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Abstract

The systems in industrial automation management (IAM) are information systems.
The management parts of such systems are software components that support the
manufacturing processes. The operational parts control highly plug-compatible devices,
such as controllers, sensors and motors. Process variability and topology variability
are the two main characteristics of software families in this domain. Furthermore,
three roles of stakeholders – requirement engineers, hardware-oriented engineers, and
software developers – participate in different derivation stages and have different
variability concerns. In current practice, the development and reuse of such systems is
costly and time-consuming, due to the complexity of topology and process variability.
To overcome these challenges, the goal of this thesis is to develop an approach to
improve the software product derivation process for systems in industrial automation
management, where different variability types are concerned in different derivation
stages. Current state-of-the-art approaches commonly use general-purpose variability
modeling languages to represent variability, which is not sufficient for IAM systems.
The process and topology variability requires more user-centered modeling and rep-
resentation. The insufficiency of variability modeling leads to low efficiency during
the staged derivation process involving different stakeholders. Up to now, product
line approaches for systematic variability modeling and realization have not been well
established for such complex domains.
The model-based derivation approach presented in this thesis integrates feature mod-
eling with domain-specific models for expressing processes and topology. The multi-
variability modeling framework includes the meta-models of the three variability types
and their associations. The realization and implementation of the multi-variability
involves the mapping and the tracing of variants to their corresponding software prod-
uct line assets. Based on the foundation of multi-variability modeling and realization,
a derivation infrastructure is developed, which enables a semi-automated software
derivation approach. It supports the configuration of different variability types to be
integrated into the staged derivation process of the involved stakeholders.
The derivation approach is evaluated in an industry-grade case study of a complex
software system. The feasibility is demonstrated by applying the approach in the
case study. By using the approach, both the size of the reusable core assets and the
automation level of derivation are significantly improved. Furthermore, semi-structured
interviews with engineers in practice have evaluated the usefulness and ease-of-use
of the proposed approach. The results show a positive attitude towards applying the
approach in practice, and high potential to generalize it to other related domains.
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1
Introduction

“A journey of thousand miles begins with a single step.”
–Laozi

The original motivation of this thesis was based on the derivation challenges observed
in the industrial automation domain from a practical viewpoint. In order to help
practitioners in this domain to improve the reuse during development, this thesis
presents a model-based derivation approach, which integrates multiple variability types,
such as features, processes and topology, into a staged derivation process. Compared
to the prior approaches, the main benefits of using such an approach presented in this
thesis include both the improvement of stakeholders’ satisfaction during their work
and the automation of derivation steps to achieve better efficiency.
This chapter introduces the background and motivates the research topics of this
thesis. It presents the overall contributions of the thesis, as well as an outline of the
following chapters.

1.1. Context

Software reuse is of interest because software organizations tend to build systems that
are more complex, more reliable, less expensive, and that are delivered on time [FK05].
To achieve systematic software reuse, software product line engineering (SPLE) has
been proposed as a set of methods and techniques for managing and maintaining
core assets and systematically reusing them during the development of new software
products [HP03]. Since approximately two decades, a wide variety of companies and
organizations have achieved substantial adoption of SPLE with reported benefits, such
as reduced development costs, improved quality and shortened time-to-market [Bos02].
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The overview of SPLE processes and activities is presented in Figure 1.1. The two
main processes in SPLE are family engineering (or domain engineering) and application
engineering [HP03]. Scoping is fundamentally important to decide which features
and assets should be covered by family engineering or be developed in application
engineering [DS99]. During family engineering, commonalities and variability of a
product family are identified. Reusable artifacts are developed and managed as core
assets, such as requirement scenarios, reusable architectures and reusable components.
During application engineering, customer-specific software products are developed
based on the assets established in family engineering [HP03, Mut02].

Application EngineeringApplication EngineeringApplication Engineering

Family Engineering

Requirements

Reusable Requirements

ScopingScoping

Reusable Components

Fe
e

d
b

ack

Reusable Architecture

Design Code & Test

Application
Requirements

Application
Design

Application
Code & Test

Figure 1.1.: Overview of Activities and Processes in SPLE [HP03]

1.1.1. Software Product Line Engineering Background

In SPLE family engineering, variability expresses the assumptions about how members
in a software family may differ from each other [HP03, WL99]. Modeling variability is
essential to define and manage commonalities and variability [CGR+12]. Many existing
variability modeling techniques have been proposed in academia, for example feature
modeling, decision modeling and orthogonal variability modeling [CABA09]. Among
them, feature modeling has gained importance especially in practice, since it is intuitive
to understand and is suitable to express both commonalities and variability [CGR+12].
Many family modeling approaches have originated based on Feature-Oriented Domain
Analysis (FODA), proposed by Kang et al. [KCH+90]. Furthermore, in application
engineering, variability models empower the software product derivation [HP03]. During
product derivation, the variability models are configured by the software engineers or
involved stakeholders. The variants in the models are selected, configured and bound,
to fulfill the customers’ specific requirements.
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Although many product derivation approaches have been proposed in the last two
decades, the derivation in SPLE remains being an expensive and an error-prone activity,
so that it is still hard to automate and support by tools [ROR11]. As O’Leary et
al. pointed out: if a product derivation approach is supposed to be used in many
different domains, it may become too generic that impedes the adoption in practice
[ORRT09]. Instead, approaches and tool support should focus on the needs of the
domain context and involved stakeholders to be adopted in practice [ORRT09].

1.1.2. System Background

In the industrial automation domain, systems are commonly modeled as an automation
pyramid to structure the different types of applications, as presented in Figure 1.2
[ISA, IEC]. The top level appearing in the pyramid is the enterprise level. The systems
on this layer manage the business-related or strategic activities of the manufacturing
tasks [ISA]. Enterprise Resource Planning (ERP) systems, for example, are typical for
systems on this level. They provide solutions for business process integration within or
across organizations. The second level is the management level, which includes the
systems of manufacturing operations management (MOM). They manage the creation,
production and distribution of end products. For instance, manufacturing execution
systems, laboratory information management systems, warehouse management systems,
or computerized maintenance management systems are in this level [McC97, ISA].
Below MOM, the supervision level contains the systems for monitoring and supervision,
such as Supervision Control and Data Acquisition (SCADA) systems. SCADA systems
interoperate with the systems in control level to manipulate the physical manufacturing
processes. The lowest level contains physical devices to perform concrete tasks. The
sensors, actuators and embedded systems are on this level [ISA].

Enterprise Level

Management Level

Supervision Level

Control Level

Field Level

Figure 1.2.: The Industrial Pyramid

3



The type of software systems that this thesis focuses on is on the management level. In
general, many systems on this level are information systems that manage manufacturing
processes. They also coordinate numerous distributed hardware components, as well as
human workers in case not all manufacturing tasks are automated. The management
parts are software components and services that support the manufacturing processes.
The operational parts control and communicate with highly plug-compatible devices,
such as controllers, sensors and motors. Based on this understanding, the definition of
the targeted software systems in the context of this thesis is given as following:

Industrial Automation Management (IAM)
The industrial automation management systems are the information systems
of manufacturing operations managements that are used for the creation,
development, production and distribution of products and services [ISA, IEC].

1.2. Motivation

This section shortly presents the problems observed in practice to motivate the whole
thesis. A more complete problem formulation will be in Chapter 2. In Figure 1.3 [SIE],
a product family of IAM among three customers is illustrated. As can be seen, three
customers share some common hardware devices. The software systems managing the
factories share also commonalities among customers. The difference is that Customer
A requires integrating the IAM with ERP systems. Customer B and Customer C have
no integration requirement, but they use different communication mechanism inside
their factories.

DSL5router

MachineFactoryOffice

Customer5A Customer5B Customer5C

SCALANCE
S6155+

Key-PLUG

SCALANCE
M876-35+
Key-PLUG

SCALANCE
M816-15+
Key-PLUG

HardwareHardware Hardware

Software Software Software

Figure 1.3.: Commonalities and Variability in IAM Product Families

The requirements among customers of IAM share considerable commonalities, as shown
in Figure 1.3. With the success and benefits of SPLE adoption reported in the last
two decades, the initial idea to promote reuse of IAM systems was to bring variability
modeling of SPLE into IAM. However, the domain complexities, the process orientation
and topological hardware configuration, cause the difficulty of variability representation,
and further hinder the configuration during software derivation [FLED13b].
Furthermore, the development and derivation of IAM involves people from different
backgrounds, such as requirement engineers, hardware-oriented engineers and software
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developers. These stakeholders have different focus and concerns, but they need to
work together to deliver the final systems to customers. Up to now, the development
of such systems cannot reach a satisfactory level of reuse. Especially, for some
complex components handling business logic involving process and topology variability,
the development still follows the clone-and-own approach to achieve ad-hoc reuse.
Therefore, a systematic reuse approach is desired by practitioners to improve on this
situation [FLED13b, FLE+15].

