelling, and describe a case study to illustrate requirements for config-
uration modelling languages.
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2.1 Background

Several approaches for modelling product configuration data have been studied
over the years. The original rule-based approach used in the R1/XCON sys-
tem [10}/64] has the disadvantage that it incurs important maintenance issues,
due to rules having influence on both directed relationships (i.e., compatibili-
ties, dependencies, etc. ) and actions (related to a solution’s computation). In
contrast, model-based configuration is based on a strict separation between the
product knowledge and the problem solving knowledge (i.e., the mechanisms
used to ensure the consistency of the customised product). As the solving pro-
cess is independent from the product knowledge, this separation provides a bet-
ter robustness, compositionality, and reusability, making model-based systems
the prime choice for configuring large and more complex models [88].

Model-based knowledge representation has become the standard way of dealing
with product configuration modelling in recent years. A configurable product
family is composed of components or functions that are connected together [37,
93]. It can have a large number of variants, and is represented as a product model.
The model also contains constraints that limit the number of possible variants,
e.g., by restricting the combinations of values allowed for the different attributes
of the product. A common method for modelling in product configuration is the
type-instance approach [93]: the model defines a number of types, that contain
attributes and other properties of the components. Attributes express technical
properties of each type, such as, e.g., the storage capacity of a hard drive in
a computer model; attribute values are usually limited to a set of potential
values. Types are organised in a partonomic tree: each type can define a number
of subcomponents from other types. The model can be represented as a tree
rooted by a component type. Types are then instantiated as individuals during
the configuration process to store the actual data of each configured component
(e.g., values for attributes). Note that several component individuals can be
instances of the same component type, e.g., in case the type was involved in
several subcomponent relations.

Configuration systems (or configurators) are used to support an end-user in find-
ing a configured product that matches his needs, while respecting the modelled
constraints. It takes the product model as input and lets the end-user configure
the product during a configuration process. Such systems often output a specifi-
cation of the configured product to be manufactured, usually as bill-of-materials
(or BOM) or operations routes.

A BOM defines the list of materials that composes an end-item. It represents
the product in the manufacturing perspective. BOMs can be hierarchical and
define all the sub-assemblies of the product. In this case, they are called Modular
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Configuration system

Product
Product E— Model ) ) —» | specifications
model instantiation Configuration (BOM, Routes)
A *
Knowledge
End-
engineer nd-user

Figure 2.1: Basic architecture of a configuration system

BOM. An example is a BOM for a Personal Computer: this BOM would list the
computer and its major sub-assemblies (power supply, mother board, chassis,
modem, keyboard, display, etc.), as well as additional materials needed for a
complete saleable product — shipping box, user manual, packaging, packaging
labels, etc.

Operations (or production) routes describe the list of operations that will have
to be performed in order to assemble all the elements of the product. Such
production routes can differ depending on the tool used, but often include oper-
ators, work load or machine description for example. These routes can also have
a hierarchical structure, where operations can have sub-operations, representing
the basic units for the production environment. Routes for a Personal Computer
could for example include the fixing of the motherboard, or the mounting of the
processor.

The creation of both BOMs and production routes can be done in a dynamic
way. Indeed, both can differ according to each configuration instance.

2.2 Case Study

In order to illustrate requirements for modelling product configuration knowl-
edge, we designed a product family as a case study for our work. This case study
is used as a basis on which to evaluate modelling languages for configuration,
and will be used and extended throughout this thesis. The aim of this product
family is to present a simple realistic model in order to illustrate the different
features required in product configuration.
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This section presents the physical model of a Mobile Device product family. The
following subsections gives an overview of the product family, and describes the
different customisation options and constraints of the model.

2.2.1 Overview of the case study

The Mobile Device model (Figure represents a family of portable computing
devices such as netbooks, tablets or smartphones. It contains a motherboard and
several chips that take care of the processing and the communication capabilities
of the device. Some chips are optional, like a GPS receiver that may be added
to the product or not. Several components of the same type may also be part
of the final product in order to fulfill different functionalities, such as wireless
chips for bluetooth, wifi or FM radio. Each device also possesses a screen and
a storage drive that are also customisable.

The Mobile Device product family can be customised in the following way:

e A device can have different ports, such as a video port or an Ethernet
port. In some cases, an video adapter can be provided with the device to
provide additional functionalities.

e Along with the different wireless chips available, other types of chips can be
added to the motherboard, such as a compass, an accelerometer or a GPS
chip. Phone capabilities can also be provided via a Radio Frequency card.
Finally, several options are available for the motherboard’s processor.

N

Motherboard, chips Screen Enclosure

_ Storage drive
«  Wireless, Ethernet *  Technology Size +  Capacity

«  Processor * Size Color « HDD

*« GPS * Touch screen «  Ports . SSD

« RFCard *  Stylus

Figure 2.2: Overview of the case study
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e Different types of screens can be chosen for the device, e.g., an OLED
screen or an LCD one. The size of the screen is also variable, depending on
the type of device chosen. Also, in certain cases, a touch screen (resistive or
capacitive) can be chosen, with additional options like oleophobic coating,
that can be applied on the screen to avoid fingerprints. In case of a
resistive touch screen, a stylus needs to be provided with the device, and
the enclosure must have an allocated slot to store it.

e Finally, several types of storage drives are available. A Solid State Drive
(Flash or DRAM) or a Hard Disk Drive can be picked, with different
memory capacities.

These characteristics of the product family can be represented as types and val-
ued attributes that will be used for configuration. For example, a Motherboard
type is related to the main (root) component as a subcomponent, and contains
itself several subcomponents defined by types such as a Processor type. The
Processor type then has a frequency attribute that can have a value of 600 Mhz,
1 GHz or 1.6 GHz.

Asides from those elements, the motherboard provides some chip slots, depend-
ing on its size and the chips already on it. Any other chip that may be added to
the device, such as the processor or the GPS receiver also needs some room on
the motherboard. It is thus necessary that the number of slots available must
always be bigger or equal than the number of slots used, in order to avoid a
product design impossible to manufacture.

The product model is also subject to constraints that restrict the model ele-
ments. These are detailed in the next section.

2.2.2 Constraints

This section introduces several constraints that prevent incompatibilities in the
Mobile Device model:

e If a touch screen is chosen for the device, the motherboard should contain
specific chips to handle the touch capabilities of the device. Moreover, in
the case of a resistive touch screen, a stylus should be added to the device
and the enclosure should have a stylus slot. Finally, the size of the stylus
should be adapted to the overall size of the device’s enclosure: in case of
a small enclosure, only a compact stylus should be available.
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e In case an internal Ethernet card is added to the motherboard, the enclo-
sure must have an Ethernet port, and vice versa. The type of video port
on the device’s enclosure should also match the size of the device: if the
device is small (e.g., a smartphone), only a special video port (miniUSB)
can fit. In that case, it may be possible to choose a miniUSB video adapter
with the device.

e The capacity of the storage drive depends on the type of drive chosen: an
SSD cannot exceed 64 GB, while for an HDD the capacity is over 64 GB.

e Table shows a set of combinations of values relating the size of the
enclosure with the size of the screen and the number of available chip
slots on the motherboard.

These constraints should always be satisfied to ensure that the final configura-
tion of the product family is consistent with the specifications of the proposed
devices.

Enclosure size | Available chip slots | Screen size
115x58 6 3 inches
240x%190 10 9 inches
266x178 12 10 inches
295x210 14 12 inches

Table 2.1: Combinations of allowed attributes values depending of the size of
the enclosure

2.3 Modelling Requirements for Product Con-
figuration

In this section, we discuss several key requirements for modelling product fam-
ilies in product configuration. These requirements are derived from various
sources in the literature as well as discussion with industrial partners. Together
with the case study presented earlier, this list will be used in the next chapter to
evaluate several existing modelling languages for product configuration. They
also form a basis on which to build a modern modelling environment for product
configuration. Although some of these requirements are more important than
others, it is important to consider all of them when designing a configuration
framework.

We first present general requirements, followed by more specific requirements re-
lated to representing the structure of the product and for modelling constraints.
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When possible, an example is given referring to the case study introduced in
the previous section.

2.3.1 General modelling requirements
In this part we present the general requirements for a modelling environment:

1. Separation between product modelling and configuration pro-
cess: The first requirement concerns the structure of the configuration
framework itself. Asunderlined in [4], product knowledge modelling should
be clearly separated from the configuration process. Indeed, these two
tasks are usually performed by different persons, most of the time with
different skills: the modelling task would usually be performed by a design
engineer, while the configuration task would be performed by a sales per-
son. Thus this abstraction is needed so that there is no confusion between
these two parts.

2. Easy-to-use: The persons that will interact with the modelling environ-
ment are usually design engineers, often possessing only basic program-
ming skills. The modelling environment should therefore be accessible
without advanced training in programming, and support easy development
through tools for a fast implementation. Also, the terms used should be
based on a widely accepted terminology, e.g., following well-known concep-
tualizations of configuration [37,93]. Finally, creating a product model is a
tedious and error-prone process. Providing a modelling environment with
development support is essential to improve the modeller’s productivity.
Tools should be provided to assist the modeller in defining constraints or
managing the model.

3. Support of object-oriented concepts: This approach has been favoured
by many researchers |7,/51152,61,/85]; it is indeed very suitable for product
modelling, as product components can naturally be seen as objects.

Example: The structure of the Mobile Device product family described
in section[2.9 is object-oriented. It follows a type-instance approach: the
model defines a number of component types, such as a Motherboard type
or a Screen and Touch Screen types, that contain the attributes and con-
straints of the product family. Those types are then instantiated as indi-
viduals during the configuration process to store the actual data of each
configured component. Note that several component individuals can be in-
stances of the same component types: for example, a Wireless Chip com-
ponent type may have up to three different instances (e.g., for a wifi, a
bluetooth and a FM radio chip) during configuration time.
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Figure 2.3: PVM view of a Clock model

4. Graphical representation: Providing a graphical representation to the
user is important for an easy comprehension and a lower maintenance
effort . Thus the modelling environment should be able either to
provide directly a graphical view, or to have a structure such that the
implementation of a Graphical User Interface on top of it is possible. Such
a graphical representation should contain information about the different
attributes of the products as well as their structure.

Example: An example of a graphical representation can be the Product
Variant Master (PVM), developed by (Figure [2.3).

5. Extensibility: Companies use many applications around configurators.
The system should provide an easy integration of CAD tools, databases,
ERP or other systems in the configuration process.
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2.3.2 Structure modelling

One part of modelling in configuration deals with representing the structure of
the product. Several key features can be highlighted:

1. (Dynamic) partonomy relations: Partonomy (or part-of) relations
define a subcomponent hierarchy in the product model. The multiplicity
of these relations corresponds to the number of subcomponents to con-
sider. Providing support for a variable multiplicity allows a better reuse
of component types in the model.

Exzample: In the case of the motherboard that may contain several wire-
less chips, the Motherboard component type is involved in a partonomy
relation with the Wireless type as a subcomponent. The multiplicity is dy-
namic, as there may be from 0 to 8 instances of the wireless chips during
configuration, depending on the choice of the end-user and the different
constraints in the system.

2. Taxonomy relations: Taxonomy (or kind-of/specialisation) relations
permit the use of generic base components to group features that are com-
mon to several subcomponents, which eases modelling and maintenance
of the model.

Example: The Mobile Device model features a screen that can be spe-
cialised as a touch screen. The Touch Screen component type reuses the
same attributes as the Screen type, and declares new ones, e.q., its type
(resistive or capacitive). Thus, if the attributes or constraints of the Screen
type evolves, there is no need to change the Touch Screen type, reducing
the problem of maintenance.

3. Data types and units: A product can be complex and contain many
different data types. That is why data types such as enumerations, sets,
or integers can be needed. It should be possible to declare different units,
in order to make the model’s creation and maintenance easier.

Example: The frequency of the processor, the size of the screen, or the
capacity of the storage drive can all be defined as integer numbers. How-
ever, they all have different units: the frequency is in Megahertz, the size
in inches, and the capacity in Gigabytes, which should be included in the
model, to avoid ambiguities when dealing with these different dimensions,
and to make the model specification closer to the actual product family.

4. Connection ports: Connection ports represent non-hierarchical rela-
tions between components that may be located in different subtrees of the
model. Specific attributes can also be added in order to provide configu-
ration possibilities to these relations.
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Example: The Stylus component type in the Mobile Device model con-
nects the Touch Screen and the Enclosure types in a relation that do not
involve any parent-child relationship. Furthermore, an attribute (the size
of the stylus) is attached to this relation.

. Default values: Another useful feature is the possibility to declare de-

fault values for the attributes of the models, as pointed out in [52] . These
values will then be assigned to the attributes when the configuration pro-
cess is started, and the user would have the possibility to change them
during configuration time.

This permits to improve the configuration experience, avoiding long de-
fault set-up of the models during configuration.

Example: Any attribute in the case study could be associated a default
value. For example, it can be decided that there should be no miniUSB
adapter in the configuration by default, although the end-user can decide
to add one.

. Hidden/Read-only attributes: Providing the possibility to specify the

visibility of attributes helps the designer to create models easier to main-
tain [52], as some of the attributes may be used as intermediary data
containers, and thus may not be accessible to the end-user. Some other
attributes can also be used as read-only, in order to provide the customer
with some unmodifiable information.

Example: A hidden attribute can be defined in the Motherboard compo-
nent type that describes the actual number of chips already on the mother-
board, depending on the number of touch chips and whether an accelerom-
eter or a compass chip is chosen. This attribute will not be presented to
the end-user, but can be used in constraints or to specify the actual number
of chip slots used on the motherboard.

. Production attributes: Industrial product configurators are usually

meant to be integrated with production management software, like En-
terprise Resource Planning system (ERPs). This includes mapping the
configuration output to a bill-of-materials (BOM) and operations routes
that can be used in sales and manufacturing.

Allowing the definition of production attributes that model how theb
BOMs and routes will be constructed from the product model’s compo-
nents is an important step towards the automatic generation of production
data.
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2.3.3 Constraint modelling

Another important aspect of product modelling is the definition of constraints
on the model. Requirements for constraint modelling are:

1. Built-in functions: A panel of built-in functions and constraints should
be made available to the modeller: aside from simple arithmetic and logical
constraints, advanced functions (e.g., sum) or constraints (e.g., allEqual)
provide better support to the product modeller.

2. Product catalogues: More and more real product data is coming from
tables representing allowed combinations of attributes/components, for
example in product catalogues.

The ability to declare table constraints directly (instead of more complex
formulas) simplifies by far the creation and usability of the model. That is
why an easy-to-use modelling tool for these constraints should be available.

Example: The table constraint representing the allowed combinations for
the screen size and the number of chip slots on the motherboard depend-
ing on the enclosure size is a typical product catalogue. Defining such
constraints as tables (instead of long series of value assignments) involves
less repetitions of attributes, which make them easier to maintain. They
can also be taken from various tools such as databases.

3. Balance of resources: Products are often configured according to the
resources they produce/consume, such as the energy produced and con-
sumed in a system for example. These resources can then be used in
constraints, enabling the configuration tool to ensure the consistency of
the system.

Example:The number of available chip slots on the motherboard can be
define as one of the system’s resources. The motherboard is producing
this resource depending on the number of chips pre-installed on it, while
additional chips may consume this resource.

4. Hard/Soft constraints: Hard constraints are constraints that must not
be violated, while soft constraints may be violated if they are overridden
by a user selection or indirectly as a consequence of a constraint with
higher priority.

This kind of distinction provides the designer with the ability to guide the
configuration process with specific “recommendations”, as he has a solid
knowledge of the product, though it is still possible for the customer not
to follow them.
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Example: Soft constraints could be added to the Mobile Device to act
as recommendations. One might add a constraint specifying that a large
touch screen (size bigger than 9) should be a resistive screen, although the
end-user might overrule this.

Now that these requirements have been motivated and listed, we will in the next
chapter model our case study in three general purpose modelling languages, and
discuss the advantages and pitfalls of each.



CHAPTER 3

General Purpose Modelling
Languages

In this chapter, we present and analyse three general purpose modelling lan-
guages in the context of Product Knowledge Modelling. A modelling language
is a language that is used to represent knowledge or information in a structured
way. It can be used to express a lot of different systems, from the Enterprise
Architecture ( [57]), to Software Engineering ( [104]), through products archi-
tecture, among others. Representing these concepts in a formal way can have
several advantages, including:

e Providing formal specifications that can be reused and exchanged, improv-
ing team understanding and communication.

e Defining the conceptual design of a system, which allows to avoid mistakes
due to the lack of a clear vision of the system’s architecture.

e Formalizing a system’s structure and requirements, and providing a ba-
sis for a clear and well-defined structure for implementation (in case of
software development), manufacturing (e.g. for a product), etc.

A modelling language is defined by two fundamental parts: its syntaz (the rules
defining how to write a model) and its semantic (how the language should be
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interpreted). The syntax of a modelling language consists usually of abstract
syntax and concrete syntax. The concrete syntax represents the visual part
of the language that will be interfaced to the user, while the abstract syntax
expresses the inner representation of the data from the models. Not all modelling
languages are executable, however, and in the case of product configuration, at
least a link to an executable language is required in order to interface with a
solving engine.

Modelling languages usually fit into two main categories: graphical and textual
modelling languages [48]:

e Graphical languages contain diagrams with symbols to express the differ-
ent concepts needed to represent a specific information. The symbols are
usually linked together by lines that represent the relationships between
them. The concrete syntax of these languages is thus their graphical no-
tation.

o Tertual languages contain standardized keywords as concrete syntax
in order to structure the knowledge representation. This representation is
usually interpreted by a computer in the abstract syntax.

The languages discussed in this chapter are object-oriented languages. As previ-
ously discussed, object-oriented concepts have great advantages when it comes
to product configuration models. These languages have been chosen because
of their wide use and their well-known ability to model systems. We use the
requirements and the case study described in the previous chapter in order to
assess the potential of these languages for use in modern product configuration
modelling environments, and discuss each advantages and pitfalls.

3.1 UML and OCL

This first section presents the Unified Modelling Language (UML), associated
with the Object Constraint Language (OCL).

3.1.1 The Unified Modelling Language

The Unified Modelling Language (UML) is an international standard de-
fined in 1997 by the Object Management Group (OMG). It started as version
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1.1, and a major revision has followed, with the adoption of the UML 2.0 version
in 2003 by the OMG. The current version is 2.3.

UML is a visual specification language for object-oriented modelling. It has
been created as a general-purpose modelling language, and includes a graphical
notation used to create an abstract model of a system, that is referred to as a
UML model.

UML 2.0 contains 13 types of diagrams, that are organized hierarchically (Fig-

ure .

There exists a relatively important amount of concepts used in UML 2.0 for
object-oriented design, from structure concepts (e.g., classes, components, pack-
ages) to relationships (e.g., aggregations, associations, generalization) through
behavioural concepts (e.g., events, messages, methods).

In order to model products for product configuration, only a subset of all these
concepts and diagrams is used. Indeed, most of the interest in product modelling
for configuration lies in the product structure, its attributes, subcomponents,
and the constraints around all of them. The UML class diagram is of prime
interest as it contains the structural elements that can help us represent the
product configuration models.

Diagram
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Diagram Diagram
[ I':|\ | [ JIri\ |
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Composite Deployment Package Interaction
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Figure 3.1: UML diagrams [104]
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We detail several UML modelling concepts relevant to this chapter:

e UML contains different types of relations between components, including;:

1. An Association establishes a semantic relationship between two com-

ponents. A good way to illustrate this is by comparing it to a mar-
riage: an association is binding a man and a woman. In the case
of the marriage, the multiplicity is one-to-one, but in general it can
have different multiplicities.

. An Aggregation is a specialized form of association, and can be either

shared or composite. It represents typical whole-part relationships,
where a notion of ownership exists. In the case of a shared Aggrega-
tion, all objects have their own life cycle. For example, an object rep-
resenting a Department can have a shared Aggregation relationship
with a Professor object: the Professor belongs to this Department,
but if the Department is deleted, the Professor will still exist. On
the contrary, for the composite Aggregation (or Composition), the
life-cycle of the child is linked to the life cycle of the parent: if the
parent is deleted, then the child will be, too.

. The Generalisation is used to model inheritance for data and code

reuse: the child element inherits all the properties of its parent, and
can define new ones.

e UML 2.0 contains an extension mechanism called Stereotypes. A stereo-
type allows designers to extend UML by creating new model elements
from existing ones. The new nodes are then stereotyped, which is re-
flected graphically by adding a name enclosed by quotes above the name
of another element. Each stereotype can contain tagged values, which
represent values specific to the stereotyped elements.

An example of a very simple model of car can be seen in Figure 322l The
Car Class represents the Car component, and has two Attributes: color, that
can be either Black or White, and a boolean hasSunRoof. It also has four
wheels, that are modelled by an Aggregation relation with the Wheel class,
and an engine, thanks to the aggregation with the Engine class. Finally, it
has a constraint that specifies that “If there is a sun roof, the color is White”.
Moreover, the Car is the Generalisation of two classes: a Standard car and a
Cabriolet, which is more constrained, as “it has no sun roof and it has no spare

tire”.
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Standard Cabriolet
{It has no spare tire, it has no sun roof} ﬁ
Car
+hasSunRoof : Boolean {If there is a sun roof, the color is White}
+color: {White, Black}

wheels 4 1 engine
Wheel Engine
+isSpareTire : Boolean +volume : String

Figure 3.2: A simple car model, with generalization and aggregation relation-
ships

3.1.2 The Object Constraint Language

It should be pointed out that the constraints in Figure |3.2] are expressed in
natural language. Another way to express constraints in UML is by using a
programming language. What is missing in UML is the ability to describe
constraints in a more formal way than natural language or raw code. This is
what the Object Constraint Language (OCL) is being used for.

OCL is an extension to UML that allows to write standardized constraints. It
is actually a textual language that provides constraint and object query expres-
sions that cannot be expressed using notations like diagrams. The aim of OCL
is to provide an unambiguous language for constraint specifications, but that
can stay accessible to persons with few or no programming skills. OCL is a pure
specification language, which means that an OCL expression has no any side
effects. Indeed, when an OCL expression is evaluated, it simply returns a value,
and does not change anything in the model.

An OCL statement is always evaluated in a specific context. The context defines
the situation in which the statement is valid, e.g., a class. Then the body of
the constraint is defined. OCL statements can contain navigation expressions
such as c.hasSunRoof, which, if ¢ is a Car, results in fetching the value of its
attribute hasSunRoof. Finally, OCL constraints can be invariants for a specific
class, or pre/post conditions for a specific operation, though only invariants are
used in product configuration, as components do not contain operations. In this
work, we only use a subset of the OCL constraints. For a complete overview,
refer to [72].
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It is now possible to express the constraints of Figure using OCL (note that
the keyword self refers to an object of the class being constrained, though it
can be left out in most cases, when the context is clear):

e For the constraint on the Car “If there is a sun roof, the color is White”:

context Car
inv: hasSunRoof implies color = ’’White’’

e Specifying that a Cabriolet has no sun roof can be done in two ways,
depending whether the constraint has to be evaluated in the context of
the Car or of the Cabriolet itself:

context Cabriolet
inv: hasSunRoof = false

context Car
inv: self.oclIsTypeOf (Cabriolet) implies hasSunRoof =
false

The OCL function oc1IsTypeOf (Type t) checks if a given instance is an
instance of type t.

e Finally, specifying that a Cabriolet has no spare tire:

context Car
inv: self.oclIsTypeOf (Cabriolet)
implies wheels -> forall(w:Wheel | w.isSpareTire =
false)

The operator -> is used to call an operation on a collection, in the following
way:

collection—>operation(arguments)

Also, the forall construct permits to test a boolean expression on all

elements of a collection. The declaration of the elements’ type (w:Wheel)
can be left out when unambiguous.
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3.1.3 Implementation of the case study in UML/OCL

This part presents the implementation of the Mobile Device case study intro-
duced in Chapter [2| in UML/OCL. The UML diagrams have been extended
here using stereotypes in order to reflect the product configuration concepts,
following Felfernig et al. [40,/41]. The stereotypes ComponentType, RootCom-
ponentType, Port, and Resource have been defined from the UML metamodel
element Class, while the consumes and produces are from the UML metamodel
element Dependency. The stereotype PortType has also been defined on the
Class element.

Figure shows the Mobile Device model implemented in UML 2.0. Several
points are worth being highlighted:

e It is not possible to specify units like GB (Gigabytes) or MHz (Mega
Hertz) for the capacity attribute of the StorageDrive component type or
the frequency attribute of the Processor for example. Indeed, only basic
data types are available. Thus these attributes are declared as integers.

e It is possible to declare the StorageDrive class as abstract. This means
that an instance of the Storage Drive type will need to be specialised into
one of its subtypes (SSD or HDD) in a final component instance.

e Each partonomy relation has been represented as a UML (shared) Aggre-
gation, as it is often the case in product configuration that the child (or
subcomponent) is independent from its parent and could be reused in other
partonomy relations. The multiplicity of each aggregation represents the
multiplicity of the partonomy relation, with expressions like “0..3” mean-
ing that 0 to 3 instances of the component types can be present in the
final configuration. Note that a default multiplicity of 1 is implicit when
it is not specified.

e Taxonomy (or kind-of) relations are represented by UML Generalisation.
The TouchScreen component type is for example related to the Screen type
by a UML Generalisation, inheriting all the attributes and operations of
the Screen type.

e Each attribute is represented by its visibility, its name and its type:

— A public attribute (represented by a “4”) is an attribute that is vis-
ible by all, while a private attribute (represented by a “-”) is hidden
(e.g., the attribute nbChips of the Motherboard type).

— Different predefined data type are available in UML, including all the
most classic ones (Integer, Boolean ...). Moreover, it is possible to
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define a specific enumeration each time the domain of an attribute
is composed by predefined values (e.g., the attribute technology of
the Screen type uses the ScreenTechnology enumeration). However,
it is possible to display those enumerations inline in the attribute def-
initions when only used once (e.g., the attribute type of the RFCard
type), although it has to be written in the attribute name, which
does not fit the right UML specifications.

— It is also possible to define locked parameters in UML 2.0 using the
{read-only} keyword after the attribute’s definition.

— An initial value can be provided to act as the default value of an
attribute, e.g., the miniUSBAdapter attribute of the Device type is
initially set to “none”.

e The connection port between the touch screen and the enclosure is here
represented using a UML Association with a multiplicity of 0..1 on each
sides. This denotes that it is possible to have a Stylus instance associ-
ated to both instances (Touch Screen and Enclosure) during configura-
tion, although it is not mandatory. A port type, called Stylus, contains
information on the size of the stylus used in the final product.

e Moreover, the number of available slots in the motherboard has been
modelled using a UML Class AvailableSlots annotated with the Resource
stereotype. Then, a component produces some of this resource (the moth-
erboard) while others need some of it (the chips).

Using OCL, it is possible to specify some rules in order to describe the correct
usage of the stereotypes [40]. For example:

-- Comment: the component classes does not have
operations

context ComponentType

inv: self.allOperations->size = 0

In this example, the OCL allOperations attribute represents the collection of all
operations defined in a class. This constraint specifies that no UML Operations
should be defined in a UML Class with the ComponentType stereotype.

Following the UML implementation, it is still necessary to define, using OCL,
some of the constraints that cannot be represented graphically:

e The following constraints represent the need for touch-enabling chips for
touch screen devices, the presence of a stylus for resistive screen and its
impact on the device’s enclosure:
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context Device
inv: (screen.oclIsKindOf (TouchScreen)) = (motherboard.
nbTouchChips > 0)

context TouchScreen
inv: (screenType = ’resistive’) = (stylus -> size() = 1)

context Enclosure
inv: (hasStylusSlot) = (stylus -> size() = 1)
and (size = ’115x58’) = (stylus.size = ’compact’)

These other constraints ensure that an Ethernet port is present if an Eth-
ernet card is added to the device, and govern whether a miniUSB adapter
is available.

context Device inv:

(motherboard.ethernetCard -> size() = 1) = (enclosure.
ethernetPort)

and (enclosure.port <> ’miniUSB’) implies (
miniUSBAdapter = ’none’)

context Enclosure
inv: (size = ’115x58’) = (port = ’miniUSB’)

The constraints on the capacity of the storage drive are defined as follows:

context SSD
inv: capacity <= 64

context HDD
inv: capacity > 64

Product catalogues: no expression for table constraints has been imple-
mented in UML/OCL. This does not make impossible the implementation
of product catalogues (i.e., table) constraints, but it makes it much more
tedious to write, and thus to maintain, as it has to be converted into a
logical expression. The constraint from Table can thus be written in
OCL as:

context Device inv:

(motherboard.nbSlots = 6 and (enclosure.size= ’115x58°
and screen.size = 3) or

(motherboard.nbSlots = 10 and (enclosure.size= ’240x190°
and screen.size = 9) or

(motherboard.nbSlots = 12 and (enclosure.size= ’266x178"°
and screen.size = 10) or

(motherboard.nbSlots = 14 and (enclosure.size= ’295x210°
and screen.size = 12)
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3.1.4 Discussion

This part summarizes the insights that have been provided by the experience in
modelling the case study using UML 2.0 and OCL.

UML provides a direct graphical view of object-oriented structures such as soft-
ware architecture or product architecture in the case of this dissertation. This
permits to have a clear view of how the components are related to each other.
Moreover, as UML is widely applied in industrial software development as a
standard model design, its concepts are relatively well known, which makes it
an accessible modelling tool. The UML diagram library contains an impor-
tant amount of object-oriented diagrams, and the use of stereotypes permits
to extend the existing concepts to configuration-specific concepts.

The integration of the Object Constraint Language (OCL) allows the designer
to define complex constraints in a relatively accessible language, that does not
require advanced programming skills either. OCL contains a wide variety of
constraints, which would be sufficient for most configuration problems.

However, there are some issue with UML and OCL. First of all, the UML
language is not aimed specifically at general product modelling, and even less
for product configuration, and it can be thus difficult for knowledge engineers
to adapt it to product configuration: the UML language itself had indeed to
be extended through the use of stereotypes to fit the configuration problem. All
the concepts are aimed at software engineering, which is illustrated by the fact
that it is not possible to directly declare new units other than the ones used in
programming languages (Integer, Boolean...). The lack of support for product
configuration specific constraints is also a problem: indeed, constraints defining
product catalogues or soft constraints do not have a specific implementation in
UML. Although a series of logical constraints can represent product catalogues,
a specific support for table constraints would improve the modelling experience
and add maintainability to the model.

There is also no specific concept in UML that allows to represent production
attributes such as BOM and operation routes. One solution could be to use
UML Classes with new stereotypes, and map them to the types describing the
product family structure. OCL constraints may then be used to ensure that the
right item or operation is present depending on the values of the component
type’s attributes.

Finally, one of the biggest drawbacks in using UML and OCL is the problem
of interpretation of the language. It is indeed necessary to be able to interpret
the models into a declarative representation of the configuration knowledge, in
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order to apply solving algorithms. Felfernig et al. [41] have provided UML/OCL
interpretation in first order logic in order to be able to use it in a configurator.
Again, this type of automatic interpretation requires a strictly defined UML
profile for product modelling in configuration. Research has also been going on
in this area [1,/2], but more remains to be done in order to provide a strong
tool support and debugging facilities to the modeller in the context of product
configuration with UML/OCL. A few tools to check the validity of UML/OCL
models exist (e.g., USE [45]), but they usually do not permit to find solution to
the configuration problem.

3.2 SysML

The Systems Modelling Language (SysML) is a recent modelling language spec-
ified by the OMG. It is actually a UML profile, and thus inherits the char-
acteristics of UML. The aim of SysML is to represent systems and product
architectures, as well as their behaviour and functionalities, where UML was
used for software engineering. The relationship between UML and SysML can
be seen in Figure 3.4

The development team of SysML aimed on the one hand at limiting the concepts
semantically too close from software engineering, and on the other hand at sim-
plifying UML original notations by limiting the number of diagrams available,
in order to make it easier to use. Figure [3.5| shows the SysML diagrams.

SysML

SysML
extensions
to UML

umMmL

reused by =
UML SysML (SysMLProfile)
not required (UML4SysML)

by SysML
(UML —UML4SysML)

Figure 3.4: Overview of SysML/UML interrelationship [96]
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SysML Diagram

| P 1
Behavior 1 Requirement Structure
Diagram ! Diagram Diagram

b 7

Activity Sequence State Machine Use Case Block Definition Internal Block 7
A 2 i T 7 Package Diagram|
Diagram Diagram Diagram Diagram Diagram Diagram
l:l SameasUbL2 Parametric
Diagram
[ wodified from unaL 2 fatacica s

Bk i New diagram type

Figure 3.5: SysML diagrams

Some diagrams, like the UML Class Diagram, renamed Block Diagram, have
just been modified through the concept of Block, that allows to express any
structural element of a system.

Two new diagrams are also present in SysML:

e The Requirement Diagram is used to specify the needs of the system.
These requirements can be mapped together and to the different compo-
nents of the system.

e The Parametric Diagram is the second new diagram. It is used to specify
mathematical expressions between the different elements of the model.

These new diagrams aim at making the system and product modelling more
complete. The Parametric Diagram is particularly interesting as it permits to
declare complex constraints on systems, using mathematical expressions or any
other constraint mechanism already available before. Figure represents a
Block Definition Diagram for defining constraints on a special car model, while
Figure uses the equations in a Parametric Diagram to constrain value
properties of the model.

These new concepts directly implemented in SysML bring interesting improve-
ments for product modelling, especially concerning product configuration. An-
other interesting feature is the possibility to declare one’s own dimension and
units, that can thus be used in the model.
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bdd [package] Analysis [Parametric Diagramy
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StraightLineVehicle i ucture
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&1 e2 e3 o
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constraints constraints constraints constraints
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(a) Block Diagram
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(b) Parametric Diagram

«constraint»
{] e3:VelocityE i
[a =dv/di]

Figure 3.6: Block and Parametric Diagrams for HSUV vehicle dynamics

3.2.1 Implementation of the case study

The implementation of the case study in SysML is decomposed in several differ-
ent diagrams. Indeed, SysML allows the definition of all the constraints using
Parametric Diagrams, which can be practical when combined with other dia-
grams such as Requirement Diagrams, if the whole product specification is to be
done in SysML. Figure [3.8 shows the Block Definition Diagram for the Mobile
Device product family.
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A first point is that this block diagram looks like the one built in UML (with
blocks, aggregations, packages...). Modelling using SysML is very similar than
doing so with UML, except that almost no user-defined stereotype is needed.
Indeed, only the resource stereotype on resources have been added on a UML
Class. Units are shown in Figure[3.7] The advantage of declaring units lies in the
more acurate modelling experience, as well as the fact that it helps maintaining
the model, by providing clearer specification of the product.

As described before, it is possible to describe parametrized constraints using
Parametric Diagrams in SysML. Figure shows the definition of the con-
straints that are used in the model, while Figure [3.10] represents the Parametric
Diagrams for the Device root block.

The goal of these Parametric Diagrams is to map the inner attribute of a block
to the constraints. This allows to reuse constraints in a more structured way
than with raw OCL declaration. However, it must be pointed out that the
constraints can still be written as formulas or OCL statements.

pkg [Model] Data[ Domainsu
xguamrtymnd» xQuLarmtvr:nd» =QuartityKinds
requency en Memo
zlnitz alnitz zUnitz
MegaHertz Inch GigaByte
eUnits wlinits cUnits
quantitykind = @ quantitykind = @Length quantitykind = @Memory
Frequency
«\alueTypes
Integer
<
a\alueTypes
x\-’alu_eTypex GB ValueTypes
m vialueTypen MHz
ohalue Types unit= M GigaByte
unit= minch = (LElRED
unit= M@MegaHerz

Figure 3.7: Units definition with SysML
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Figure 3.9: Block Definition Diagrams defining the constraints used
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Figure 3.10: Parametric Diagrams for the Device block
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3.2.2 Discussion

SysML represents an interesting and powerful extension of UML when it comes
to modelling systems and products. It is indeed possible for a knowledge en-
gineer to design a product model for configuration in SysML almost without
adding any new user-defined concepts. The power of SysML also lies in its
simplicity compared to UML (fewer diagrams), and the possibility to design
a complete product model, including requirements, that can be added to the
structural model that is needed for product configuration, though no specific
feature is introduced to define a mapping to BOM or routes information.