1.3. Thesis Contribution

This thesis aims at developing an approach for software product derivation of IAM
systems. The solution idea to achieve this goal is to involve domain-specific modeling
techniques into variability representation during family engineering. During application
engineering, the domain-specific models can then be utilized as configuration mech-
anism to achieve better derivation and development efficiency. The solution outline
is presented in Figure 1.4, in which the core elements of the approach as the core
contributions of this thesis are highlighted:

Core
Assets

Derived 
Product
Derived 
Product

Derived 
Artifacts

Feature 
Model

Topology 
Meta-Model

Process 
Meta-Model

Multi-Variability 
Modeling

Configuration

Derivation Process 

Multi-Variability 
Realization

Family Engineering Application Engineering

Model Process Artifact Relation SupportingRepository Manual (Semi-)Automated

Preparation Generation

Figure 1.4.: Overview of Multi-Variability Derivation Approach

• A multi-variability modeling framework represents feature, topology and process
variability types with configuration tooling. The framework includes also the
associations among the variability (meta)-models.

• The multi-variability realization techniques link the variability modeling elements
with the software core assets. The techniques enable the implementation of
variability in both architecture and code derivation.

• A semi-automated approach for product derivation takes the advantages of the
establishment mentioned above during application engineering. The derivation
process, as presented in Figure 1.4, can be further split into three sub-processes:
1) preparation supported by variability model instantiation; 2) configuration
supported by variability modeling editors; and 3) automated code generation.
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The validation of the proposed approach in this thesis has two parts. The first part
is a case study based on a “slice-of-life” example of an industrial IAM system, to
test the feasibility, to characterize the variability models, and to evaluate the level
of automation during derivation. The second part of the validation contains semi-
structured interviews involving domain experts from practical viewpoints, to evaluate
users’ perceived usefulness and ease of use.

1.3.1. Research Process with Scientific and Practical Benefits

Figure 1.5 shows the research process followed in this thesis, and the expected benefits
at the scientific and the practical level.

Practical Problem:
The derivation of systems in industrial 

automation management is tedious and 

time-consuming.

Research Problem:
Lack of automation support during staged 

derivation involving multiple variability types

Solution Ideas:
A model-based approach for staged derivation 

Integrating the configurations of multiple 
variability types

Research Validation:
H1: Evaluate the feasibility 
H2: Characterize the complexity of each variability type
H3: Evaluate the automation level of code generation

Practical Validation:
H4: Evaluate users’ perceived usefulness and ease of use 
       (satisfaction, efficiency, correctness, etc.)
H5: Evaluate time saving in application engineering

Figure 1.5.: The Research Process

At the research level, benefits and applicability of the proposed approach, shown in
Figure 1.4, have been evaluated according to the following hypotheses:

• Hypothesis 1 (H1) – It is feasible to apply the approach in family engineering.
Implementing and using the approach in practical settings should be practically
feasible, which means that the required effort on family engineering of the
proposed approach is reasonable to afford by derivation stakeholders. It is
expected that the effort of getting more reusable assets into core assets base
should be reasonable.

• Hypothesis 2 (H2) – The multi-variability modeling, by introducing process and
topology models, can capture significantly more variability (>50%), compared
to feature modeling. The expectation is that by using additional topology and
process variability models, instead of a general-purpose variability modeling
technique (such as feature modeling), more variability in core assets can be
modeled, so that reuse during application engineering can be improved.

• Hypothesis 3 (H3) – The approach improves the code generation rate significantly
(>35%), compared with the derivation without using the approach. With
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the developed variability modeling mechanism and the established assets, the
proposed approach is expected to derive more source code automatically, to
reduce the effort of development in application engineering.

At the practical level, the proposed approach is expected to help practitioners to
improve their derivation and development tasks. With the proposed approach, it is
expected to shorten the time-to-delivery for the development of customer-specific
application. Therefore, the benefits to practical users should be assessed by:

• Hypothesis 4 (H4) – The approach in application engineering can be easily
accepted by users for their derivation tasks. The developed approach in this
thesis is expected to be easily accepted by users from a practical viewpoint. For
this hypothesis, the metrics of perceived usefulness and ease-of-use aspects are
assessed.

• Hypothesis 5 (H5) – Applying the derivation approach in application engineering
can shorten 1/3 of time spent on application engineering. It is expected that when
applying the proposed approach, the stakeholders can improve their efficiency,
so that it can shorten the time spent in application engineering.

1.3.2. Assumptions and Limitations

The approach presented in this thesis with the contributions and benefits mentioned
above is based on the following assumptions:

1. The software organizations that intend to use the approach have existing knowl-
edge, experiences and existing artifacts of the software family. The rationale
to have this assumption is that the approach depends on the development of
domain-specific modeling and core assets of the software family. This assumption
is reasonable to have, since introducing SPLE to a software family is usually not
done in an unfamiliar domain of software organizations. Commonly, the decision
of adopting SPLE is made, when software organizations have accumulated certain
domain knowledge, and when they want to achieve better productivity or shorten
the time-to-delivery.

2. To adopt the approach proposed in this thesis, the extractive manner is en-
couraged. Krueger classifies three SPLE adoption models [Kru02]: (1) The
proactive strategy is to design and implement a complete software product line
with the necessary infrastructure to support the full scope of products needed on
the foreseeable horizon; (2) The reactive strategy is to incrementally grow the
product line infrastructure when the demand arises; (3) The extractive strategy is
to develop software artifacts by extracting the common and varying source code
based on existing artifacts. This assumption is related to the first assumption,
since the proposed approach acquires the reusable artifacts, such as requirements
documentation, software architecture and source code from re-engineering of
existing artifacts. However, it does not restrict the approach to be only adopted
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in an extractive manner. Applying it with proactive and reactive strategies is also
possible, in case the development team is able to design the domain variability
models, the corresponding reference architecture, as well as the foreseeable code
artifacts.

3. The derivation approach only focuses on the complexities of the management level
of industrial automation (see Figure 1.2); Complexities, such as interoperability or
data variability during sub-system interactions, are excluded from consideration.
Firstly, the scope of this thesis has to be limited to keep the thesis manageable.
It is not possible to take into account all types of variability existing in real
industrial settings. Secondly, sub-system complexities usually can be abstracted
from the lower layers of the industrial pyramid (e.g., using an interpreter pattern
or adapters). For this reason, complexities on field, control, or supervision level
are not considered in the proposed approach.

1.4. Thesis Outline

The thesis is organized and aligned with the research process shown in Figure 1.5.
This section shows a short summary of each chapter.
Chapter 2 - Foundation and Problem Formulation: The chapter presents the charac-
teristics of IAM systems with a running example. This example is used then in the
rest of the thesis to illustrate the problems with corresponding solutions in depth. The
state of practice of product derivation is analyzed. The three roles of stakeholders with
their variability concerns are analyzed in this chapter. Based on the practical problem,
Chapter 2 presents the analysis about how product derivation of IAM systems should
be supported in terms of user-centered variability modeling and software derivation
automation.
Chapter 3 - State of the Art and Limitation Analysis: The chapter collects and
analyzes the existing product derivation approaches. It reports a systematic literature
review (SLR) targeting the most recent publications between the years 2008 and 2015,
extending the results of an existing SLR covering the years 1996 to 2007. It presents,
how far existing approaches can fulfill the needs of product derivation in IAM systems.
The shortcomings of the existing approaches build the foundation of the research
questions of the thesis and the solution ideas in the next chapters.
Chapter 4, Chapter 5 and Chapter 6 propose the three main components of the
derivation approach for IAM systems:

• Chapter 4 - Hierarchical Multi-Variability Modeling : Following the meta-modeling
architecture of Meta-Object Facility (MOF), the meta-models for feature, topol-
ogy and process are proposed and associated in this chapter.