In a product configuration-only point of view, several interesting features are
added compared to UML. The possibility to introduce constraints in dia-
grams, and to map a model’s internal attributes to their use in the constraints,
brings a much clearer view for knowledge engineers not used to raw program-
ming language file, though OCL is still needed in complex constraints.

Thanks to this graphical view, it is also possible to group constraints linked
together (see example in Figure , and to declare them in a parametric
way, so they can be generalized and reused. SysML also permits the declaration
of user-defined units, making the model closer to the physical product, and
allowing a much easier maintenance of the system, especially in the case several
different engineers are using it.

However, there are still things missing in SysML. Table constraints are still
not available, though it is still possible to implement them using OCL, as in
UML. Some concepts, like resources produced/consumed, had also to be added
using stereotypes, though less than in UML. It is also not possible to declare
which block is the root element without using stereotypes.

Finally, the interpretation of the language stays an open issue: as SysML is
a graphical language, it needs to be efficiently converted so that a constraint
engine can be used, as well as to support tools to assist the knowledge engineer
during the model’s creation.

3.3 EXPRESS/STEP (ISO 10303)

This section introduces the International Standard ISO 10303, which is refer-
enced as STEP (STandard for the Exchange of Product data).
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STEP was first released in 1994, and is published as a series of Parts:

e Part 1 provides an overview;

e Parts 11, etc., specify description methods (the EXPRESS family of in-
formation modelling languages);

e Parts 21, etc., specify implementation methods (data exchange mecha-
nisms);

e Parts 31, etc., specify conformance testing methodology and framework;
e Parts 41, etc., specify integrated generic information models;
e Parts 101, etc., specify integrated application resource models;

e Parts 201, etc., specify Application Protocols (specific models targeted for
product data exchange);

e Parts 301, etc., specify Abstract Test Suites (corresponding to the Appli-
cation Protocol series);

e Parts 501, etc., specify Application Interpreted Constructs (interpreted
models common to two or more Application Protocols).

The goal of STEP is to allow the exchange of data describing a product be-
tween Computer Aided systems (CAD, CAM, etc). STEP is based on Integrated
Generic Resources, that are refined for different industrial areas as Application
Protocols (AP). Those AP are first defined independently of STEP, according
to the concepts of the specific industrial area they refer to, and are then imple-
mented in STEP using the EXPRESS language.

EXPRESS [36] is thus a data modelling language standardized as the Part 11 of
STEP. It consists of two different representations: textual, or graphical (called
EXPRESS-G). However, EXPRESS-G is not able to represent all details that
can be formulated in the textual form, on which we will concentrate in this part.

3.3.1 Implementation of the case study

It is possible to use the concepts behind EXPRESS in order to define product
configuration models. The whole implementation of the case study in EXPRESS
can be seen in Appendix [A] This part describes relevant parts of the model.
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EXPRESS supports object-oriented concepts: component types are defined in
EXPRESS as entities, and they are composed by attributes that can be of basic
types or entities themselves, representing partonomy relations in the model:

ENTITY Motherboard;
rfCard: SET[0:1] OF RFCard;
processor: Processor;
gps: SET[0:1] OF GPSReceiver;
wirelessChip: SET[0:3] OF WirelessChip;
ethernet: EthermnetCard;
nbTouchChips: INTEGER;
nbSlots: INTEGER;
hasCompassChip: BOOLEAN;
hasAccelerometer: BOOLEAN;

END_ENTITY;

As can be seen in the definition of the Device structure, the entities can be ag-
gregated as sets (among other lists, bags, ...) with dynamic multiplicity, ([0:3]
means 0-to-3 multiplicity).

Taxonomy relations are also available through the use of inheritance and ab-
stract classes:

(* Abstract base component for storage drives *)

ENTITY StorageDrive ABSTRACT SUPERTYPE;
capacity: GB;

END_ENTITY;

ENTITY SSD SUBTYPE OF (StorageDrive);

END_ENTITY;

These concepts permit to model the partonomy and taxonomy structures of
component types in the model, though there is no way to define which compo-
nent is the root.

It is also possible to declare named types and units, which help to clarify the
meaning and the context of the variable of these types.

TYPE GB = INTEGER;
WHERE

SELF >= 0;
END_TYPE;

TYPE SSD_TYPE = ENUMERATION OF (flash,DRAM);
END_TYPE;
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Constraints can be declared both locally and globally in EXPRESS, though only
local constraints are used in the implementation of the Mobile Device product
family. These local constraints are written within the entities using the WHERE
keyboard:

ENTITY Device;
motherboard: Motherboard;
screen: Screen;
drive: StorageDrive;
enclosure: Enclosure;
miniUSBAdapter: MINIUSBADAPTER_TYPE;
WHERE
((motherboard.nbSlots = 6) AND (enclosure.size = 115x58)
AND (screen.size = 3)) OR

((motherboard.nbSlots = 10) AND (enclosure.size = 240x190)
AND (screemn.size = 9)) OR

((motherboard.nbSlots = 12) AND (enclosure.size = 266x178)
AND (screen.size = 10)) OR

((motherboard.nbSlots = 14) AND (enclosure.size = 295x210)

AND (screen.size = 12));

(TYPEOF (screen) = TouchScreen) = (motherboard.
nbTouchChips > 0);

END_ENTITY;

As can be seen in those examples, one of the issues with writing constraints
in EXPRESS concerns the support of product catalogues: as other languages
shown in this Chapter, the only formulation available for product catalogs is
using a heavy logical disjunction.

EXPRESS also lacks built-in functions like sum, or built-in navigation within
collections (such as forAll or forEach functions). It is however possible for the
user to declare his own functions that can be used in the entities, for example
to calculate the actual number of slots made available by the motherboard:

FUNCTION SumChips(mb:Motherboard): INTEGER;

LOCAL
result: INTEGER := mb.nbTouchChips;
END_LOCAL;
IF (mb.hasAccelerometer)
result := result + 1;
END_IF;
IF (mb.hasCompassChip)
result := result + 1;
END_IF;

RETURN (result);
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END_FUNCTION;
ENTITY Motherboard;
DERIVE
nbChips : INTEGER:= SumChips (SELF);
END_ENTITY;

Being able to declare functions extends the possibilities in the model, but it
requires some programming skills. Thus it should be reserved for complex func-
tions, while functions like sum should be supported out-of-the-box.

Finally, other points need to be noticed:

e EXPRESS does not provide any support for connection ports: the one
in the Mobile Device case study is defined in the Enclosure entity and
declared as INVERSE reference in the TouchScreen. It however brings a
relation of parent-child that should not be present in this kind of relations.

e EXPRESS does not provide any way to declare resource consumption and
production.

e It is not possible to declare read-only attributes. On the other hand,
derived attributes must be used as hidden attributes, though their value
has to be directly associated to a function.

e Finally, EXPRESS does not support the declaration of soft constraints.

3.3.2 Discussion

EXPRESS is an interesting language for product modelling. It supports object-
oriented concepts and a complex multiple inheritance mechanism, which makes
it suitable for the modelling of most of the product configuration problem. This
is complemented by the possibility to use a full procedural programming lan-
guage to define functions and constraints on data instances. It also includes
nice features such as units and constant declaration or dynamic multiplicity.
Another point is the possibility to produce a graphical representation of the
model defined in EXPRESS using EXPRESS-G. This can be a real advantage
when modelling, and so is worth being pointed out.

However, the EXPRESS language seems too general and is not suitable for
knowledge engineers that are not expert in the language itself. The definition
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of functions requires advanced programming skills, and writing a complex
model without these functions can be very difficult or impossible, as a lot of
functions are not built-in (min/maz, sum, forAll, ...). Other product configu-
ration specific features are also missing, such as the declaration of a root
element, read-only and default attributes, support for resources, soft and table
constraints or connection ports definitions.

Moreover, the use of EXPRESS for product configuration modelling is restricted.
The major problem comes from the STEP standard itself. EXPRESS is meant
to be used to describe application protocols as part of the standard, and should
thus not include company-specific data, such as company-specific configuration
models. Ménnisté et al. describe in [63] a way to extend STEP in order to
permit the definition of such models in STEP, where the AP would be used to
declare the area-specific part of the model, while company-specific extensions
would be added as instances of the AP concepts. However, this could reduce
the freedom of the modeller, as he would have to comply to a basic structure for
its model, according to the corresponding AP. Other issues arise as well, such
as the definition of constraints in the model, as a STEP schema is supposed to
describe only valid instances [63].

3.4 Comparison and Conclusion

Table retains the main insights retrieved all along this chapter for the dif-
ferent modelling languages.

This table shows the differences between the languages, and first of all highlights
the capabilities of the graphical languages, in both the clear view they provide
and the completeness of their specifications. The difference of capabilities is
greatly due to the fact that defining these languages with a lot of features is
easy while interpreting them is more difficult. This is shown by the research
done in the interpretation of UML-based model for product configuration |1}[2].

However, a language like UML is too general for configuration and its concepts
too specific to software engineering. That is why SysML has been introduced,
and it brings some clarity on product-related concepts, adding interesting fea-
tures that can be used for product configuration modelling.

The advantage of textual languages is obviously that they can be directly inter-
preted as such. They also usually make possible to create a graphical represen-
tation on top of them, like EXPRESS-G. EXPRESS provides a full support of
all object-oriented featured discussed in the requirements section.
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However, the definition of the constraints on the entities is made difficult by
the lack of built-in functions or navigation within the aggregation collections.
The possibility to declare functions using a full procedural programming lan-
guage permits to do almost everything, but it then requires more advanced pro-
gramming skills. Moreover, the use of EXPRESS for configuration is restricted
because of its belonging to the STEP standard (see section .

None of the three languages compared here includes support for mapping struc-
tural component types and production attributes (BOM and operation routes).
Although this feature may be specific to the underlying ERP or PDM software
in charge of production management, it may be very useful in some cases, e.g.,
for standalone configuration system.

Using a general purpose modelling language for such a specific problem as prod-
uct configuration has advantages, including the fact that most of these languages
are well-known and have many interesting features. However, these languages
are quite complex and very general, and it is not always an easy task to adapt
them to product configuration and its specific concepts.

In this part, we have shown that, although these general languages have some in-
teresting capabilities for modelling configurable product families, they are miss-
ing some important concepts, and languages like UML and SysML have limita-
tions when it comes to dealing with modelling configuration-specific constraints
or providing tool support. The next parts will thus introduce a new configura-
tion framework supported by a configuration-specific modelling language that
make use of the lessons learned from this study.
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Part 11

Heterogeneous Products






CHAPTER 4

Research Problem

This chapter introduces the Research Problem motivating our work in this part,
with the following question: how to uniformly support the configuration and
management of heterogeneous product families? What we refer to as a het-
erogeneous product family is a family of products integrating separate design
disciplines interacting with each others. Such design disciplines involved in con-
figurable product families can be, e.g., physical product design, software design,
or service design. In the rest of this thesis, we refer to these design disciplines
as the dimensions of a product family. Modelling configuration in such prod-
uct families yields various issues, due to the diversity of the product knowledge
necessary to address these different dimensions. Indeed, the model of a hetero-
geneous product family can be very complex, and involves several types of users
with different skills and objectives. Finally, the different dimensions in such a
product family are not independent, and it is primordial to take the interactions
between dimensions into account.

We first introduce the literature background relevant to this part, and then we
derive several Research Questions from our motivation problem.
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4.1 Background

This section describes different areas of research on which this work is based,
beside product configuration (Section . We start by providing an overview
of related work on software product lines. Thereafter, we describe research on
service configuration.

4.1.1 Software Product Lines

In this subsection, we briefly describe software product lines and some research
on how to model them.

Software product lines (SPL), also known as software product families, is a set
of software systems sharing a common set of features that “satisfy the specific
needs of a particular market segment or mission and that are developed from
a common set of core assets in a prescribed way” [24]. The concept of SPL
has been proposed to improve software development and control the complexity
and variability of software products. An SPL is based on a common software
architecture and a common set of components implemented during a first phase
called development [20]. This phase makes the core of the software system,
which is then adapted to software products in a second phase called deployment.
The deployment phase is aimed at deriving an individual product based on the
software product line architecture that fits the requirement of a specific market
or customer.

Several methods have been used to model efficiently software product lines,
in particular two types of approaches, based on the modelling of the system’s
features or its architecture. The rest of this section gives an overview of some
of the feature modelling approaches and modelling in software architecture.

4.1.1.1 Feature modelling

Feature modelling approaches are based on the concept of features, which has
had several definitions over the years. The first feature modelling language,
FODA (Feature-Oriented Domain Analysis) [53], defines a feature as “a promi-
nent or distinctive user-visible aspect, quality, or characteristic of a system”.
Some other definitions have been given, including “an increment in program
functionality” [12] or “a system property that is relevant to some stakeholder” [30].
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Car
Transmission Horsepower Air conditioning
Manual Automatic

Figure 4.1: Example of a FODA model [53]

FODA is based on feature models that describe the different features of the
software product line and the variability in it. An example of a FODA model
can be seen in Figure [II] A feature model is a tree starting at a root feature.
Each feature can have other features as subfeatures. In Figure the root
feature is Car, which has Transmission, Horsepower and Air conditioning as
subfeatures. Moreover, Manual and Automatic are subfeatures of Transmission.

Variability is addressed using different relations between features and subfea-
tures, including mandatory subfeatures (must be selected if its parent is), op-
tional subfeatures (may or may not be selected), or alternative subfeatures. An
alternative subfeature consists of a set of features where one and only one fea-
ture must be selected if the parent is; Manual and Automatic are alternative
subfeatures of Transmission in Figure Feature models can be configured
to represent individual products. In order to obtain a wvalid configuration, the
subset of selected features must obey the rules defined in the feature model, i.e
the different rules concerning which subfeatures are allowed to be selected or
not.

An important number of extensions have been made to FODA. New feature
modelling methods includes feature models formed as directed acyclic graphs [29|
54], where subfeatures can be shared by more than one parent. Subfeatures
have also been given a feature cardinality [23] to specify how many times the
subfeature may or must appear in a valid configuration. Feature attributes have
also been added to feature models: a feature may have at most one attribute |30]
or several [27]. Another improvement to feature models includes feature groups
[28], which consists of a number of features (the group cardinality) that must be
selected. In order to avoid confusion, subfeatures not members of any feature
group are referred to as solitary features. Finally, Forfamel [7] describes a feature
modelling approach synthesizing most of the previous approaches, along with
type-instance semantics and subfeature names for more flexibility in establishing
the different roles of the shared subfeatures.
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4.1.1.2 Software architecture

Another type of approach considers software product lines from an architectural
point of view. Architecture description languages (ADLs) have been proposed
to describe the SPLs in terms of their structure, including their components,
interfaces, or communication protocols. Despite the large number of existing
ADLs, only a few have been developed to handle variability in SPLs.

Koala relies on a model with components and interfaces. Components
are the basic “encapsulated” blocks of software, and interfaces and can be used
to provide or require different functions to/from different components. As with
product configuration, partonomy and taxonomy structures can also be created.
A component can contain one or more interfaces, specified using interface types
described as “small sets of semantically related functions”. Each interface thus
has a type, a name, and a direction (required or provided), and interfaces with
matching directions can be connected together. Parameters can be used in Koala
as variability mechanisms. Those parameters influence the functionality of a
system: it may for example affect which interfaces are connected. Interfaces can
also be declared optional, i.e., the parent component may not have the interface
in the final configuration. Figure [£:2] shows a Parking product modelled with
Koala.

Koalish [§] extends Koala by adding more variability features such as attribute
domains and constraints. It specifies the attributes and constraints of Koala
components in a textual representation, as shown in Figure

ParkingSystem

pa:
a-ParkingApplication

—— mpa

v'mc :UseCamera | ' | uD : UseDisplay v iuW : UseWireless | _ | ggand

¢
iuG : UseCamera |wmw| iuD : UseDisplay iuW : UseWireless P componentcof type cT with a
v v v c:cl required interface r of type S
T ‘ and a provided interface p of type U
T p:U
mci mdi mwi Binding between a required and a

provided interface

ci: di

; . wi:
a-Cameralinterface a-Displayinterface a-WirelessInterface m software module m

Figure 4.2: Parking model in Koala
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component ParkingSystem {

contains
component (a-ParkingApplication_WindowsCE,a-ParkingApplication_Symbian) pa;
component DisplayInterface di;
component (a-Cameralnterface_iPaq,a-Cameralnterface_Symbol, a-CameraInterface_P900) ci;
component (a-WirelessInterface) wil[0-1]

constraints
ci instance of a-Cameralnterface_iPag => pa instance of a-ParkingApplication_WindowsCE;
ci instance of a-Cameralnterface_Symbol => pa instance of a-ParkingApplication_WindowsCE;
ci instance of a-Cameralnterface_P900 => pa instance of a-ParkingApplication_Symbian;

Figure 4.3: Koalish integration of variability in the Parking model from Figure

o1

Other architecture description languages have been proposed, e.g., [42], although
few contain concepts for variability. An exception is xADL 2.0 [31], which per-
mits to define customised ADLs using the Extended Markup Language (XML).
Basic modelling elements in xADL 2.0 are component types, interface types, and
connector types. Those elements are organised in a partonomy and can be op-
tional (it is not required to be included), variant (it represents a choice between
two or more elements), or optional variant. Boolean expressions are used to
define whether to include an optional element or which variant to select.

4.1.1.3 Multi-layer models

Several approaches have tried to bring together the two modelling methods
described above [13|18,|90]. In particular, Czarnecki et al. [26] illustrate a
multi-level modelling approach with four layers: feature configuration, analysis
models, architecture and design models‘, and code. Boolean conditions or OCL
constraints can be used to relate elements in the different layers. Asikainen et
al. created Kumbang [6] by merging two previous languages, Forfamel (feature
modelling) and Koalish (Koala-based architecture description language). In
Kumbang, the two different views are related using implementation constraints,
defined in a specific constraint language.

Other methods have extended feature models to different levels. Czarnecki
et al. |29] propose a specialisation of feature models using specialisation steps
that includes refining feature and group cardinalities, removing/selecting a sub-
feature from a group, assigning an attribute value, or cloning a solitary feature.
The aim of this approach is to perform staged configuration of feature mod-
els, i.e., to allow the specification of family members in several stages, where
each stage eliminates some configuration choices. Reiser and Weber [82] also
propose a multi-level approach. Reference feature models serve as a template
and guideline for new models, called referring models. Reiser and Weber define
several deviations representing the difference between a reference model and its
referring model. One major difference between this approach and the one from




54 Research Problem

Czarnecki et al. is that in Reiser and Weber’s work, feature models are not
organised according to a specialisation hierarchy: in multi-level feature trees a
valid product of a referring feature model does not necessarily have to be a valid
product of the corresponding reference feature model. This aims at tackling for
example the situation when changes are included locally in referring feature
models before being pushed up the feature tree at a later time. Finally, Zaid et
al. [111] propose a new modelling technique called Feature Assembly Modelling
(FAM), based on the concept of perspectives. In order to improve the designing
of feature models, this method advocates the separation of concerns approach
via proposing different perspectives, e.g., System perspective, Users perspective,
or Functional perspective. Aside from composition and specialisation relations,
classic dependencies relations (e.g., requires, excludes, incompatible) are used
to connect the different features, whether or not they belong to the same per-
spective.

4.1.2 Service configuration

Services are usually defined as products with a significant service dimension [56].
Configurable services represent services that can be customised from a set of pre-
defined options, in order to fit the needs of individual customers. Research on
configurable services and how to model them for configuration is a relatively
recent topic, with limited work available. Several authors have been discussing
the configuration of different types of services, including IT services [19], in-
surance [108], or maintenance services [65]. Other researchers [3,49,98,/107]
proposed more detailed conceptualisations for modelling services.

Akkermans et al. [3] present a model using three perspectives: wvalue, offering,
and process. The value perspective represents what the customer needs, the of-
fering perspective what the supplier is providing, while the process perspective
describes the realisation of the service. Heiskala et al. [49] propose a concep-
tual model with four viewpoints, called worlds (Figure : the needs world,
representing the customer’s needs; the service solutions world, for the service’s
specifications; the process world, related to the service delivery; and finally the
object-of-services world, that is used to describe the service recipient and the
environment in which the service will be supplied.

Although the first three worlds are similar to the perspectives from the work
in [3], the last world can be beneficial as the characteristics of maintained equip-
ment or the service’s environment may affect the service definition and should
thus be included in the model. Each world is organised according to different
types: the need type from the needs world denotes a benefit that a customer
is looking for in the service; the service element type from the service solution
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Figure 4.4: Overview of Four-Worlds model from [49]

world is used to describe the agreement about what is to be delivered by the
service; the service object type from the objects-of-service that describes the
recipient of the service, or the environment relevant to that recipient; and the
process module types that represent tasks carried out as part of the service
delivery process. These types can have valued attributes, and are organised in
the different worlds using partonomy and taxonomy relations, while constraints
specify the dependencies between the types that must hold to obtain a valid
configuration.

4.2 Research Questions

Based on the requirements from Part I, we specify in this section the main
research problem in more detail with the following Research Questions:

RQ1 What needs of the model’s user should be supported?
RQ2 What modelling constructs support addressing the heterogeneity?
RQ3 How to integrate the different dimensions of heterogeneity in the models?

RQ4 How to support the management of product families over time and for
different market situations?

In the rest of this part, we extend the motivation example presented in Sec-
tion We present in Figure a simplified version of the Mobile Device case
study.
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It represents a configurable family of products consisting of:

e A set of physical elements, including a keyboard, a screen, a battery or a
motherboard for example. This part represents all the components of the
products that are manufactured, and that will be translated into BOMs
and operations routes.

e The configurable software running on the devices. This includes the dif-
ferent applications (e.g., phone, photo, or map applications) that are to
be deployed on the devices, as well as the libraries that will support them.
Deployment of such elements involves installing software packages in a
specific sequence.

e The services associated with the devices. The product family can be sold
with different services, including phone and data subscriptions, different
types of repair schemes, or synchronisation services.

Already this rather small case study illustrates how complex the modelling of
a heterogeneous product family can be. Indeed, the engineers responsible for
modelling the variability in the physical parts of the system often possess knowl-
edge different from the ones responsible for managing the software configuration
model, or creating the service model. As can be seen in Sections [2.1] and [41]
although the modelling approaches often use the same basis (types, parton-
omy, etc.), the high-level concepts behind each type of modelling are different,
and thus require different mindsets. One can therefore assume that the task of
managing the variability of the hardware, software and service parts for large
products is delegated to separate groups of knowledge engineers.

Configuring such a product family can be quite complex, due to the amount
of technical details represented in each different aspect of the products. Those
details are often not easily accessible to sales persons and end-users, who prefer
viewing the features (or functions) of product families, as described in [93].
Defining the feature set of the product family may be enough in some cases.
However, we identified several scenarios that illustrate different situations where
this feature set may need refinement:

e Market differentiation: The company selling the products proposes dif-
ferent feature sets for different markets. In our example, different mar-
kets, e.g., Europe and United States, requires different data signals to
be handled by the phones, as well as different regulations. The possible
combinations of features may just be restricted on those different markets.

o Feature set evolution: The product family’s feature set is evolving with
time. Devices may not arrive fully featured on the market, due to time
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Figure 4.5: Overview of the extension of the Mobile Device case study. The
product family represents mobile devices and is configured according to three
dimensions, hardware, software and services, and needs to be adapted to differ-
ent scenarios, e.g., tailored to distributors and markets.

constraints or strategic decisions. A refined feature set may then be needed
for a specific time, with additional constraints that may disappear (or be
modified) in future evolution of the product family.

e Distributors tailoring: The producing company is distributing the prod-
ucts to different intermediary vendors. Products like the Mobile Device
may not be distributed directly by the manufacturer. This producer may
propose a feature set to vendors that can adapt it in order to forbid specific
combinations, or to create a more simple feature set for the end-customer.
For example, the example products may be sold by distributors by let-
ting the customer choose between different feature packages, limiting the
choices in configuration.

e Market analysis: The end-users can also be considered beforehand (instead
of the product family). A market study identifies the different needs of the
customers (or needs that the company wants to introduce in the market)
which are used to identify different feature sets to satisfy these needs,
alming at creating a product family to fit those. In contrast to the first
three scenarios, this scenario considers the market needs as the basis for
designing the product family.
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These scenarios provide a more concrete characterisation of how the function-
alities of the product family may need to evolve depending on its use and dis-
tribution, as introduced in Research Question 4.



CHAPTER 5

Conceptual Modelling
Framework

In this chapter we present a framework for modelling heterogeneous product
families. This framework synthesizes, unifies, and extends different approaches
to modelling configuration in the different design disciplines, e.g., physical prod-
ucts, software, or services. We first give an overview of the approach, and then
detail the different conceptual elements and the dependencies between them.
The framework and related work are discussed at the end of the chapter.

5.1 Overview of the Approach

Our approach is based on the concept of modelling views. Those views are used
to model different aspects of the product family, according to the different roles
of the modellers. The main assumption is that each product family considered
consists of different dimensions, and that all these dimensions need (and benefit
from) configuration. An overview of the basic concepts can be seen in Figure

b1

Configuration models are often created and maintained by knowledge engineers
based on various details provided by domain experts. However, heterogeneous
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Figure 5.1: Overview of the conceptual framework. Realisation and structure
views are specific to each dimension of the product family, while feature views
are organised in a feature views hierarchy (Figure and represent the whole
product family.

product families with multiple dimensions may require different kinds of domain
experts with different roles and sets of skills, according to the degree of tech-
nicality or the dimension considered. That is why our framework is based on
different types of views: feature views, structure views and realisation views.

Feature views provide a view of a product family from a high level of abstraction.
Technical details of a product family are not suitable for all types of users:
feature views are therefore used to express the different functionalities of the
product family. These views are targeted at sales persons or end-users that need
to have an understanding of what the product can do, instead of how they can
do it. The aim is indeed to differentiate between what functionalities the end-
user needs from the product family versus how those needs can technically be
achieved. In our conceptual approach, feature views are not separated according
to the different dimensions of the product family. The relations between the
concepts described in feature views are related to the product as a whole, and
as such should not be dimension-specific. Products can indeed be characterised
by the features (or functions) they provide, independently from the way they
are structured.

Structure views define the different design components that implement the de-
scribed features of the product family, and the relations between them. Structure-
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based approaches for configuration are widely used [93], as the compositional
structure of the product families is often used to represent the product data
knowledge. The structure views communicate the aspects of the architecture
of interest to those involved in designing the system. They provide more con-
crete models of a product family, as they represent the specifications of the
components of the system. Structure views are thus mainly aimed at design or
maintenance, and are for example targeted at product design engineers, software
architects, or service contractors.

Realisation views offer a detailed technical view of how the products are re-
alised. Compared to structure views, whose purpose is to represent the design
of a specific dimension of the product family, realisation views are aimed at
describing the elements necessary for the concrete realisation of the system for
that dimension. They are thus targeted at highly specialised engineers, e.g.,
product engineers, software developers, or service deliverers, and represent the
lowest abstraction level in our conceptual configuration framework. Each real-
isation view is associated with a dimension, which defines its proper meaning:
physical products use this view to represent manufacturing data, while software
involves the solution deployment, and services the delivery process.

While feature views are related to the whole product, different structure and
realisation views must be considered for each dimension, providing a two dimen-
sional modelling of the product family, according to the degree of technicality
of the view (structure versus realisation view) and the domain of expertise (de-
pending on the dimension considered). This also means that structure and
realisation views from different dimensions do not influence each other. This
is motivated by the fact that each type of view is handled by engineers with
different roles and skills, e.g., the architecture of the software should be inde-
pendent from the structure of the physical product, although some elements
may be combined to provide specific features in the feature views.

Feature views are related to structure views using implementation. This inter-
action is primordial as it models the dependencies between the feature view and
the different structure views. The implementation of a specific feature in the
model has indeed to be provided by the structural capabilities of the product
family, whether it comes from a specific dimension or a combination of factors
from different dimensions. Moreover, structure views and realisation views are
related using mappings. Those mechanisms are described in more details in the
next sections.

In order to address with our approach the different scenarios discussed in the
previous chapter, feature views are organised in a specialisation hierarchy called
a feature views hierarchy (Figure . Each model defines a base feature view,
which will contain all the features available for the modelled product family,
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Figure 5.2: Feature views hierarchy

and should be implemented by the structural views. This view can then be
refined in specialised feature views, in order to model specific sets of products.
In contrast to the structural and realisation views organisation, the feature
views hierarchy is a dynamic hierarchy, in the sense that feature views can be
added or removed in that hierarchy in order to fit specific needs. The scenarios
defined previously can be supported by the feature views hierarchy by using
a fully featured base view and specialised views for different markets (Markets
differentiation scenario), for each evolution of the product family (Feature set
evolution scenario), or for distributors’ own feature sets (Distributors tailoring
scenario). The last scenario (Market analysis scenario) can also be supported
in a top-down approach: higher level feature views can be built according to a
market study; those views can then be merged into one base feature view, from
which the company can see whether all necessary features can be implemented by
its current offering, or whether some changes need to be done. Feature views in
the feature views hierarchy are related by specialisation operations (refinement
or reference) or by implementation.

In the next section, the different views are described in more details, illustrated
by our case study example. Section [5.3] then addresses the different types of de-
pendencies and constraints used in the framework and their semantics. Finally,
we detail in Section the mechanisms used to relate feature views and types
in the feature views hierarchy. We refer to the case study extended in Section
for illustrative examples.
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5.2 Description of the Views

Modelling views fit different modelling purposes, and are therefore split into
feature views, structure views, and realisation views. Fach type of view is char-
acterised by a set of concepts with a specific organisation. Modelling views can
also interact with other views in various ways, depending on their types.

Each view follows a type-instance approach. Types represent classes of distin-
guishable entities in the modelled product family, and serve as a description of
its individuals, or instances. Each of the following subsections describes one
type of view in detail, defining the associated concepts using UML meta models
and how they are used when modelling the different product dimensions.

5.2.1 Feature Views

Feature views provide a view of a the functionalities of a product family. The
UML meta model defining the concepts used in feature views can be seen in
Figure [5.3] while Figure [5.4] shows the feature types of the base feature view of
our case study. UML is used to represent the case study, although no constraints
are shown here. Note also that the model of the Device Mobile product family
presented in the rest of this chapter are subparts of a larger model available
used in Chapter [11] and available at [74].

A feature view is composed of feature types. Individuals instantiated by those
types represent features that a product family can provide. Adapting the defini-
tion from [93], we define a feature as “an increment in the system functionality
that the product provides to the customer, the user of the product, or the envi-
ronment in which the product instance will be situated” .

Feature types define a partonomy structure: each type can define one or several
subfeature relationships with other feature types. A subfeature is a decomposi-
tion of a feature type, and provides a part of the functionality that its parent
is defined for. Subfeature relations have a cardinality, defining the number of
feature instances that are involved in each relation. Several feature types can
thus be grouped together to express the fact that they are providing similar
functionalities or are part of the functionalities of a larger feature type, in an
incremental way. Subfeature relations can also be used to model optional fea-
ture or feature group as in [29)], expressing a choice over different subfeatures.
This also permits a better model maintainability, as the model becomes more
modular, and the parent feature type (i.e., the “head” of a subfeature relation)
can be reused as the subfeature of different feature types, limiting the number
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Figure 5.3: UML meta model for feature views

of relations declared without limiting the expressiveness of the model.

Example 1 Consider the base feature view of our case study (Figure . Mo-
bile Devices can propose features such as device localisation, telephony capabil-
ities or different types of input and display. We thus define feature types such
as Localisation or Input. The Phone feature type is a subfeature of Communi-
cation, and may not be used during configuration, as its cardinality is 0 or 1.

The feature types in a feature view are also organised in a taxonomy: each type
can be related to other types via a kind-of relation. In such a relation, there is a
subtype and a supertype. Individuals instantiated from subtypes also contain the
properties of their supertypes and their constraints. Types can have multiple
subtypes and multiple supertypes, provided that the names given to each su-
pertype’s properties do not collide with the properties of the others supertypes.
This means that the instance of the subtype inherits from its supertypes, e.g.,
when it provides functionalities derived from all of them. Finally, a type may
be declared abstract, in which case instances of this type must be assigned one
of its concrete subtypes during configuration.

Attributes are valued properties of a feature instance. They represent the char-
acteristics of a feature type, i.e., some variable information that must be chosen
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Figure 5.4: Types structure of the base feature view for the Mobile Device
product family, presented in UML notation. UML Aggregations are used to
represent subfeature relationships, including names and cardinalities. The root
feature type is designated by a star(*) and thick lines. Compatibility constraints
are not shown here.

a value during configuration. Each feature type can define attributes using at-
tribute definitions. Those definitions define the name of the attribute, and the
number of elements it refers to, using a cardinality. Each attribute can take dif-
ferent values, which are specified in a named domain. An attribute can also be
defined as read-only or hidden. If an attribute is read-only, it will not be mod-
ifiable during configuration by an end-user. In case it is hidden, it is not even
visible. These options are useful when providing information to the end-user
or declaring attributes for computational purposes and ease of modelling. At-
tributes and subfeatures are from now on referred as the properties of a feature

type.

Example 2 The feature type Display has an attribute size, which represents
whether the display of the mobile device should be of normal or large size. The
Input type also contains attributes, for example, to specify whether the input
should be touch-based, and whether the device should have a backlit keyboard.

Types can define compatibility constraints and implementation constraints. These
constraints permit to model the dependencies within feature views and with
other views as well. Dependencies and constraints will be described in more
details in Section [5.3
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Semantics. In a valid configuration, there must exist at most one root feature
type, which would be the root of the partonomy tree. However, due to the
presence of a feature views hierarchy and the potential specialisation operations
between the feature views (see Section, it is possible that no root is defined,
in which case the root feature type is assumed to be the root feature type of
the immediate parent feature view in the hierarchy. A special case is the base
feature view, which must declare a root feature type, as it is at the root of the
feature views hierarchy. Moreover, there should be no cycle in the partonomy
and taxonomy, as those relations are hierarchical and form a tree. The number of
instances of feature types defined as subfeatures should satisfy the cardinality
of the subfeature relations they are declared in. Finally, a valid instance of
a feature type contains all the attributes of its type and its supertype; each
attribute must have a value that has its declared type, and which is chosen
within its declared domain.

5.2.2 Structure Views

Structure views define the different design components that realise the described
features of the product family. The UML meta model defining the concepts
used in structure views can be seen in Figure [5.5, while Figure [5.6| shows the
three structure views for our case study, corresponding to the physical, software,
and service dimensions, in UML representation. It is worth pointing out that,
although the UML representation of the physical structure view is very similar
to the UML model seen in Chapter [3| (Figure [3.3)), the model shown here is
merely using UML symbols to represent the concepts defined in our framework,
while the model from Chapter [3|used the actual UML concepts to represent the
product family.

The basic building blocks in structure views are structure types, which can be
either component types or association types. Each structure type is associated
to a structure view.

Instances of component types represent structural elements of the system, and
can be composed of subcomponents, thanks to partonomy relations. Each struc-
ture view contains one root component type, which becomes the component type
from which the partonomy starts. Subcomponent relations are also associated a
cardinality, that may be static (a specific number of subcomponents is specified)
or dynamic (a range of possible cardinalities is declared). Note that the com-
ponent types involved in a subcomponent relationship must be associated with
the same structure view: this prevents that the partonomy of a view extends to
another structure view describing another dimension. Also, as in feature views,
no cycle can exist in the partonomy.
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Association types represent types that can be involved in an association rela-
tion. Associations are non-hierarchical relationships between components. A
component type can define an association of a specific association type. This
association type can be bound to a specific number of component types that
are allowed to use it. Association relations also define the direction of the rela-
tion: a component type defining an association can either provide a connection
point, require one, or simply be involved in a non-directional relationship. As
for subcomponent definitions, cardinalities can be used to define the number of
individuals potentially involved in the association definition. Component types
defining the same type of association can be connected if the directions match
(one is required and the other one is provided, or both have no direction).

A taxonomy structure can also be created, as structure types can be subtypes
of other structure types, provided that they are of the same nature (component
or association types). As with feature types, the subtype of a structure type
contains all the latter’s properties, and may define additional ones.

The different concepts used in structure views have a specific meaning accord-
ing to which dimension each view refers to. For example, a physical structure
view represents the physical structure of the product family. Component types
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are entities whose individuals are physical components involved in the physi-
cal design, while associations are used to model non-directional physical links
between two components. A software structure view describes the architecture
of the software system involved in the product family. Instances of component
types represent software components, and associations can be defined to model
interfaces, whether they provide software functions or require some. Also, a
service structure view describes the specifications of the service to be deliv-
ered. Component types are service element types, and describe contractual
agreements of what to be delivered, similar to what is modelled in the service
solutions world of Heiskala et al. [49].

Example 3 The Mobile Device product family (Figure@ is composed of de-
vices that include for example a screen and a motherboard. Subcomponent def-
initions are represented using UML Aggregations, and generalisation are repre-
sented using UML Generalisations. The root component types are designated
by a star(*) and thick lines. In the physical structure view, association defini-
tions are shown using UML Associations. Resource use definitions are shown
as dashed arrows, their use types symbolised by the directions of the arrows. In
the software structure view, association definitions are shown using UML Inter-
face (provided) and UML Socket (required), depending on the direction of the
association.

The WirelessChip component type represents different chips that can be installed
on the motherboard: it is thus involved in a subcomponent relations with the
Motherboard component type, with a cardinality of 0 to 3, i.e., up to 3 instances
of WirelessChip can be present in a valid configuration. The Stylus association
type models a stylus: it has no specific parent in the partonomy, but is associated
with the TouchScreen type (which may need a stylus) and the Enclosure of the
device (which may have a specific slot to store the stylus).

The software running on the devices is composed by several layers, including two
subject to configuration: the middleware layer and the User Experience layer
(UX). The UX layer describes the different applications that can be installed,
while the middleware layer relates to the libraries behind those applications.
Other layers, such as the software kernel, are not configurable, and thus do not
appear in the configuration model. The UX component type is abstract, and
has to be specialised as a HandsetUX or NetbookUX during configuration time.
Also, the ILoc interface is modelled as an association type between the library
LocationLib that provides it and the MapsApp application that requires it.

Finally, the devices come with different services, including phone and data sub-
scriptions, after-sales support, and map downloading services. The service struc-
ture view thus contains component types such as PhoneSubscription, that may
appear in the service contract if the device is sold with a phone subscription.
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Figure 5.6: Structure views of the Mobile Device product family. (a) Physical
structure view. (b) Software structure view. (c) Services structure view.
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Structure types can have attributes and compatibility constraints, in the same
way as feature types. Those attributes represent valued characteristics of the
instances, and the compatibility constraints describe the dependencies within
the structure view (detailed in Section . Attributes, subcomponent, and
association relations will from now on be referred to as the properties of a
structure type.

Example 4 The SoftwareSupport component type in the service structure view
(Figure has a duration attribute (which ranges from 90 days to 3 years),
while the Stylus association type in the physical structure view may have a com-
pact or large value for its size.

Finally, resources can be declared in structure views, and their production and
consumption by component types is declared by use definitions. Resources can
model any quantifiable entity that needs to be (at least) balanced in the system.

The value of a resource use definition is specified with the same kind of expres-
sion as compatibility constraints (Section [5.3)) and must evaluate to a quantity.

Example 5 Resources make the most sense in physical structure views. The
AvailableSlot resource in the Mobile Device product family represents the num-
ber of chip slots available on the motherboard: it is produced by the motherboard
itself, depending on the size made available within the enclosure, and is con-
sumed by each chip installed on the motherboard.

Semantics. In a valid configuration, there must exist exactly one root compo-
nent type. No cycle cannot appear in the partonomy and taxonomy trees. The
number of instances of component types defined as subfeatures should satisfy
the cardinality of the subfeature relations they are declared in.

Moreover, each association instance present in the configuration should be con-
nected to component types matching the direction of their association definitions
(if a definition is provided).

Resources must also be balanced: the difference between all the productions
from the different type instances and all the consumptions must be greater or
equal to 0 in a valid configuration. Finally, as for feature views, a valid instance
of a structure type contains all the attributes of its type and its supertype; each
attribute must have a value that has its declared type, and that is chosen within
the declared domain.
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5.2.3 Realisation Views

How each product family design is mapped to production data depends often on
the backend of the configuration tool used (i.e., whether the tool is standalone,
or integrated in an ERP system, etc).

However, we define here a model for realisation views aiming at providing the
base for a common conceptualisation of the realisation phase in configuration.
The UML meta model defining the concepts used in realisation views can be
seen in Figure

The building blocks of a realisation view are realisation types. There are three
possible realisation types: item types, operation types, and resource types. Each
realisation view is associated with a structure view (representing the same di-
mension), and this interaction is responsible for the presence of structure types
in the meta model, although they do not belong to the realisation view.

Item types represent the production components used to realise products. This
can be a BOM item for manufactured parts, a software package when dealing
with software, or an object to be produced when delivering a service (e.g.,
a contract or a bill). Contrary to structure views, realisation views are not
starting with a single root type. Instead, the structure and realisation views are
associated via a mapping between the structure types and the corresponding
item and operation types necessary to realise the product.

A mapping condition is specified to determine whether an item (or operation)
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Figure 5.7: UML meta model for realisation views
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type is to be produced or not. Mapping conditions are written as constraints,
and will be described in Section Since structure views provide a higher level
of abstraction of the product family, there are often much more item types than
structure types. Each item type mapped to a structure type thus defines its
own tree of subitem types, providing a more detailed breakdown of the actual
production components.

Example 6 Figure shows a part of the realisation view for the physical di-
mension of our case study example. It represents the realisation of the Screen
and TouchScreen structure types. The Screen type can be mapped to different
items, depending on the mapping conditions specified in the relationships. These
conditions may involve elements from the structure view, such as attributes val-
ues or any other properties.

For example, if the individual is an instance of the TouchScreen type, the BOM
may be composed by the item #8920, which is in turn composed of two items
#235 and two items #239.

Operation types are used to specify a set of operations needed during the pro-
duction of configured products. As for item types, a mapping is done with
structure types, and suboperations can be defined.

Different production operations must often be performed in a specific order.
Operation types can thus be linked by successor relations. In case a successor
relationship is defined between two operation types, the operation individuals
instantiated must respect the order in which they are carried out if they are both
involved in the realisation process. The operation types correspond for example
to sequences of manufacturing operations for physical parts, deployment actions
(with dependencies) for software, and delivery processes for services.

Example 7 The Coating operation (for applying coatling to the screen) is spe-
cific to instances of the TouchScreen type. Also, the different operations are
ordered, in such a way that the thermal tempering must be done before the coat-
ing (if needed), and before the assembling. This is defined using the successor
relation between the ThermalTempering and the Assemble types.

Finally, resource types can be defined to represent resources used in the op-
erations. Those resource types may describe a machine, an operator, some
information, or anything that may be necessary to complete the operations.

Example 8 The Coating operation type uses the CoatingInjector resource type,
as an injector is need during the coating of a touch screen.
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Semantics. In a valid configuration, for each item or operation type, the
following applies:

1. If the type is mapped to a structure type via a mapping condition, an
instance of the realisation type should be present for each instance of the
structure type for which the mapping condition is true.

2. If not, an instance (or more, depending on the cardinalities involved) of
the realisation type should be present if and only if it is involved in a
subitem (or suboperation) relation and its parent is present.

Moreover, an instance of a resource type should be present for each instance
of operation type that uses the resource type. Finally, the list of operation
instances should be ordered in according to the successor relation defined.

_________________ «ltemType» [4][ «ItemType»
} #8900 #240
«StructureType» uses > [<ResourceType»
Screen b --— - - oo, Cooler

e N «OperationType» «OperationType» | uses P |«ResourceType»
Assemble € SUCC ThermalTempering Furnace

_______________________ «ResourceType»
} Coatinglnjector
|

«ItemType» |[2]
#235
[2]
«ltemType» «ltemType»
#238 #239

Figure 5.8: Part of the physical realisation view for the running example, pre-
sented in UML notation. Dashed arrows show the mapping between structure
types and item/operation types (associated conditions are not shown here).
Subitem relations are represented using UML Aggregations. The Screen and
TouchScreen structure types are shown here to illustrate the mapping relations,
although they are not part of the realisation view.
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5.3 Dependencies Within and Between Views

Attributes and other properties of types in feature and structure views handle
the variability in the product families. It is however necessary to restrict the
combination of values available in order to obtain a model that fits the actual
product family. Moreover, modelling heterogeneous product families is more
than modelling its different dimensions. These dimensions interact with each
other, and modelling those dependencies is essential in order to have a complete
and consistent modelling framework. Constraints can be used to specify de-
pendencies within or between views when other modelling mechanisms are not
sufficient to capture them.

A constraint is a Boolean condition relating different elements of the model. We
define different types of constraints in our conceptual framework: compatibil-
ity constraints, which aim at ensuring the consistency of a structure or feature
view independent from each other; mapping constraints, which define whether
individuals from the realisation views should be included or not in the final con-
figuration output; and implementation constraints, which are used to describe
the relations between the base feature view and the structure views, or between
two feature views related in the feature views hierarchy.

This section describes the different types of constraints. Examples of constraints
are given in a constraint language for illustrative purposes: this constraint lan-
guage will be given in more detail in the next chapter.

5.3.1 Compatibility Constraints

Compatibility constraints are fundamental in the modelling of the feature views
and the structure views, independently from the dimension considered, as they
remove possible inconsistencies between different properties of the instances
during configuration.

A compatibility constraint is specific to a particular view, and can only involve
properties of this view. As it models the compatibility of the different elements in
the system, such a constraint must be evaluated to true in a valid configuration
of the product family. A compatibility constraint belongs to a specific type: this
type is called the context of the constraint.

Example 9 Consider the physical structure view in Figure , In the con-
text of the DevicePhysical type, the following constraint specifies that the en-
closure of a device must contain a slot for an Ethernet port if and only if the
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motherboard contains an Ethernet card.
enclosure.ethernetPort = true < Count(motherboard.ethernetCard) = 1

Properties of types are referenced using qualified names by navigating from the
context using a dot-notation. The constraint is an equivalence, specifying that
the ethernetPort attribute defined in the enclosure subpart of instances of De-
vicePhysical must be true if and only if the cardinality of the subpart definition
named ethernetCard in the motherboard subpart of DevicePhysical is equal
to 1.

Constraints may contain references to properties that are not always present in
the product instance being configured. This may occur if a constraint accesses
a subpart whose cardinality is not fixed, or an attribute from a subtype that
may not be chosen. In that case, we say that the term referring to this property
(attribute, subpart, subfeature, ...) may be inactive.

Example 10 Consider the base feature view in Figure[5.4 The following con-
straint, declared in the Communication feature type, specifies a phone feature
with 3G implies that the device has internet access:

phone.3G = true = internet Access = true

The term phone.3G may be inactive during configuration, as the cardinality of
the phone subfeature in Communication may be equal to 0. In such a case, the
above constraint would be directly evaluated to true.

Semantics. The evaluation of a constraint occurs during configuration, when
types are instantiated to individuals. Each instance of the context type in which
the constraint is declared must satisfy it. Also, each compatibility constraint
containing at least one inactive term is evaluated to true during configuration.

5.3.2 Implementation Constraints

The types defined in the base feature view represent all the functional character-
istics of the system, and the relations between those abstract concepts and the
more concrete ones, the structural elements of the product family, have to be
defined. Feature views use the concept of implementation. The implementation
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of a feature type is done using implementation constraints. Implementation con-
straints are essential to our framework, as they model the interactions between
the base feature view and the structure views, as well as between views in the
feature views hierarchy (Section . These constraints involve the properties
of the feature type they are declared in, as well as properties of the types from
the different structure views.

Implementation constraints model the interdependencies between a child view
and one or more parent views. These constraints may involve the base feature
view (child) and the structure views (parents), or a feature view and its parent
in the feature views hierarchy.

Implementation constraints are always defined in the child view. The main chal-
lenge with these constraints is to express what is the impact of features from the
child view on the elements of the parent view(s), e.g., what structural elements
can implement the desired feature. In order to reflect this, implementation con-
straints are composed of two expressions C' and P involved in an implication,
an equivalence, or an equality constraint:

C=P
CsP

The expression C' represents the features to be implemented by the constraint.
In a similar way as in the compatibility constraints, it takes the form of a relation
between properties from the child view, using the context of the feature type
declaring the constraint.

On the other hand, the expression P represents what is needed in the parent
view(s) to implement the features specified by C. Each term in P specifies a local
context defined by a dimension (if there are several parent views, from different
dimensions), and a type, independently of the global context of the implemen-
tation constraint. For example, the term Physical::TouchScreen.type refers
to the type attribute of the TouchScreen type in the physical structure view.

Semantics. By default, a relation involving a term defined using a local con-
text with type T is satisfied if there exists one individual of T satisfying it.
Existential quantifiers are implicitly used in the semantics of the right hand
side expression P, as a feature may exist if there is at least one combination
of structural elements implementing it. This permits to model the fact that a
feature is actually implemented if a combination of relevant factors are fulfilled.
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Example 11 Consider the following constraint from the base feature view (Fig-
ure , with Input as context feature type:

touchInput = multitouch < (Physical :: TouchScreen.type = capacitive
A Software :: HandsetU X .touchFrmk = true)

This implementation constraint specifies that a device has a multitouch input
if and only if there exists a capacitive touchscreen and a touch framework is
implemented in the software.

The present() function can also be used to assess whether a specific type exists
in the parent view.

Example 12 Consider the following constraint in the Localisation feature type:

deviceLocalisation <
present(Physical :: GPSReceiver) Apresent(Software :: LocationLib)

This constraint ensures that it is necessary to have both a physical GPS receiver
and a software location library to guarantee the device localisation feature.

Finally, implementation constraints handle inactive terms in two different ways,
depending on which part of the expression they are in. If the expression C'
contains an inactive term, the constraint should be directly evaluated to true,
as for compatibility constraints. On the other hand, due to the use of (implicit)
quantifiers in the expression P, inactive term are directly taken into account in
the semantics of P.

5.3.3 Mapping Constraints

Mapping constraints are defined in realisation views to specify under which con-
ditions a realisation type should be included in the configuration results. They
specify a mapping between structure types and item and operation types, and
the latter should only be part of the final configuration if certain conditions are
met. Each item and operation type R thus declares a boolean mapping condi-
tion that use terms referencing properties from the structure type 7' they are
mapped to. Each individual r of type R is implicitly associated to a boolean
term present(r) representing whether or not r will be added to the final con-
figuration. During configuration, the mapping conditions ¢mep(t,r) for each
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individual t of type T are evaluated and must be equivalent to the value of
present(r).

Example 13 Consider the physical realisation view in Figure (on page
and the following mapping condition, declared in the Coating operation type :

Cmap(TouchScreen, coating) : oleophobicCoating = true
which implicitly refers to the evaluated constraint
oleophobicCoating = true < present(coating)

This condition maps an instance coating (of the Coating operation type) to the
TouchScreen structure type and specifies that the coating operation should be
done for each touch screen that needs an oleophobic coating.

A walid configuration thus ensures that the latter constraint is true for each
instance of the TouchScreen type, i.e., an instance of the Coating operation
type is present if and only if the attribute oleophobicCoating of touchScreen is
true.

Semantics. Just like compatibility constraints, mapping constraints have to
deal with inactive terms. This can happen when a mapping condition contains
terms accessing subparts with dynamic cardinalities, in which case it should be
ensured that an inactive term cannot provoke the inclusion of an item or opera-
tion type in the product realisation. Hence, a mapping condition containing at
least one inactive term is evaluated to false: in order to be satisfied, the evalu-
ated constraint (i.e., the implicit equivalence constraint) would then ensure that
the realisation type is not present in the final configuration.

5.4 Feature Views Hierarchy

As explained in the previous sections, different feature views can be defined, in
order to address the management and evolution of the product family (Research
Question 4) and the scenarios discussed in Section The feature views hi-
erarchy starts from a base feature view, defining all the features implemented
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by the product family components. This base feature view may then be spe-
cialised, as different versions or evolutions of the product family may require
special restrictions to the set of available features (Market differentiation and
Feature set evolution scenarios), or even more abstract feature views in order
to be presented to final customers (Distributors tailoring and Market analysis
scenarios).

The feature views hierarchy defines a specialisation tree, rooted by the base
feature view. A feature view F’ is the child of another feature view F if F’
is a specialisation of F. The specialisation of a feature view is done through
different concepts:

¢ Refinement and reference: Feature views can refine feature types from
their parent view. A refined feature type can transform the original type
by:

— Defining new attributes or subfeatures: New attributes can be de-
clared in the refined type, as well as new subfeature relationships
(with a new feature type).

— Refining referenced attribute definitions: Attribute definitions can
be refined. In that case, the refined feature type is referencing the
attribute definition, and can modify it by restricting its cardinality,
its domain, or its visibility (with the following hierarchy: “visible” >
“read-only” > “hidden”).

— Refining referenced subfeature definitions: As for attributes, existing
subfeature definitions can be referenced and restricted. A subset of
the cardinality can be used, or the target feature type can be changed
to one of its subtypes.

— Changing the type from concrete to abstract: In case the feature
type has subtypes, it can be defined as abstract to force the use of
its subtypes.

— Adding compatibility constraints: Asides from the transformations
above, new compatibility constraints can be added to the refined
feature type, involving any attributes from the current feature view
(if the type is new or refined) or from the parent view (if the type is
not refined).

Figure shows an example of feature types refinement. Type Fj is
refined: the attribute a; in F} is declared as hidden, and a new attribute
as is declared. The feats subfeature definition is also refined, as the
cardinality is restricted to [1..2]. Note that the feature type Fj is not part
of the refined feature view, and is just shown here for illustrative purpose.
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Parent Feature View Refined Feature View
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Figure 5.9: Feature view refinement. Refined types are characterised by the
<refined> tag, while referenced definitions are tagged with <ref>. The type
F3 in the Refined Feature View is shown with a dashed outline, as only the
feat3 definition is part of the view, while the feature type is not.
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«FeatureType»
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Figure 5.10: Refined feature view for the case study. This feature view uses fea-
ture types from the base feature view: it refines their attributes and subfeature
definitions, and add new constraints.

Also, even though F} is not directly modified, the type Fy is also refined:
the domain of a4 is reduced and a new subfeature is defined.

Example 14 The base feature view of the running example can be spe-
cialised in different ways. Figure shows a feature view that refines
feature types from the base feature view. This refined feature view fulfils
the Feature set evolution scenario: several choices in the variability of the
product family are not available, due to a lack of financial resources for
example. It is preferable to keep the base feature view intact, in case it is
used for other scenarios or if the restrictions may disappear in the future.

In this figure, constraints are added to the Localisation and Phone types,
while the Assistance and Input types are refined by restricting the domain
of one of their attributes. Finally, the subfeature definition storage of
DeviceFeatures is refined as well, its cardinality set to 0.
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e Implementation: Aside from refining types from the parent view, a
specialised feature view F’ can declare new feature types and attributes,
for example to define more abstract feature groups and properties. As for
the base feature view, the types in 7/ must use implementation constraints
to associate their properties to the feature view F, parent of F’.

Example 15 Figure presents another feature view, specialised from
the base feature view. This view declares new feature types, and divides
the functionalities of the product family in packages. The new types and
attributes are connected to the base feature view properties using imple-
mentation constraints, e.g., in the HomePackage feature type:

multitouch =
(ParentView :: Input.touchInput = "multitouch”
A-ParentView :: Input.physical K eyboard)

This constraint specifies that if multitouch is selected, there should be at
least one instance of the Input feature type in the parent view (i.e., the
base feature view) that has its touchInput attribute set to “multitouch”
and its physicalKeyboard attribute set to “false”.

Semantics. A specialised feature view is representing the features of the prod-
uct family as well, but in a more constrained way. During the configuration
process, one of the feature views in the hierarchy is chosen as the feature view
that will be focused on. This feature view is used for configuring the product
family, aside from the structure and realisation views. In a valid configuration,
instances of refined types should contain the unreferenced properties of the par-
ent view’s corresponding types as well as the referenced properties defined in
the refined view. Constraints of the chosen feature view should be satisfied,
including implementation constraints to the parent view. The root instance of
the feature view should be an instance of the root feature type of the chosen
refined view, or the one from its parent view if no one is declared.

5.5 Discussion

The different views provide a modelling framework as a contribution to address
the Research Questions (RQs) exposed in Section Figureshows the Mo-
bile Device product family example split into hardware, software, and services
components. The clear separation of concerns in the structural and realisation
data for each dimension is motivated by RQ1 ( What needs of the model’s user
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Figure 5.11: Another example of refined feature view for the Mobile Device
product family. This minimal feature view uses new feature types to propose
the product family to the end-user as a choice of “packages”. Implementation
constraints ensure the link with the base view.

should be supported?) and previous work on modelling each dimension (Section

and.

Each view is targeted at a different audience: the structural model of the soft-
ware is handled by a software architect, while a production engineer may be
more adequate to handle bill-of-materials and manufacturing operations. More-
over, we argue that structural and realisation views from each dimension should
be considered independently from each others, and unified in the feature mod-
els they contribute to implement, defined in feature views. In Figure the
sales persons working on the device features models the types of input that the
end-user may be interested in. How this feature is implemented is dependent on
several structural elements from different parts of the system: the touch screen
hardware and a touch framework component in the user experience software.
Those two elements can however be chosen independently from each others, but
will only provide the feature if they are both present in the final product.

The UML meta models (Figures and provide a good basis in order to
address the problem of modelling the different dimensions of an heterogeneous
product family, as raised in RQ2 (What modelling constructs support address-
ing the heterogeneity?). Uniform modelling constructs and the different types
of inter-view constraints defined in the framework also contribute to the issue
posed in RQ3 (How to integrate the different dimensions of heterogeneity in the
models?): the implementation and mapping constraints permit to model the in-
terdependencies between the views, allowing a tight integration of the different
dimensions of the product family.

These inter-view constraints are the key to the modelling framework, as they
permit to model the product family as a whole, instead of configuring each di-
mension independently. The implementation constraints relate the views and
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Refined feature views
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Figure 5.12: Overall view of the interdependencies in the running example be-
tween the different modelling views, depending on the three dimensions (physi-
cal, software, and services). Refined feature views are circled, while other views
are surrounded by a rectangle. For the sake of readability, only two refined
feature views in the hierarchy are shown.

Service deliverer
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propagate choices from one view to another during configuration, making the
model globally consistent and reducing the number of errors and the time spent
in configuring the different parts of the product family. Modelling implemen-
tation constraints requires communication between the different stakeholders.
The sales person responsible for the touch input feature may inquire the prod-
uct designer in order to assess what hardware components are needed for the
requested feature. On the other hand, product designers and production engi-
neers need to confer on which items are available to realise the structural design
of the hardware.

Our modelling approach also extends the concept of feature model to a feature
views hierarchy, as a contribution to RQ4 (How to support the management of
product families over time and for different market situations?). Refinement
of the base feature views permits to create specific views tailored to even more
particular needs. The different scenarios defined in Section can be modelled
using refined feature views:

e The Market differentiation scenario results in creating a specialised feature
view where domains of feature types’ attributes are narrowed in order to
match the restriction to the attached market.

e Refining feature types and adding temporary constraints in the feature
model can be used to limit the current capabilities of the device family,
e.g., to what currently can be produced. A more appropriate refined
feature view may be used instead in order to make up for the Feature set
evolution.

e Distributors tailoring can be achieved by allowing distributors to create
their own personalised feature view, as in Figure The newly cre-
ated feature types are then linked to the lower-level feature views using
implementation constraints.

e In a Market analysis scenario, several feature views can be created in
order to match the product feature sets to introduce in the market. These
views may then be joined into one base feature view, by gathering common
elements or creating more abstract features that can be specialised to fit
the original views, via refinement or implementation.

The feature views hierarchy enables a unification of the product family manage-
ment and evolution at the feature level, independently from the heterogeneity
of the family, while each dimension may have its own separate mechanism for
coping with this issue (e.g., product data management). We also argue that a
child feature view in the feature views hierarchy is indeed a specialisation of its
parent view. The refinement and reference mechanisms restrict the model by
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adding constraints explicitly or implicitly (e.g., removing values in an attribute’s
domain is equivalent to constraining that attribute so that it cannot take those
values anymore). However, the case of creating new feature types and attributes
could lead to larger feature sets and make the model less strict. Yet, each new
feature type and attribute has to be related to feature types and attributes from
the parent view using implementation constraints, and thus these new feature
types and attributes are just another way to represent the parent’s features,
with the possibility to add even more constraints.

Using modelling frameworks such as the one presented in this chapter is often a
cost-benefit problem. Having multiple views can make the model larger and thus
introduce extra work for the knowledge engineers responsible for it. A single in-
tegrated model has indeed the advantage that the different data about a part of
the system may be centralised in one particular type, while in our case they may
be split into separate views depending on the dimensions considered. However,
we argue that a compartmentalisation of the modelling framework is primor-
dial when one is dealing with model involving heterogeneous product family
like the Mobile Device case study. The different stakeholders can participate in
the model creation and maintenance according to their area of expertise, while
dependencies between the different views are handled by exchange and commu-
nication. Using refined views to model specific cases like the scenarios defined
at an earlier stage also permits to adapt the feature set of a product family
according to the requirements of the different stakeholders. Finally, the separa-
tion of the model into different views permits a more modular organisation of
the configuration model: the use of common concepts independently from each
dimension makes knowledge sharing easier, and more dimensions may be added
to the product model in the future if configuration models from other design
disciplines can semantically use the same basis of modelling concepts.

5.6 Comparison with related work

The conceptual basis of our modelling framework for heterogeneous product
families draws from a number of sources, mainly from research in product con-
figuration, software variability, and service configuration. One of the major
source of inspiration is the configuration ontology by [93]. Concepts such as
component types, resources, partonomy, and taxonomy derive from this well-
known ontology. Moreover, our association type concept is semantically close
to connection ports. Our framework is also described in three levels: a meta
level where the concepts are defined, the model level where the configuration
views and types are described using the concepts from the meta model, and
an instance level, where configuration types are instantiated for configuration.
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Aside from [93], this approach has also been considered by Cechticky et al. [23]
or Asikainen et al. [6].

Our concept of features is closely related to the one from feature modelling ap-
proaches. However, many of these approaches differ from our work, as most
of the techniques we use come from product configuration technology, and few
have adapted them to software product lines [6,[33]. Classic feature modelling
approaches, such as [53], do not use a type-instance approach, and define a
configuration as a subset of the features appearing in the feature model. On
the other hand, a configuration in our framework consists of a set of individuals
instantiated from the types of our configuration model. This has some impor-
tant consequences, in particular on the subfeature relationships: if a subfeature
is shared by several features, defining a configuration without a type-instance
approach will result into duplicating the subfeature instead of having two sep-
arate instances. The concept of feature cardinality defined in [23] raises the
same issue, as it is the same feature that occurs several times as a subfeature.
Czarnecki et al. [29] use context-free grammar to formalise feature models and
provide string representations in order to allow the repetitions of features.

Another difference between our approach on feature views and feature modelling
in software product lines comes from the complexity of the mechanisms used.
Classic feature models, as well as extensions like cardinality-based models [29]
do usually not consider taxonomy structure, or limit the variability in the model
to the different relations between features, while we provide the possibility to
use concrete compatibility constraints.

Multi-view models in feature modelling have also been studied. Czarnecki et al. [20]
sketch a model where different levels of customisation are modelled (including
feature and design view). Reiser and Weber [82] and work from Zaid et al. [111]
propose feature models with different perspectives, although they are all cen-
tered on software variability and feature modelling techniques only, and the lack
of specialisation hierarchy may make the task of implementing the unification
with different structured views difficult. Mannisto et al. [62] define a specialisa-
tion tree for product structures called an element model hierarchy. In this work,
several configuration models (similar to our structure views) can be created for a
single product family, by using specialisation operations. One of the obvious dif-
ferences with our current work is that we use refinement on feature views in order
to solve specific scenarios (see Section, while Ménnisto et al. concentrate on
organising multiple structural models into a hierarchy for better management.
Another difference lies in the specialisation operations: asides from type and at-
tribute refinement (including adding new compatibility constraints), we permit
the creation of new feature types and attributes, linked to the parent feature
view using implementation constraints, which allows to handle a broader range
of scenarios (in particular the Distributors tailoring scenario).



5.6 Comparison with related work 87

The four worlds from Heiskala et al. |[49] can be compared with the modelling
views of our framework when related to service configuration: the needs world
concerns the customer’s needs (in an abstract way), and is thus close to our fea-
ture views, which describes the abstract features that the customer may require;
the service solution world denotes the set of elements used to establish the ser-
vice’s specifications, as the structure views; the process world describes how the
service will be delivered, or realised, as in our realisation views. Note that there
is nothing in our conceptual approach that is similar to the object-of-services
world from [49], which specifies the service recipients or the environment rel-
evant to those recipient. From a modelling point of view, all these worlds are
based on the same meta model, using different types and attributes, as well
as taxonomy and partonomy structures, as in our approach. However, depen-
dencies between types of different worlds are simply modelled using classical
constraints, while we use implementation and mapping constraints. Moreover,
one important conceptual difference between our work and the four-worlds ap-
proach is that our framework is centered on the configured product, and thus
the services described in the services dimension are seen from the configured
product’s point of view, while the external environment is not considered. One
could then say that the only “object-of-services” in our approach is the config-
ured product itself. One potential solution to take the environment into account
could be the definition of another type of view, that could be associated to a
refined feature view, and where the different sales channels would define exter-
nally controlled elements (such as, in the running example, access to company
specific services or credentials, data transfer from an old device, etc.).

Kumbang [6] is the closest to our work on the software variability side, includ-
ing their type-instance approach. We consider our work to be an extension of
Kumbang, as we use implementation constraints to unify structure views from
the different dimensions (including manufactured products and services), and
we also model realisation data. Thus the main contribution of our work is to
provide conceptual and practical mechanisms to bring the different dimensions
together and unify them under feature models. The two views in Kumbang
are also solved separately from each other: both points of view are subject to
their own consistency rules, and implementation constraints may not modify
the consistency of a configuration. On the other hand, implementation con-
straints in our framework integrate the different views, so that the model must
be consistent as a whole.
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CHAPTER 6

Framework Implementation

The concepts developed in the previous chapter are the basis for modelling and
solving the configuration of heterogeneous product families. In this chapter, we
define a textual modelling language called ProCoLa that supports our concep-
tual approach. This language aims at providing a practical and well-defined way
to represent configuration models, as well as permitting a direct interpretation
of the models in order to assist the end-user with the actual configuration of the
product families.

We then propose a formal definition of our conceptual framework for modelling
variability in heterogeneous product families. This formalism is used to pro-
vide strict semantics to the framework and the ProCoLa modelling language,
by means of a type system and rules of well-formedness. Finally, we define
graph-based static analyses of the configuration models using ProCoLa and the
formalism defined, in order to assist the modeller in his task of maintaining
product models.

6.1 The ProCoLa Modelling Language

The ProCoLa modelling language is a textual object oriented language created
to fit the concepts developed in Chapter [5| Defining such a language permits to
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FeatureView

UnitDecl
ConstDecl
FTypeDecl

AttrDecl
Visibility
SubFDecl
ConstrDecl
ConstrVal

ImplDecl
TypeDecl
DomReduc
Type

C

featureView Id; [specialisationOf Id;]
[units:(UnitDecl)*] [constants:(ConstDecl)*]
featuresDeclaration: (FTypeDecl)*

Id,, : TypeDecl;

Id. [:Id,]:= c;

[[Root]] [refined] [abstract] featureType Id;
[subtypeOf Id; (, Id;)*] [{ [description:]c;]]
[attributes: (AttrDecl)*] [subFeatures: (SubFDecl)*|
[constraints:(ConstrDecl)*] [implementation:(ImplDecl)*] }];

[ref] Visibility Id, [[C1]: TypeDecl;
readonly | hidden | e
[ref] Ids [[Cy [.. Co]1]: Id;;

{ CSymEzp }; | [ld.:]{ [description:[c;]] ConstrVal};
[type:hard;]| value:{ CSymEzp };

type:table [CSymFEzp (, CSymEzp)*]1; value:{TableExpr};
{ImplExp}; | [Id;:]{ [description:|[c;]] value:ImplExp};
Type [DomReduc]

{ Cﬁ (, (b)* } | [C&..(b] | [‘ inf..C&]
Id, | integer | boolean | enum

c | Id,

|[Cﬁ..inf]

Table 6.1: ProCoLa feature view syntax

support the conceptual approach in several ways:

e It defines configuration models in a format that can be shared easily with-
out the need for any special tool except a text editor.

e It has a precise and unambiguous syntax, compared to other modelling
languages such as UML, where profiles need to be defined and attached
to classes. Moreover, the profile mechanism has itself been criticised for
ambiguity, e.g., with respect to whether only classes or all metaclasses
may be extended, and problems in its semantics [50].

e It provides a machine-readable code for interpretation and analysis of the

models.

e It has the potential for an easy implementation of tool support and custom

User Interfaces.
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Structure View
Dimension
StructureDecl

UnitDecl
ConstDecl
ResourceDecl
STypeDecl
CTypeDecl

ATypeDecl

AttrDecl
Visibility
SubPDecl
AssocDecl
Direction
ResourceUse
ConstrDecl
ConstrVal

TypeDecl
DomReduc
Type

C

dimension Dimension; StructureDecl
Physical | Software | Services
[units:(UnitDecl)*] [constants:(ConstDecl)*|
[resources: (ResourceDecl)*]
structureDeclaration: (STypeDecl)*
1d,, : TypeDecl;
Id, [:1d,]:= c;
Id,:1dy; | Id,:integer;
CTypeDecl | ATypeDecl
[[Root]] [abstract] componentType Id;
[subtypeOf Idy (, Id;)*] [{ [description:]c;]]
[attributes: (AttrDecl)*] [subParts:(SubPDecl)*]
[associations: (AssocDecl)*] [produces:(ResourceUse)*|
[consumes: (ResourceUse)*| [constraints:(ConstrDecl)*] };
[abstract] associationType Id,
[subtypeOf Id; (, Id;)*] [{ [description:]c;]]
[attributes: (AttrDecl)*] [constraints:(ConstrDecl)*] };
Visibility Id, [[C1]: TypeDecl;
readonly | hidden | ¢
Ids [[01 [ 02]]] Idt;
Direction Id, [[Cy [.. Co]1]: Idy;
provides | requires |e
Id,.:= CSymEzp
{ CSymEzp }; | [Id.:]{ [description:[c;]] ConstrVal};
[type:hard;| value:{ CSymEzp };
type:table [CSymExp (, CSymEzp)*]; value:{TableEzp};
Type [DomReduc]

{C (, Co)* } | [Ch..C5] | [- inf..C2] | [Cy..inf]
Id, | integer | boolean | enum
c | Id.