• Chapter 5 - Multi-Variability Realization: The chapter presents the implemen-
tation of the multi-variability, by tracing the (meta-)models to the technical
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solution space. A taxonomy of reusable asset types using feature-like, topology
and process variability modeling elements is proposed in this chapter as well.

• Chapter 6 - Automation of Model and Code Derivation: This chapter presents
the architecture of the derivation infrastructure. Two automated steps are
introduced to the derivation process: model instantiation and code generation.

Chapter 7 - Validation: The chapter reports on the validation of the derivation
approach. The goal-question-metric method is used to trace the overall goal of this
thesis down to metrics for validation purposes. The chosen evaluation methodologies
consist of two parts: a case study and semi-structured interviews. The chapter also
includes the experiences and lessons learned during the validation.
Chapter 8 - Conclusions and Further Research Directions: The chapter concludes the
thesis including the results, the contributions, as well as the limitations of adopting
the approach in practice. Furthermore, it points out the potential future research
directions in the area of domain-specific modeling and product derivation in software
product line engineering.

1.5. Supporting Publications

The publications supporting this thesis are listed as following, as well as the related
content in corresponding chapters.

1. Miao Fang, Georg Leyh, Joerg Doerr, and Christoph Elsner. Multi-variability
modeling and realization for software derivation in industrial automation man-
agement. In Proceedings of the ACM/IEEE 19th International Conference on
Model Driven Engineering Languages and Systems (MODELS), pages 2–12,
Saint Malo, France, October 2016. ACM.

• Supporting the hierarchical multi-variability modeling in Chapter 4
• Supporting the multi-variability realization in Chapter 5
• Supporting the validation with a case study in Chapter 7

2. Miao Fang, Georg Leyh, Christoph Elsner, Joerg Doerr, and Jingjing Zhao.
Towards model-based derivation of systems in the industrial automation domain.
In Software Product Line Conference (SPLC), pages 283–292, Nashville, USA,
July 2015. ACM.

• Supporting the derivation process in Chapter 6
• Supporting the validation with semi-structured interviews in Chapter 7

3. Miao Fang, Georg Leyh, Christoph Elsner, and Joerg Doerr. Experiences during
extraction of variability models for warehouse management systems. In Software
Engineering Conference (APSEC), pages 111–116, Bangkok, Thailand, December
2013. IEEE.
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• Supporting the practical problem in Chapter 2
4. Miao Fang, Georg Leyh, Christoph Elsner, and Joerg Doerr. Challenges in

managing behavior variability of production control software. In International
Workshop on Product Line Approaches in Software Engineering (PLEASE),
pages 21–24, San Francisco, USA, May 2013. IEEE.

• Supporting the variability modeling challenges in Chapter 2
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2
Foundations and Problem Formulation

“Successful problem solving requires finding

the right solution to the right problem.”

–Russell Lincoln Ackoff

The chapter serves as the foundation of this thesis. At the first place, it introduces the
terms and definitions focusing on application engineering activities of software produce
line engineering. At the second place, this chapter presents the practical problems with
a running example, which shows that the current development of systems of industrial
automation management (IAM) is tedious and time consuming. The difficulty of
using software product line approaches in IAM is that these systems do not only have
feature-like variability, but also topology and process variability. Moreover, three roles
of stakeholders – requirement engineers, hardware-oriented engineers, and software
developers – participate in different development tasks and derivation stages. They
have their particular variability concerns. To help these stakeholders, a systematic
product line approach is necessary to support (1) representing multiple variability types,
and (2) automating the derivation process by integrating different variability models.

2.1. Foundations and Definitions

According to Clements and Northrop [CN02], the term, “software product line”, is “a
set of software-intensive systems sharing a common, managed 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”. As one of the
essential concepts, this section starts with the notion of feature.
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2.1.1. The Notion of Feature

From existing literature, a feature can be defined as “a logical unit of behavior specified
by a set of functional and non-functional requirements” [Bos00] or as “a prominent or
distinctive user-visible aspect, quality, or characteristic of a software system or systems”
[KCH+90]. In fact, the understanding of what a feature is varies significantly from
people to people [BLR+15]. Berger et al. argue that features do not necessarily address
functional or non-functional concerns that end up in a software product. Instead,
features can be used atypically, for example to support internal development planning
[BLR+15]. Furthermore, features have certain architectural responsibility, which means
that some features can be located at a certain “place”, for example in a component
or in a unit of implementation-level software assets. Some other features can be
crosscutting, which means that they scatter over several parts of software components
or artifacts. Feature can represent requirements, architectural elements, parameters or
non-functional requirements [BLR+15]. Considering these existing definitions, feature
in this thesis is defined as:

Feature:
A feature is an abstraction of a characteristic of a software family, which repre-
sents a comprehensible aspect of a company’s business [SVGB05, BLR+15].

The reason to define the feature in this way is that the IAM systems are highly
influenced by real-world hardware configurations. In this case, features refer to a
graspable aspect that can be easily understood by domain experts. Such features can
be crosscutting. This means that the related artifacts may be scattered throughout
the software implementation.

2.1.2. Classification of Software Product Lines

Bosch distinguishes four main maturity levels of software product lines [Bos02]. Ta-
ble 2.1 summarizes these four levels with the efforts needed in family engineering (FE),
application engineering (AE), and typical assets of reuse [Bos02].

Name FE Effort AE Effort Typical Core Assets
Standardized infrastructure Very low Very high Operating systems, database
Platform Low/medium High A shared platform
Software product line High Low/medium A product line architecture
Configurable product base Very high Very low An automated SPL infrastructure

Table 2.1.: Software Product Line Maturity Levels

Firstly, the standardized infrastructure is the level with minimum possibility of reuse.
Standardized tools or commercial software are the commonalities shared among different
products, such as operating systems or databases. Secondly, at the platform level, the
development teams develop a platform to include all common functionality of their
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software domains. The developed platform becomes the core assets of reuse. Thirdly,
at the product line level, when functionalities are shared by a sufficient number of
products, their artifacts can be included as software product line assets. Managing
the variability of the shared artifacts becomes critical1. Reference architecture of
the software family is a typical asset shared among different products. Finally, the
configurable product base has the highest maturity. At this level, all variation points
with all variants can be explicitly modeled and predicted, so that product derivation
can be fully automated during application engineering2 [Bos02].

Besides the overall SPL maturity, within one software family, individual artifacts
may also have different maturity levels [Bos02]. For example, a component for data
persistence may have higher maturity than a component handling user requests, because
the latter has more unpredictable requirements.

However, the highest maturity level is not always desirable, because the costs invested
in the product line infrastructure need to pay off. Depending on the number of new
products, the possibility to anticipate the requirements of new customers, and the
stability of the application domains, the development organizations should decide an
optimal maturity level with business considerations. In contrast to the configurable
product base, Adam defines a concept of a flexible software product line as [Ada12]:

Flexible Software Product Line:
A flexible software product line is a product line, for which it is either not
possible or not economic during family engineering to explicitly anticipate
most requirements that may possibly occur in application engineering projects
[Ada12].

According to the reference [Ada12], software product lines of information systems
particularly belong to the category of flexible software product lines, since the systems
need to support customer-specific business processes, and need to integrate with
other legacy software systems [Ada12]. In flexible product lines, upgrading to higher
maturity levels may be not possible to achieve, due to the instability and variability
of the domains. It is also possible that the cost of upgrading the maturity level of a
software product line is too high, so that the return on investment is insufficient from
an economic perspective. Besides these aspects, the circumstances of development
teams and their readiness can also influence the product line maturity level [Bos02].

The IAM systems belong to the category of flexible software product lines.
They are responsible for management in manufacturing factories (see the definition of

1Level 2 and Level 3 may result in product populations, in which the variability does not only settle
in components but also in the composition of components. In this case, the derived products may
employ totally different configurations [Bos02].

2Level 3 and Level 4 may result in a program of product lines, especially for large and complex
software systems. The challenges in this situation are, for example, to manage the large amount
of variability and the dependencies among them [Bos02].

13



IAM in Section 1.1.2). These systems are information systems, which manage manu-
facturing processes in factories. They also communicate with highly plug-compatible
devices, such as controllers, sensors and motors. Based on the current observation
in practice, many IAM software families are at low maturity levels, that is, they
may share standardized infrastructure or common platforms. Industrial practitioners
and researchers are looking for solutions of this type of software systems to improve
the reuse of their existing legacy systems, and to increase the efficiency of product
development [GSC15, WC15].