Table 6.2: ProCoLa structure view syntax

The ProCoLa language defines configuration models in three different types of
files, representing the three different types of views introduced in Chapter[f] Ta-
bles [6.1] [6-2] and [6.3] present the syntax of ProCoLa for the feature, structure,
and realisation views, respectively. The syntax is shown as a context-free gram-
mar using regular expressions, in order to avoid the cumbersome derivations for
lists. Expressions are presented separately in Table
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RealisationView := dimension Dimension; itemsDeclaration:(ITypeDecl)*
operationsDeclaration:(ORTypeDecl)*
Dimension  := Physical | Software | Services
ITypeDecl := itemType Id;
[{ [mapping:(MappingDecl)*] [subItems:(SubEltDecl)*] }];
ORTypeDecl = OTypeDecl | RTypeDecl
OTypeDecl := operationType Id,
[{ [mapping:(MappinDecl)*] [successors:(Id;)*]
[uses: (UseDecl)*] [subOperations:(SubEltDecl)*] }];
RTypeDecl := resourceType Id,;
MappingDecl := Idi: { CSymFEzxp };
SubEltDecl = Ids [[cl]: Idy;
UseDecl := Id,: Id,;
Table 6.3: ProCoLa realisation view syntax
TableExp = [ [Cy (,Co)*1 (, [Ci (,C)*1)* ]
| MSSQL( Cconn ) Ctable;
|  Excel :: Clie;
ImplExp = { CSymEzpr } <-> { ISymExpr }
| { CSymEzpy } -> { ISymEzpr }
| { CSymEzpy == ISymFEzpgr }
CSymExp = Var | C | CSymExp Op CSymEzp | not CSymEzp
|  (CSymEzp) | Var is Id; | Func(Vary (, Vars)*)
ISymExzp := IVar | C | ISymEzp Op ISymExp
|  not ISymFEzp | (ISymEzp) | IVar is Id,
| Func(IVar, (,IVar:)*) | Present(ld;)
Op = =>|<=> |and |or |xor |= |!= |[< |[<=|> |>=
|+ |- |* [mod
Func := Count | Sum |Max | Min
IVar = Idi::Var
Var = Id, | Id,.Var

Table 6.4: ProCoLa expressions syntax
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The keywords used in ProCoLa are closely related to the concepts defined in our
modelling framework: the syntax for feature views is based on the declaration
of feature types, while the one for structure views permits to declare component
types and association types, and the one for realisation views permits to declare
item, operation and resource types. Several sections can be declared in each
view. Feature and structure views may declare units and constants, and a
resource declaration section may also be added for structure views. Both feature
and structure views have a mandatory section where types are declared (with
a featuresDeclaration header for feature types and structureDeclaration
for structure types). Realisation views have two mandatory sections: one with
an itemsDeclaration header for declaring item types and one with the header
operationsDeclaration for operation and resource types.

Units can be used in feature and structure views in place of basic types in
order to provide more concrete information on the attributes defined. Units are
declared using an identifier, a basic type and optionally a domain reduction.

Example 16 A unit inch can be defined in a units section by

units:
inch: integer [0..inf];

This specifies that the domain of each attribute with an inch unit will only con-
tain positive integers.

Constants represent identifiers that are assigned constant values, and can be
used in many places where an actual constant value can be used. The deriva-
tion C' can be a constant identifier Id. or an explicit constant value c, which
represents a truth value (true or false), an integer, or a string.

Several types of expressions can be used in the different views. Compatibility
constraints (defined in the constraints sections of feature, component, and as-
sociation types) can use symbolic expressions (CSymFEzp) or table expressions
for declaring table constraints. Implementation constraints in feature views
(ImplEzp) also use symbolic expressions, although the right hand side symbolic
expressions (ISymEzxp) are slightly different than the ones for compatibility con-
straints in that they use variables with explicit context (IVar) and can contain
function calls with the Present(...) function. Mapping conditions in realisation
views also use compatibility symbolic expressions (CSymFEzp). Table expres-
sions can be explicit, where all allowed tuples are defined in the ProCoLa file,
or can refer to a Microsoft SQL Server database or an Excel spreadsheet. More
information on the last two options is provided in Chapter



94 Framework Implementation

Example 17 The following table constraint is declared in the ProCoLa model
of our case study’s physical structure view to define the relations between the
size of the device’s enclosure, the size of its screen and the number of available
chip slots on the motherboard:

TableSize: {
type:table[enclosure.size,screen.size,motherboard.nbSlots];
value: {

[*115x68" , 3 , 6 ],

["240x190", 9 , 10],

["268x178", 10, 12],

["295x210", 12, 14]
};
};

Example 18 As a more concrete example, here is the ProCoLa syntax for the
DeviceFeature feature type from our case study (Figure on page @)

featuresDeclaration:
[Root] featureType DeviceFeatures [
attributes:
deviceType: enum{"netbook", "tablet", "smartphone"};
color: enum{"Black", "White", "Alu"};

subFeatures:

localisation: Localisation;
communication: Communication;
assistance: Assistance;

input: Input;

cardStorage [0..1]: CardStorage;

constraints:
{ (deviceType = "smartphone" and input.physicalKeyboard)
-> input.backlitKeyboard };

implementation:

{ (not deviceType = "netbook") and input.touchInput = "
multitouch"} <-> { Physical::TouchScreen.screenType =
"capacitive" };

{ color == Physical::Enclosure.color };];

The feature type declaration defines the type as a root feature type, and specifies
its attributes, subfeatures, and constraints. For sake of brevity, only a handful
of constraints are presented here, in their inline form (i.e., without constraint
identifier or constraint type declaration). The compatibility constraint specifies
that if the device is a smartphone and it has a physical keyboard, then the backlit
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keyboard must be selected. The two implementation constraints link the multi-
touch capability and the color of the device to its physical structure. The full
ProCoLa model of the extended case study is available in [74)].

Defining the language syntax is only the first step in the implementation of the
modelling framework. The next section defines a formalism for the framework
that will be used to check and analyse ProCoLa models, as well as provide a
basis for defining the concrete semantics of the language.

6.2 Formalism Definition

We provide in this section some definitions aimed at establishing a formalism for
our conceptual framework for heterogeneous product families. The definitions
are provided in a top-down approach, starting with the ones on the level of
configuration models, and entering into details onwards. Examples related to
our case study are given when relevant. A type system and well-formedness
rules for this formalism are defined in Section [6.3]

6.2.1 Configuration Model

As pointed out previously, the broadest concept in our framework is the one of
a configuration model:

Definition 1 (Configuration model) A configuration model is a tuple M =
(VI Vs, V" Spu), where VF is a set of feature views, V° is a set of structure
views, and V" is a set of realisation views of the model. The function Spyy is
the specialisation function between feature views.

A configuration model thus contains the different views of the models, and
relates the feature views using the specialisation function, defined by:

Definition 2 (Specialisation function, base view) The specialisation func-
tion Spy € V£ x Vs a bijective relation such that (F,F') € Spy if F is a
specialisation of F/ in the feature views hierarchy.

We then define Spy; as the transitive closure of Spy, so (F,F') € Spy; if F is
a descendant of F' in the feature views hierarchy.

We finally define a base view basey € V' as being a view which is not a spe-
cialisation of any other view, i.e., F € basey; < AF' s.t. (F,F') € Spyr.
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Example 19 Consider our case study of the Mobile Device product family de-
scribed in Chapter[5, The configuration model can be defined using the following
sets of views:

Vf = {Fbasea Fpackagesa .. }
Veo= {Sphy57 Ssoft7 Ssem}
Vhoo= {Rphysa Rsoft7 Rse'rv}

Fpase represents the base feature views, while Fpocrhages 25 one of the refined
feature views. They are thus related by the refinement function:

SpM (Fpackages) = Fbase

V? contains the physical, software, and service structure views, while V™ contains
the physical, software, and service realisation views.

The next sections go into more detail by defining the feature views, structure
views, and realisation views. Finally, the constraint language is defined in Sec-
tion [6.2.5]

6.2.2 Feature Views

Feature views declare feature types and the relations between them, as well as
dependencies to other feature and structure views:

Definition 3 (Feature view) A feature view F € VI is defined by a tuple
F= <7i7‘7 T%OOtaSF7]F7DF7 =<F, ]?‘7 %‘7M>7 where

e T is a set of feature types, and a set T C Tp is defined to represent the
set of abstract types in F,

o Ti% € (Tp U Tpy) is the root of the feature view, with Fp a potential
parent view of F (F = Spm(Fp)),

e Sp is a set of subfeature definitions,

o [ is the feature taxonomy relation between feature types,

e Dy is a set of attribute definitions,

e <y is the reference relation between attribute and subfeature definitions,

o C is a set of compatibility constraints and
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o CL is a set of implementation constraints.

o The model M is repeated for practical purposes, although it is redundant.

Feature types are thus divided into two groups: abstract and concrete types.
The root feature type can belong to another feature view, parent of F, in case F
is a specialisation of another view and does not define such a root type. The
root type is then “inherited” from the parent view.

Example 20 Let’s consider the set of feature types in the base feature view of
our case study Fpgse:

Tr,... = {DeviceFeatures, Localisation, Communication, Assistance, ...}

The root type of the base feature view is the DeviceFeatures type, which is for-
malised by

TH°" = DeviceFeatures
base

Feature types can be refined from one feature view to another:

Definition 4 (Refined type) A type T is refined from Fp € Vf to F € Vf if
and only if T € Tp U Tp, and (F,Fp) € Spy;.

A type T is said directly refined from ¥’ to F if and only if:

e T is refined from F' to F
o BF" s.t. T is refined from F” to F and (F",F’) € Spi,

i.e., if there is no intermediary feature view F" from where T is refined.

This means that the feature type T is refined if it belongs to the two views F
and Fp and if these two views are related in the feature views hierarchy (F is a
specialisation of Fp).

Subfeature definitions relate feature types to form the partonomy tree in the
view:

Definition 5 (Subfeature definition) A subfeature definition in Sg is a tu-
ple (name, Ty, Ty, r1,72) where name is the string name of the subfeature, T €
Tr is the source type and Ty € Tg the target type. The cardinality is given by a
minimum 1 and a mazimum rs, denoted as [r1,12].
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The name of a subfeature definition is used to identify each relations so it can
be referred to in the different constraints of the model.

Example 21 Subfeature definitions for Fyqse are contained in Sw,,... The sub-
feature definition ophone € Sk,,,. Specified by

Ophone = {“phone”, Communication, Phone, 0, 1)

describes the definition of the subfeature phone of type Phone within the feature
type Communication. The cardinality is [0, 1], which means that this subfeature
may not be included in the final configuration, depending on the user require-
ments and the constraints defined in the model.

Feature types are also organised in a taxonomy, thanks to the feature taxonomy
relation:

Definition 6 (Feature taxonomy relation) The feature taxonomy relation
Iy C Tr x Tg is an irreflezive relation such that (T1,T2) € Iv if T1 is a direct
subtype of Ts.

We define Cg as the reflezive transitive closure of Iy :
VT, T € Tr,
T Cr T =TV E|T17 ..., Ty, st (T/,Tl), (Tl,Tg), ceey (Tn,T) € Ir.

This means for two types T and T”, we have T Cp T if 7" is equal to T or is
one of its subtypes (direct or transitively).

We go on by defining attribute definitions:

Definition 7 (Attribute definition) An attribute definition in Dy is a tuple
(name, Ts,D,v,r) where | is the string name of the attribute, Ty € Tp is the
source type and D is a non-empty set of literal values called the domain of the at-
tribute. The cardinality r € N denotes the number of individuals of this attribute
instantiated during configuration. Finally, v € {VISIBLE, READONLY, HIDDEN}
represents the visibility of the attribute definition. The set of visibility values is
totally ordered: VISIBLE > READONLY > HIDDEN.

Domains represent the possible values that each instance of an attribute can
take during the configuration process. As for subfeature definitions, the name
of an attribute is used for display and identification purposes in constraints.
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Example 22 Attribute definitions for Fpuse are contained in Dy,,.. . The at-
tribute definition ccolor € Dr,,.. specified by

Qeolor = (“color”  DeviceFeatures, D o5, VISIBLE, 1)

describes the definition of the attribute color within the DeviceFeatures feature
type. The domain D oo contains three string values representing the potential
values the attribute can take:

Deotor = {“Black”, “White”, “Alu’}

This attribute has the default cardinality of 1, so only one instance will appear
during configuration.

Refined feature types can reference subfeature and attribute definitions:

Definition 8 (Reference relation) The subfeature reference relation <§C
(Sp X U(F,F’)GSpfw Sp) is an irreflezive transitive relation between subfeature
definitions defined in the view F and subfeature definitions defined in its parent
views F/.  For two subfeature definitions o1 = (namey, Ts1, Ty1,711,721) and
o9 = (namea, Tsa, Tia,T12,T22), we have oo <& o1 if and only if:

o T,y =Ty = Trer and name; = names

o JFp s.t. Tyer is a feature type refined from Fp to F and oo € Sy,
In a similar way, we define the attribute reference relation
<#C (Dr x U(F,F')esp;I Dy»)

as an irreflezive transitive relation between attribute definitions defined in the
view F and attribute definitions defined in its parent views F'. For two attribute
definitions oy = (namey, T1,D1,v1,71) and as = (names, To, Do, va,12), we
have ag <% a1 if and only if:

o Ty =Ty =T, and name; = names

o JFp s.t. Tyer is a feature type refined from Fp to F and as € Dp,
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Finally, we define the reference relation <p as the union of the two previously
defined functions:

<p==§ B <E

The subfeature (resp. attribute) reference relations apply to two subfeature
(resp. attribute) definitions where one is the refinement of the other. Hence,
it means that one belongs to a feature view which is a specialisation of the
other. However, this specialisation step may not be atomic, i.e., there may be
multiple refinements and references in between these two subfeature (resp. at-
tribute) definitions. We therefore need to specify a direct reference function.

Definition 9 (Direct reference function) The direct reference function Refp
1s defined as follows:

V61,062, we have 83 = Refw(61) if and only if B3 s.t. da <p 83 <p 61

i.e., there is no intermediary subfeature or attribute definition d3 to which 6o is
a reference.

Example 23 Consider the feature view refinement F,op presented in Figure
on page . The Assistance feature type is refined from Fygee to Frep, and the
two attribute definitions

Qrype = (“type”, Assistance, Dyype, VISIBLE, 1) € D, .
a;;{)e = <“type”7Assistance,D;;J;e, VISIBLE, 1) € Dr,,

are related by

azj;;e = Refr(aype)

with Dyype = {“classic”, “extended”, “pro”}, DIZ];E = {“classic”, “pro”’} and
D;ZJIZE C Dyype. The type attribute is thus refined from the feature view Fyose to

the feature view Fop as its domain is reduced from one view to the other.

We can now define compatibility and implementation constraints. Each con-
straint is assigned a context type that may serve during evaluation of the con-
straint expressions used. The expressions are not discussed in details here, and
will be explicitly defined in Section [6.2.5
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Definition 10 (Compatibility constraint) A compatibility constraint in Cg
is a pair (T,e°) where T € Tg is the context type and e is a compatibility
expression.

C

Example 24 Consider the compatibility constraint cipternet € Cg,,__:

o . . c
Cinternet — (Communlcatlon, einternet>

The constraint is defined in the context of the feature type Communication. The

compatibility expression €5, ;. ner describes the following:

“The device has internet access if and only if it has a Wifi connection,
Ethernet access, or a 3G connection.”

This expression can be written using the constraint language described in Sec-
tion [6.2.3.

Definition 11 (Implementation constraint) An implementation constraint
in Ck is a tuple (T, e, eb, Op) where T € Tg is the context type, €& is a compat-
ibility expression (called the child expression), €& is an implementation expres-
sion (called the parent expression), and Op € {=,<, =} the binding operator.

Example 25 Consider the implementation constraint csg € C%base :
cs¢ = (Phone, S, esq, <)

The constraint is defined in the context of the feature type Phone. The compati-
bility expression 5 tests whether the 3G option is selected, while the implemen-
tation expression ey, makes sure that if so, the required physical and software
parts are present in the configuration:

“The phone can use a 3G connection if and only if there exists a RF card
supporting GSM/UMTS and the 8G plugin is installed in the software.”

How to define these two expressions using the constraint language is described
in Section [6.2.8

This concludes the formal definition for the feature views of our framework. We
will now define the elements composing the structure and realisation views.
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6.2.3 Structure Views

We present in this section the formalism for structure views.

Definition 12 (Structure view) A structure view S in V¢ is defined by the
tuple S = (Ts, TE", Rs,Us, Ss, As, Is, Ds,C§, M) in V¢ where

o Ts = TS UTS is a set of structure types and contains both component
types TS and association types TE; moreover, we also define the set T{ C
Ts of abstract types in S,

o T € TE is the root of the structure view,

e Rg is a set of resources,

e Us is a set of resource use definitions,

e Sg is a set of subcomponent definitions,

e Ag is a set of association definitions,

o Ig C Tg x Ts is the structure taxonomy relation between structure types,
e Dg is a set of attribute definitions and

o C§ is a set of compatibility constraints.

o As before, the model M is repeated for practical purposes.

Example 26 Consider now the structure types in Spnys.

7s.... = {DevicePhysical, Motherboard, Screen, ...}
T = {Stylus}

phys

The DevicePhysical, Motherboard, and Screen types are component types, and
thus belongs to the Ts‘i)ws set, while Stylus is an association type and is in TS‘;’M.

The root type of the Spnys structure view is the DevicePhysical type:

gzztys = DevicePhysical
Finally, the structure view Sppys also defines the AvailableSlots resource:

Rs {AvailableSlots}

phys
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Structure views have many similarities with feature views, and thus defines
similar formal concepts with some nuances:

A subcomponent definition in Sg is akin to subfeature definitions, and is
defined by a tuple (name, Ts, Ty, 71, 72) with (T, T;) € 7§ x T

e An attribute definition in Dg is also represented by a tuple (name, Ts, D, v,r)
with T, € Ts.

e The structure taxonomy relation Is C 7s X Ts and its reflexive transitive
closure Cg are defined in the same way as teh feature taxonomy relation
IF and EF

A compatibility constraint in C§ is also a pair (T, e) with T € 7.

Example 27 The types Screen and TouchScreen are related in the physical
structure view, in that TouchScreen is a subtype of Screen. We thus have

and TouchScreen Cg , = Screen

(TouchScreen, Screen) € Is , .
Example 28 Compatibility constraints defined in structure views are similar to
the ones defined in feature views. Consider Cprepaid € C§_ :

serv

e c
Cprepaid = (PhoneSubscription, e;,.,4ia)

c

The compatibility expression e, .,

4 15 used to describe the following condition:

“If the phone plan is a prepaid plan, the plan does not cover unlimited SMS,
unlimited calls during the evening or favourite numbers.”

Again, the constraint language (Section m is used to formally define this
expression.

Resource use definitions are used to specify how many resources component
types use:

Definition 13 (Resource use definition) A resource use definition in Us is
a tuple (T, R, u, e?) where T € T§ is the interacting component type and R € Rg
the resource. The use type u € {PRODUCES, CONSUMES} provides the type of
interaction with the resource, while the use expression e defines the quantity
of the resource used. The context in which the compatibility expression e is
evaluated is the interacting type T.
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Example 29 The resource use definition vgops € Us,,. specified by
Usiots = (Motherboard, AvailableSlots, PRODUCES, e°)

defines that each instance of type Motherboard produces an amount of AvailableSlots
equal to the value of the expression e€.

Association definitions are also used to relate component types with association
types, and resemble subcomponent definitions as well.

Definition 14 (Association definition) An association definition in Ag is
a tuple (name, T, Tt,d,r1,r2) where name is the string name of the associ-
ation, Ty € TS is the source type, Ty € Tg the target association type and
d € {NONE, PROVIDES, REQUIRES} is the direction of the association. The cardi-
nality is given by a minimum 1 and a mazimum ro, and is denoted as [r1,rz].

Example 30 The association definition prepderLayout € As specified by

serv

PrenderLayout = {“IRender”,LayoutEngine, IRender, PROVIDES, 1, 1)

defines the association between the component type LayoutEngine and the asso-
ciation type IRender. The direction PROVIDES implies that only a component
type defining a REQUIRES association with IRender can be connected to this
component type.
On the contrary,

PstyiusTs = (“stylus”, TouchScreen, Stylus, NONE, 0, 1)

defines a bilateral association from the TouchScreen component type modelling
the association between the types representing the device’s touch screen and a
potential stylus.

6.2.4 Realisation Views

The third type of view in our modelling framework is realisation views. Reali-
sation views define three different kind of types: item, operation and resource

types.

Simple partonomy relations are used to specify realisation subtrees, each rooted
by an item or operation type mapped to a specific structure type using a map-
ping constraints.
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Definition 15 (Realisation view) A realisation view R in V" is defined by a
tuple R = (S, Tr, S&, SR, Nr, Qr, CR', M) where

e S € V? is the structure view associated to this realisation view,

Tr = TR UTE U Ty is a set of realisation types and contains item types
ks operation types T and resource types Ty,

Sk is a set of subitem definitions,

SR 15 a set of suboperation definitions,

NRr is a set of successor definition between operation types

QR 1s a set of resource usage definition between operation and resource
types

Cy' is a set of mapping constraints.

Again, the model M is repeated for practical purposes.

Example 31 The following realisation types belong to the realisation view Rypys
which is partly shown in Figure[5.8 on page [73:

(#8919, #230) € Tqi
{Assemble, Coating} € Ty

phys

{Cooler, Furnace} € Tg

phys

#8919 and #239 are item types, Assemble and Coating are operation types while
Cooler and Furnace are resource types.

Definition 16 (Subitem definition) A subitem definition in S§ is a tuple
(name, Ty, Ty, 1) where Ty € T is the source type and Ty € T the target type.
The cardinality r € N denotes the number of individuals of this item instantiated
during configuration.

Example 32 The subitem definition obss € Sﬁphys specified by

Ohzs = (“screws”, #8919, #235,2)

defines the subitem relation between the item types #8919 and #235. The car-
dinality of 2 means that two items of type #235 will be instantiated each time
an item of type #8919 is instantiated.
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Definition 17 (Suboperation definition) A suboperation definition in S
is a tuple (name, Ty, Ty, ) where Ty € Tg is the source type and Ty € T the
target type. The cardinality r € N denotes the number of individuals of this
operation instantiated during configuration.

Successor definitions permit to order the instances of operation types present at
configuration time:

Definition 18 (Successor definition) A successor definition in N is a tuple
(Tp, Ts) where T, € TS is the predecessor operation type and Ty € Ty is the
successor operation type.

Example 33 The Assemble operation type is defined as a successor of the
Coating operation type, which means that any instance of the Assemble type
will have to be performed after any instance of Coating in the operation route.
We thus have n € Ny such that:

n = (Coating, Assemble)

Definition 19 (Resource usage definition) A resource usage definition in
Qg is a tuple (name, T,, T,) where T, € T is the defining operation type and
T, € T is the type of resource used.

Definition 20 (Mapping constraint) A mapping constraint in Cf' is a tuple
(Ts, T, e¢) where Ts € Tg is the origin structure type, T, € Tg is the defining
realisation type and e is a compatibility expression. The context type of €€ is
the origin type Ts.

Example 34 Consider a mapping constraint defined in the physical realisation
view Rynys, specifying that

“The coating operation should only be done for each touch screen that needs an
oleophobic coating.”

This mapping will be defined as a tuple ceoating € CR'

Ceoating = (TouchScreen, Coating, €g,1ing)
with TouchScreen € g, ., Coating € Tr,,,,,. and g, , being the compatibility

expression describing the mapping condition expressed above (written using the
constraint language).
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6.2.5 Constraint language

This section defines the constraint language used in our configuration frame-
work. We use the following syntactic categories:

IExp implementation expressions
CExp compatibility expressions
Var expression variables

Constraint expressions are defined according to a specific view V € Vf UV* and
are specified in conjunction with a context type T. € Tv. The following terms
are used:

¢ €NUBUS integers, booleans and strings

a €Dy attribute definitions

o €S8y subelement definitions

p €Ay association definitions (if V € V?)
T €7Tv concept types

Subelement definitions represent subfeature definitions and concepts types rep-
resents feature types if V. € V¥, or subcomponent definitions and structure types
if V. € V*. The following operators are used:

op, = opyUop,Uop, binary operators
opr € {=,<,and,or,xor} logical operators
opr €{=,%4,>2,><,<} relational operators
ope € {+,—,* mod} arithmetic operators

The abstract syntax for variables v € Var varies according to the type of view
the context type is from. In cases where V is a feature view (V € V/), the
syntax of v is given by the following: v == «a|o|oc—wv

However, if V is a structure view (V € V?), expression variables in compatibility
constraints also contain references to association definitions and paths to their
attributes: v = alo|lo—=v|plp—a

In both cases, expression variables represent qualified paths starting from the
context type T, (if no explicit context type T; is declared) and following parto-
nomic relations. A more precise characterisation of the final type of each ex-
pression variable is given by the type system in Section [6.3.2
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The abstract syntax of the language used for compatibility expressions e® €
CExp is given by the following:

e® = e|Table([v1,...,vn],[[c11,- - sCn1]s- oy [Clty - yene]])
e = w|c|eiopyes|notel(e)]|visT|Count(v) |
Sum( [v1,...,v,]) | Max([v1,...,v,]) | Min( [v1,...,vs])

Compatibility expressions can be symbolic expressions e or tables. Symbolic
expressions contain variables, constants, binary operation expressions, as well as
function calls or is expressions, which test for the type of the variable specified.

Implementation expressions are written in a slightly different syntax:

vi o= Ty =

et u= vllc|el opy eb | not el | (ef) | vtis T | Count(v?) |
Sum( [vi,...,v5]) | Max([vi,...,v5]) | Min( [v},...,05]) |
Present(T)

Implementation expressions are just symbolic expressions, but not table con-
straints, which cannot be used because of the special semantics of these expres-
sions. Implementation expressions are indeed used to specify which combina-
tions of elements from structure views (or parent feature view) are needed to
implement a specific combination of features (see Section . Another im-
portant difference lies in the fact that each variable is preceded by an explicit
context type T; that replaces the default context type T.. This new context
type must belong to the structure or feature view implementing the current fea-
ture view V. Finally, implementation expressions can also use the Present(T)
function to test for the presence of an instance of a specific type from one of the
implementing views.

We write Vars(e€) (resp. Vars(e)) for the set of types and definitions occurring
in e¢ (resp. €'), i.e., for all § € (Dy USy U Ay U Ty).

Example 35 Consider the compatibility expression Cprepaid from the compati-
bility constraint cprepaida 0 Example (28, represented in the constraint language:

6zc,repm‘d “= OtalkTime = “pT@paid” e (HOt AsSMS and not au7llimited)
where QiaikTime, OSMS, ONA Quniimited 0re attribute definitions for the talk-

Time, SMS, and unlimitedEvenings attributes whose source type is the compo-
nent type PhoneSubscription. We have:

Vars( prepald) {atalkTim67 QasMS, aunlimited} .
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Consider now the implementation constraint csc from Ezample [25. The two
expressions €5 and e4q in the constraint are as follows:

egG = azg
ete u= RFCard = acararype = “GSM/UMTS”
and ConnectionMngr — apiuginsa

The compatibility expression specifies that the feature to implement is the 3G
on the phone, as azg = (“3G”,Phone, {true, false}, VISIBLE, 1). The imple-
mentation constraint involves two wvariable paths, one starting from the con-
text type RFCard € Ts,,,. with Qcararype = (“cardType”,RFCard,...) and
the other one starting from the context type ConnectionMngr € Ts_,, with
Qpluginsc = (“plugin3G”, ConnectionMngr, ...). We have here:

Vars(e5o) = {asc} and Vars(eis) = {QcardTypes Oplugin3c |-

6.3 Formalising ProCoLa

We now take a look back at the ProCoLa modelling language defined in Sec-
tion In this section we describe the process of translating configuration
models written in ProCoLa into the formalism presented in the previous section.
This translation is a new step towards providing a clear and complete semantics
for ProCoLa: the first semantic checks are performed during the translation
from ProCoLa to the formalism. Moreover, we define in Section [6.3.2] a type
system for the constraint language used in the formalism, as well as a series of
rules in Section [6.3.3] that ensure the well-formedness of the formalised models.

6.3.1 From ProCoLa to the formalism

We present now the operations responsible for the translation process. For the
sake of brevity, we only show the translation for feature views. The formalisation
rules for structure and realisation views can be found in Appendix

Expressions are not covered in this Section either, due to the many similarities
between the ProColLa expression syntax and the constraint language defined in
the previous section, which makes the translation trivial.
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In order to interpret units and constants, we use two auxiliary mappings defined
as follow:

u € Unitsp = Id, — D, with Id, € S,D,, € PNUBUS)
c € Constp  ::= Id. — {c,Id,) with Id. € S,c e NUBUS, Id,, € SU{¢}

The units mapping Unitsp maps a string, the unit name Id,, to a set of con-
stant values, the domain of the unit. The constants mapping Constg maps a
string, the constant name Id., to a pair composed by the constant value ¢ and
a potential unit name Id,, (e is used when no specific unit is assigned to the
constant).

Tables and show the translation rules in the context of a feature
view F = (Tg, T3, S, Ir, Dr, Refr, Cg,Cih, M), with M = (VI V* V" Spy).
The translation operation ~ takes ProCoLa terms and either converts them
to a formal element or specifies a boolean condition that must be ensured for
the rule to be satisfied.

Rule [C}] is for example a basic conversion rule: it takes a constant value ¢ in
ProCoLa and returns a pair {c, €), where ¢ is used since the constant value has
no unit. On the other hand, rule [C5] takes a constant identifier Id. and return
the pair (c,u), assuming that there exists a mapping in Constr that maps Id.
to a value ¢ and a unit identifier u. This assumption has to be satisfied for the
rule to be usable: it thus checks that a corresponding constant has correctly
been declared.

Rule [FeatureView;| from Table is an example of a rule that contains a
boolean condition that must be ensured: in case F’ is a feature view and declared
as a parent view of the newly declared view F, the pair (F,F’) must be added
to the specialisation function Spyr.

Moreover, we use ProCoLa terms in brackets and associated with a boolean
variable b (e.g., [ref];) to describe the translation for certain optional terms. For
example, rule [Attr Decly] relates to attribute declarations and the ref keyword.
The boolean variable b represents whether or not the ref keyword is stated in
the attribute declaration. A boolean condition using b is specified with the
rule: in case of rule [AttrDecly], if ref is present in the declaration, the rule is
valid only if there exists an element «s for which the attribute a declared is a
reference to, i.e., @ <% ag. On the other hand, if ref is not in the declaration,
there should be no such as, in order to avoid collision between two attribute
declarations with the same name and belonging to two types with one refining
the other.
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[C1]

[Cs]

[Type:]

[T'ypea—4)

[DomReduc;)

[Dom Reducs)

[DomReducs]

[Dom Reduc,)

[T'ypeDecl]

[ConstrDecly]

[ConstrDecls]

[ImplDecl)

[ImplDecls)

[Visbility]

[AttrDecly ]

c~r (¢ €)

Id. ~¥ {c,u)

Id,, ~F (Dy, Idy,)

integer ~y (N, ¢)

if (Id, — (c,u)) € Constp

C; ~ (ci,u)

boolean ~y (B, €)

{C1,....,Cp} ~r (D ={c1,...,cn},u)

C; ~¥ (¢, u)

[C1..Ch] ~p (D ={n/c1 <n<cy},u)

C ~p (c,u)

[-inf..C] ~F (D = {n/n < c},u)

C ~y (c,u)

[C..inf] ~p (D = {n/c < n},u)

Type ~¥ (D1,u); DomReduc ~>p (Da,u)

TypeDomReduc ~w (Da, u)

CSymExp ~p ef

{CSymExp} ~p (T, e°)

ConstrVal ~p e

if (Id, — D,) € Unitsg

enum ~p (S, €)

if Dy C Dy

[Id]:[description:|[c;]] ConstrVal ~p (T,,ec)

ImplExp ~r (e, €', Op)

{ImplE‘Tp} ~F <T07 ec’ €i7 Op>

ImplExp ~F <ec’ eia Op>

[Id]:[description:[c;]] value:ImplExp ~r (T, e, e, Op)

readonly ~»r READONLY hidden ~»p HIDDEN

[ref]y Id, ...

R 0= <Ida7 .

)

if b < Jag/a <§ as

Table 6.5: Formalisation of ProCoLa feature view

€ ~p VISIBLE
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Visibility ~r v; TypeDecl ~p (D, u)

AttrDecl
[Attr Decly] Visibility 1d,:TypeDecl. . . ~p a = (Idg, Ta, D, v, 1)
(Attr Decls] . stzbzlzty ~ v; TypeDecl ~p (D u); C ~p (r,€)
Visibility Id, [C] :TypeDecl. .. ~p o= (Id,, Ty, D,v,r)
[SubF Decly] : [ref|plds... ~p o= (Ids,...) if b < Joz/o <5 02
[SubFDecly] : Idg:Ty...~p o= (Ids, Ts, Ty, 1,1) if T, € T
C~rF (r,€) .
SubF Decl fT
[SubF Decls] 1d,ICT:T,. .. ~p o= (Idy, Ty, To,rr) €T
Ci ~r (rise) :
SubF Decl fT
[SubF Decly] 1d.0C1.Co1 T, . ~p o = (Idy, To, Toyrny ) -0 T
[FTypeDecly] : [refined],...featureType T...~y T € Tp
if b= HFP/T S %P&(F,FP) S SpM
[FTypeDecly] : [Root]...featureType T... ~p Ti' =T
[FTypeDecls] : ..abstract..featureType T...~p T € T
[FTypeDecly] : ..featureType T subtypeOf Ty,...,Ty...
~p (T, T),..,(T,,T) € Ir if T, € T
A; i = (e, Tas, ...
[F'TypeDecls] o i = - )
...featureType T...attributes : Ay,..., A;...
R O = <...7T7 > € D
: = (T, Ty, .
[F'TypeDeclg] Sinor 0 = oo Tain Ty )
...featureType T...subfeatures : Sy,...,S;...
R O = <...,T,Tt, > € Sy
i i = ...,Tci,...
[FTypeDeclr) Cons; ~x O < )
...featureType T...constraints : Consf,...,Cons¢...
~p Cp = <...,T, > € Cpe
I; I ={.,T.y,..
[FTypeDecls] i < )

...featureType T...implementation : Ii ... Ii..

~p I = <,T7> € Cpi

Table 6.6: Formalisation of ProCoLa feature view (continued)
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[ConstDecly] : Ide:= ¢~y (Id. — {c,€)) € Consty
[ConstDecly) : Id.:1d,:= ¢~y (Id. — {c,Id,)) € Constg
. TypeDecl ~g (D, €)
UnitDecl
[UnitDecl] Idy, :TypeDecl ~y (Idy — Dy) € Unitsp
[FeatureView;] : featureView F specialisation0f F'...
~p (F,F)) € Spy if F e Vf
[FeatureViews] : featureView F...~p F € V/f

Table 6.7: Formalisation of ProCoLa feature view (end)

6.3.2 Type System

Now that ProCoLa models can be formalised, we establish a type system for
the constraint language defined in Section and used in the formalism.
The translation operations defined above provided several type checks, e.g., for
subfeature declarations or feature subtypes. The type system described in this
section is yet a new step towards typing the ProColLa language, by checking
variable types in constraint expressions and providing valid types for them.

We first introduce the types and type environments used in the type system,
and then present the typing judgements for constraint expressions.

6.3.2.1 Types

The type system is established for a model M = (V¥,V* V" Spyp). Let us first
introduce the notion of types and type environments.

T € Type types

't € TEnv type environments
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We shall assume that types are separated into base types and concepts types:

Type = Typebase U Typeconcepts

Type,, e = {int, bool, string}
Typeconcepts = UFer 7% U USEVS 7é

where int, bool, and string are the only three kinds of base types, and the
framework concept types (feature types, structure types, and realisation types)
are represented by Type,,pcepts- Fach constant ¢ € NUBUS has a type that
we shall denote 7.; for example, true has type Tirue = bool and 13 has type
713 = int. Each string s has the type 7 = string. Each binary operator
opy will expect two arguments of types 7, and 7, , respectively, and will
return a result of type 7,,,. For example, the relational operation > expects
two arguments of type int and gives a result of type bool.

Finally, the domain D of an attribute definition « is said to be wvalid iff all
constant literals in D have the same base type 7, in which case D has a type
™D =T.

A type environment is induced by a context type T € Ty (with V € Y/ UV?),
which specifies in which context it is is valid. It is given by a function

FT : (DV - Typebase) D (SV U -AV - Typeconcepts)

where @ represents the function union operation.

This means that I'r maps attribute declarations to base types, and subelement
declarations to concept types.
VT € Ty,Va € Dy,Vo € Sy:

I'r(a) =m iff a=(T',D,v,7) and T Cy T’
I'r(o) =Ty iff o= (T,Ty,ry,7m) and T CEy T

Moreover, if V is a structure view (V € V?®), association definitions are also
mapped to concept types:
Vp € Ay, I't(p) = Ty iff p= (T, T,d,r1,72) and T Ty T.
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6.3.2.2 Typing judgements

For a feature or structure view V. € V/ U V*, the general form of a typing
judgement (in the context of T € Ty) I'tr by e : 7 says that the expression e
has type 7 assuming that any attribute, subelement, or association definition
has the type given by I'v. The axioms and rules for the judgements are listed
in Table in the context of a view V € Vf U Vs,

Example 36 Consider the two constraint expressions e and egG defined in
Ezample [35] by:

egc = asg
ete u= RFCard = acararype = “GSM/UMTS”
and ConnectionMngr — apiugin3a

As the context type for both expressions is Phone, we have:
IPhone FFye.. @36 @ 000l as I'phone(asa) = bool

which gives
I'Phone FFy,.. €5 : bool
Moreover,

Irrcard  FF,,.. OcardType : StTing
IPhone Fr,.. RFCard — UcardType = “GSM/UMTS” :bool

and

FConnectionMngr }_Fbase Aplugin3G - bool
I'Phone Fry.. ConnectionMngr — apiuginsg : bool

which finally gives

I'Phone FF,.. €5¢ & bool
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FT |—V C:Te
FT I—Va:TD if FT(Q):TD
FT Fvo':Tt if FT(U):Tt

FT l_V p: Tt if FT(p) = Tt

e, byover
'ty Ty —ww:r
Irhyo:T I'pbyoer
I'tkyo—ov:r
FTF\/pZT/ FT/FVatT
I'tkFyp—a:T
Prbyer 7y, Crbyes:72,
It v oe1 opy €2 : Top,
I't Fy e :bool
I'r Fy not e : bool

FT }_V e:.T
Prby(e):7
I'thbyo:r
if e Type,., .. ..
I't Fy vis Ty : bool T YPCconcepts
FT l_V v.T .
lf TE Typeconcepts

It vy Count(v) : int
Vi:Ir by v :int

I'r by Sum([v1,...,v,]) : int
Vi:I'r by v 0 int

It by Max([v1,...,v,]) @ int
Vi:Ir by v :int

It by Min([vg,...,v,]) @ int

It by Present(T) : bool

V’iZFT l_V Vi 1T VL]',FT l_V Cij * Tq

FT FV Table( [Ul, e ,Un] y [[Clla .. -7Cn1] yesey [Clh ..

.sCnt]]) : bool

Table 6.8: The type system for constraint expressions
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6.3.3 Well-formedness

We now define a set of rules that ensure the well-formedness of the whole config-
uration model. We use in particular the type system established in the previous
section to define well-formedness for constraint expressions.

Definition 21 For a feature or structure view V. € V¥ UV*, a compatibility
constraint (T, e¢) € C is well-formed if 't Fy e : bool.

A compatibility expression e¢ € CExp is thus well-formed if it can be evaluated
to a boolean by the type environment induced by T.

Definition 22 For a feature or structure view V € Vf UV*, an attribute defi-
nition (name, T,D,v,r) € Dy is well-formed iff D is valid and r > 0.

For a (feature or structure) taxonomy relation, several rules must be satisfied for
it to be well-formed: there can be no loop in the partonomy, and each abstract
type must at least have one subtype.

Also, in case of a structure taxonomy relation, only similar structure types can
be part of the same taxonomy tree, i.e., an association type cannot be the
subtype of a component type (and vice versa).

Definition 23 For a feature or structure view V€ VI UV, a feature or struc-
ture taxonomy relation Iy C Ty X Tv is well-formed iff:

o AT, T) € Tv, s.t. (T#T)A(TCy T)A(T Cy T)
o VT € T, 3T € (Tv \ ) s.t. (T/,7T) € Iy

Moreover, if V € V?,
V(T,T)ely, (TeTS T eTHONTeTE < T € TY)

Subelement definitions (subcomponent or subfeature) must be have a target type
different from the source type (or one of its subtypes) to be well-formed, and
the minimum cardinality cannot be less than 0 or greater than the maximum
cardinality of the relation.
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Definition 24 For a feature or structure view V. € VI U V?®, a subfeature or
subcomponent definition (name, Ty, Ty, r1,72) € Sy is well-formed iff:

(Te Zv Ts) A0 <71 <13)

The well-formedness of implementation constraints is ensured if both the child
expression and the parent expression can be evaluated to basic types by the type
environment induced by constraint’s context type, if these types are compatible
with the binding operator and the return type of this operator (and thus the
constraint) is boolean.

Definition 25 An implementation constraint (T, €S, €&, Op) in Ci for a feature
view F € V/ is well-formed iff E|7'C1)p,7'(2)p € Typey, ;. S-t

(I Fr ed Z’Tép) ATrkpeb: T%p) A(Tr Frp el Op eh : bool).

Reference relations must involved proper subfeature and attribute definitions
refinements, as described in Section

Definition 26 For a feature view F € Y/, the subfeature reference relation <%

is well-formed iff, for two subfeature definitions o1 = (names, Ts1, Ti1,711,721)
and o2 = (names, Tso, Ty, 112, T22) such that oo <3 o1:

(namel = nameg) A\ (Ttl Cr Ttg) A (7“11 > 7“12) A (7"21 < 7“22).

In a stimilar way, the attribute reference relation <% is well-formed iff, for two
attribute definitions oy = (namey, T1,D1,v1,71) and ag = (names, To, Do, va, 12)
such that ay <f aq:

(namey; = namez) A (D2 € Dy) A (re < rp) A (ve < vq).

Moreover, the reference relation <p is well-formed iff it is the function union
of two well-formed relations <§ and <%.

Finally, the direct reference function Refr is well-formed iff <p is well-formed.
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We now define the well-formedness rule for feature views.

Definition 27 A feature view F = (Tp, Tt S, Ir, Dr, <r,Cg,CL) is well-
formed iff:

e all the elements in Sp, Dr,C§ and Cf are well-formed
o the relation Ir and the function <p are well-formed

e the names used in the attribute and subfeature definitions are unique for
a given source type Ty, i.e.,

ﬂ(dl = <Tl1,TS, .. .>,($2 = <TLQ,TS,. . >) S (SF UDF) s.t. ny = ng

e the root type T belongs to F or the closest parent view of F containing
a root type, i.e., if Tp*?t € Fp #F,

BF st (F,F') € Spiy A (F/,Fp) € Spiy A Theot € Teo
e there is no loop in the partonomy tree, i.e.,

A (T,T/) with (T EF T/> \Y (T/ EF T), ﬂ(Tl, ce 7rI‘n) S.t.,
T, =T,T, =T and
VT, Tiva,
(Ti Er Tiv1) V (Tiza Cr Ty) V (Joi = (..., T4, Tig1, . ..) € Sp)

Before establishing the well-formedness of structure views, we have to define
what is a well-formed association definition. This is similar to the well-formedness
of subcomponent definitions.

Definition 28 For a structure view S € V?, an association definition defined
by (name, Ty, Ty, d,r1,72) € Ag is well-formed iff:

(Tt Zv To) A (0 <y <rp)
Definition 29 A4 structure view S = (75, T&°%, Ss, As, Is, Ds, C§) is well-formed

o all the elements in Ss, Ag, Ds, and C§ are well-formed
e the relation Ig is well-formed

o the two sets TS and T are disjoint, i.e., T NTE =10
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e the names used in the attribute, subcomponent and association definitions
are unique for a given source type Ty, i.e.,

39(61 = <n1,TS, .. .>,(52 = <n2,Ts, .. >) € (Ss U Ag U'Ds) s.t. n1 =no
e there is no loop in the partonomy tree, i.e.,
Y (T, T') with (T Cs T') v (T g T), H(Ty,..., T,) s.t.,
T,=T,T, =T and

VTZ', Ti+1;
(Ti Cp Ti+1) V (Ti+1 Cp TZ) V (30’1 = < .. ,T,L', Ti+1, .. > c SS)

We now define the well-formedness of concepts in realisation views.

A mapping constraint is well-formed when its compatibility expression can be
evaluated to a boolean by the type environment induced by its origin structure

type.

Definition 30 For a realisation view R € V", a mapping constraint (T, T, e¢)
in Cg' is well-formed iff

I'r, Fr e : bool.

For subitem or suboperation definitions, the target type must be different from
the source type, and the cardinality greater than 0.

Definition 31 For a realisation view R € V", a subitem or suboperation defi-
nition (T, Ty, 7) € (Sh USR) is well-formed iff:

(Te # Ts) A (r > 0)

Also, the operation types cannot be successor of themselves.

Definition 32 For a realisation view R € V", a successor definition (T}, T)
is well-formed iff for T € T,

ﬂ(le"?Tn) S TP? s.t. m = <T7T1>"' <y lin = <T’I’L7T> ENR'
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Definition 33 A realisation view R = (S, Tr, Sk, SR, Nr,CE) with Tr = Tg U
T UTR is well-formed iff:

e all the elements in Sk, S, Nr and CJ' are well-formed
o Ti, T and Ty are pairwise disjoint
e there is no loop in the partonomy trees, i.e.,
-V (T,T) € Ta, HTy,...,Ty) s.t., 4
Ty =T,T, =T and ¥VT;, Tiy1,30, = (..., T;, Tit1,...) € Sk

— VY (T,T') € 7%, #(T4,...,Ty) s.t.,
T, =T,T, = T and VT, TiJrl,EUi = < .. 7Ti7Ti+1a .. > € Sﬁ

Finally, before defining well-formed configuration models, we must make sure
that the specialisation function defines no loop in the feature view hierarchy
and that there exists one and only one base view in that hierarchy.

Definition 34 For a configuration model M, the specialisation function Spy
1s well-formed iff:

VF € VI (F,F) ¢ Spi; A (basent # 0) AY(F,F') € basey, F = F/

For the sake of readability, we shall then write in this case basey; = F instead
of basey; = {F}.

Definition 35 A configuration model M = (V£ V* V" Spy) is well-formed
iff all the following statements hold:

o All feature views F € VI are well-formed.
o All structure views S € V* are well-formed.
o All realisation views R € V" are well-formed.

o The specialisation function Spy is well-formed.

These rules ensure that the a model declared in ProCoLa are well-formed, and
must be satisfied before starting the configuration. In order to guarantee well-
formedness of the model, relevant tool support must be provided to the knowl-
edge engineers. We present in Chapter [I0] our prototype implementation in
which ProCoLa models are compiled. Most of the well-formedness rules are
checked by the tool during this compilation process, with the support of a Cycle
Detection Analysis, presented in the next section.
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6.4 Analysing ProCoLa Models

In this section, we will present several analyses of the configuration model based
on the formalism defined in Section We first present how to construct the
labelled graph used for the analyses, and then the analyses themselves.

6.4.1 Graph construction

The different analyses of the configuration model are based on graphs with
labelled nodes and different kind of directed edges. We thus define a number of
operations on model elements and labels for each type of views.

6.4.1.1 Labels

Feature views. Consider a feature view F € V. We define a function
element2labely: (Tp USp UDp UCE UCL) — Label

that associates a label to relevant elements in the feature view, i.e, feature types,
attribute and subfeature definitions, and constraints.

We also define the inverse function
label2elementy : Label — (Tp U Sp U Dp UCE UCL)

that retrieves the element associated to a specific label.

Structure views. Consider a structure view S € V5. We define the label
functions on structure types, resources, resource use, attribute, subcomponent
and association definitions, and constraints:

element2labels : (Ts URs UUs USs U AgUDg UCS) — Label
label2elements : Label — (Ts URg UlUs USs U Ag U Dg UCS)
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Realisation views. For a realisation view R € V", we define the label functions
on realisation types, subitem and suboperation definitions, successor definitions,
and mapping constraints as

element2labely : (Tr USh USE UNR U Qg UCE) — Label
label2elementy : Label — (Tg U Sk USE UNR U Qr UCEY)

Configuration model. Consider now the whole configuration model M =
(Vf, Vs, V", Spum). We define the following functions:

element2label = (Ppcys element2labelr) © (Pgey- element2labels)
S (Drey- element2labelr )
label2element = (@Ppeys label2elementr) © (Pgcy- label2elements)

®(PBrey- label2elementr)

The labelling process must ensure that any element § satisfies element2label (§) =
1 and label2element(l) = 6. For the sake of simplicity, we will adopt the notation
[a]".

Note that we assume the element2label and label2element functions to be bijec-
tive. If we have [0]' and [6]", then | = I’; moreover, if we have [6;]' and [d2]’,
then 67 = 4.

Then the set of labels occurring in the modelling views is given by the following
functions:

labels! : VI — P(Label)
labels® : V® — P(Label)
labels” : V" — P(Label)
where
labels?(F) = {l][6)' € (TrUSFUDrUCEUCEH)}
labels*(S) = {l][6)' € (TsUSsUAsUDsUCS)}
labels"(R) = {l][6]' € (TRUSLZ USE UNR UQRUCT)}

We finally define the labels function by:

labels(M) = labels! (V) Ulabels®* (V) U labels" (V")
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Example 37 Let us return to our case study, and the Communication type
from the base feature view, written in ProCoLa (only two constraints are shown
here).

featureType Communication [

attributes:

internetAccess: boolean; socialNetworking: boolean;

subFeatures:

phone [0..1]: Phone; network: Network;

constraints:

{ phone[1].3G -> internetAccess 1I};

implementation:

{Count (phone) = 1} <-> {Present(Physical::RFCard) and

Present (Software::PhonelApp)};

1;

The labelled elements from the formalisation of the Communication feature types
involved here are:

feature types: [Communication]!, [Phone]® and [Network]'?.

e attribute declarations: [QinternetAccess)” [ozsocialNetworkingP, originating from
the Communication type, and [azg]® from the Phone type.

e subfeature declarations: [Ophone]* and [onetwork]®-
e the compatibility constraint [c1]® and the implementation constraint [i]".

e component types, from the software structure view [PhoneApp|*! and from
the physical structure view [RFCard]'?.

6.4.1.2 Edges

We will need to operate on different types of edges between labelled nodes in the
graph. We thus define functions returning pairs of labels to define those edges,
according to the different elements in the configuration model. Three different
types of edges are created: dependency edges, use edges and taxonomy edges.
When two nodes (I1,ls) are linked through dependency edges, it means that
deleting the first one I; will make the second one Iy inconsistent with respect to
the semantic correctness of the model. Use edges are created when a labelled
element references another element (except for taxonomy relations). Finally,
taxonomy edges represent the taxonomic relations between labelled elements.
The latter edges are separated from use edges to help identifying taxonomic
cycles, as will be discussed in Section [6.4.2.2
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Feature views. For a view F = (T, T5° Sk, Ir, Dy, Refr,CS, Ch, M), we
define the functions

depEdgesy  :  (SpUIr UDp UCE UCL) — P(Label x Label)
useEdgesp  :  (SpUDpUCEUCL) — P(Label x Label)
taxoEdgesy : Ir — P(Label x Label)

These two functions respectively describe the dependency and the use-relation
between labelled elements, and are defined for a feature view F:

e A subfeature definition [0]! = (name, [T, [T¢]"2,r1,72) in Sp relates two
types [T]" and [Ty)"2. If one of these two types is deleted, the subfeature
definition makes no sense any more, so we have:

depEdgesr([0])) = {(l1,1), (I2,1)}

Also, subfeature definitions are referenced by the source type T,)", and
make use of the target type [T;]'2 through [o]":

useEdgesyp([o]') = {(11,1), (I,12)}

e For a pair ([T]},[T')") € Ir involved in a taxonomic relation, deleting
the supertype [T]" would invalidate the subtype [T']". Also, taxroEdgesrp
records that these two types are part of the same taxonomy:

{1}
{@0), @, 0}

depEdgesy ([T]!, [T']")
tazoEdgesg ([T, [T']V)

e An attribute definition [a]' = (name, [T,)",D,v,r) in Dp is referenced by
its source type [T4]", and is dependent of it: removing it would make [’
semantically inconsistent.

depEdgesy([a]') = {(I',1)}
useEdgesp([a]') = {(I', 1)}

e Constraints are dependent on their context type, as well as each variable
involved in their expressions For a compatibility constraint defined by
[ce]! = ([T]V, e¢) € C& and an implementation constraint in Cf defined by

[ei]' = ([T)", e¢., b, Op):

depEdgesr([cc)!) = {(',]) (Li, )| [vi]l € Vars(e®)} 4
depEdgesr([c;]')) = {(',1)} U{(l;,])|[v:]" € Vars(e&) U Vars(eh)}
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Moreover, each constraint is used by its context type, and references all
the variables from compatibility expressions. Use edges are limited to one
specific view, so implementation expressions are not referencing the own

variables.
useBEdgesr([cc]') = {0} U{({l,1;)|[vi]" € Vars(e®)}
useEdgesp([c;]') = {(',1)} U{(l,1;)|[v:]" € Vars(eg)}

Then, the set of dependency and use edges in a feature view is given by:

depEdges’ : VI — P(Label x Label)
useEdges’ : VI — P(Label x Label)
taroEdges’ : V/ — P(Label x Label)

where
depEdges’ (F) = {depEdgesr([0)') | [6]' € (Sp UIr UDp UCEUCE)}
useEdges’ (F) = {useEdgesg([0]') | [6]' € (S UDr UCEUCE)}
taxoEdges? (F) = {tazoEdgesr([0]') | [0]' € Ir}

Example 38 In Ezample[37, the following edges are created:

depFEdges:{(1,2),(1,3),(1,4),(1,5), (1,6),(1,7),(2,6), (4,
useEdges:{(1,2),(1,3),(1,4), (1 1 1 2

:—\
ot
Nz
—
D
Nuis
—
N
~
—~
DN

Structure views. We define the edges functions for a structure view S € V*:

depEdgess : (SsURsUUsUAgUIgUDgUCS) — P(Label x Label)
useEdgess : (SsURgUUs U AgUDgUCS) — P(Label x Label)
taxoEdgess : Is — P(Label x Label)

These functions are identical to the depEdgesy, useEdgesy, and taroEdgesy
for subcomponent and association definitions (similar to subfeature definitions),
attribute definitions, compatibility constraints, the taxonomy relation and com-
patibility constraints.

The edges functions for a structure view S are defined further for a resource
definition [v]' = ([T]"*, [R]!2,u, ) in Ss by:

depEdgess([v]") = {(I1,1), (la, )} U {(l;,1
useBdgess([v]') = {(11,1), (I,12) } U {(
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A resource definition is dependent on the interacting component type [T]"* and
the resource used [R]’2, as well as all variables involved in the resource use
expression e¢. Furthermore, the interacting type [T]"* makes use of the resource
definition [v]’, which references the resource [R]? and the variables in e°.

Then, the set of dependency and use edges in a structure view is given by:

depFEdges® : V* — P(Label x Label)
useEdges® : V* — P(Label x Label)
taxoEdges® : V* — P(Label x Label)

where
depEdges®(S) = {depEdgess([6]') | [0]' € (Ss URs UlUs UAs U IsUDsUCS)}
useEdges*(S) = {useEdgess([9]') | [0]' € (Ss URs UlUs UAsUDsUCS)}
taroEdges*(S) = {tawoEdgess([6])) | [6]' € Is}

Example 39 Consider the Motherboard type in the physical structure view of
our case study, and the interactions with the AvailableSlots resource already

considered in Example|29 (page .

This is defined in ProCoLa with:

componentType Motherboard [
attributes:
nbSlots: integer{6,10,12,14};
hidden nbChips: integer [0..5];

produces: AvailableSlots := nbSlots - nbChips;
1;

with the labels: [Motherboard]!, [ambsiots)?, [Oéanhips]S, [vas]* and [AvailableSlots]®.
The following depdendency and use edges are created:

depEdges:{(1,2),(1,3),(1,4),(5,4),( ( }
useEdges:{(1,2),(1,3),(1,4),(4,5), (4,2),(4,3)}

The resource use [vas]* is dependent on [Motherboard]!, [AvailableSlots]®, and
the variables [ambSiots]? and [ambcnips)®, while it references the resource [AvailableSlots]®
and the variables.
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Realisation views. We now define the edges functions for a realisation view
ReV:

depEdgesg: (Si USE UNR UQgr UCE) — P(Label x Label)
useFdgesg: (S USE UNR UUQRCE) — P(Label x Label)

The edges functions for a realisation view R are defined by:

e Dependency and use edges for subitem and suboperation definitions are
similar to the ones for subfeature definitions. For a subitem or subopera-
tion definition [0]! = (name, [T,]"*, [T¢],r) € S§ U SS:

depBdgess([o]') = {(l1,1), (I2,1)}
useEdgess([o]') = {(11,1), (I,12)}

e A successor definition [n]' = ([T,]"*,[Ts])®?) € Nr depends on both types
involved, and these types reference the successor definition:

3 (127 l)}

depEdgess([n]') (11,1
l17 l ) (l2a l)}

=1
useEdgess([n]') = {(

~— —

e A resource usage definition [w]' = (name, [T,])"1,[T,]"2) € Qr also depends
on both types involved. It is referenced by the defining operation type
[T,)"+ and make use of the resource type [T,]%:

depEdgess([w]') = {(I1,1), (I2,1)}

useEdgeSS([w]l) ={(l1,1), ([, l2) }

e TFinally, a mapping constraint: [m]' = ([T4]"t,[T,]!2,e) € C2* depends on
both its origin structure type and its defining realisation type, as well as
all the variables involved in the mapping expression. Moreover, it is used
by the structure type [Tt and references both the realisation type [T,]"2
and the variables in e®:

{(

depEdgess([m]') = {(I1,1), (I2, )} U {(l;,1
P U{. L

{ )|[vi]' € Vars(e“)}
UseEdg(iSS([m]l) = {(llal)v(l’b } |

[vilii € Vars(e©)}
Then, the set of dependency and use edges in a realisation view is given by:

depEdges” : V" — P(Label x Label)
useEdges” : V" — P(Label x Label)
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where

depEdges”(R) = {depEdgesg ([6]") | [6]! € (Sk USE UNR UCE)}
useEdges”(R) = {useEdgesg([0]') | [6]' € (S§ USE UNR UCE)}

Example 40 We have a look now at the mapping constraint defined in Example
on page[106, and declared in ProCoLa by:

operationType Coating [
mapping: TouchScreen: { oleophobicCoating };

1;

with the labels: [Coating}l, [aoleophobicCoating]27 [mmap]3 and [TouchScreen]4.
The following depdendency and use edges are created:

Configuration model. Consider now the whole configuration model M =
VI, v, V", Spy). We define the following functions:

depEdges(M) = (@peys depEdgesy) © (Dgcy- depEdgess)
©(PBgreyr depEdgesr)

useEdges(M) = (@peyr useBdgesy) ® (Dgeys useEdgess)
®(Preyr useEdgesr)

taxoEdges(M) = (@peys taroEdgesy) @ (Pgcy. taxoEdgess)

Thus labels(M), depEdges(M), useEdges(M) and taxoEdges(M) will be a rep-
resentation of the dependency, use and taxonomy graphs for the configuration
model M.

Example 41 If we return to Ezample [37, Figure [6-1] shows the graph con-
structed from these labelled elements and edges. This graph shows that [crphonc]4
is dependent of [Communication]' and [Phone]®, thus removing one of the two
types would make the subfeature declaration inconsistent in the formal model.
Also, we can see that [Phonel® is used by [opnone|*, and by transitivity is also

used by [Communication)*.
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Figure 6.1: Graph for the Communication feature type

6.4.2 Analyses

We now present three analyses of the configuration model that rely on the
graph defined previously. These analyses are based on two types of algorithms:
a worklist algorithm [71] and an algorithm for finding strong components.

The Dependency Analysis permits to find other model elements dependent on a
specific element, while the Usage Analysis can be used to determine which ele-
ments are used by a specific one. Finally, the Cycle Detection Analysis identifies
the partonomic and taxonomic cycles in a model.

6.4.2.1 Dependency and Usage Analyses

In this section, we define the first two analyses based on the dependency and use
edges of the constructed graph. We first present the objectives of each analysis,
before describing the worklist algorithm used to compute them.

Dependency Analysis. The Dependency Analysis aims at finding the set of
labelled elements that depends on an initial labelled element. It takes as input a
set of labelled elements init and computes the list of labels {l1,...,{,,} that will
become inconsistent with respect to the model semantics and well-formedness
if elements in init are removed from the model.

The edges used to compute the Dependency Analysis are the dependency edges,
from the depFdges functions.
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Example 42 Recall Ezample[57, and consider the Phone feature type. Remov-
ing this type from the model has the following consequences on the model:

e The subfeature declaration [opnone|* = (“phone”, Communication, Phone,0,1)
becomes invalid, as the target type is not a feature type anymore: Phone

¢ Thyane

o The attribute declaration [asc]® = (“3G”, Phone, { true, false}, VISIBLE, 1)
becomes also invalid, as its source type is not in Tr,,,, either.

e Finally, the compatibility constraint [c1]® should be evamined for deletion
as well, as it refers to asg, which is not a wvalid attribute declaration
anymore.

The Dependency Analysis applied on init = {[Phone]®} should thus return the
set of labels {4,6,9}.

Usage Analysis. The Usage Analysis aims at finding the set of labelled el-
ements that are used in a model. This permits to identify, by looking at the
original set of labels, the elements that are not used in the configuration model,
and to take actions towards either cleaning the model or repairing it for ex-
ample. The Usage Analysis takes as input a set of labelled elements init and
computes the list of labels {l,...,1,} that are used by the elements in init. The
edges used to compute the Usage Analysis are the use and taxonomy edges,
from the useFdges and taroEdges functions. A complete Usage Analysis of an
entire configuration model starts with the set of the root types of all feature and
structure views.

One special case concerns variables from implementation expressions: due to the
different semantics of these expressions (i.e., the implicit existential quantifier
used to interpret them), these variables have a special relation with the imple-
mentation constraint, and thus are linked using implementation edges, and not
use edges. Their usage must thus be determined from the view they are part of.

Example 43 In FExample [Network]!© is only used by the subfeature dec-
laration [Onetwork)®- If [Onetwork]® were not in the model anymore, [Network|*°
would not be in the Usage Analysis set computed on [Communication)]!.

Note that [PhoneApp|*! and [RFCard]'? are not reachable from Communication
via the use edges, and thus are not in the Usage Analysis set computed from label
1, as they are part of the implementation of the Communication feature type.
To be part of the full model Usage Analysis, these types must then be used in
their own view.
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Worklist algorithm. The algorithm used to compute the two analyses intro-
duced above is shown as Algorithm It takes as argument the initial set of
labels init, as well as the set of edges E to consider for the requested analy-
sis. For a Dependency Analysis, we have E = depFdges(M), while we have
E = (useEdges(M) U taxoEdges(M)) for a Usage Analysis.

Algorithm 1: WORKLIST(init: Set, E: Set): Set

Analysis = {;

W = 0;

foreach [ € init do
W = Cons(l, W);
Analysis = Analysis U {l};

while W # () do
! = HEAD(W);
W = TaL(W);
foreach (I,!') € E do
if I’ ¢ Analysis then
W = cons(lI', W);
L Analysis = Analysis U {l'};

return Analysis;

The algorithm is based on a worklist W, which is initialised with labels from
the init set, along with the result set, Analysis. The function Cons(l, W) is
the list constructor, while HEAD(W) and TAIL(W) produce the head and tail
of the worklist. In the while loop (line 6-12), the first element of the worklist is
extracted and removed from W. Each of its successors I’ in the set of edges F is
put under examination and, if not already in Analysis, is added to the worklist
and the result set. Line 13 finally produces the result of the algorithm.

6.4.2.2 Cycle Detection Analysis

The aim of the Cycle Detection Analysis is to detect partonomy and taxonomy
cycles in a configuration model whose well-formedness with respect to cycles
is not proven. This analysis is based on the different graphs created from the
model, and detects the strong components of the graphs.

Definition 36 Two nodes l and ' are said to be strongly connected whenever
there is a (possibly trivial) directed path from l to I' and a (possibly trivial)
directed path from 1’ to l.
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Defining

SC = {(l,I")|l and I’ are strongly connected}

we obtain an equivalence relation SC C labels(M) x labels(M) (the proof is
well-known and omitted here).

The equivalence classes of SC are called the strong components (or strongly
connected components) of the graph.

Each strong component with more than one node is a subgraph where cycles
occur. Thus, detecting strong components permits to test for cycles and identify
them if there are any. To find these strong components, we use a depth-first
search algorithm based on Tarjan’s [97] that takes a set of edges E as parameter
(and the root label(s) of the graph init). The computation is actually split into
the two Algorithms [2] and

Algorithm 2: DFS(init: Set, E: Set): Set

foreach [ € init do
L E=FEU{0,l};
L=10; SC =10,
visited = {0}; deleted = 0;
counter = 0;
VisiTSC(0);
foreach (I,!') € E do
if [ =0 then
L L E=FE\{,l'}

return SC;

The two algorithms use the df sNum and low data structures. The DFS num-
bering df sNum(l) of a node [ represents the number of vertices visited before [
in the depth-first search. In case a back or cross edge is discovered out of the
subtree of [, it is recognised by the algorithm as it has been visited before and
thus has a smaller df sNum. In that case, low(l) is used to record the low link
of [, i.e., the smallest DF'S numbering of a vertex reachable by a back or cross
edge from the subtree of I. With this, any element where low(l) = dsfNum(l)
is the head of a (trivial) component.

Algorithm creates a dummy root element for the graph with label 0 (line 1-2),
useful when the set init contains more than one element, and initialises the
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Algorithm 3: VisiTSC(l: Label, E: Set)

L = Cons(l, L);

df sNum(l) = counter;

low(l) = counter;

counter = counter + 1;

foreach (I,I') € F do

if I ¢ deleted then

if I ¢ visited then
visited = visited U {I'};

VisitSC(l');
low(l) = MIN(low(l), low(l"));;
else

L low(l) = MIN(low(l), df sNum(l'));;
if low(l) = dfsNum(l) and L # ) then
create new strong component in SC'
repeat
v = Last(L);
L—1\{v}
deleted = deleted U {v};
add v to the current strong component;

until v =[;

different data structures. The set visited records the visited nodes so they are
not examined again, while deleted records the nodes found as part of a strong
component and that are virtually deleted from the graph.

Algorithm [3| performs a depth-first search, starting from the dummy root. Each
node is inserted into a stack L in the order they are visited, the dfsNum and
low are assigned and a counter is incremented. All successors (via the edges)
of the node [ are looked at, and visited if need be. When each node finishes
recursing, if its low value is still set to its DFS numbering, then it is the root
node of a strong component, formed by all of the nodes above it on the stack
L. The stack is popped up to and including the current node, and records those
nodes as being part of a new strong component.

Example 44 Consider Example[37 with the additional subfeature declaration
Ocomm = (“comm” Network, Communication, 1, 1)

There is no taxonomic relation involved in this set of elements, so it is possible
to find the partonomic cycles only via use edges. The modified graph is shown
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Figure 6.2: Strong components for the (modified) use graph from Figure
Red boxes indicate strong components. Red numbers for each labelled element
indicates dfsNum value (top) and low value (bottom).

in Figure [6.3, with only use edges. The DFS Algorithm has been applied, and
each strong component is highlighted in a square box. Fach labelled element is
now assigned a DFS numbering (top number) and a low value (bottom value).
The partonomy cycle introduced because of Oeomm s identified and is now part
of a single strong component, headed by [Communication]*. Each element of
this strong component has been assigned the low value of 1, which is the DFS
numbering of [Communication]!.

However, in the general case, elements involved in taxonomic relations form
taxonomy clusters that must be taken into account when looking for partonomic
cycles. Taxonomy edges in the graph are thus bi-directional, because instances of
a specific type is also an instance of its supertypes, and may as well be specialised
in one of its subtypes. Each of the types related together via taxonomy should
thus be grouped together when analysing partonomic cycles.

The general Cycle Analysis is thus a three-step process:

1. First, strong components of the graph with use and taxonomic edges are
identified. This isolates the partonomic cycles and/or the taxonomic clus-
ters. Consider the model elements from Figure The Figure
shows the use and taxonomic graph for these elements, which contains
only one big strong component.
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2. Each of the strong components found previously can be either a single
taxonomy cluster (without any partonomic cycle) or several clusters linked
together by partonomic relations. Thus, the DFS Algorithm is applied
again on the taxonomic graph only within each of these strong components.
This separates the different taxonomic clusters of each strong component.
Figure [6.3(b)| shows two taxonomy clusters in the previous example: this
implies that a partonomic cycle does exist withing the strong component.

3. Finally, each taxonomy cluster is scanned for taxonomic cycles. The DFS
Algorithm is applied on the dependency graph, as in Figure|6.3(d), which

shows one taxonomic cycle.

1 use 6 5
4 o | [T
&/ Y
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3 2 7 4

«ComponentType» «ComponentType» [TS] [TZ] [02] [T4]
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Figure 6.3: Cycle Analysis example. (a) Example model. (b) Strong components
of the use and taxonomic graph. (c) Identification of the taxonomy clusters. (d)
Taxonomic cycles.

6.5 Summary

In this chapter we defined ProCola, a modelling language for declaring the
product knowledge of heterogeneous product families. We described the full
syntax of ProColLa for three types of modelling views, feature, structure and
realisation views, as well as constraint expressions for compatibility constraints,
implementation constraints and mapping constraints.
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We also defined a formalism to represent configuration models for heterogeneous
product families, in which ProCoLa has been translated. The formalism is used
to:

e define a type system for constraint expressions, using a formal constraint
language.

e define well-formedness rules for our modelling framework.

Such rules provide ProCoLa with clear semantics, and permit to ensure that
product models in ProCoLa are created in accordance to the concepts defined
in the previous chapter. The formalism has then been used to define and apply
analyses on configuration models. These analyses are based on a graph derived
from the formal models and allow to:

o Assess the impact of deleting model elements, using the Dependency Anal-
ysis. This analysis permits to discover what elements might be inconsistent
with the model’s semantics when maintenance is performed or if changes
are introduced due to the model evolution.

e Detect unused elements in the models, using the Usage Analysis. Unused
elements may be remains of previous evolutions of the configuration model,
and may be superfluous.

e Detect partonomy and taxonomy cycles in the model. Such cycles can
provoke issues when interpreting the model before configuration is started,
and must be avoided.