2.1.3. Variability and Variability Modeling

Software product line engineering distinguishes commonalities and variability. Com-
monalities are the software artifacts that are shared by all members of the product
family. Variability is the “ability of a software system or artifact to be efficiently
extended, changed, customized or configured to be used in a particular context”
[SVGB05]. Variability is the core concept in software product line engineering, as
application-engineering activities rely on the configuration of variability.

Variability Model:
Variability model represents and describes how the various assets in a product
family may differ from one another [WL99].

Based on the configuration of variability models, the new software product can be
derived to fulfill the customer requirements. Variability has its own life cycle, for
example, to be identified, scoped, bound and resolved [Els11].
Many variability modeling techniques have been proposed and used in academia and
practice [CABA09], such as feature modeling [KCH+90], decision modeling [CGR+12],
orthogonal variability modeling [HP03] and the common variability language [cvl12].
Among all of the existing variability modeling techniques, feature and decision modeling
have attracted most attention [CGR+12]. Feature modeling has relatively broad
adoption in practice, because it models both commonalities and variability, and it
seems to be more intuitive to understand, while decision modeling focuses more on
variability. Commonly, feature modeling is used just like decision modeling in an
orthogonal manner [CGR+12], which means that the variability model is separated
to other artifacts in the product line. The variation points and the corresponding
artifacts are related via trace links. There are existing commercial and academic
tools to support variability modeling. For example, there are GEARS [Kru07b],
pure::variants [pur], FeatureIDE [KTS+09] for feature modeling and DOPLER for
decision modeling [RGD07].
Both feature models and decision models are able to describe similar variant types
[CGR+12]. Feature models describe the boolean type as optional features; the selection
of one out of several possibilities as alternative features. Decision models can model
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these as decisions. Both of them also support other primitive types, such as strings or
integers. Figure 2.1 depicts these data types of feature models with minor adaptations,
based on the feature meta-models proposed by [CGR+12, KCH+90]. In Figure 2.1,
Timer is an optional feature. Database is for example a mandatory feature. SQL
Server and Oracle are alternative features: one of them needs to be chosen during
application engineering. For identification, both radio-frequency identification (RFID)
and barcode scanners can be used, and at least one of them needs to be chosen.

Goods-In

:Feature :Mandatory :Optional

Database

SQL Server Oracle
Identification

requires

RFID Barcode

:Alternative :Dependency

......

Timer

:OR Group

Figure 2.1.: Variants in Feature Modeling

Halmans and Pohl distinguish variability as essential and technical variability [HP03].
Essential variability is oriented to end-users and customers. Essential variability does
not contain technical implementation details. When negotiating with customers, under-
standing customer requirements or documenting requirements, requirement engineers
usually consider and resolve essential variability at the early phase of application
engineering [HP03].

Essential Variability:
Essential variability describes the variability of a software family from a viewpoint
of customers or users without implementation thinking [HP03, NE08].

Technical variability is oriented to implementation. Technical stakeholders are con-
cerned with this variability, such as software architects and developers. Technical
variability occurs mostly not at the very beginning of the application engineering
processes. Technical variability often is resolved later than essential variability [HP03].

Technical Variability:
Technical variability describes the variability of a software product line from an
implementation perspective [HP03, NE08].

To better illustrate the occurrence time of essential and technical variability according
to [HP03], Figure 2.2 shows the application engineering process from left to right. At
the early phase of application engineering, the development team receives customer
requirements. At the beginning, more essential variability are concerned than technical
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variability. During negotiation and requirement engineering with customers, more and
more essential variability should be decided. With the time, more technical decisions
have to be made to finally decide and configure all variability.

Technical Variability

Application Engineering Process

Essential Variability

Customers‘ 
Requirements

Delivery to
Customers

Derivation and Development

Figure 2.2.: Variability Concerns During Application Engineering Process

The IAM systems also have both essential and technical variability. In this domain,
the variability communication is non-trivial, since the customers are from various
manufacturing domains, such as food or car production. Essential variability as
requirements is very challenging to collect and understand by software engineers.
Inside the development organizations, the technical variability may also include both
software and hardware aspects. This creates understanding difficulties that may cause
significant communication overhead and may slow down the development. Section
2.2.3 will discuss this situation with more details.

2.1.4. Product Derivation

After the definition of the variability types, this section starts to introduce the con-
figuration of variability during application engineering. Product derivation includes
the core activities during application engineering. It addresses the construction of a
customer-specific product based on the product line core assets [DSB05]. Thereby, we
define product derivation as follows:

Product Derivation:
Product derivation includes the activities of selecting and configuring core
assets to create the product to fulfill customers’ specific requirements [HP03,
ORRT09].

Rabiser et al. summarize key activities in product derivation, which are further catego-
rized into three main steps [ROR11, ORRT09] : Preparing for Derivation, Product
Derivation and Application-Specific Development and Testing [ROR11]. Based on
this work, Elsner further separates Product Derivation into Product Configuration
and Product Generation [Els11]. Figure 2.3 presents these four main steps of product
derivation. In the context of this thesis, the last step, Application-Specific Development
and Testing is not of focus, since it has less relation to the reuse of core assets.
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Figure 2.3.: General Steps in Product Derivation

Depending on the maturity of software product lines, at the end of the Step 3, the
derived product can be a full product or a partial product that needs further application-
specific development [ROR11, ORRT09]. Since the target IAM systems belong to the
category of flexible product lines, the expectation of derivation results would be a
partial product. The next three subsections will explain the details of Step 1, Step 2
and Step 3 respectively.

2.1.4.1. Preparing for Derivation

The most important task in preparing derivation is to understand the customers’ needs
and to translate their needs into internally understandable languages by development
teams [ROR11]. In configurable software product lines, the “translation” is straightfor-
ward, because the domain is relatively mature and stable, so that variability can be well
captured, modeled and predicted during family engineering. In flexible software product
lines, in particular the targeted IAM systems, understanding customers is much more
complicated, since IAM systems have the nature of information systems, as argued
in Section 2.1.2. The requirements of IAM systems are process-oriented, and the
desired products need to fit the customers’ business environments. Depending on the
manufacturing domains, understanding customers’ requirements can be challenging,
because it needs knowledge of customers’ engineering disciplines.

In addition, derivation starts usually not from scratch. A base configuration is very
helpful to have as a stepping-stone to start derivation [ROR11, ORRT09]. This base
configuration is especially important for systems with a large number of variation
points. To support it, a configuration with some pre-configured decisions or values
should be automatically initialized to prepare for derivation. In software product line
engineering, typical assets are requirement specifications, architecture, components
and test cases (see Figure 1.1 in Chapter 1). To come up with the base configuration,
the core asset base should be extended to include reusable configurations, as presented
in Figure 2.4.

Figure 2.4 shows that, the variability model is a very important concept in software
product derivation. Based on existing configurations, some reusable decisions and
their combinations can be extracted and maintained as parts of the core asset base
as well, because customers potentially share requirements. During product derivation
for a new customer, a base configuration can be initialized to help on maximizing
reuse. In other words, the configurations of variability models of existing customers
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Figure 2.4.: Taking Reusable Configurations as Core Assets

can become kinds of templates to be reused as base configurations for new projects.
This is especially beneficial for flexible product lines to improve derivation efficiency,
as they may have an enormous amount of variants to configure.

2.1.4.2. Product Configuration

Product configuration is usually an iterative process [ORRT09]. The procedure of
configuration can be considered as following the hierarchies of feature or decision
models to resolve the variations.

Product Configuration:
Product configuration refers to the activity of a human stakeholder, who
translates product requirements into a machine interpretable form by using
tool support [Els11].

Many research papers propose support to help on product configuration activities.
Figure 2.5 shows the different kinds of configuration support characterized by means of
a feature model. Most of these “features” presented in this feature model are optional
features, since the existing derivation approaches do not necessarily cover all kinds of
configuration supports. Many existing research papers only cover a single or several of
these features.
Stakeholder Support and Configuration Verification are the two major types of config-
uration support. The following gives a short description of the sub-features, together
with related references in the state of the art:

• Separation of views: Hubaux et al. formalize and implement an approach
to support separation of concerns for feature-based configuration [HHSD10,
HHS+13]. With this approach, users during configuration get customized views
of variations that they should focus on. Mannion et al. also propose to use
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Figure 2.5.: Features of Product Configuration Support

multiple viewpoints to capture the needs of different stakeholders to avoid
that they face the complexity of a large feature model [MSA09]. Other works
closely related to separation of concerns include approaches on multiple-staged
derivation [CHE04, Els12]. They provide not only separated views, but also
sequentially ordered views according to variability binding time during derivation.