These analyses provide insights on the correctness of the model, as well as
potential issues that may arise when modifying it. Practical implementation of
the analyses is discussed in Chapter
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Constraint Solving






CHAPTER 7

Constraint Satisfaction
Problems and Configuration

Proposing an accessible modelling language to design and maintain product
families is not sufficient: a configuration framework must not only be able to
support the modeling, but also support efficient mechanisms to solve the con-
figuration of product models at runtime. Because it is highly declarative and
domain independent, the Constraint Satisfaction Problem (CSP) framework is
often used for solving configuration problems. Modelling and solving Constraint
Satisfaction Problems problems have been studied in depth.

In this part, we aim at defining concrete semantics for our configuration frame-
work by translating it to Constraint Satisfaction Problems. The CSP framework
needs to be extended in order to fulfill the requirements of product configura-
tion. We thus identify relevant extensions for our framework, and introduce a
novel algorithm for dealing with table constraints, before presenting how ele-
ments in ProCoLa and our configuration framework are mapped to the chosen
CSP formalism.

We first provide in this chapter some necessary background on Constraint Sat-
isfaction Problems relevant for our work, including algorithms to maintain con-
sistency in the classic CSP and its extensions.
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7.1 Classic CSP

7.1.1 Definitions

The definition of a Constraint Satisfaction Problem (CSP) can be found in [85].
A CSP is a triple P = (X, D, C) where:

e X is an n-tuple of variables X = (x1,za, ..., z,),

e D is a corresponding n-tuple of domains D = (D(z1), D(x2), ..., D(zy,)),
representing, for each variable x;, the set of possible values it can take,

e C is a t-tuple of constraints C = (c,ca,...,¢;) restricting the values
that the variables can simultaneously take. A constraint ¢ is a pair
(sep(c),rel(cg)) where rel(cg) is a relation on the variables in scp(cg).
sep(cg) is called the scope of ¢. A constraint ¢i can be defined in inten-
sion, in which case the relation rel(cg) is a predicate built from variables
in sep(cy), constant values and a set of functions (operators); ¢ can also
be defined in extension, with rel(cy) being the set of all tuples of allowed
values. Constraints defined in extension are also called table constraints.

Example 45 Figure shows an example of a CSP, composed of five vari-
ables: X = (x1,9,23,24,25) and four constraints C = {c1,cq,c3,c4). These
constraints are shown in extension, i.e., as a set of allowed tuples for each com-
bination of variables.

X3 X3 | X3 | X5 X, | X3
1 0o 1 2 0j0)0 0|0
C
X X, 1111 2 101
¢ % 40 1 2 22|2 2|2
X A 0|11 | x
4 5
[o 1 z]—c—[o 1 z] X | % %, | %5 oo
4
Xs ¢ 1(2 c40 0 S 0|2
1)1 2|2 212

Figure 7.1: Example of a CSP. Each node represents a variable whose domain
is explicitly indicated. The constraints are defined in extension to specify the
set of allowed tuples.
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Solving a CSP consists in assigning a value to each variable such that all con-
straints are satisfied. In more formal term, a solution to the CSP P is an n-tuple
A = (ay,as,...,a,) where a; € D(x;), x; = a; and each ¢ is satisfied in that
rel(cg) holds on the projection of A onto the scope sep(cy) (i.e., for the variables
only involved in rel(cg)). If the set of solutions, sol(P), is empty, then the CSP
is said to be unsatisfiable.

Constraint satisfaction problems on finite domains are typically solved using
a form of search. Search techniques are used to explore the solution space
of the problem, and find solution to the CSP if it exists. The basic and very
inefficient systematic search algorithm is Generate-and-Test, where each possible
assignment to all variable is generated and tested as a solution of the CSP. A
much more popular approach is chronological backtracking. In its simplest form,
the algorithm constructs potential solutions by assigning value to variables in a
depth-first manner. It extends in each step a partial solution towards a complete
one, and backtracks when a constraint is violated, i.e., it retracts the most recent
instantiated variable and tries another value.

7.1.2 Arc Consistency in CSP

Finding solutions for a CSP is an NP-complete task [85], so local consistency
properties can be used to simplify the problem during search. Local consistency
properties are properties defined on a subset of variables and constraints. One
of the most common local consistency properties is Arc Consistency.

Definition 37 For each constraint ¢ on (z1,...,Zs,...,&p), we define a tuple
T =(d1,...,d;,....,dp) as a support of c if it is an allowed tuple (T € rel(c)) and
V; € sep(e), 7(xi) = di € D(x;). A pair (z;,d;) is said to be arc consistent if,
for each ¢ € C constraining x;, there exists a support T € ¢ such that 7(x;) = d;.
A problem P is arc consistent if Vx; € X,Vd; € D(x;), (zi,d;) is arc consistent.
A problem Py is maximally arc consistent if enlarging the current domain of
any of its variables makes it not arc consistent.

Example 46 Figure shows the CSP from Figure where the domain of
each variable has been pruned in order to enforce the Arc Consistency property.

Many generic algorithms have been designed to maintain arc consistency in a
CSP with binary constraints, for example AC3 [60], AC4 [68] and AC6 [16].
Still AC3, due to its simplicity, remains the main algorithm used and worked on
(e.g., AC-3.3 in [59]). In such algorithms, pairs of variables (x;, ;) involved in
a binary constraint c;; are called arcs. These arcs are revised by the algorithms
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Figure 7.2: Arc Consistent CSP from Figure[7.1

and the domain of the two variables are reduced in order to ensure the Arc
Consistency property. Arcs are set to be revised when the domain of one of the
variables involved is modified due to another constraint.

Algorithm @ presents the AC3 algorithm. It uses a REVISE function (Algorithm
to revise arcs of the constraint graph. The main point in AC3 is that if the
arc (z;, ;) is revised and the domain of z; reduced, there is no need to re-revise
the arc (z;,;), because there is no deleted element from the domain of z; that
can have an influence on the elements from the current domain of z;.

Consequently, these arcs are not revisited, which improves the overall perfor-
mance of the algorithm.

Algorithm 4: Algorithm AC3((X, D, C): CSP): Bool

begin
Q  {(w4,cij)|zi € sep(ciz), cij € O
while Q # 0 do
select and remove (z;,¢;;) from Q;
if Revise(z;,c;;) then
if D(z;) # 0 then return false;
else

| Q< QU {(zk,cri)lk # i,k # j};

return true;
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Algorithm 5: Function REVISE(x;: variable,c;;: constraint): Bool

begin
CHANGE < false;
foreach v; € D(x;) do
if there is no v; € D(x;) such that (x;,x;) is consistent with c¢;; then
remove x; from D(z;);
L CHANGE < true;

return CHANGE;

Consistency algorithms reduce the domains of the variables during the solving,
while keeping the problem consistent with the constraints. Using them during
search greatly improves performance, as it can prune the search tree consider-
ably. The Forward Checking algorithm [85] enforces Arc Consistency between
the currently assigned variables and unassigned variables. Other techniques like
Full Look Ahead [85] or MAC [81] (Maintaining Arc Consistency) go up to
enforcing full Arc Consistency on the CSP.

7.2 Extensions to CSP

Problems in product configuration can be solved using Constraint Satisfaction
Problems. However, configuration exhibits several issues that cannot be solved
using the classic CSP approach. We present in this section several extensions
to the classic CSP approach.

7.2.1 Conditional CSP

A particular need in configuration is the fact that some elements of the config-
uration model can be optional, or the number of parts of a subcomponent can
vary. For example, the motherboard in our case study can contain one or several
wireless chips, and the number of chips may be decided at configuration time,
depending on the assignments of some attributes in other components. Other
issues include the use of variables with hierarchical structure, or the grouping of
variables. Mittal and Falkenhainer [67] define Dynamic CSPs, renamed Condi-
tional CSPs (CondCSPs) later to avoid ambiguity with another representation
presented in the next Section. Some variables in a CondCSP are initially active
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while others are not, and constraints can be classified in two categories: activ-
ity constraints, that activate or deactivate variables, or compatibility constraints
(similar to the constraints in the classic CSP). In this early formulation, only al-
gorithms based on backtracking techniques had been presented, so several other
proposals extended the original work: a new revision by Soininen and Gelle [92],
where activity constraints are generalized; the Composite CSP model from [86],
which models a hierarchical structure between variables and constraints, using
metavariables as placeholders for subproblems; the CSPe representation [106],
where a state attribute is associated to each variable, giving the possibility to
represent the activity of the variable. More advanced algorithms to specify and
solve CondCSP have also been developed in [43|87] or even further by Geller
and Veksler [44] with their Activity CSP formulation. This latest formulation
simply associates to each variable an activity variable, which can be either true
or false, and that will be integrated into the constraints to handle their activity.
Defining activity variables as “classic” variables has the advantage that classic
solving method can be used.

Although well-studied, these Conditional CSPs can only deal with variables
known from the start and thus problems where variables are generated during
solving cannot be solved with those methods. This can occur in some config-
uration models where the set of the components used in the final solution is
not known beforehand, e.g., in models with partonomy relations containing an
arbitrary number of subcomponents. Other approaches have been studied to
solve that problem. Stumptner et al. [95] describe Generative CSPs (GCSPs),
where constraints with metavariables can be used to express generic relations.
Mailharro [61] defines another framework, capable of satisfying on-demand gen-
eration of components in configuration. His approach is based on constrained
set variables, which can contain a special value (wildcard) that represents the
set of all components that have not been instantiated yet. One difference be-
tween the two approaches is instead of constrained set variables, the Generative
CSP by Stumptner et al. [95] uses arrays of ports that can be quantified over.
Mailharro’s approach provides a more symmetry-breaking-friendly syntax, while
the approach from Stumptner et al. is more suitable for representing complex
layout constraints (e.g.,, situations where individual component placement is
important, like placing cards in a rack).

7.2.2 Dynamic CSP

Real world systems are often dynamic, involving changes in the implemented
models. This is especially true for interactive configuration, where selecting or
deselecting a value for a specific variable can be seen as the addition or removal of
a user requirement. CSPs have therefore been extended as Dynamic Constraint
Satisfaction Problems (DCSP) to handle such dynamic systems.
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Definition 38 A Dynamic CSP is a sequence of CSPs Py, Py, ..., Pm where
each problem results from the addition or removal of a constraint c in its pre-
decessor. More precisely, if P; = (X, D,C;), then Piy1 = (X, D,Ciy1) where
CiJr]_ = Cl + c.

Example 47 A DCSP can be derived from the CSP in Figure [71: Py starts
with no constraints, and each P; is created by adding the constraint c¢;. Finally,
Ps is created by remove the constraint cs3.

Maintaining arc consistency in Dynamic CSPs is equivalent to making the prob-
lem P; maximally arc consistent, provided that Py, ..., P;_1 are maximally arc
consistent. Handling constraint addition is fairly straightforward: the new prob-
lem can indeed be made maximally arc consistent just by applying AC algo-
rithms again.

However, the task of removing a constraint is a bit different. In fact, when
removing a constraint, the problem stays arc consistent, but not necessary maz-
imally arc consistent. This is due to the fact that some solutions can be lost, and
formerly inconsistent values may need to be restored to re-establish maximal arc
consistency.

Existing algorithms for arc consistency in DCSPs, e.g., DnAC4 [14] (based on
AC4) are working in three phases during constraint removal: first the values
originally deleted by the removed constraints are restored (initialization phase);
then those restorations are propagated to other variables connected through
existing constraints (propagation phase); finally, the restored values are filtered
again (filtering phase).

The last phase ensures that all wrongly restored values are removed. The
latest and most efficient algorithms for binary constraints are AC|DC-2i and
AC3.1|DC-2i [T1].

7.3 CSP with Non-Binary Constraints

Non-binary constraints are constraints involving more than two variables. Most
authors have generally not extended their work to non-binary problems and
Generalised Arc Consistency. The main reason is that any non-binary CSP
can potentially always be transformed into an equivalent binary CSP, using
techniques such as dual transformation [32] or hidden (variable) transformation
[84]. However, this is sometimes impracticable [9]. In this Section, we present
a few algorithms for non-binary problems.
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7.3.1 Generalised Arc Consistency

Among existing algorithms enforcing (Generalised) Arc Consistency on non-
binary CSPs are GAC3 [60] and GAC4 [69]. These algorithms are extensions of
their binary counterparts, but are much more expensive. Indeed, they inspect
all pairs of variables and values, and check their consistency for each constraint,
resulting in an exponential worst-case time complexity.

Enforcing (Generalised) Arc Consistency on CSPs with non-binary constraints
is NP-complete [17], and the best worst-time complexity obtained by generic
algorithms such as GAC4 is O(erd”), with e the number of constraints, r the
greatest constraint arity and d the greatest domain size.

Many other algorithms have been designed to enforce arc consistency in a more
efficient way for specific problems, for example non-binary CSPs with table con-
straints. Tables can actually be considered as the most explicit way to represent
constraints, as in theory any constraints in intension can be transformed into a
table constraint.

However, this may in practice lead to time and space explosion when solving
the problem. Another classic global constraint is the all_different(x1, ..., x,)
constraint, which imposes that variables in the set 1, ..., z, have different val-
ues. Algorithms such as the one from Régin [80] are capable of enforcing Arc
Consistency on a problem with all_different constraints in polynomial time.

When dealing with Dynamic CSP, only one algorithm has been extended. The
algorithm DnGAC4 [15] is an extension of DnAC4, and thus has the same
complexity and performance of GAC4. The algorithm follows the three-phase
approach common to DCSP algorithm for binary problems, and deals with non-
binary constraints expressed in extension.

7.3.2 Simple Tabular Reduction

Table constraints are particularly relevant for configuration. Among the work
on enforcing Arc Consistency for table constraints, Simple Tabular Reduction
(STR) [58L|103] differs from previous methods as it virtually modifies the tables
in order only to go through the supporting tuples when enforcing arc consistency.
More precisely, when the domain of a variable is reduced, each table constraining
that variable is updated, by removing all invalid tuples.
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The STR algorithm is shown as Algorithm|[6] Each constraint ¢ is represented by
a set of tuples c.table. These tuples are part of one of two linked lists: the cur-
rent list, that contains the currently valid tuples (and consequently the current
supports), and the removed list, containing the tuples that have been virtually
removed from the table, because they are no longer valid.

Algorithm 6: GACsTR(c: Counstraint, depth: Integer): Bool

1 Ssup = (Z);

2 foreach z € scp(c) do
3 gacValues[z] = 0;
4 L add z to Ssyp ;

5 prev = —1;

6 curr = c.first;

7 while curr # —1 do
8

9

T = c.table[curr];
nextT = c.next[curr];

10 rTail = c.restored Tail,

11 if ISVALID (¢, 7) then

12 foreach x € S, do

13 if (t[z] ¢ gacValues|z]) then
14 add 7[z] to gacValues[z];

15 if |gacValues[z]| = |D(z)| then
16 L remove x from Sgyp;

17 prev = curr ;

18 else

19 L REMOVETUPLE(c, prev, curr, depth);
20 curr = nextT

21 foreach z € Sy, do

22 | if gacValues[z] = () then

23 L return false;

24 foreach d, € D(x) do

25 if d, ¢ gacValues[z] then
26 remove d, from values[z];
27 add x to changed ;

28 return true;
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Algorithm 7: 1SVALID(c: Constraint, 7: Tuple): Bool

1 foreach z € scp(c) do

| return false;

L if 7[z] ¢ D(x)) then

return true;

Algorithm 8: REMOVETUPLE(c: Constraint, prev, curr, depth: Integers)

1 if prev = —1) then

| c.first = c.next[curr];

else
L c.nextprev] = c.next|curr];

5 c.next[curr] = c.removedHead|depthl;
6 if c.removedHead|depth] = —1) then

W N

| cremovedT ail[depth] = curr;

c.removedHead[depth| = curr;

Algorithm 9: RESTORETUPLES(c: Constraint, depth: Integer)

if c.removedHead|depth] # —1) then
c.next[c.removedT ail[depth]] = c. first;
c.first = coremovedHead[depth];
c.removedHead[depth] = —1;

The algorithm uses the following data structures:

e The position c.first of the first current tuple in c.table (c.first = —1 if
the current table is empty).

e Two arrays removedHead and removedT ail that give the position of the
first and last invalid tuples when the search is at a certain depth.

e An array c.next that, for each tuple, links to the following tuple in the
linked list it belongs to (current or removed list). c.next[i] = —1 if i is the
last tuple in its list.

o A set gacValues[z;] for each variable x; containing all values from D(z;)
that have found a support in the table constraint c.
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o A set S,up of variables whose domain contains at least one value for which
a support has not yet been found. This is an optimisation of the initial
STR algorithm presented in [58]: it avoids unnecessary validity checks
by iterating over variables in S, and removing from S, the variables
whose whole domain has been proven consistent.

The algorithm goes over all current tuples (lines 7-20) and updates the gac Values
sets accordingly. If a tuple is proven invalid, it is “removed” from the table
and values are not added to gacValues (line 14). When the table has been
scanned, the gac Values set are compared to the original domain of the variables
involved, and variables with a modified domain are added to the propagation
queue changed (lines 21-27). The head and tails of the removed list are recorded
for each depth, allowing a chronological backtracking in constant time (without
re-traversing the table) using the function RESTORETUPLES (Algorithm E[)

STR uses arrays of indexes to avoid moving tuples in memory, and is thus
enforcing arc consistency in O(er(d +t')), where ¢’ is the maximum size of the
current tables. Worst-case space complexity of STR is O(e(n + rt)), with ¢ the

greatest original table size. STR has been shown to be one of the most efficient
approaches when dealing with table constraints.

Example 48 Let’s go back to Figure[7.d Applying STR on constraint cs will
give

gacValues[z1] = {1} and gacValues[zs] = {1,2}

removing the value 0 in D(x3). The change then propagates to co: 0 ¢ D(x3),
so the first tuple becomes invalid and is put in the removed list.

We then have:

2. first = 2, c2.removedHead|0] = 0, c2.removedTail[0] = 0
c2.next[l] = —1, c2.next[2] = 3 and c2.next[3] = —1

It follows:

gacValues|xza] = {1,2} and gacValues|xzs] = {1,2}
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Figure 7.3: Applying STR on the CSP from Figure (a) shows the state
after first traversal of ¢z and ¢z, and (b) after enforcing Arc Consistency

This eliminates the value 0 in D(x3). Figure|7.3(a) shows the CSP after these
two propagations. Once all domain changes have been propagated and all tables
virtually reduced, the CSP reaches Arc Consistency (Figure|7.3(b)).



CHAPTER 8

Non-binary Dynamic CSP
with Simple Tabular
Reduction

In this chapter, we focus on solving the Dynamic CSPs with non-binary con-
straints. Non-binary constraints defined in extension (i.e., table constraints)
are commonly used in applications where databases are involved, in particular
product configuration, as they can be used to represent product catalogues (see
Section . Moreover, Dynamic CSPs provide a very interesting framework for
solving configuration problems, as it permits to handle the addition and removal
of constraints, whether they are user requirements or constraints designed by
the product modeller.

As shown in the previous chapter, only the DnGAC4 algorithm [15] has been
designed to enforce Arc Consistency on non-binary constraints. This algorithm
is based on a relatively old Arc Consistency algorithm (GAC4). We propose
in this chapter a new algorithm for solving Dynamic CSPs with extensional
non-binary constraints, based on Simple Tabular Reduction (see Section,
one of the most efficient approaches for maintaining Arc Consistency on table
constraints.
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8.1 The DnSTR Algorithm

In this Section, we introduce a new algorithm called DnSTR for solving DCSP
with non-binary table constraints. It relies on a timeline of events, which is
composed by timestamps. Each timestamp ¢ is defined by two integers (dp, lt),
which represent the depth of the timestamp (the depth is increased every time
a constraint is added) and the local time at a given depth. The timestamps can
also be compared, either based on different depth, or on different local time:

Vi, to it <ty & (t1.dp < to.dpV (tl.dp =to.dp Nt1.lt < tz.lt))

Like the other algorithms targeting DCSPs, DnSTR is working in three phases
(as described in Section [7.2.2). However, the filtering phase in DnSTR is per-
formed incrementally during constraint retraction, in order to keep the timeline
consistent and use it to restore only specific tuples. Indeed, during constraint
retraction, wrongly restored tuples need to be put back at the depth they would
have been deleted at if the removed constraint had never been added to the prob-
lem. Thanks to this mechanism, when a value is restored at a certain depth,
only tuples at this same depth have to be restored during propagation (except
if the constraint associated to those tuples was added later, in which case the
depth considered is this constraint addition’s depth).

The algorithm works with the following data structures:

e A global depth counter gdepth, as well as an array lastLTime that for each
depth dp associates the last local time It in the current timeline.

e Two justifications arrays justif, and justif. that, for each pair (z,d,),
keep track of when and by which constraint the value d, has been removed
from D(z). Each constraint is also associated with the time of addition,
recorded in the array time..

e As we already pointed out, the algorithm DnSTR is based on Simple Tab-
ular Reduction. It thus shares similar data structures for each table con-
straint, including an initial set of tuples c.table, the index of the first tuple
in the current table c.first (i.e., the table of valid tuples), an array c.next
that links lists of tuples (by their indexes), and two arrays c.removedHead
and c.removedTail that give the index of the first and last invalid tuples
at each depth. Note that c.next[i] = —1 if ¢ is the position of the last
tuple, either in the current table if 7 is a valid tuple or in the removed list
if 2 has been removed. For each constraint ¢, we also store the index of the
last restored tuple in c.restoredTail, and an array c.remowved; that records
the removal time (or timestamp) of each tuple.
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Algorithm 10: ADDCONSTRAINT(c: Constraint): Bool

add cto C';

gdepth = gdepth + 1 ; lastLTime[gdepth] = 0 ;
time.[c] = (gdepth,0) ;

revise[gdepth] = {c} ;

return FILTER(revise, D, (gdepth,0)) ;

Algorithm 11: FILTER(revise, values: Arrays, (dp;,[t;): Time): Bool

while revise[dp;] # 0 do

select and remove ¢ from revise[dp;];

changed = ();

if not GACSTRDYN (¢, changed, (dp;, It;), values) then
L return false;

foreach (z, jt,) € changed do
Crevise = {¢r € C 8.t. ¢ # ¢,z € sep(e,), timecler] < (dp;, It;)};
if jt,.dp > dp; then
‘ add Crepise to revise[jt,.dpl;
else
L add ¢pepise to revise[dp;];

return true;

8.1.1 Constraint Addition

Adding a constraint to the DCSP is done by filtering the system through the
function ADDCONSTRAINT described in Algorithm

The revise structure contains for each depth the constraints to evaluate at fil-
tering. Constraint addition works in the following way:

1. FILTER iterates over the constraints to revise at the given depth (the
latest for constraint addition) and applies a modified version of STR (Al-
gorithm [12)), where only the elements in the list values are taken into
account (values represents the full domain D when adding constraints,
but only the restored values are re-evaluated during the filtering phase of
constraint retraction).

2. GACsTRDYN differs from Algorithm [6] on page [149] as it handles the
restored tuples (for constraint retraction) and the update of the justifi-
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Algorithm 12: GACSTRDYN(c: Constraint, changed: Set, (dp;,lt;): Time,
values: Array): Bool

Ssup = @;
foreach z € scp(c) do
gacValues|x] = 0
if values|z] # NIL then
L add z to Ssup ;

prev = —1;

curr = c. first;

while curr # —1 do

T = c.table[curr];

nextT = c.nextl[curr]; rTail = c.restored Tail;

if 1ISVALID (¢, 7, (dp;, 1t;)) then

foreach z € S, do

if (r]x] ¢ gacValues[z] and 7[x] € values|x]) then
add 7[z] to gacValues[z];
if |gacValues|z]| = |values[z]| then
L remove x from Sgyp;

prev = curr
else

c.removed[curr] = (dp;,lt;) ;

if c.restoredTail = curr then c.restored Tail = prev;
REMOVETUPLE(c, prev, curr, dp;);

if curr = rTail then break;
curr = nextT;

foreach x € S, do
foreach d, € values[z] do
if d, ¢ gacValues[z] then
remove d, from values[z];
if |D[x]| # |values[z]| then remove d, from Dlz];
if not (justif ,[x,d;] = c and justif,|[x,d,] > (dp;,t;)) then
Justif [z, dy] = ¢
L gustif, = (dpg, It;);
add (x, justif [z, d;]) to changed ;

| if [D[z]| = 0 then return false;

lastLTimeldp;) = lt; + 1 ;
return true;
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Algorithm 13: 1sSVALID(¢: Constraint, 7: Tuple, (dp;, It;): Time): Bool

foreach z € scp(c) do

if (7[z] ¢ D[z]) and (justif [z, T[z]] < (dp;,It;)) then
| return false;

return true;

cations. Those are computed at lines 30-31, except if the pair (x,d,)
had been removed by the same constraint at a later stage (line 29) — in
which case another support for (z, d,) is still valid at this time but will be
removed later in time.

3. IsVALID also differs as it checks the value’s justification time, while RE-
MOVETUPLE is identical to the one described in Algorithm

4. FILTER then updates revise with potentially affected constraints (lines
6-11). The timestamp parameter (dp;,lt;) is used to specify when the
filtering occurs (line 7), so that the constraints added after that time are
not filtered yet (but will be later, when incremental filtering is used during
constraint retraction). If x was changed at a later depth (lines 8-9), the
constraint to revise is inserted at that specific depth jt,.dp instead of the
current one.

8.1.2 Constraint Removal

Constraint retraction is performed by the function REMOVECONSTRAINT (Al-
gorithm [14)). During the initialization stage, all pairs (z,d,) that were removed
by the retracted constraints are restored. Notice that all restored values are
placed in a list restored Values so that only those values are considered in the
filtering stage.

During the propagation stage in function PROPAGATE, tuples from constraints
connected to restored variables are restored.

Thanks to the strictly maintained timeline, only the tuples that have been re-
moved after a pair (z,d,) and in the same depth need to be restored, except in
the case where the connected constraint has been added after the pair’s deletion.
In the latter case, the tuples deleted immediately at the constraint’s addition
are restored as well. This makes sure that we take into account the tuples
potentially deleted because of (z,d,), even though their deletion may have hap-
pened at a later depth than the pair’s removal time. The function UPDATELISTS
(Algorithm is responsible for the updates of restore and revise.
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Algorithm 14: REMOVECONSTRAINT(c: Constraint): Bool

//

Initialization phase

restored Values = ) ;
foreach x € scp(c) do

foreach d, € Dy[x] \ D[z] do
if justif [z, d.] = ¢ then
add d, to D[z] ;
L add d to restoredValues[z] ;

Remove ¢ from C';

//

Propagation phase

revise = () ;
ter = PROPAGATE(restored Values, revise, time.[c].depth);

//

Filtering phase

for dp; < time.[c].dp to gdepth do

L

//

FILTER(revise, restored Values, (dp;, lastLTime[dp;)]));

Cleaning phase

foreach c; € ter do

L

cj.restoredTail = —1 ;

foreach x € restoredValues do

foreach d, € restoredValues|z] do
Justif [x,d;] = NIL ;
Justif [z, dy] = NIL ;

restored Values[z] = NIL ;

return true;

Algorithm 15: UPDATELISTS(2z: Var, restored_x: Set, dprem: Int, revise,
restore: Arrays)

//

Update of restore and revise

1 foreach c, € C constraining x do

foreach depth dp; do
L Jtime[dp;] = {min(jt = justif [z, d,])|dy € restored_z & j.dp = dp;)};
add {max(jt, time.[cy]), jt € jtime} to restore[cy] ;

if (3d, € restored_zx s.t. justif,[x,d;].dp < time.[c;].dp) then
L add ¢, to revise[max(time.[c,].dp, dprem)] ;
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Algorithm 16: PROPAGATE(restored Values: Set, revise: Array , dprem

: Int): Set

restore =) ;
foreach x € restoredValues do
L UPDATELISTS(z, restored Values[z], revise, restore, dprem)

while restore # () do

select and remove (¢, minRestoredTimes) from restore;
new Restored = 0; add ¢ to ter ;

foreach (dp,lt) € minRestoredTimes do

curr = c.removedH ead[dp] ; prev = —1 ;
rtail = c.removedT ail[dp] ;
if c.restoredTail = —1 then c.restoredTail = rtail ;

RESTORETUPLES(c, dp) ;

while curr # —1 do

nextT = c.nextcurr];

if c.removed[curr] < (dp,lt) then

if c.restoredTail = curr then
L c.restoredTail = prev;

REMOVETUPLE(c, prev, curr, dp);
else
T = c.table[curr|; jTimes = ;
foreach z € scp(c) do
if 7[z] ¢ Dlz] then
if justif [z, 7[x]] # ¢ then
| add justif [z, 7[z]] to jTimes ;
else
add 7[z] to Dlx] ;
L add 7([z] to newRestored|x] ;

if jTimes # () then
| add ¢ to revise[min(jTimes)] ;

c.removedi[curr] = NIL ; prev = curr ;

if curr = rTail then break;
curr = nextT;

foreach (x € newRestored) do
UPDATELISTS(x, new Restored|x], dpem, revise, restore) ;
add newRestored|x] to restored Values[z] ;

return tcr;
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We store in restore for each constraint the minimum timestamp at each depth
from which tuples must be restored (line 2-3). Line 5 ensures that if a constraint
has been added after the pair’s deletion, the constraint addition time is put into
restore instead. In this special case, the constraint is put into rewvise, in order
to be re-filtered after propagation (line 5-6 in UPDATELISTS).

The function PROPAGATE (Algorithm is in charge of the actual propagation
mechanism. UPDATESLIST is called at the beginning of the propagation and
after each restoration. The restoration times from restore are stored in minRe-
storedTimes (line 5). The function RESTORETUPLES(c, t) is identical to the one
described in Algorithm [9] After tuples have been restored for a specific depth
(line 11), we immediately remove again the ones that have been deleted before
the restoration time (dp,lt) considered (lines 14-17). This avoids unnecessary
re-filtering and sets a new removal time for these tuples. Otherwise, for each
restored tuple, values that had been deleted by the current constraint are re-
stored. In case another constraint has invalidated a tuple, the values are not
restored, and the table constraint is added to revise for re-filtering at the time
when a value first invalidated the tuple (line 27-28). Note that the PROPAGATE
algorithm returns the set tcr of table constraints that have been modified during
restoration.

Finally, filtration is performed on the constraints in revise (line 12-13 in RE-
MOVECONSTRAINT). This is done incrementally so that constraints are evalu-
ated in the same order as they were added, keeping the new problem’s timeline
consistent with what it would be if the retracted constraint had never been
added in the first place. Although it may introduce redundancy in the con-
straint evaluation process, this type of filtering is necessary to guarantee that
all invalid tuples restored in the propagation stage are put back at the correct
depth.

Example 49 An ezample of constraint removal can be seen in Figure[8.], after
adding all constraints in the CSP from Figure[71l The first subfigure shows the
CSP after the addition of the different constraints (c; at t = (1,0), c2 at t =
(2,0), ...). Each removed value from any domain in associated to justifications:
the constraint responsible for removal (from justif.) and the time of deletion
(from justif;). The time of (virtual) deletion of a tuple is also recorded using
c.removedy.

The second subfigure starts the initialisation phase after the removal of the con-
straint cs. In this phase, the variable-value pairs whose deletion has been caused
directly by c3 are restored.

In the propagation phase (third subfigure), co and cy4 are first to be re-evaluated,
because of the restoration of (x2,0). Its deletion time is t = (3.0), so only the
first tuple of cq is restored (i.e., the one at the same depth dp = 3).
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Figure 8.1: Removing constraint ¢3 in the CSP example from Figure 1. As-
sociated timestamps are written as “3.1” for (dp = 3,lt = 1) next to each
added constraint and removed tuple. Justifications (constraint and time) are

also shown next to each deleted value.

Plain circles show the values and tu-

ples restored since the previous phase, while dashed circles represent values and

tuples re-filtered.
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On the other hand, c4 being added after the deletion of (x2,0), the tuples deleted
at the constraint addition are restored (i.e., its first tuple), and it is added to
revise at depth 4. Because of the restoration of those tuples, (x3,0) is restored.
However, (x5,0) cannot be restored by cq4 as it has been deleted by c;.

More propagations follow: although the last tuple of table ¢y is restored, it is
potentially invalid, as (x5,1) has been removed by c4. (x5,1) is thus not restored,
and the constraint ci is put in revise for the filtering phase. Finally, cs is also
added to revise at depth 5, as the restored (x4,1) had also been deleted before
the addition of the tables.

The last phase (fourth subfigure) filters (only) the restored tuples from the con-
straints in revise, at the corresponding depths 4 and 5, in order to keep the
timeline consistent for future constraint remowvals. In this phase, the last tuple
of ¢1 is removed again, as (rs,1) has not been restored during propagation, and
therefore (x4,1) is removed again.

8.2 Analysis

In this section, we will discuss the correctness of DnSTR, and describe the time
and space complexity of the algorithm.

8.2.1 Correctness

During constraint addition, the filtering depth is the global depth gdepth, and
all values are checked when using the STR algorithm. As the second check in
ISVALID is always true (justif [z, T[z]] is equal to NIL for constraint addition),
the STR algorithm used is equivalent to the original algorithm. All constraints
to revise are put back in revise[gdepth] in FILTER as the check of line 8 is always
false with dp; = gdepth, so the correctness directly comes from the correctness
of STR.

For constraint removal, let us consider a problem P, resulting of the addition
of (cg, ..., ¢ ), and where we are removing constraint ¢;. Before the removal of ¢;,
problem P, is arc consistent, so for all P; with j < n, all justifications arrays are
coherent with the actual timeline, all tuples have been removed at the correct
depth and always at a local time greater than any justification of deleted value
that might have caused its removal.
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First, consider that ¢; was added at t; = (d;,0), and ¢; + to is the first time that
a value from a variable z ¢ scp(c;) has been removed. All removals of values
before t; + ty are caused by ¢;, and so those values are directly restored during
the initialization phase, with ¢; as justification constraint. For each constraint,
the tuples impacted by a value removed at t, are those deleted at a later time
t> 1.

Moreover, the only impacted tuples are the ones deleted in the same depth,
as P; was made consistent before any new constraint addition (and change of
depth), except if they are from a constraint ¢; added after ¢;, as they may have
been removed because of values deleted in [t;,t; + to[ at d; > d;. All those
tuples are considered for restoration in UPDATELISTS (line 2-4) and restored
in PROPAGATE (line 11). All values supported by those restored tuples of any
table ¢ that were removed by ¢ are restored in PROPAGATE (line 25-26). The
propagation of these restorations (via the restore list) ensures that a superset
of all impacted values is restored.

We need now to make sure that all restored tuples that are removed during the
filtering phase are put back at the correct depth and time. The incremental
filtering is performed chronologically, so constraints just need to be added to
revise at the correct depth. The local time is always increased during filtering
using STR, so any removed tuple will always be placed after the first value
responsible for its deletion.

There are two cases when table constraints must be revised. The first one occurs
when invalid tuples are restored. The tuples must then be placed at the earliest
time when one of its value were deleted from its domain. This is taken care of in
PROPAGATE (line 28). In the second case, a value restored during propagation
may actually have to be deleted by another constraint that had been added later
(line 5-6 in UPDATELISTS).

Finally, justifications need to be maintained throughout the filtering process.
When a restored value (x,d,) is filtered by a constraint ¢, at 1, its justifi-
cation constraint is obviously ¢,,. However, if d, had been removed (prior to
restoration) because of ¢, but at a later time to > 1, it means that there is still
another supporting tuple for (x,d,) valid at ¢; (that will be removed only at
t2), and thus the justification time should stay equal to to (GACSTRDYN line
29).

The REMOVECONSTRAINT(c) function thus correctly remove the constraint c
and restore the variable domains as if the constraint had not been added, which
ensures the correctness of our algorithm DnSTR.
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8.2.2 Time and Space Complexity

The worst-case time complexity of STR is O(er(d+t')), where r is the greatest
constraint arity and d the greatest domain size (the number of constraints e has
been added from Section [7.3.2] because the whole constraint system is consid-
ered). In the case of DnSTR, the worst-case time complexity of the initialization
and propagation phases is the same as STR, where ' represents the size of the
removed tuples list. However, the incremental filtering in the filtering phase
may introduce a factor e, as the filtering could occur in the worst case as many
times as there are constraints (or depths). The worst-case time complexity for
DnSTR is thus O(e?r(d +t')). The space complexity of STR is O(e(n + rt)),
with ¢ the total size of the table and n the number of constraints added. For
DnSTR, justifications arrays are in O(nd). For each constraint, as for STR, the
space complexity of table is in O(rt) and that of next is in O(¢). The arrays re-
movedHead and removed Tail have size O(e), as they can be filled for each depth,
and removed; O(t), which makes a worst-case space complexity of O(e + rt) for
each constraint, and O(nd + e(e + rt)) for DnSTR.
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Table 8.1: Memory consumption for RCSP (8,20, 3,100, p2)(in MB)

D2 0.82 084 0.8 088 09 092 094
DnSTR4 83 82 76 74 73 67 5.1
STR 3.2 3 27 25 25 17 11

DnGAC4 125 123 104 8 71 69 5.7

8.3 Experimental Results

In order to evaluate the practical behaviour of the proposed algorithm, we have
implemented DnSTR in a C# solver and compared it to DnGAC4 and the classic
STR (where backtracking is used to remove constraints). The experiments were
conducted using Random CSPs with model B [110]. Each instance is character-
ized by a tuple (r,n,d, m, ps) where r is the arity of each constraint, n the num-
ber of variables, d the uniform domain size, m the number of constraints and po
the tightness of the constraints. The tightness defines the number ¢ = (1 —p,)d*
of allowed tuples in each constraint. For each arity r € {8,9}, we did the exper-
iments with 10 instances of RCSP (r, 20, 3,100, p2), where py € [0.8—0.94]. The
constraints were first added one by one (inconsistent systems were discarded).
In order to see some real change in the variables’ domain with such a low den-
sity (a more suitable density for a problem with arity 8 requires many more
constraints), 10% random unary constraints were then added. Then 10% of all
the constraints were removed. This protocol was applied 10 times per instance.
The mean values of the runtime for adding and removing constraints are shown
in Figures [8.2(a)| and [8.2(b)}

The experiments show that when adding a constraint, STR and DnSTR are al-
most identical and faster than DnGAC4. This is not surprising, as the STR algo-
rithm, also used in DnSTR, has been shown to be more efficient than GAC4 [5§].
For constraint removal, DnSTR, outperforms both STR and DnGAC4. The re-
sults for the STR algorithm are not shown, as it performs more than 20 times
worse than DnGAC4. The poor performance of STR is explained by the sig-
nificant amount of work it has to perform after backtracking all the way to the
removed constraint. DnGAC4 performs better than the classic STR, as it only
checks restored values and updates justification arrays. However, DnSTR beats
DnGAC4 again, thanks to the interaction with the dynamic tables of valid tu-
ples. Note that the overhead of the incremental filtering necessary for preserving
the timeline does not seem to have an important impact on performance.

We also measured the memory consumption of DnSTR, STR and DnGAC4
with RCSP (8,20, 3,100, p2). In order to have significant measures, we added
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all the constraints and assigned values to random variables until the problem
stopped being consistent. Table[8.1]shows the mean memory consumption of the
algorithms for different values of p2, just before the system became inconsistent.
As we can see, the memory consumption between DnGAC4 and DnSTR is close,
although DnSTR performs a bit better, while STR uses much less memory, as
it has much less data structures to maintain.



CHAPTER 9

CSP Formalisation of the
Configuration Framework

We now describe how the Configuration Modelling Framework and ProCoLa,
detailed in Chapters[5]and [6]are converted into a CSP for the model’s constraints
to be solved at configuration time. We first explain our choice of CSP solving
formalism and technology, then present the framework translation, and finally
discuss the result of this Chapter.

9.1 CSP Formalism Chosen

The semantics behind our modelling approach (and ProCoLa) have been defined
by implementing the translation of models to the Conditional CSPs (CondCSPs)
formalism, using explicit activity variables with boolean domains. These activ-
ity variables are used in the CondCSP constraints to regulate the activity of the
different model instances, depending on the different model elements involved,
e.g., partonomic or taxonomy relations. In some cases, special variables need to
be added to the model instance, e.g., to manipulate the number of subelement
instances involved in a partonomic relation with a dynamic cardinality. The
CondCSP constraints representing user-defined model constraints such as com-
patibility or implementation constraints involve also activity variables in order
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to be consistent with the configuration model’s semantics, especially when deal-
ing with the existential quantifiers implied by the implementation constraints.
A single CSP model is usually used for all views, allowing the propagation of
any domain change to all views. However, it is also possible to isolate a single
view (by removing inter-view dependencies such as implementation and map-
ping constraints).

Performance in interactive configuration is very important, so we chose to use
Dynamic CSP (DCSP) mechanisms to take advantage of the dynamic addition
and removal of CSP constraints at runtime. We combine two of the most recent
algorithms for solving DCSPs: the DnSTR algorithm (see Chapter [§]) to handle
table constraints and an adaptation of the AC|DC-2i algorithm |11] for the other
constraints. Those two algorithms use the same data structures to compute
justifications when restoring values, and thus can be easily associated.

9.2 CSP Semantics of the Model

Configuration models created using our configuration framework need to be
translated into the CondCSP formalism for the different constraints to be solved.
At configuration time, an instance of a well-formed configuration model M =
(VI V5 V" Spy) is created from the different views as follows:

e A feature view is chosen by the user from the views available in the feature
views hierarchy. A tree of feature instances is created from feature types,
starting from the root of the view. If this view is a refined view, the
elements from the parent views have to be taken into account in order to
create the instance. More details are given in Section [9.2.1

e A view instance is created from each structure view in V*. As for the
feature view, structure types are instantiated into a tree starting from the
root component type of each structure view.

e Types from each realisation view are instantiated and mapped to instances
of structural types from their associated structure view.

As explained before, type or attribute instances can be active or inactive, ac-
cording to the choices of the user and the different constraints of the model:
for example, mapping constraints may specify activity for specific instances of
realisation types.
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Once the configuration model has been instantiated, the corresponding Condi-
tional Constraint Satisfaction Problem P = (X, D, C) is created. After detailing
the instantiation of feature views, we describe in the following sections how the
different elements in the configuration framework are related to the CSP vari-
ables and constraints.

9.2.1 Feature View Instantiation

A feature view F,, that has been chosen by the end-user for configuration may
be the refinement of one or several parent views, up until the base feature view.
More specifically, there exists a sequence of feature views F; such that

Vi € [0,n], Fit1 = Spm(Fiy1)

with Fg = basey and n > 0 and Spy the specialisation function between feature
views of the model M.

Each intermediary view thus needs to be taken into account in order to construct
the instance of F,,. Whenever a view F; declares a new root feature type (i.e.,
T%‘:Ot € Tr,), a new tree of instances must be created from this root type. This
tree becomes the current feature tree, i.e., the tree on which configuration will
be done, until another view F; with j > 7 + 1 declares a new feature tree. Each
of the intermediate feature trees needs to be part of the CSP model just like the
current feature tree, as they are all related using implementation constraints,
and make the link from F,, to the base feature view F (and the structure views).

When a feature type T is instantiated, its refinements need to be incorporated
into its instances: each instance ¢t of T takes into account the latest “version”
of each attribute and subfeature declarations, i.e., with Dp, the set of attribute
definitions of the feature view F;, all o* € UiG[O,n] Dr, for which

a* = (n,T,D,v,r) and B, k € [i,n] s.t. a <p, o

and, with Sp, the set of subfeature definitions of F;, all o* € UiE[OAn] Sy, for
which '

o* = (n, T, Ty, r1,7m2) and o,k € [i,n] s.t. 0 <F, o*

as well as all the constraints c € UiG[O n] (Cg, U Clé) with T as context type.
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Note that properties from supertypes and subtypes also need to be taken into
account, although we omit them here for sake of brevity. Taxonomic relations
are treated in Section [0.2.41

Example 50 Consider the feature view F o described in Figure[5.10] on page[8(]
. This view is a direct refinement of the base feature view Fyqse, and defines no
new root feature type. An instantiation of this feature view would then create a
tree from the root type of the base feature view.

However, types in Fr.s refine properties of the model or add constraints, e.g.,
the attribute declaration

fype = (“type”, Assistance, { “classic”, “pro”}, VISIBLE, 1)

in Dy, is considered for instances of the Assistance type instead of

Qrype = (“type”, Assistance, { “classic”, “extended”, “pro” }, VISIBLE, 1)

defined in Dg,,,, -

On the other hand, the feature view Fpacrages declares a new root type: an
instance tree is creating for the base feature view Fp.sc, another for Fpicrages,
and both are related via implementation constraints.

9.2.2 Type Instances and Attributes

Once the model has been instantiated, it is converted to a CondCSP model. As
explained before, a CondCSP model contains two types of variables: “classic”
variables and activity variables. In the coming sections, we detail how these
variables are created and what constraints are derived from an instance of con-
figuration model.

Although a model instance is tree-like thanks to partonomic and taxonomic
relations between the different types instances in feature and structure views,
the constraint model is flat: this means that variables are not related besides
the constraints they are involved with.

For each instance t of a type T, an activity variable A; is created. This variable
represents whether or not the instance should be present in the final configura-
tion, and thus has a boolean domain D(A;) = {true, false}.
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An instance ¢ of type T also defines variables for each attribute of its possible
types. For an attribute definition oo = (“a”, T, D,, v, ), a variable z, is created
with domain D,. An activity variable A, is also associated to each attribute.

The variables of type instances and attributes may be involved in constraints,
whether explicit (compatibility, implementation, mapping constraints, resource
uses) or implicit (e.g., as part of partonomic or taxonomic relations). While
these variables may not be active at all time during the configuration, most
constraints that contain an inactive variable should be evaluated to true. There-
fore, each constraint c is preceded by an activity guard A., except stated other-
wise. For a constraint ¢ on variables (x1,...,x,), the constraint actually added
to the CondCSP is

Ay N o NAy, = C

For the sake of readability, activity guards will be omitted in the rest of the
chapter whenever possible.

9.2.3 Partonomic Relations

Partonomic relations relate instances with each other, whether it is as subfea-
ture, subcomponent, subitem, or suboperation.

In case of a direct partonomic relation, i.e., with a static multiplicity of 1, the
activity of an instance is directly equal to the activity of its subelements.

Example 51 Consider the subcomponent definition

Tsupport = { “support” , DeviceServices, Support, 1, 1)

defined in the service structure view of our case study (Figurel|5.6(c)), and an
instance deviceServices of DeviceServices. We then have:

AdeviceServices = Asupport

However, in case the partonomic relation o = (“s”, T, Ty, 71, 72) has a dynamic
multiplicity, a variable counts with domain [rq,rs] is created. This variable is
related to a generated model attribute that the end-user may modify to specify
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the multiplicity of the partonomic relation. It entails that an activity variable
Acount, 1s also created.

For each instance t; (with ¢ € [rq,r2]) created from o, its activity is constrained
by counts > i < Ay, i.e., the activity of the instances acting as subelements
are dependent on the value of count;.

As stated in Section this constraint is preceded by an activity guard
(omitted here for brevity), and is directly evaluated to true if the instance t of
T, is not active (and thus Acoun:, = false). The variable counts can also be
used in the product model’s constraints, when the built-in Count(...) function
is used.

Example 52 Consider the subcomponent definition

owe = (“wirelessChip”, Motherboard, WirelessChip, 0, 3)

defined in the physical structure view of our case study (Figure on page @),
and an instance m of Motherboard. We then have:

Amotherboard = Acountwc
and
Acounto = (county,c > i< Aye,) fori €10, 3]

with wC1, wCsy, wCs being the three instances of the WirelessChip component
type.

9.2.4 Taxonomic Relations

An instance t of a feature or structure type T contains the attributes, the sub-
parts, the associations, and the constraints of its type and all its supertypes
when involved in taxonomic relations. It may also contain the properties of a
subtype Ty, for example if the instance t is specialised as T, during config-
uration.

A variable type; is thus created for each instance ¢ of T. This variable specifies
the actual type of the instance: its domain is the possible types that the instance
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can take, i.e., its original type or one of its subtypes. As for the count, variable,
the variable type; is related to a generated model attribute that may be modified
by the end-user during configuration, and is associated to an activity variable

14typ€t'

A variable representing a property (attribute, subelement, association) in a
subtype becomes active if ¢ becomes an instance of that (sub)type. This means
that, if ST (T’) represents the set of subtypes of any type T’ in D(type;), and §
a property of T’, we have

type; € (STHT)U{T'}) & Auy

Example 53 Consider an instance scr of the Screen component type in the
physical structure view of the Mobile Device product family. We have

(TouchScreen, Screen) € Ig

phys

which means that TouchScreen is a (direct) subtype of Screen. The domain of
the typeser variable is {Screen, TouchScreen}, as Screen does not have other
subtypes. The variable for the attribute qiechnology defined in the Screen type
is always active, while the one for cleophobicCoating defined in the TouchScreen
type is only active if the scr instance is specialised as a TouchScreen:

typeser € {Screen, TouchScreen} < A
typeser € {TouchScreen} < A,

Ttechnology

oleophobicCoating

9.2.5 Associations

Associations connect instances of component types and of association types in
structure views. In a component instance ¢ of type T', an association instance a of
type T, related to t because of an association definition p = (“s”, T, T4, d, r1,72)
is treated like a subelement, potentially with a potential variable count,. It also
defines an additional variable connect,. The domain of this variable contains
the possible associations in the destination type. Again, a generated model
attribute represents the connect, variable in the type instances, and an activity
variable Aconnect, takes care of its activity.

For each pair (aj, as) of possibly connected associations, constraints ensure that
the two association instances match, and that all the attributes (and association
types) are equal.
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The following constraints are thus added to the CondCSP:

A, A (connecty, = az) < Ag, A (connect,, = aq)

and

connecty, = az N\ connecty, = a
= (typeq, = typeq,) N Vo = (“2”, Ty, ...) € Ds, xq, = Tq,)

where z,, and x,, are the variables for the instances of « in a; and as.

Example 54 Consider the association definitions

PstyiusTs = {“stylus”, TouchScreen, Stylus, NONE, 0, 1)

PstylusE (“stylus”, Enclosure, Stylus, NONE, 0, 1)

defined in the physical structure view of the case study. For each instance ts of
TouchScreen and each instance e of Enclosure, if stylus;s and stylus, are the
variables for the associations pstyiusTs and PstyiusTs, we have

Astylus,, N (connectspyius,, = Styluse) < Asiyius, N (connectspyiys, = stylusgs)

and

connectsyius,, = styluse N connectspyius, = stylusgs
= (typestylusts = typestyluse) A (SZzestylustS = Szzestylusﬁ)

with sizesiyius,, and Sizegspyius, being the variables for the attribute size of
the Stylus association type for the two instances created from pgtyiusTs and

PstylusTS -

This means that, for the two association instances stylus;s in ts and styluse
in e, if one connects to the other, then they should both be connected together,
and, in that case, the size attribute of the association instance stylus;s should
be mirrored in styluse.
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9.2.6 Model Constraints

We describe in this section how the different constraints expressed in the config-
uration model are taken into account in the Conditional Constraint Satisfaction
Problem.

9.2.6.1 Compatibility constraints

Compatibility constraints are also subject to taxonomy constraints. In a type
instance ¢ of type T, for a constraint ¢ = (T’ e¢) with e a symbolic constraint
expression, the following constraint, including its activity guard, is added to the
Conditional CSP:

Accsp N Arype, Ntyper € ({ST(T')U{T'}) = cosp

with ccgp being the CSP constraint generated from the constraint expression e,
where all the model attributes are replaced by their attribute variables for the
corresponding instance t. T

his means that the constraint is only taken into account if its variables are active
and the instance ¢t has a corresponding type.

The case of table constraints is a bit different. As DnSTR only takes table
constraints into account, using implication constraints for rows in tables is not
possible. The activity of a table constraint is thus solved by inserting a new
column and a new line into each table.

The new column is used for the table constraint’s activity variable Asqpre. Atabie
is the conjunction of the activity variable for the property variables in the table
as well as the potential guard corresponding to the taxonomic relation.

The column for the A;qpe variable is equal to true for each row except for the
first one. That first row corresponds to the case where the constraint is not
active, and thus all the other cells in the row are filled with a special value “*”.
The DnSTR algorithm has been modified to interpret this new value as the
entire domain of values for the variable specified in each column.



176 CSP Formalisation of the Configuration Framework

Al size, size; | nbSlots
size, | size, | nbSlots
“115x58” 3 6 0 * * *
“240x190” 9 10 — 1 “115x58" 3 6
“268x178" 10 12 1 “240x190” 9 10
“295x210” 12 14 1 “268x178" 10 12
1 “295x210” 12 14

Figure 9.1: Transformation of the TableSize table constraint from the Mobile
Device physical structure view. The first column of the new table represents the
activity guard of the constraint, while the first row is filled with the value “*”,
that represents the entire domain of each associated variable.

Example 55 Consider again the table constraint TableSize from FEzample
declared in ProCoLa by:

TableSize: {
type:table[enclosure.size,screen.size,motherboard.nbSlots];
value: {

["115x68" , 3 , 6 1,

[*240x190", 9 , 10],

["268x178", 10, 121,

["295x210", 12, 14]
};
};

For an instance dP of type DevicePhysical, the conversion to CondCSP of the

table constraint is shown in Figure[9.1], with size., sizes and nbSlots respectively
the variables for the attributes

Qsizer = (“size”, Enclosure, Dg; ., , VISIBLE, 1)
Qsizes = (“size”,Screen, Dg;,.., VISIBLE, 1)
anpsiots = {“nbSlots”, Motherboard, D,ps10ts, READONLY, 1)

The activity variable of the table constraint is equal to
Avaple = Agize, N Asize, N Anpsiots N Atypegp N typeap € {DevicePhysical}

If Aiapie evaluates to false, any values can fit for the wvariables in the table
constraint, which is equivalent to the constraint being inactive.
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9.2.6.2 Implementation constraints

Activity in an implementation constraint ¢ = (T, e, ek, Op) is handled differ-
ently for the child expression ef, and the parent expression 5. On the one hand,
as for compatibility constraints, an activity guard is introduced: this activity
guard contains the taxonomic constraint as well as the activity for variables in
ed.

On the other hand, the semantics of eb include existential constraints on the
different properties (attributes, subelements and maybe associations) specified
in the implementation expression. Indeed, properties in e}, are not dependent
on the context type T in which the constraint is declared, and thus associated
CondCSP variables are not specific to instances of T, like a compatibility con-
straint would. Instead, these properties are defined using a local type, e.g.,
RFCard — ocardrype, Where the attribute definition acqrdrype is dependent on
the RFCard type, and thus must be considered for all instances of RFCard.

Variables in e, must thus be “expanded” to reflect the existential quantifier
implied by the semantics of the expression. The conversion of implementation
expressions into CSP constraints gives rise to two cases. First, boolean con-
structs involving properties are expanded using the CondCSP variables for all
potential instances of the local type specified. The Present(T) function is also
expanded directly for all instance of T. Corresponding activity variables ensure
that a variable is not taken into account if it is inactive.

Example 56 Consider two instances t1,to of a type T. The following expan-
sions are made during the creation of CondCSP constraints:

T— .. — Oy ~> (Abtl /\bh)v(Abtz /\bt2)
T—..=0isT  ~  (As, A(st, s T))V (As,, A (s, 18 T))
Present(T) ~ (A, A(t1 s T)) V (Ag, A(t2 is T))

with ay (resp. §s) being an attribute definition with a boolean domain (resp. a
subelement or association definition) and by, (resp. si; ) the corresponding Cond-
CSP wvariable derived from instance t;.

For example, in the first case, this means that both variable by, and by, repre-
senting oy in each instance t1 and ty have to be taken into account due to the
implicit existential semantics of the implementation constraint.

On the other hand, for any binary relational expression, i.e., €} op, €5, model
variables with arithmetic domains cannot be directly used in disjunction as
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above. If the model variables in e} and e} are the set V' = (vi,...,0%), each
model variable v;: = T; — v; is expanded into variable instances x;; for all
the instances ¢, of its local type T;. Sets Xi,...,X, are created with all the
different combinations of variables z; for the set V%, and are used to convert

the binary relational expression e} op, € into

(Ax, Ace Vi X1] op, Cel Vi X)) V..V
(Ax, A e[V X] opr e[V o X,)

with ¢ [V? +— Xi] representing the CondCSP constraint expression derived

from e} where model variables from V* are converted into CondCSP variables
from X,, and Ax, representing the activity guard from all variables in Xj.

Example 57 Consider two instances t1,ts of a type T and two instances ts,t4
of a type T’. The expression

T—a,>T =

contains the model variables V¢ = (T — ., T — ) and would generate the
combination sets

X1 = (at1 ) bt3)
Xy = (ah ) bt4)
X3 = (atwbts)
Xy = (atzabtz;)

The generated CondCSP constraint would then be

(Aat,l A Abt,3 A (atl 2 bts)) v (Aatl A Abt4 A (at1 > bt4))\/
(Aat2 A Abt3 A (at’z > bts)) \ (Aat2 A Abt4 A (atz > bt4))

9.2.6.3 Mapping constraints

Finally, mapping constraints are integrated into the instances of structure views.
Considering a mapping constraint ¢ = (T, T, e€), for each instance t; of the
structure type T, an instance ¢, of the realisation type T, is created.
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Its activity is bound by

At,. < (ACCSP A CCSP)

where ccgp is the CSP constraint generated from the expression e®, where all the
model attributes are replaced by their attribute variables for the corresponding
instance t;. The activity guard A.,4, ensures that if a variable is inactive in
cosp, the expression (cogp A Acpsp) is false and the realisation instance is not
included in the configuration. Activity guards from taxonomic relations may
also be added to the final constraint.

Example 58 If scr is an instance of Screen, the following mapping constraint
Ceoating = (TouchScreen, Coating, docophobicCoating = true)

generates, with oCc, the variable for the attribute coleophobicCoating 1M SCT:

Acoating <
(Atype... Ntypeser € {TouchScreen} A Ayc,.. A 0Cyer = true)

scr

9.2.7 Successor relations

Successor relations constrain the order in which operations should happen. To
model these relations in the Conditional Constraint Satisfaction Problem, each
instance ¢ of an operation type T € Ty for a resource view R is associated
a variable index; with an integer domain, and related to a generated model
attribute. Then, for two instances t; and ts of types T; and Ts for which
(Ty,T2) € NR, the following constraint is added to the CondCSP:

A, N Ay, = indexy, < indexy,

9.2.8 Resources

Each resource declared in structure views needs to be balanced: the amount pro-
duced for a resource must always be equal or greater than the amount consumed.
Each time an instance produces (resp. consumes) a part of the resource, the
arithmetic expression defining the production (resp. consumption) is summed
(resp. subtracted) to create the final resource constraint.
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In case of resource constraints, activity guards are handled differently than most
other constraints. If a production (resp. consumption) expression is inactive
(e.g., because one of the variables involved is inactive), the expression should
be omitted in the resource calculation, instead of evaluating the whole resource
constraint to true. This is handled by multiplying the numeric value (0 or 1) of
the activity guards of the expression to its production (resp. consumption), so
that it is not taken into account if it is inactive (i.e., the value is equal to 0).

If P (resp. C) is the set of production (resp. consumption) expressions for a
specific resource, the corresponding resource constraint is expressed by:

0< ZepeP(AEP * eP) - ZSCGC(AEC * eC)

Example 59 Consider the AvailableSlots resource declared in the Mobile De-
vice product family. Resource uses defined inUs,, . have to be taken into account
for all contributing types:

0 < ((Ambpsion. A Ambanhips) * (Mbnpsiots — mbanhipS)_r
(A'r‘fCard * 1+ Aprocessor * 1+ Agps *1+ Aethernet * 1+ Zle AwirelessChipi * 1))

with Mbppsiors and mbpychips the variables for the motherboard’s ampsiors and
OnpChips attributes, and rfCard, processor, wirelessChip;, ethernet and gps
respectively the instances of the RFCard, Processor, WirelessChip, Ethernet
and GPS types.

All contributions are summed up in this constraint when the corresponding vari-
able instances are active. For example, if the instance mb of type Motherboard
is active (and thus the variables for its attributes mbppsiors and Mbppchips are
active), then it produces an amount of resource AvailableSlots equal to the value
of (Mbnbsiots — Mbpbchips)- Also, if the gps instance is active, it consumes the
resource by 1.

9.3 Discussion

Using Conditional CSPs to solve the configuration problem in our modelling
framework has both advantages and limitations in regards to other formalisms
and solving techniques like Generative CSPs [61,/95]. One important issue with
Conditional CSPs is that all variables need to be declared when the CSP is
created. This means that it is not possible to generate variables on-demand,
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which does not permit to model features such as partonomic relations with an
unbounded number of subelements. The variables representing all instances of
the types and model elements must be generated from the start, which can
lead to an large amount of variables. As in the previous sections, CondCSP
constraints for partonomic and taxonomic relations must consider all the cases
for the different instances of attributes and subelements, and this for all potential
subtypes the instances can take. It can also get complicated when dealing with
quantifiers, as is the case in implementation constraints: all combinations of
instance variables must be considered.

However, the formulation as Conditional CSPs offers some very interesting ad-
vantages. The first one lies in the simplicity of the solving implementation. It is
indeed possible to use the same algorithms as for normal CSPs, as handling the
activity of the variables is equivalent to adding constraints including some activ-
ity variables. Then, state-of-the-art algorithms need almost no modifications to
handle the newly formulated problems. In the case of our configuration frame-
work, this permits to use DCSP algorithms such as AC|DC-2i [11] or our own
DnSTR algorithm (Chapter|8) for dynamic arc consistency in table constraints.

Also, the formulation of constraints that involve all the variables permits a full
propagation of the changes in one single phase, without requiring a variable
generation phase like in Generative CSP solving. The consistency is ensured
on all variables via classic propagation: all elements of the model are linked
together, which streamline the propagation of domain changes, whether it comes
from a resource constraint, the addition of a new component or feature, the
connection of associations or the subtyping of an instance.

Finally, using DCSP for solving constraints at runtime brings great flexibility
to the user of the model. DCSP can indeed be used to handle the dynamic
addition and retraction of the end-user value assignments, but it can also be
used to modify the model’s constraints at runtime. This can greatly facilitate
the work of the knowledge engineer with respect to diagnosis and debugging of
models, as it allows to observe in real-time the effect of adding and removing
model constraints on-the-fly.
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Prototype and Evaluation






CHAPTER 10

Prototype Implementation of
the Framework

Creating a product model can be a long and complex process, even if the product
modeller knows the modelling language well. In order to assist him in the
modelling process, the ProCoLa modelling language has been integrated into a
development environment, supplemented by some tool support to facilitate the
creation and maintenance of the model. A runtime system for our framework has
also been implemented in order to provide the necessary support for configuring
models. In this chapter, we present our prototype implementation and discuss
the features of the system. The current version of the prototype can be found
in [74].

10.1 Language Integration

In order to provide support for developing configuration models in ProCoLa, we
implemented a prototype compiler for the language.
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ProCoLa models are recognised using two elements:

1. A lexical analyser, that takes as input ProCoLa files and returns a set
of tokens identifying the different elements in the files, like keywords
(e.g., “componentType”), identifiers (e.g., for type names), ...etc.

2. A language parser, which, given the grammar of the ProCoLa language and
the tokens from the lexical analyser, tries to identify the different syntactic
patterns in order to create an internal representation of the ProCoLa views
described in the input file.

The ProCoLa compiler has been integrated within the Microsoft Visual Studio
environment [94], by implementing a language service to extend the function-
alities of this environment for ProCoLa models. Visual Studio provides tools
to support the model development, including syntax highlighting, word com-
pletion, outlining, or syntax and semantic checks. It is our belief that such
a development environment can greatly improve the productivity of the prod-
uct modeller. The adaptation time to a configuration-specific language such
as ProCola is reduced by the accessibility of the keywords defined according
to well-defined configuration concepts, and an integrated textual language can
provide an easy access to techniques for checking the well-formedness of the
product configuration model.

Figure shows a screenshot of a Visual Studio window in which the ProCoLa
file for the physical structure view of our example case study is opened. The
main panel shows the ProCoLa model of the Mobile Device example with syntax
highlighting and word completion tooltip. Another advantage of such integra-
tion is the potential for extending the language integration. For example, the
top left panel in Figure shows a tree-structured model outline, akin to the
PVM representation [51]. Although ProCoLa is a textual language, it is thus
possible to create more graphical add-ons to give a better overview of the model.

10.2 Tool Support for Modelling

Developing a large configuration model can be a difficult and time-consuming
task, especially when several views of the model are considered, due to their
dependencies and interactions. In this section, we present the implementation
of several mechanisms to provide additional tool support during a ProCoLa
model’s creation and maintenance.
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Figure 10.1: ProCoLa language integration into the Visual Studio development
environment.

10.2.1 UML

As explained before, providing a graphical representation of the configuration
model is important during model creation and also in the context of communi-
cation between stakeholders and model knowledge exchange. The Unified Mod-
elling Language (UML) is a well-known language to represent object-oriented
models, and its potential for representing configuration models has been demon-
strated in Section [3.1] Although shortcomings of the language have been dis-
cussed, UML remains a widely used and studied formalism, as opposed to SysML
(Section, relatively recent. UML is thus of prime interest for disseminating
knowledge about product models in addition to ProCoLa.

We implemented a generator that automatically translates the ProCoLa model
into a UML model and generates a profile to define relevant stereotypes for
the different views of ProCoLa. The UML models are created using the XML
Metadata Interexchange (XMI) format, an XMIL-based OMG standard for the
exchange of UML models. One of the drawbacks of UML is the differences
between the UML tools available currently when it comes to the compliance
with the UML standard. The UML models generated from ProCoLa are thus
tailored to be imported in the open source FEclipse UML2 Tools .
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Figure 10.2: UML representation for the physical structure view of the Mobile
Device product family.

Example 60 The UML generated from the physical structure view of our ex-
ample product family can be seen Figure [10.3 The XMI file for this ProCoLa
view has been imported into the Eclipse tool, along with the ProCoLa profile.

10.2.2 Table Constraints

Table constraints are very often used in product configuration because they
can easily represent product catalogues. The design of ProCoLa includes the
possibility of declaring table constraints inline as compatibility constraints in
the feature and structure views.

However, product catalogues can become very large, which makes writing the
corresponding constraints in ProColLa tedious and difficult to maintain. That
is why we implemented connections between ProCoLa and tools such as spread-
sheet applications and databases in order to give the modeller the possibility
to create and maintain large table constraints outside of the ProCoLa views.
Besides providing a more adapted interface for declaring these constraints, such



10.2 Tool Support for Modelling 189

TableSize: { constants:
type: DBConnectionString := .
table[enclosure.size,screen.size,motherboard.nbSlots]; Data Source=PC-MATTH\;Initial Catalog=Cataloguel;”;
value:
{ Excel::"C:\Dev\SizeAndSlots.x1lsx"}; TableSize: {
¥ type:
table[enclosure.size,screen.size,motherboard.nbSlots];
value:
J_L { MSSQL(DBConnectionString)::"SizeAndSlots"};
@ Microsoft Excel - SizeAndSlots.x... = | & = ﬂ
N
Al - A=
R = = S = PC-MATTH.Catalog...dbo.SizeAndSlots
B -
1 115x58 3 6 - endosureSize  screenSize  nbSlots
2 240x190 9 10 115x58 3 6
3 268x178 10 12
4 |295x210 12 14 290x190 9 10
5 v b 268x178 10 12
4 < » M| Sheet1 Sheetd]] 4 » [
|[EBE 100% (=) 0 @) 295x210 12 14
L

Figure 10.3: Spreadsheet applications and database integration for table con-
straints.

tools also permit to separate these product catalogues from the design of the
view: the management of these constraints can be delegated to separate mod-
ellers, and the product catalogues may be shared and exchanged with relevant
stakeholders.

The two connectors currently implemented interface with the Excel applica-
tion and the Microsoft SQL Server database . Spreadsheets and database
tables are dynamically translated to ProCoLa table constraints when the model
instance is created at configuration time in order to take into account the latest
version of the constraints.

Example 61 Figure[10.3 shows how to declare in ProCoLa the table constraint
TableSize from Example[I7, created and maintained using Excel or SQL Server.

10.2.3 Analyses Implementation

One of the main issue when dealing with large configuration models is their
maintenance. Our modelling framework is based on multiple modelling views,
which permit to create an integrated model, but may also make it more complex.
Models evolve, and the elements of the different views may be modified multiple
times in order to fit a model’s purpose. It can thus be difficult to keep track of the
model elements’ dependencies, to introduce cycles in the model’s architecture
or to clutter the model with unused elements.
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In order to help the modeller in creating and maintaining the models, the three
analyses from Section have been implemented for our prototype:

e The Dependency Analysis permits to identify which elements are depen-
dent on a specific type, attribute, etc. The implementation of this analysis
in our prototype gives the possibility to the modeller to lookup the results
of such an analysis from within the ProCoLa models editor by selecting a
specific element that he would like to removed, for example.

e The Use Analysis and the Cycle Analysis can be used on the full Pro-
CoLa model. The Use Analysis permits to detect the unused elements
of each view, giving some insights on how to cleanup the model, e.g., af-
ter removing a model type. The Cycle Analysis gives feedback on whether
partonomic and taxonomic cycles exist in the model (and where they are).
Such cycles can come from a bad model design or simply represent a mod-
elling error, and have to be removed in order to ensure the well-formedness
of the ProColLa model.

10.3 Runtime Implementation

We implemented a runtime system for ProCoLa. After choosing a feature view
in the hierarchy, the different views of a configuration model are instantiated
as described in Section [0.2] and the resulting instances are presented using a
configuration user interface.

The end-user can enter his requirements by assigning values to the different at-
tributes of the model, or remove some of the requirements provided earlier. The
consistency of the Conditional Constraint Satisfaction Problem corresponding
to the configuration instance is ensured by a C# constraint solver using algo-
rithms such as DnSTR and AC|DC-2i (Section [9.1). Each time a value is set
or cleared, the solver propagates the event by maintaining maximal arc consis-
tency, deleting or restoring values from the domains of the other variables. This
results in the reduction (or augmentation) of the domains of possible values
for the other attributes, or a change of activity that renders certain variables
inactive, hiding some of the attributes and components from the end-user.

The configuration interface for the service structural view of the Mobile Device
product family can be seen in Figure [10.4 The main goal of this interface is
to provide basic guidance to the user for configuration: the order of variable
selection is free (in contrast to other systems with incremental configuration),
and no explanations are provided when a conflict occurs, although inconsistent
values cannot be selected.
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Figure 10.4: Configuration of the Mobile Device product family. The value for
talkTime has been fixed by the end-user, while the one for favorite Number has
been bound by the solver.

10.4 Debugging

Errors in complex models may provoke unwanted behaviours and incorrect re-
sults, and visualisation tools can provide support to the modeller for under-
standing why. Several tools for constraint debugging have been designed for
general constraint programs.

For example, Meier presents Grace , a graphical environment for tracing
Constraint Logic Program with Finite Domains on top of the constraint solver
ECLiPSe; Goualard and Benhamou developed a tool based on a hierar-
chical organization of sets of constraints; Bouvier contributes with Prolog
IV visual tools that are able to set breakpoints to stop the execution of the
program; and Carro and Hermenegildo with visualization tools focusing on
the representation of run-time values of the variables and the constraints among
them.