• Propagation: During configuration, when one decision is made, or one feature is
(de-)selected, the impacted decisions or features can be automatically navigated
to by the configuration tools [RGL12]. The goal of developing such a function is
to improve on configuration consistency [CNCJ14, UBFC14]. For complicated
configuration processes, derivation stakeholders need to participate in a work-flow-
like process, as the propagated views may have different users [AHH11, ACG+12].
To support this function, separation of concerns of variability is usually required.

• Optimization: Rabiser et al. propose that the derivation tooling should provide a
function to suggest configuration values [RGL12]. Similarly, Guo et al. propose an
approach, which supports the automatic selection of features during configuration
time to save user effort [GWW+11]. Features are prioritized based on their
selectivity of existing configurations of the product line, proposed by Chen and
Erwig [CE11]. During configuration time, features with higher selectivity are
brought to users earlier to optimize users’ selection and configuration tasks
[CE11]. Integrating such functions into the derivation tooling can improve the
productivity of the derivation stakeholders.

• Change management [RGL12]: In practice, the configuration of complex systems
is commonly an iterative process. The decisions sometimes are made by multiple
roles of derivation stakeholders. For this reason, it is helpful to trace the changes
of configurations during the whole configuration process, in order to maintain
the modification history of decisions and values. Some additional functions can
be also helpful to the derivation stakeholders, for example, to enable annotations
to document the rationales of a decision.
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• Configuration Verification: Most of the approaches in this category focus on error
detection, to diagnose constraint violations or to ensure consistency [WBS+10,
TBG13]. Error fixing can be done either automatically or manually by generating
a report [ELSP11]. A few of the works in this category support also completeness
checking [AHH11] or correctness checking of configured values [RGL12].

This thesis does not intend to fully cover all of these aspects shown in Figure 2.5. The
goal to analyze the product configuration is to understand how good the configuration
of variability can be supported by existing approaches and tooling. It is however notable,
that most of the existing approaches only cover a single or a subset of these features.
Among them only DOPLER [RGL12] has explicitly developed the user guidance
functions aiming at covering majorities of these functions. As a commercial feature
modeling tool, pure::variants has also considered usability to facilitate configuration.
This is an indication that covering all of these functions with tool support is probably
very difficult to achieve. On the one hand, it can be very useful to integrate the
existing approaches and their tooling, to ease the configuration tasks. On the other
hand, it might not be necessary to cover all these functions in a single tooling. The
configuration and derivation of different software domains may require the tooling to
be adjusted and adapted to fit to the needs of the derivation stakeholders.

2.1.4.3. Product Generation

According to the general derivation steps shown in Figure 2.3, the product generation
takes the configurations as input to derive the software products.

Product Generation:
Product generation refers to the activity supported by automated tooling,
which interprets the variability configuration into software artifacts, such as
components, source code and configuration files.

A product generator uses the configurations as input and generates the expected
software artifacts as output. The technologies, such as feature-oriented program-
ming [BSR04, SBB+10], aspect-oriented programming [VBMD11, DPFSG13], and
pre-processing embed such possibility already at programming level. In model-based
engineering, the generation is actually a model transformation step, more specifi-
cally model-to-text transformation, in which the configured models are the input for
generators. The code and configuration files are the output of the generators.
Configurable software product lines (see configurable product base in Section 2.1.2)
have higher potential to achieve a high degree of product generation. However, for
flexible product lines, the outcome of product generation can be derived software
architecture, particularly a generated code structure, code fragments, or other non-code
artifacts, such as requirement documents, derivation guidelines, or some intermediate
models.
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2.2. Practical Problem

From a practical viewpoint, the original motivation of conducting the research in
industrial automation management (IAM) systems comes from the lack of satisfaction
during development reported by software architects and developers in Siemens. The
IAM product to deliver to customers is usually a whole solution for a factory. Such a
solution includes not only software solutions, but sometimes also hardware systems,
depending on whether the customer purchases hardware separately from other vendors.
The IAM systems play both a role in implementing the customers’ business and in
managing the underling software and hardware systems. In this case, customer needs
are not the only sources where requirements come from. The hardware decisions and
restrictions may also have a strong impact on software implementation. Due to the
expectation to understand and to cope with all these requirements and restrictions,
software engineers feel highly challenged in this domain [FLED13a, FLED13b]. This
situation results in a lack of satisfaction during their development work as we showed
in [FLED13b, FLE+15].
This section reports on the difficulties during development and derivation of IAM from
two aspects: (1) the lack of derivation support when involving multiple variability
types, and (2) the communication gap among stakeholders. The following sub-section
provides the analysis of these two difficulties with a running example, which will be
used throughout this thesis to illustrate the problems and the proposed solution.

2.2.1. Running Example

A software product family developed in Siemens for Warehouse Management Systems
(WMS) was chosen to describe the running example, because it a typical sub-domain
of industrial automation management. Manufacturers, importers, exporters and
logistics businesses commonly use warehouses for the storage of goods or products.
Warehouse management systems can be either stand-alone systems supporting logistics,
or supporting other large-scale manufacturing factories, such as automobile and food
production. When supporting other productions, WMS may receive orders from upper-
level enterprise resource planning systems. They also control automatic and manual
work flows inside warehouse plants.
Figure 2.6 shows the high-level features of WMS with an example of a factory layout.
The arrows in Figure 2.6 show the material flows which are commonly used in the IAM
domain to represent how manufacturing materials or goods are transported, stored,
supplied and assembled in factories. Figure 2.6a presents the typical process-like
functions in WMS, such as goods-in, storage, picking, packing and shipping. Figure
2.6b shows the zones of performing these tasks in a warehouse example.
Based on this running example, we see that IAM as management systems should be
able to assign and allocate each of the tasks to its exact location for execution at
run-time. The IAM systems are in charge of managing and coordinating these tasks,
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both from software and hardware perspectives. We further use the goods-in feature as
an example to understand the systems’ characteristics.

Receiving Goods Shipping

Picking & PackingStorage

(a) High Level Features

Receiving Zone

Storage Zone

Conveyor

Computer 

Forklift

Truck

Picking and Packing Zone

(b) An Example of a Factory Layout

Figure 2.6.: High-Level Features with Examples of Factory Layouts

Topology variability. For the goods-in feature, two customers require different
configurations in the receiving zones in warehouse plants, as presented in Figure 2.7.
On the left side, Customer 1 has an automatic goods-in forklift and a manual goods-
in workstation, whereas on the right side, Customer 2 has at least three manual
goods-in workstations. The topological configurations of the goods-in feature need
to be addressed explicitly, during IAM development and derivation. As can be seen,
various devices are installed at different locations of the plant floors. They are highly
reusable and plug-compatible among customers. The variability is caused by the
flexible combination of all these devices, since all the devices ideally can be wired
directly or connected via communication networks.

Topology Variability:
Topology variability is the ability to combine, group and connect physical
devices, which are related to a software family to fulfill a particular feature in a
given zone [BSØ+14].

Process variability. Figure 2.8 illustrates the process variability related to the goods-
in feature. It contains a material flow at the top part, and an informal process
description shared among customers at the lower part. As can be seen, the processes
for the same feature required by different customers share commonalities, and also
comprise significant variability. For instance, Quality Control in Figure 2.8 contains
variability that can be a optional process depending on the needs of customers. For
automotive production and food industries, when and how to perform quality control
can be completely different. Based on the analysis of existing requirement documents
in practice, 50%-70% of requirement documents in IAM development are process
descriptions, in both textual and graphical formats.
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 Loading Bay ConveyorWorkstation WorkerElectric Forklift Barcode Printer

Customer1: Receiving Zone
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Figure 2.7.: Two Examples of Topology Configuration

Process Variability:
Process variability is the ability to configure and modify the execution sequences
of process steps to fulfill a particular feature.
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Figure 2.8.: Commonalities and Variability in Processes

The relationship between topology and process variability. Figure 2.9 shows an
example of the relationships between some process steps and topological elements.
The Receive Goods’ Notification step has to be bound to the particular topological
configuration of each customer project. This process can be triggered, only after the
software system receives the notification of box arrivals at the corresponding locations.
To sum up, in this section, the goods-in feature has shown that the decision of a
feature may impact the topology and processes configurations. The configuration of
features could decide the inclusion or exclusion of topology and process variability
models. Such relationships are explicit. Process variability should be bound to topology
configuration during software derivation of the target software domain. The topology
and process variability are domain-specific variability types. They lead to difficulties,
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Figure 2.9.: Some Process Steps Are Bound to Topology Elements

when we try to use general-purpose variability modeling techniques to express them,
as we pointed out [FLED13b]. There are possibly tacit relationships among variability
models, such as suggest and imply. For example, a selected feature might imply
the configuration of several other features, or even some process variability elements.
These implicit relationships among variability models are difficult to give absolute
semantics during family engineering [FFB02]. In the context of this thesis, the explicit
relationships are of focus, especially the two domain-specific variability types. To come
up with a systematic approach for the target domain, it is important to model the
topology and process variability and their interrelationships.

2.2.2. Lack of Derivation Support Involving Multiple Stakeholders

Large-scale software product lines involve variability that cannot be managed centrally
and evolved multiple teams that often work independently [Hol11]. The configuration
of the variability in such large-scale systems often requires a staged derivation, where
each stage eliminates some configuration choices [CHE04]. In IAM systems, three roles
of stakeholders – requirement engineers, hardware-oriented engineers, and software
developers – participate in a staged derivation process, as illustrated in Figure 2.10.
These three roles may not only be distributed among people in one development team,
but also among different departments or even different organizations. This section
presents the analysis of the primary variability concerns of the three stakeholders.

According to the classification of Halmans et al. [HP03], in which essential and technical
variability are defined (see Section 2.1.3), the main concerns of different stakeholders
are summarized in Table 2.2.

Requirement engineers focus mostly on essential variability. At the beginning
phase of this research, the concept of feature models with extracted domain features
was presented to requirement engineers, which was reported in our work [FLED13b,
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Figure 2.10.: The Staged Derivation in Practice

Role Variability in Target Domain
Requirement Engineer Features, Processes (Essential)
Hardware-Oriented Engineer Topology (Technical)
Software Developer Features, Topology, Processes (Essential, Technical)

Table 2.2.: Variability Concerns of Roles

FLE+15]. The feedback clearly indicates the importance of modeling the processes to
support their work. Processes, as informal behavioral models, describe the behavior
of systems that are closer to the material flows, which reflect directly what should
happen in the real-world plants. Compared to configuring features, modeling the
processes is more powerful to express the functional requirements in the viewpoint of
requirement engineers [FLED13b]. To support their configuration tasks, a notation set
for domain-specific processes is important to help them on modeling and expressing
essential variability.

Hardware-oriented engineers are usually key engineers not only from hardware teams,
but also from the requirement and development teams in practical settings. They join
meetings together to communicate and decide the topology configuration. It is usually
technical variability of a new factory, because the distributed hardware devices and the
IT systems need to be integrated at the end to actually perform the manufacturing
functions. For this reason, the role of hardware-oriented engineers serves as a “bridge”
between the software and hardware teams. To support their work, domain topological
models with additional grouping mechanisms are necessary to explicitly represent the
layout of the systems [FLED13b]. In current practice, this information is not explicitly
documented with proper details after the decisions has been made, which leads to
significant communication overhead.
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Software developers have both essential and technical variability concerns. Feature
modeling can be used to trace variability to the components with high modularity level.
However, in IAM systems, there are also many features that are driven by manufacturing
processes. These components are process-oriented and topologically configurable. It is
impossible to configure them with feature models [FLED13a, FLED13b]. Developers
need a comprehensive derivation infrastructure, which integrates the different variability
types during derivation time to facilitate automation of their tasks.
There are different strategies to separate configuration tasks by different stakeholders.
Multi-staged derivation refers to the process of specifying and configuring variability of
a software family member in stages, where each stage eliminates some configuration
choices [CHE04, Els12]. Multi-staged derivation comprises, for example, development,
compiling and setup time. To position the work of this thesis based on multi-staged
derivation, the three roles of stakeholders – requirement engineers, hardware-oriented
engineers, and software developers – participate mainly in the development stage, and
their configuration choices and decisions of variability configuration can be considered
as substages within the development stage. They face already variability configuration
challenges in the target IAM domain.

2.2.3. Inefficiency during Communication and Development

Variability communication is non-trivial [HP03]. Figure 2.11 illustrates the communi-
cation links among stakeholders. The requirement engineers receive the requirements
from two types of customers. Factory owners or managers are the first type of cus-
tomers. They have high-level business concerns. Key users in factories are the second
type of customers. They are very experienced technicians in factories, usually chosen by
the factory managers to communicate with the IT development teams. Key users know
clearly how material flows should be supported, and can tell very detailed requirements
that the IT-systems should support, for example, the speed of a conveyor belt at a
certain assembly station should be 0.2m/s. To understand both of these types of
customers is challenging for requirement engineers, and they need to translate what
the customers want to internal languages for further development and implementation.
However, even if requirement engineers could understand the customers well and
convey the information as requirement specifications, there are still communication
gaps among internal stakeholders, such as hardware-oriented engineers and software
developers. The reason is that the three roles of stakeholders have also different
concerns, as discussed in Table 2.2.
To understand the gap, we can still use the example shown in Figure 2.7. Customer 2
requires to have a feature Attach New Barcode to the automatic goods-in process.
For each incoming box, a new matrix barcode shall be assigned for internal storage
and optimization, whereas Customer 1 uses the common linear barcodes within the
factory, which are already on the boxes. This feature for Customer 2 requires the
installation of a barcode printer at the conveyor belt, as illustrated in Figure 2.7. The
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three roles of stakeholders have their own perspectives to understand such a feature.
The differences lead to further communication difficulties among them.

• Requirement engineers have essential variability concerns to specify the be-
havioral change to the systems. To attach the new matrix barcodes to boxes,
their original linear barcodes are needed. For each box, the system shall retrieve
the related order, assign a new barcode to the box, and communicate with the
corresponding printer to print and attach it, as illustrated in Figure 2.12.

• Hardware-oriented engineers are concerned with the required topology con-
figuration of hardware devices to support the feature. To implement the Attach
New Barcode feature, for each of the automatic goods-in conveyors, a new
barcode reader and a printer should be installed. They should be wired to the
communication module so that they can interact with IAM systems to perform
the tasks. The physical constraints of hardware devices have strong influences
to the decision made by the hardware-oriented engineers, which could have
relatively orthogonal dependencies software constraints. For example, choosing
proper barcode readers for automatic goods-in conveyors might depend on the
consideration response time, the material and costs.

• Software developers are responsible for developing the Attach New Barcode
feature. They need to understand the requirements of the other two types
of stakeholders and bring them together to develop the IAM systems. Within
this barcode example, it requires several changes to components and their
interactions. For instance, the Printer component is necessary to coordinate
with the barcode printers. This component needs to know how many printers are
installed in the factory and their communication ports in order to communicate
with them. A change to the goods-out component is as well necessary, since the
identification mechanism is changed from scanning linear barcodes to scanning
matrix barcodes for the goods-out process as well, as shown in Figure 2.12.

The variability concerns of the three stakeholders have dependencies among one another,
especially for software developers. They need to understand both of the sequence of
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process steps defined by the requirement engineers, as well as the hardware configuration
to enable the communication between the hardware and software components. Some
process steps are bound to certain locations (see Section 2.2.1 as well). In this example
shown in Figure 2.12, the Print Matrix Barcode has to be bound to the two Printer
Controllers in the hardware configuration. Such information is very important for
software developers to implement the Printer component. The complexity of the IAM
domain determines that no single role of stakeholders may fully understand the whole
systems. Currently in practice, the communication gaps among stakeholders cause low
efficiency during development and derivation.