However, all these techniques and tools are not specifically targeted at product
configuration. One of the main issues remains being able to provide relevant
debugging information to a product modeller that is not an expert in constraint
programming. The concept of model-based diagnosis has thus been adapted to
configuration by Felfernig et al. in order to test the knowledge base with
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test cases. Those test cases are originally declared as either valid or invalid
configurations, and are fed to the system to determine whether the product
model is correctly defined or not.

We focus in our framework on the representation of the configuration model at
runtime, attached to the real object to be solved, i.e., the constraint model. The
main issue is indeed to map the two models such that the product modeller can
understand as much as possible the interactions between the different variables
of the model, as well as the consequences of any change in the user requirements.
Representing the constraint graph is an easy task, but representing it in such a
way that it is accessible to a product modeller is more challenging. Indeed, re-
alistic configuration models may have thousands of variables and constraints, so
representing the entire constraint graph is impossible and without any practical
use.

In our approach to debugging we use the hierarchical structure of the configu-
ration model to represent the constraint graph. Nodes in the graph represent
variables in the constraint network, and have different visuals according to the
nature of their configuration counterpart (type instances, attributes, etc). Each
type instance node can be expanded or collapsed, in which case nodes represent-
ing any child variables are not displayed. Constraints defined in the product
model are displayed as edges between the different variables. As the graph is
aimed at the product modeller, activity variables are not represented in the
graph, but activity constraints are displayed between the corresponding vari-
ables instead. Different types of constraints (user defined or activity constraints)
are also visually different.

Finally, while the end-user configuring the product should only see relevant
attributes and components, the product modeller debugging his model should
be able to see all variables that can interact with the system, even when they are
inactive. Inactive variables are thus also shown to him both in the debugging
configuration form and in the constraint graph representation.

A screenshot of the implementation of this hierarchical graph can be seen in Fig-
ure Information about nodes and edges is directly accessible by clicking on
the nodes representing objects. A contextual menu is also available to collapse
and expand nodes, as well as to interact with constraints. One of the main ad-
vantages of this graph is that it is fully interactive. It is possible for the product
modeller to modify it by adding and removing constraints during debugging,
without having to stop the debugging process for modifying the model. This
feature is available in the solving engine implementation using DCSP algorithms
such as AC—DC-2i or DnSTR (Section [0.1)).
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Figure 10.5: ProCoLa framework debugging form. The graph on the right repre-
sents the part of the constraint graph where the highlighted attribute “Number
of subcomponents” (countsqcqarq variable) is involved. Contextual information
is shown for the expanded node sdCard[1], while the DeviceFeatures node is
collapsed.

10.5 Summary and Discussion

In this chapter, we presented the implementation of a prototype for our config-
uration framework. The different parts of the framework (Figure together
provide tool support to the modeller for the development of configuration mod-
els for heterogeneous product families. It is based on the ProCoLa modelling
language, which is integrated into the Visual Studio development environment,
and interacts with a constraint solver at configuration time.

Tool support is provided in the prototype, from verification of the model’s well-
formedness (language services, model analyses) to the integration with a well-
known graphical language like UML and tools like spreadsheet applications and
databases. These tools are essential to assist in the creation and maintainable
of the models, in particular when the number of views and types increases, as it
can become difficult to keep an overview of all model elements for the knowledge
engineers.
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Figure 10.6: Configuration Framework architecture

Although the configuration models created with our framework can be exported
as UML diagrams, the development of the different views focuses on the Pro-
CoLa modelling language. Some users may be reluctant to use a textual lan-
guage instead of a graphical interface to create configuration models, although
we argue that using a language with standardised keywords and a well-defined
conceptual approach as in ProCoLa may be an advantage. Firstly, despite the
tool support that a development environment can provide, a model in ProCoLa
may be viewed and edited in a simple text editor, without the need of a spe-
cial tool, removing some barriers when communicating and exchanging product
knowledge. The clear semantics of ProCoLa also allow an easy interpretation of
the language, which increases the potential for implementing tools or customised
graphical interfaces. Finally, we believe that a textual language with appropri-
ate development support may be faster and more practical for advanced users
when dealing with certain repetitive tasks, e.g., creating similar types, adding
many subpart definitions or writing complex constraints.

The debugging tool implemented in our prototype is an attempt to help the
knowledge engineer in understanding the runtime behaviour of the configuration
models. The hierarchical representation of the graph helps reduce the amount
of variables displayed to the modeller by collapsing and expanding parts of the
graph. It is also important to show only the variables relevant to the current
context in the configuration. Constraint graphs representing configuration prob-
lems can sometimes be split into smaller subgraphs. This is used to show only
the relevant graph to the product modeller when he modifies a specific variable.
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However, the usefulness of the debugging tool is limited when dealing with larger
model, as it may be difficult to foresee all the changes a value assignment might
provoke. We thus believe our debugging approach to be a complement to more
advanced techniques, such as model-based diagnosis [38]. The visualisation of
the configured system and the interactivity of the tool give a lot of freedom to
the knowledge engineer, who can modify the model on-the-fly using dynamic
constraint addition/retraction, which is made possible by the Dynamic CSP
algorithms implemented in the constraint solver. On the other hand, the work
by Felfernig et al. provides a generalized diagnostic of the model, but requires
the creation of test cases. The question of how to define those test cases is
still a good topic for more research [39]. Fully appreciating the potential of our
debugging tool and the whole prototype requires large user experience studies,
which is out of scope of this dissertation and left for future work.
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CHAPTER 1 1

Framework Evaluation

Finding relevant models for evaluating a configuration framework is not an easy
task. Models presented in the literature are often rather small in the number
of variables and constraints, and most of the benchmark models coming from
industry are very difficult (or almost impossible) to obtain in a project without
real-life industrial case studies [100].

In this chapter, we describe a series of experiments that aim at providing some
insights on the capabilities of the implemented framework. The main issue in
evaluating our work is to find a single configuration model that incorporates all
the dimensions described in our framework. That is why we decided to design
a larger version of our case study, the Mobile Device product family, in order
to assess to what extent our configuration framework is able to cope with its
modelling and solving. We thus provide some experimental results for applying
the different techniques developed in this dissertation. Moreover, in order to
obtain more insights on the performance of our configuration framework, we
modelled and experimented on several test cases used in the literature, as well
as some industrial configurators benchmarks.

We will now introduce the different benchmark programs in Section [11.1} and
present the evaluation results in Section [11.2]
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11.1 Benchmark models

Before discussing the evaluation results, we first give an overview of the bench-
mark models used in this chapter. We introduce each of them, and provide some
information on their general properties.

Eight different configuration models have been used in these experiments:

e Extended Mobile Device: The Mobile Device example described in Sec-
tion [2:2] has been extended for the purpose of this evaluation. Many types
have been added to the models, including feature types (e.g., cloud fea-
tures, graphics), structure types (e.g., cameras, keyboard, synchronisation
services, additional software libraries and applications) and corresponding
realisation types. Additional feature views have also been designed, e.g.,
in order to target more markets. The ProCoLa files for the example can
be found in [74].

e ESVS, FS, FX, and Machine: These configuration models represent
four product families used in [99]. The first three products are screw com-
pressors manufactured by Gardner Denver [34]. Each configuration model
represents a complete sales configuration view of a compressor family. The
models are detailed to production quality, except for some constant val-
ues. The fourth product represents a 4-wheel vehicle. It was modeled
for demonstration purposes and represents about half of the sales view of
the product. These models are originally defined in the PCML modelling
language [101].

e Bike, PC, BigPC: These three models represent a Bike model and
two versions of a Personal Computer product family. They are available
through the CLib Configuration Benchmarks Library [25], where they are
modelled using the PM language from [70].

e Renault: This relatively large test model is used in a benchmark by
Amilhastre et al [5]. It has been provided by Renault DVI [83], a french
car manufacturing company, and deals with the configuration of a family
of cars, called Renault Megane. The variables in this problem represent
the type of engine, the country, options like air cooling, etc. This model
is also available in the CLib Configuration Benchmarks Library [25].

The test cases modelled in ProCoLa are characterized in Tables [[1.1] and
The “#types” column gives the numbers of abstract and all feature and struc-
ture types. Realisation types, which are only modelled in the Mobile Device
model, are not shown in these measures. The “F#attributes” column indicates
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Table 11.1: Properties of the benchmark programs

Model #types #attributes constraints
ab | total | avg | total | total | avg arity ref
Mobile Device | 2 114 | 1.5 174 | 222 2.3 2.6
ESVS 3 10 | 24 24 11 2.2 20
FS 1 4| 5.5 22 14 3.2 24.9
FX 0 1 18 18 21 2.7 13.9
Machine 5 30 | 0.3 8 7 2.0 2.3
Bike 0 91 3.7 34 31 2.1 10.5
PC 0 6| 3.8 23 16 2.5 4.1
BigPC 0 20 | 5.2 103 54 3.6 49
Renault 0 1] 99 99 113 4.9 | 11400

Table 11.2: Properties of the benchmark programs (continued)

Model partonomy #taxonomic
avg | dynamic | total relations

Mobile Device | 0.96 64 109 16
ESVS 0.30 0 3 6
FS 0.25 0 1 2
FX 0 0 0 0
Machine 0.33 10 15 15
Bike 0.56 0 5 0
PC 1.33 0 8 0
BigPC 1 0 20 0
Renault 0 0 0 0

the average number of attributes per type, as well as the total number of at-
tributes in each model. The column “constraints” specifies the total number of
user-defined constraints, the average constraint arity (i.e., the number of vari-
ables per constraint) and the average number of references to properties in a
constraint. In the second table, the “partonomy” column states the average
partonomic relations per type (as well as associations in structure types), the
number of relations with dynamic cardinalities ([rq,r2] with 71 # r3), and the
total number of partonomic relations in the model. Finally, the “#taxonomic
relations” column specifies the number of taxonomic (subtypes/supertypes) re-
lations between types of the model.

These tables show clear differences between the models. For example, our Mobile
Device model has much more types than the other models, as its architecture
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is much more complex, and involves several views. Also, very few models make
use of dynamic partonomic relations and inheritance. Instead, models like the
compressor product family (ESVS, FS, FX) are using mainly attributes. The
three biggest models (Mobile Device, BigPC and Renault) are fairly different
from each other. On the contrary to the Mobile Device, Renault has a minimalist
structure, with only one type and many attributes in it. This model has been
made anonymous in order to prevent any sensitive information to be divulged
publiclyEI, so all variables are called VarX. Although BigPC looks more balanced,
its partonomic tree is quite flat: the average value of one partonomic relation
per type is misleading, as most of these relations are within the root component.

The average constraint arity is a good indication of the complexity of each
model’s constraints. All models have a reasonable value for this metric, which
indicates that constraints are broken up in a relatively nice way. However, the
average number of property references per constraint shows that some models
have much more than one reference per property involved. This is mainly due
to large constraints defined in extension, where all combinations of values are
enumerated. The BigPC and especially the Renault models are declaring par-
ticularly large constraints, which may have an impact on the maintenance and
the runtime performance of the model.

11.2 Results

In this section, we detail the results from our benchmark with the models pre-
sented in the previous section. We first discuss our experience in the modelling
of these models in ProCoLa, and then detail results related to the framework
runtime. All measurements have been taken on a Macbook Pro running Win-
dows 7 with a 2.4GHz Core 2 Duo and 3GB main memory.

11.2.1 Modelling

The benchmark test cases are originally presented using different modelling
languages, e.g., PCML or the PM language. We thus attempted to model them
using the ProCoLa modelling language defined in this dissertation.

The translation of each model has been done with relative ease, in the sense that

1In general, IP issues relative to models from industrial products have been difficult to
handle throughout this project, as companies were often reluctant to share information about
how their products are modelled.
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all constructs from these other modelling languages were successfully mapped
to ProCoLa constructs, except for default values, which are yet not available
in ProCoLa. As stated before, only our extended Mobile Device case study
explicitly offered different views of the product family. However, although all
the models are easily mapped to a single view, some of them contain elements
that could belong to different views, from a conceptual point of view. For
example, the Bike model defines some attributes related to the physical design
of the system (e.g., the frame size), while others are related to its functionalities
(e.g., the bike type), and could be defined in the feature view, linked with
implementation constraints such as

(frame.biketype = “Racer Bike” or frame.biketype = “CityBike”) —
((frame.size >= 15andframe.size <= 20))

It is also worth noting that some models do not include dynamic partonomy,
maybe due to the limitations of the language they are defined in. For example,
in the PC model, there needs to be at least one block of Random Access Memory
(RAM), and up to four. This could easily be handled if the ramBlock partonomic
relation between the PC' and the RamBlock types had a dynamic cardinality of 1
to 4. However, the model is defined with a fixed cardinality of 4 for this relation,
and the attribute id in the RamBlock type can be of value “No RAM block”.
Besides requiring additional constraints in the RamBlock type to ensure the
correctness of the model, this is not consistent with the conceptual semantics of
a type, as a RamBlock instance could be present in the model without actually
being needed for the real product.

Finally, many of the constraints in these models are defined in extension, as
a disjunction of conjunctions of value assignments for attributes. These con-
straints can be written in ProCoLa using table constraints. From a modelling
point of view, this has several advantages: repeating the variables in assignments
may introduce unwanted mistakes, and transforming these constraints into ta-
bles reduces the clutter in the model. Also, for models with large constraints like
BigPC or the Renault model, transferring these constraints to other tools like
spreadsheet applications and databases may also improve their maintainability.

We provide some measurements related to modelling in Table[I1.3] We recorded
the time spent in seconds by our prototype for compiling ProCoLa models,
for generating the analysis graph and then for applying the two full model
analyses, in order to verify that there are no cycles and unused elements in
the models. The measurements show that the compilation and analysis of the
configuration model is done almost instantaneously, apart for the Renault model,
which requires more time for compilation due to the very large size of the model.
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Table 11.3: Experimental results (modelling)

Model Compilation | Analysis Graph | Full model analyses

time generation Cycles | Unused elts
Mobile Device 1.08 0.25 0.24 0.14
ESVS 0.56 0.08 0.03 0.02
FS 0.57 0.07 0.02 0.02
FX 0.56 0.07 0.03 0.02
Machine 0.56 0.07 0.03 0.02
Bike 0.61 0.08 0.03 0.02
PC 0.68 0.08 0.03 0.02
BigPC 0.59 0.09 0.04 0.03
Renault 12.02 0.08 0.04 0.03

11.2.2 Runtime

In order to assess the performance of our prototype implementation at runtime,
we performed some measures on the following criteria: the time in seconds
spent for creating a configurable instance from each model; the time in seconds
for generating the variables and constraints for the corresponding CondCSP; the
time spent in seconds for the first consistency check done before the configuration
starts; and finally the average time for consistency checks during configuration.
In order to get that last value, we took each configuration instance, then for a
100 times, chose randomly between:

1. picking a random unassigned variable and assigning a random value among
its feasible ones.

2. removing a previous assignment.

The results of the experiments can be seen in Table with two versions
of the PC, BigPC and Renault models: the original version and another one
where extensive constraints have been replaced by table constraints. One of
the first interesting point in this table is that the creation of the configuration
instance and the generation of the CondCSP variables and constraints is done
very quickly. When looking at the model consistency, most of the models besides
BigPC, Renault and the Mobile Device are in average checked in a very short
time (<.25s). The Mobile Device model takes longer on average, due to its
high number of types and constraints, which is expected. Because of its poor
performance, the only a subset of constraints were considered in the non-table
version of the Renault model.
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Table 11.4: Experimental results (runtime)
Model Instance | CondCSP model Initial Average
creation generation consistency | consistency
Mobile Device 0.11 0.19 84.12 4.66
ESVS 0.08 0.08 0.29 0.11
FS 0.08 0.08 0.20 0.07
FX 0.07 0.06 0.11 0.03
Machine 0.07 0.08 0.03 0.01
Bike 0.08 0.06 0.28 0.02
PC 0.08 0.09 13.2 0.25
PC (tables) 0.09 0.18 9.5 0.01
BigPC 0.08 0.13 430.2 20.93
BigPC (tables) 0.08 0.10 0.51 0.12
Renault 0.08 0.5 894.23 39.84
Renault (tables) 0.07 1.69 2.84 0.18

What is very interesting is to see the significant difference in performance for
the BigPC and Renault models, depending on whether the constraints defined
in extension are declared with predicates (disjunctions and conjunctions) or
as table constraints. Indeed, large constraints defined as predicates involving
many references to variables do not exploit the constraints’ special structure like
table constraints do. When table constraints are used, our specialised algorithm
DnSTR (see Chapter |8) can be used instead of the AC3-like algorithm used for
non-table constraints. The gain in performance gets even more important when
the constraints arity is higher. As a comparison, it is worth noting that the
average time for consistency checks with the Renault model is on par with
results by [5]. However, this comparison needs to be taken with a pinch of salt,
as on the one hand the work from Amilhastre et al. requires a 2 hour-long
compilation of the model into an automaton, but results in checks with a higher
level of consistency than the arc consistency considered here.
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CHAPTER 1 2

Conclusion

Product configuration has been an active research topic for some time now.
Configuration models can be quite complex and large, and therefore, efficient
methods for managing, modelling and reasoning about those models are needed.
Several configuration-specific languages for modelling in configuration have been
studied, but very few have been rigorously defined with precise semantics.

We started with the objective in thesis to analyse modelling and constraint-
based solving methods for product configuration, and design and implement a
framework for creating and configuring modern product models. In this dis-
sertation, we studied several well-known modelling languages in the context
of configuration and then presented the design and implementation of a new
configuration framework for heterogeneous products composed of physical com-
ponents, software and services. The aim of this framework is to synthesize,
unify and extend existing approaches in the domain of product configuration,
software variability and service configuration. We clearly defined the framework,
first conceptually then formally, and designed a configuration-specific modelling
language with clear semantics, along with several analyses for checking the cor-
rectness of configuration models. Our configuration framework is supported
by a constraint system, centered around a novel algorithm for dealing with
often-used table constraints. The feasibility of our approach is proven by the
implementation of a practical prototype for our work.
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In this chapter, we give an outlook on possible future development and detail
our contributions before concluding.

12.1 Further Work

The work presented in this dissertation can be extended in various ways. Addi-
tional views could be added to our framework in order to consider other aspects
of the product family configuration, like views describing what the environ-
ment of the product family may provide (or request), in a similar way as in the
object-of-services world from [49]. Adding support for modelling the evolution
of product models in time is also a topic for future work, whether it is on the
conceptual point of view or for solving during configuration. Some work has
already been done on this topic [55].

The formal analysis of configuration models defined in ProCoLa could be ex-
tended. More insight on the model’s status could be derived, e.g., establishing
which elements do not participate in the implementation of a higher level view,
thus requiring direct configuration. Specific model metrics could also be used
to improve the structure of the model, such as presenting potential taxonomic
relations that could be added to improve the model. However, finding those
metrics may not be an easy task, and would require more research.

Improving the constraint system is also a topic of future work. Several re-
searchers [95,{112] have considered Generative Constraint Satisfaction Problems
instead of Conditional CSP to solve configuration problems (dicussed in Sections
and. An interesting idea would be to compare the performance of both
alternatives, or even to perform an analysis of the model and determine what
framework would be the most appropriate to use, improving execution times
when possible. Our solving algorithms would then need to be adapted to han-
dle GCSPs, in particular when dealing with table constraints. Other potential
improvements of the constraint system include the support for soft constraints,
which could be used to model suggestions and default values.

Our prototype implementation could benefit from some improvements, for ex-
ample importing UML models into the framework. Integration with SysML
may be considered as well. Additional features could be added to the runtime
support of the prototype implementation, such as the support for explanations
when a conflict occurs in the configuration.

Last but not least, demonstrating the practical applicability of our configuration
framework requires modelling real-life systems in industrial contexts. Both the
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expressiveness and the usability of the ProColLa language would benefit from
strong empirical evaluation.

12.2 Contributions and Concluding Remarks

In this dissertation, we have presented a new framework for modelling and
solving configuration in heterogeneous product families that consist of several
dimensions, e.g., physical, software, and services.

We first drew a list of requirements for industrial configurators [75}|79], based
on literature and previous experience, and used it to discuss and evaluate the
potential for configuration of several general modelling languages such as the
Unified Modelling Language (UML), the System Modelling Language (SysML),
and the EXPRESS language from STEP, the International Standard ISO 10303.

We detailed a complete conceptual framework based on the concept of modelling
views [77] that differentiate the different aspects of a heterogeneous product
family. This framework has been motivated by four research questions, and il-
lustrated by the example of a Mobile Device product family. We then described
the design of ProCoLa, a configuration-specific modelling language to support
our conceptual work. ProCola has been given clear semantics using a trans-
lation to a formalism of our conceptual framework. We defined a type system
and well-formedness rules for configuration models in ProCoLa, and presented
several model analyses based on a graph created from configuration models.

In order to support the configuration of ProCoLa models, we designed a novel
algorithm DnSTR [78] for maintaining arc consistency in table constraints for
Dynamic Constraint Satisfaction Problems. This algorithm is based on Simple
Tabular Reduction and allows the dynamic addition and removal of constraints
at runtime. We then implemented a whole constraint system for solving the
configuration of ProCoLa models by translating model instances to Conditional
Constraint Satisfaction Problems, including when dealing with table constraints.

We provided a practical prototype of our configuration framework. We imple-
mented a language service to extend the Visual Studio development environment
to support ProCoLa models and provide tool support, including real-time well-
formedness checks, outlining and auto completion, as well as export of ProCoLa
into UML models using a predefined UML profile. We also provided connec-
tors for handling table constraints using spreadsheet applications and databases,
supporting currently the Excel tool and Microsoft SQL Server. We implemented
a runtime system for configuring ProCoLa models, as well as a visual tool for
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debugging and modifying models directly at runtime, supported by our own
constraint solver. Finally, we performed an evaluation of our prototype imple-
mentation using an extended version of our motivating case study and multiple
benchmark models used in literature.

In conclusion, this dissertation contributes to the theory and practice of product
configuration by introducing a new integrated framework supported by concep-
tual and formal work, as well as practical implementation. We believe this
framework can serve as a common basis for collaborative configuration knowl-
edge base design and maintenance, as it takes into account the multiple views
necessary to model complex products with multiple dimensions.



APPENDIX A

Case Study in EXPRESS

This Appendix contains the source code of the Mobile Device model from Part
I in EXPRESS.

(* Main schema *)
SCHEMA DeviceModel;

(* User-defined functions *)
FUNCTION SumChips(mb:Motherboard): INTEGER;

LOCAL
result: INTEGER := mb.nbTouchChips;
END_LOCAL;
IF (mb.hasAccelerometer)
result := result + 1;
END_IF;
IF (mb.hasCompassChip)
result := result + 1;
END_IF;

RETURN (result) ;
END_FUNCTION;

(¥ User-defined types *)
TYPE MHZ = INTEGER;

WHERE SELF >= 0; END_TYPE;
TYPE INCH = INTEGER;



210 Case Study in EXPRESS

WHERE SELF >= 0; END_TYPE;

TYPE GB = INTEGER;

WHERE SELF >= 0; END_TYPE;

TYPE SSD_TYPE = ENUMERATION OF (flash,DRAM); END_TYPE;

TYPE MINIUSBADAPTER_TYPE = ENUMERATION OF (none,VGA,DVI,6HDMI
); END_TYPE;

TYPE RFCARD_TYPE = ENUMERATION OF (GSM,GSM_UMTS); END_TYPE;

TYPE CHIP_TYPE ENUMERATION OF (Wifi,Bluetooth,FM);
END_TYPE;

TYPE PORT_TYPE
END_TYPE;

TYPE ENCLOSURE_SIZE = ENUMERATION OF (115x58,240x190,268x178
,295%x210); END_TYPE;

TYPE STYLUS_SIZE = ENUMERATION OF (compact,large); END_TYPE;

TYPE TOUCHSCREEN_TYPE = ENUMERATION OF (resistive,capacitive
); END_TYPE;

TYPE SCREEN_TECHNOLOGY = ENUMERATION OF (OLED,LCD); END_TYPE

ENUMERATION OF (none,VGA,DVI,HDMI ,miniUSB) ;

l

(* Root component *)
ENTITY Device;
motherboard: Motherboard;
screen: Screen;
drive: StorageDrive;
enclosure: Enclosure;
miniUSBAdapter: MINIUSBADAPTER_TYPE;
WHERE
((motherboard.nbSlots = 6) AND (enclosure.size = 115x58)
AND (screen.size = 3)) OR
((motherboard.nbSlots = 10) AND (enclosure.size
AND (screen.size = 9)) OR
((motherboard.nbSlots = 12) AND (enclosure.size = 266x178)
AND (screen.size = 10)) OR
((motherboard.nbSlots = 14) AND (enclosure.size
AND (screen.size = 12));
(TYPEOF (screen) = TouchScreen) = (motherboard.nbTouchChips

240x190)

295x210)

> 0);
(SIZEOF (motherboard.ethernetCard) = 1) = enclosure.
ethernetPort;
(enclosure.port <> miniUSB) -> miniUSBAdapter = none;
END_ENTITY,;

(* Abstract base component for storage drives *)

ENTITY StorageDrive ABSTRACT SUPERTYPE;
capacity: GB;

END_ENTITY;
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ENTITY SSD SUBTYPE OF (StorageDrive);
WHERE

(capacity = 16) 0OR (capacity = 32) OR (capacity = 64);
END_ENTITY;

ENTITY HDD SUBTYPE OF (StorageDrive);
WHERE
(capacity = 128) OR (capacity = 256) OR (capacity = 320)
OR (capacity = 500);
END_ENTITY;

ENTITY Motherboard;
rfCard: SET[0:1] OF RFCard;
processor: Processor;
gps: SET[0:1] OF GPSReceiver;
wirelessChip: SET[0:3] OF WirelessChip;
ethernet: EthernetCard;
nbTouchChips: INTEGER;
nbSlots: INTEGER;
hasCompassChip: BOOLEAN;
hasAccelerometer: BOOLEAN;
DERIVE
nbChips : INTEGER:= SumChips (SELF);
WHERE
0 <= nbTouchChips <= 3;
END_ENTITY;

ENTITY RFCard;
type: RFCARD_TYPE;
END_ENTITY;

ENTITY Processor;
frequency: MHZ;
WHERE
(frequency = 600) OR (frequency = 1000) OR (frequency =
1600) ;
END_ENTITY;

ENTITY GPSReceiver; END_ENTITY;
ENTITY WirelessChip;

chipType: CHIP_TYPE;
END_ENTITY;

ENTITY EthernetCard; END_ENTITY;

ENTITY Screen SUPERTYPE;
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ppi: INTEGER;

size: INCH;

technology: SCREEN_TECHNOLOGY;
WHERE

(ppi = 132) OR (ppi

(size = 3) OR (size
END_ENTITY;

330);
9) OR (size = 10) OR (size = 12);

ENTITY TouchScreen SUBTYPE OF (Screen);
type: TOUCHSCREEN_TYPE;
oleophobicCoating: BOOLEAN;
INVERSE
associatedStylus: SET[0:1] OF Stylus FOR
associatedTouchScreen;
WHERE
(type = resistive) = (SIZEOF(associatedStylus) = 1);
END_ENTITY;

ENTITY Enclosure;
port: RFCARD_TYPE;
DVDSlot: BOOLEAN;
ethernetPort: BOOLEAN;
hasStylusSlot: BOOLEAN;
size: ENCLOSURE_SIZE;
stylus: SET[0:1] OF Stylus;
WHERE
(size = 115x58)
(size = 115x58)
(SIZEOF (stylus)
END_ENTITY;

(stylus[1].size = compact);
(port = miniUSB);
1) = (hasStylusPort);

ENTITY Stylus;
size: STYLUS_SIZE;
associatedTouchScreen: TouchScreen;
END_ENTITY;

END_SCHEMA ;



APPENDIX B

Formalisation of Structure
and Realisation Views

In this Appendix, we present the formalisation rules of ProColLa for structure
and realisation views.

In order to interpret units and constants, we use two auxiliary mappings defined
as follow:

u € Unitss == Id, — D, with Id, € S,D, € P(NUBUS)
c € Constsg == Id. — {(c,Id,) with Id. € S,c e NUBUS, Id, € SU {¢}

The units mapping Unitss maps a string, the unit name Id,, to a set of con-
stant values, the domain of the unit. The constants mapping Consts maps a
string, the constant name Id., to a pair composed by the constant value ¢ and
a potential unit name Id, (e is used when no specific unit is assigned to the
constant).

Tables and show the formalisation rules for a structure view S,
while Table gives the formalisation rules for a realisation view R;
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Formalisation of Structure and Realisation Views

[C1]

[Ca]
[Typei]
[Types—a]

[Dom Reduc; |
[Dom Reducs)
[Dom Reducs)
[Dom Reduc,)
[TypeDecl]
[ConstrDecl]
[ConstrDecls]
[Resourcel se]
[Direction]
[AssocDecl;|
[AssocDecls]

[AssocDecls]

c ~g {cy€)

Id. ~g {(c,u) if (Id. — (c,u)) € Constg

Idy, ~s (Dy,Id,)  if (Id, — Dy) € Unitss

integer ~g (N,€) boolean~g (B,e)  enum~g (S,¢)

C’L ~S <C7;,’LL>

{C1,....,Cr} ~s (D ={c1,.cscnt,u)
Ci ~s (ci,u)

[C1..Ch] ~s (D ={n/c; <n<c,}u)

C ~g (e, u)
[-inf..C] ~g (D = {n/n < c},u)

C ~g (c,u)
[C..inf] ~g (D = {n/c < n},u)
Type ~s (D1, u); DomReduc ~p (Da,u)

if Dy C D
TypeDomReduc ~g (Do, u) 2=

CSymExp ~g ef
{CSymExp} ~s (Te, )
ConstrVal ~g e
[Id]:[description:[c;]] ConstrVal ~»g (T,,e®)

CSymExp ~g ef
{Id,:=CSymFExp} ~g (T,, Id,, €, e)

if Id, € Rs

provides ~»g PROVIDES requires ~s REQUIRES ¢~»g NONE

Direction ~g d
Direction Id,:Tt. .. ~g p = (Idg, Tq,Tt,d,1,1)

Direction ~g d; C ~»g (r,€)
Direction Id,[C]:Ty. .. ~g p=(Idy, Ty, T, d,r,7)

Direction ~g d; C; ~g (r;,e) ifT, € T

if T, € T¢

it T, € T

Direction Id,[C1..C3]:Ty. .. ~g p=(Ids, To, Ty, d,r1,72)

Table B.1: Formalisation of ProCoLa structure view



215

[Visibility]
[Attr Decl; |
[Attr Decls)
[SubP Decl; |
[SubP Decly)
[SubP Decls)
[CTypeDecly]
[CTypeDecls)
[CTypeDecls)

[CTypeDecl,]

[CTypeDecls]

[CTypeDeclg)

[CTypeDeclr]

[CTypeDecly]

readonly ~»g READONLY hidden ~»g HIDDEN € ~»g VISIBLE

Visibility ~g v; TypeDecl ~g (D, u)
Visibility Id,:TypeDecl. .. ~g a = (Id,, Ty, D,v,1)

Visibility ~g v; TypeDecl ~g (D,u); C ~g (r,€)
Visibility I1d,[C]:TypeDecl. .. ~g a = (Id,, T,, D,v,r)

IdSZTt...’\ASO':<ICZS7TS,T,5,1,1> 1th€'TS°

C ~g <T7€>
Id,[C]:T;... ~g 0= <Id5,T5,Tt,T,T>

if T, € Tg

C;i ~s <Tia€>
Id;[C1..C3]:Ty. .. ~g 0 = (Ids, Ts, Ty, 71, 12)

if T, € 7§
...componentType T... ~g T € T

[Root]...componentType T... ~»g TG =T
...abstract...componentType T... ~g T € TSAb

...componentType T subtypeOf Ty, ..., Ty...
~>g (Tl,T), ey (Tn,T) e Ig if T, € 'TSC
Ai g O = <...,TM', >
...componentType T...attributes : Ay,..., Aj...
gy = <,T,> € Dg
Si g 0 = <---»Tsi;Tt; >
...componentType T...subParts : Sy, ..., S;...
~g 0 = <...,T7Tt, > € Sg
Asi ~S Asi = <a 7Taia Tta >
...componentType T...associations : Asy,...,Asp...
~g Asg = (LT, Ty, ) € Ag
Ui g Ui = <...,Tm', >
...componentType T...produces : Uy, ..., Uy...
~g U; = (T, ..., PRODUCES, ...) € Us

Table B.2: Formalisation of ProCoLa structure view (continued)
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Formalisation of Structure and Realisation Views

[CTypeDecls]

[CTypeDecly]

[ATypeDecly ]
[ATypeDecls]

[ATypeDecls]

[ATypeDecly]

[ATypeDecls)

[ConstDecl;)
[ConstDecls]
[UnitDecl]
[ResourceDecly)
[ResourceDecls]

[StructureView)

Ui ~s U = (oo, Ty ool
...componentType T...consumes : Uy, ..., Up...
~g U; = (T, ..., CONSUMES, ...) € Us

COTLSi g Cl = <~~~7Tci7 >

...componentType T...constraints : Consf{,...,Cons¢...

~g C; = <..‘,T, > € Cg

...associationType T...~g T € T¢
...abstract...associationType T...~g T € TSAb

...associationType T subtypeOf Ty,...,Ty...
~>g (Tl,T),...,(Tn,T) e lg if Ty EEG

Ai ~g O = <...,TM', >

...associationType T...attributes : Ay, ..., A;...
~g = <...,T, > € Dg

Cons; ~g C; = (..., Tesy o)

...associationType T...constraints : Consy{,...,Cons¢...

g Ci = (o T,..) € CS

Id.:= c ~g (Id. — (c,€)) € Constg

Id.:Idy:= c ~g (Id. — (¢, Id,)) € Constg

TypeDecl ~g (D, €)
Id, :TypeDecl ~g (Id, — D,) € Unitss

Id,: integer ~»g Id, € Rg

Id,:1d,:= c~g Id, € Rg

dimension Dimension; StructureDecl ~»g S € V*

Table B.3: Formalisation of ProCoLa structure view (end)
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[UseDecl]
[SubEltDecl;)
[SubEltDecls)

[MappingDecl]
[RTypeDecl]
[OTypeDecl]

[OTypeDecls)

[OTypeDecls]

[OTypeDecly)

[OTypeDecls]

[ITypeDecl;)

[ITypeDecls]

[ITypeDecls]

[StructureView]

Id,:T, ~gr (Id,, Ty, T,) T, €T
Ids:Tt ~R <IdsyTsaTt71>

Id,[c): Ty ~r (Idg, Ty, Ty, c)

CSymEzp ~g €

if T
Ts:{CSymExp} ~g (Ts, Tpy, ) 1 <7

resourceType T, ~g T, € T}

...operationType T...~g T € Ty

M; ~g mi = (T, Trni, €°)
...operationType T...mapping: M, ...,My...
’\’}R mi = <Tsi7T7 eC> 6 MR

...operationType T...successors : Tq,..., Tp...
R (T.T) €N T €T
Ui ~r wi = (Iduiy Tuiy Tri)

...operationType T...uses : Uy, ...,Uy...
~R wi = (Idyi, T, Try) € Qg

Si~r ap = (.., Tyi, o)

...operationType T...subOperations : Sy,...,Sy...

SR O = <<,T, > S Sﬁ
...itemType T...~g T € T3

M; ~gr mi = (T, Ting, €°)
...itemType T...mapping : My, ..., Mp...
~r m; = (Ty;, T, e%) € Mg
Si~r o= (o, Ty, )
...itemType T...subItems : Sy,...,S;...
~og o= (., T0) € S

ResourceView ~g R € V"

Table B.4: Formalisation of ProCoLa realisation view
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