2.2.4. Summary of Practical Problem

We have seen that the IAM systems of different customers share a considerable amount
of commonalities that can be beneficial to adopt software product line engineering.
However, the characteristics of IAM, topology configurability and process orientation
determine that two more variability types are necessary to be expressed and modeled.
Three roles of stakeholders are identified, who participate in the derivation of IAM. They
have different variability concerns during the software derivation process. This creates
heavy communication overhead and low development efficiency as well. Consequently,
the current development and derivation in practice is unsatisfactory for the stakeholders.
Thus, we come up with the summary of practical problems in this thesis as:

Practical Problem:
In practice, the development and derivation of IAM systems commonly still
follows a clone-and-own approach, which is tedious and time-consuming. An
approach to facilitate the communication and improve derivation efficiency is
lacking to help stakeholders to achieve systematic reuse.
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2.3. Required Capabilities to Facilitate Product Derivation

With the identified practical problem, this section discusses how the software product
derivation should be supported in IAM systems. In order to help the derivation
stakeholders, it is essential to develop a derivation infrastructure to ease their work
and to automate their tasks, where possible.

Derivation Infrastructure:
A derivation infrastructure consists of a number of technical tools facilitating
derivation activities.

The derivation infrastructure refers to the technical tooling that allows stakeholders to
configure and manipulate reusable software artifacts. To support product derivation
in the context of this thesis, the derivation infrastructure needs to fulfill certain
capabilities. The required capabilities will be analyzed according to two aspects (1)
user-centered variability modeling and (2) derivation automation.
The need of supporting user-centered variability modeling stems from a systematic
literature review regarding the requirements of derivation support reported by Rabiser
et al. [RGD10], where the authors pointed out that users of variability models find,
it is difficult to understand variability models due to the size of variability modeling
elements and complex dependencies among them. O’Leary et al. have also reported
that the representation of variability should be in the language of the product deriva-
tion stakeholders [ORRT09]. In the targeted IAM domain, three roles of stakeholders
participate in the derivation process with different variability concerns, as analyzed
in Table 2.2. In particular, requirement engineers are mainly concerned with process
variability. Hardware-oriented engineers are concerned with topology variability. Soft-
ware developers need to understand both of the other two types of stakeholders and
bring their requirements together to develop the software systems. The derivation
infrastructure should support the modeling of the three main variability types:

• C1. Support for modeling feature variability: Feature or decision models are
able to represent the basic variability, such as mandatory, optional, alternative,
multiplicity and cardinality. The IAM systems have feature-like variability that
is common for many other product lines as well. The derivation infrastructure
should be able to support the modeling of this type of variability.

• C2. Support for modeling topology variability: It is important to allow the
representation of topological configuration of physical layouts in factories for
hardware-oriented engineers to support their derivation tasks. This variability type
cannot be expressed with feature-like variability modeling techniques [FLED13b],
especially for the relationships among the physical-world hardware devices.

• C3. Support for modeling process variability: Process models are used in
practice to describe functional requirements. The process variability is difficult
to be expressed by feature-like variability modeling techniques, as we pointed
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out in our work [FLED13b]. The reason is that complex dependencies are
created among features, when using feature models to express process-oriented
variability. In this case, the derivation infrastructure should be able to facilitate
the representation of process variability during derivation.

To support the overall derivation process, including preparation, configuration and
generation (see Figure 2.3), it is necessary to integrate the three variability models
into the derivation approach, so that the outcome of derivation can take advantage of
variability modeling to achieve a higher level of automation and efficiency. For this
purpose, the derivation infrastructure requires the following three capabilities:

• C4. Support for model-level reuse: The reuse of non-code artifacts has not
attracted enough attention in product derivation approaches, as reported by O’
Leary et al. [ORRT09]. For complex software product lines, the configuration of
variability models can be a tedious task for derivation stakeholders. To support
derivation, the reuse of existing configured variability models can ease tasks of
derivation stakeholders, since customers may share requirements.

• C5. Support for staged derivation: This capability comes from the derivation
process presented in Figure 2.10. In practice, requirement engineers, hardware-
oriented engineers and software developers participate in different stages during
derivation. A derivation approach should not significantly change the derivation
process. It should naturally align with the original stages to help the stakeholders.

• C6. Support for integrating multi-variability configuration: The product
derivation tools should be adaptable and extensible to organizational and tech-
nological contexts when adopting the approach in practice [RGD10]. For the
targeted IAM systems, a tailored approach should be developed, in which the
three variability types and the different stakeholders should be integrated into a
derivation process with their own variability concerns. As presented in Section
2.2.1, some process steps are bound to certain locations as topological elements.
The tailored derivation approach should allow the configuration and integration
of these variability and the interrelationship.

In the context of IAM systems, these six required capabilities (from C1 to C6) are
originated from derivation process, which involves multiple stakeholders with individual
variability concerns. Some other software families have more homogeneous variability
types, in which a single variability model can support the automation of derivation
well enough. These six capabilities motivated in this section are not intended to cover
all variability modeling problems and derivation. As pointed out by O’Leary et al., if a
derivation approach aims at a too generic adoption, it is very difficult to achieve a
satisfied automation level [ORRT09].
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2.4. Chapter Summary

Firstly, this chapter introduces important definitions to provide a consistent foundation
of related concepts of this thesis. The goal is to avoid ambiguities of terms being used
by researchers and practitioners.
Secondly, this chapter presents the practical problems with a running example. IAM
systems have topology variability and process variability. These two domain variability
types are very difficult to be expressed with typical variability modeling techniques
in SPLE, such as feature modeling and decision modeling. They lead to complex
dependencies among the variations. Worse still, three derivation stakeholders – require-
ment engineers, hardware-oriented engineers, and software developers – participate
in a staged derivation process with different variability concerns. The derivation
stakeholders desire a systematic approach to improve this situation and to achieve
better efficiency during derivation.
Lastly, the required capabilities to facilitate product derivation in industrial automation
management are analyzed. Feature-like, topology and process variability are discussed
to enable user-centered variability representation. During derivation, the configuration
of these three types of variability should be integrated systematically, so that a higher
level of derivation automation can be achieved. The reuse of non-code assets, such as
process models, should be promoted during derivation.
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3
State of the Art and Limitation Analysis

”All doctrine, and all intellectual discipline,

arise from pre-existent knowledge.”

–Aristotle

This chapter aims at reporting the related approaches of software product derivation.
The analysis of the existing approaches shows how far the existing approaches can fulfill
the needs of product derivation in IAM systems, based on the expected capabilities
for its derivation support in the previous chapter (see Section 2.3 in Chapter 2). To
achieve these goals, two questions will be answered in this chapter:

• Q1. Which approaches exist in SPLE that support product derivation?

• Q2. What are the limitations of using existing approaches considering the
required capabilities for derivation support in IAM systems?

3.1. Research Methodology

A systematic literature review (SLR) is a research method to identify, evaluate, and
interpret available research with regard to particular research questions [Kee07]. It
is a method that can be used to systematically discover existing product derivation
approaches. To answer Q1 of this chapter, the first step is to collect the existing
relevant approaches in the state of the art. For this, it is important to systematically
identify studies from scientific databases. Then, the analysis can be performed to know
whether existing approaches can satisfy the expected capabilities during derivation in
IAM, which is the answer to Q2.
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Rabiser et al. has reported a systematic literature review [RGD10], which collected
existing product derivation approaches, covering the research publications from year
1996 to 2007. A research question solved in [RGD10], SLR-RQ1, is actually the same
as Q1 of this chapter. As the results of this SLR, Rabiser et al. reported 13 product
derivation approaches. However, the searching was conducted mainly in winter 2007,
and partially in spring 2008, so that the collected publications are mainly from 1996
to 2007, although the paper was later on published in year 2010.
Considering the rapid changes and advances in SPLE research, it is necessary to also
collect the latest updates in this research area. Therefore, in this chapter, a systematic
literature review is chosen as the research methodology to summarize the existing
approaches of product derivation, focusing one the years 2008 to 2015. Combining
the results of this SLR and the previous SLR reported by Rabiser et al. [RGD10], a
foundation can be built as a starting point for this thesis to overcome the problems
identified in industry.
According to [Kit04, Kee07], a systematic literature review in software engineering
has three major steps: planning, conducting, and reporting. These three steps are
addressed in Section 3.2, Section 3.3, and Section 3.4 respectively.

3.2. Planning the Systematic Literature Review

The goal of conducting this systematic literature review is to collect and summarize the
most recent approaches for product derivation between year 2008 and 2015, to answer
“Q1. Which approaches exist in SPLE that support product derivation”? Learning from
search terms used in the previous SLR reported by Rabiser et al. [RGD10], the search
terms in this literature review are formulated as presented in Table 3.1. The chosen
search terms are reused based on the previous SLR [RGD10].

Search Terms
1 Derivation
2 Configuration
3 Application Engineering
4 Product Line
5 Product Family
6 {1 OR 2 } AND {3 OR 4 OR 5}

Table 3.1.: Search Terms (Focusing on Publications Between 2008-2015)

As shown in the following list, four electronic databases are used in this literature
review, including: IEEE Xplore, ACM Digital Library, Science Direct and Springer Link.
Besides, the 13th Software Product Line Conference (SPLC) in 2009 was published in
Carnegie Mellon University (CMU). Since SPLC is one of the main venues for SPLE
research, collecting the papers of this event should not be missed, for which extra
search was conducted.
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• IEEE Xplore (http://ieeexplore.ieee.org/)
• ACM Digital Library (http://portal.acm.org/)
• Science Direct (http://www.sciencedirect.com/)
• Springer Link (http://www.springerlink.com/)
• CMU (Accessed through http://portal.acm.org/)

3.2.1. Inclusion and Exclusion Criteria

As a part of the review protocol according to [SGF+10], Table 3.2 shows the inclusion
and exclusion criteria of this SLR. These criteria are applied for the selection of primary
studies, recommended by the previous SLR [RGD10].

Inclusion Criteria (IC)
1 The paper is electronically and full-text accessible.
2 The paper is written in English.
3 The paper is peer reviewed.
4 The paper presents a derivation or a variability configuration technique.
5 The paper contains an evaluation or a review of several derivation approaches.
Exclusion Criteria (EC)
1 The paper is only a position paper to point out an idea.
2 The paper is not closely related to the software product derivation topic.

Table 3.2.: Inclusion and Exclusion Criteria

For the inclusion criteria, only peer-reviewed, English-written papers were considered.
Only the papers with full-text availability in the chosen scientific databases were
considered. The 4th inclusion criterion restricts that the SLR focuses on application
engineering for the derivation approaches or variability configuration approaches. The
5th inclusion criterion ensures that the SLR also includes the evaluation papers which
compare several derivation approaches, or report experiences of applying them in
different circumstances.
For the exclusion criteria, position papers presented only a possible research direction
are excluded. Since this thesis has a strong focus on derivation, which belongs to
the activities of application engineering, this SLR on purpose excludes those papers
that are not closely related to this area, for example if they are about testing, or
development of the SPL architecture.

3.2.2. Quality Assessment

According to [Kit04, SGF+10], quality assessment (QA) criteria are important to
analyze the selected studies and to perform data extraction. Table 3.3 defines the
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quality assessment of this SLR. They are defined based on the quality criteria of the
previous SLR reported by Rabiser et al. [RGD10].

Quality Assessment (QA)
1 Is the paper cited by at least one other qualified papers?
2 Does the paper show good completeness and credibility?
3 Does the approach have considerable adoption barriers?

Table 3.3.: Quality Assessment

QA1 checks whether the paper is cited by other qualified papers, since approaches
with high impact to the research field are likely to be well referenced by other papers.
This criterion is less strict than in the previous SLR [RGD10], in which only papers
with at least five other peer-reviewed publications were selected. The reason is that,
this SLR is aimed at collecting the most recent derivation approaches. QA2 is defined
to assess the credibility of the proposed approach, in accordance with the previous
SLR [RGD10]. It ensures that the paper has no unsupported claims. QA3 is defined
to examine whether the approach is suitable to be used in an extractive or re-active
manner, which is preferred by the targeted IAM systems in the context of this thesis
(see Section 1.3.2 in Chapter 1). These criteria work as further requirements to analyze
the importance of the primary studies [Kee07].

3.3. Conducting the Systematic Literature Review

Figure 3.1 shows the execution procedure of this literature review. With the search
terms displayed in Table 3.1, 2189 hits were retrieved from the chosen electronic
databases. With the inclusion criteria in Table 3.2, the execution of the SLR results
in 109 primary studies. With the exclusion criteria, 60 studies were excluded and
49 studies remain in the collection. Many of the excluded studies propose particular
support during configuration, either for stakeholder support or configuration verification.
These functions have been introduced and categorized in Section 2.1.4.2, such as
prioritization of features during configuration time or consistency checking. These
aspects are important to help users, but they are not closely related to the research
goal of this thesis.

After quality assessment, there are 42 studies in the collection. Two literature reviews
are reported by Rabiser et al. [RGD10], including the known SLR and capabilities
of multi-product lines by Holl et al. [HGR12]. One study reports on experiences
during product derivation in practice [dSOdAdLM15]. By snowball searching, one
more study, named FAST [WL99], is included into the results of the SLR. In total, the
SLR comprises 43 primary studies (see Appendix A).
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Inclusion Criteria

Exclusion Criteria

Databases

Search Terms

2189 hits

109 studies

49 studies

Year: 2008-2015

Quality Assessment

42 studies

43 studies

Snowball-Searching

Figure 3.1.: Conducting the Systematic Literature Review

3.4. Reporting the State of the Art

The SLR results in 43 primary studies on derivation approaches1. They can be further
grouped into 15 product derivation approaches. The studies are grouped based on
either their variability mechanisms, or on (co-)authors who contributed to the same
derivation approaches. Figure 3.2 shows that the two SLRs collect only four common
approaches: COVAMOF, the 3-tiered methodology, feature-oriented programming
(FOP) and DOPLER.

Approaches that appear in both SLRs:
- COVAMOF: (published in year 2004,2006,2008)

- The 3-Tiered Methodology: (published in year 2007,2013)

- Feature-Oriented Programming: (published in year 2004,2005,2009)

- DOPLER: (published in year 2007, 2010, 2011, 2012, 2013, 2014)

13 Approaches
1996-2007

(by Rabiser et al.) 

15 Approaches
2008-2015

(in this thesis) 
24 Approaches

Figure 3.2.: Common Approaches in the Two Literature Reviews

However, it should be noted that just because an approach has no recent publication
updates in the chosen databases, it does not make it less relevant. Actually, several
of the approaches (e.g., SEI Product Line Practices [CKSW13, Kru07a, Kru13]), are
1The author of this thesis does not include her own work [FLE+15] in this reporting section, because
the work will appear in Chapter 6 as a part of this thesis.
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still of high relevance for practice, or have influenced many subsequent approaches in
the field (e.g., staged derivation of Czarnecki et al. [CHE04]). The reason is probably
that each derivation approach has its applicability to be applied to certain types of
software product lines. As reported by O’Leary et al. [ORRT09], it is impossible to
develop a generic enough derivation approach to fit to every type of systems.

It is important to emphasize that, the analysis of these 24 approaches are based on how
they were explicitly presented and conveyed in the collected studies, as well as related
supporting documents of the studies that are publicly available. Applying every of
them directly in IAM systems is not feasible to achieve within the scope of this thesis.
Since the goal of conducting the literature view is to get a good understanding of the
research landscape, the author of this thesis decided to focus only on research tools.
In case, some of the approaches are related to commercial tools, they are excluded.

To mitigate bias of assessment, the author of this thesis involved several experienced
researchers in software product line engineering, in order to come up with a more
objective assessment of each study. The analysis of the selected studies reveals
that existing derivation approaches have mainly three different purposes. (1) The
approaches with general-purpose variability models are those derivation approaches,
in which a single variability modeling technique is used. The majority of them either
use feature modeling or decision modeling as the general-purpose variability modeling
technique. 12 approaches are in this group. (2) The approaches have domain-specific
or model-specific concerns. In this group, variability models have a broader scope, for
example domain-specific modeling languages or architectural description languages.
Some of the 8 approaches in this group use several models or languages to express
variability of software systems. (3) The approaches propose derivation guidelines,
focusing on higher methodological level. These 4 approaches propose in particular
reference activities during derivation.

The rest of this section organizes these 24 approaches into the three groups. Section
3.4.1, Section 3.4.2, and Section 3.4.3 address each of these groups respectively.

3.4.1. Derivation with General-Purpose Variability Models

This subsection starts with the introduction of the derivation approaches that are based
on general-purpose variability modeling techniques. Afterwards, they are analyzed at
the end of this subsection to what extent they can provide the expected capabilities
for the software derivation of IAM domain.

1. COVAMOF: Sinnema et al. propose a variability modeling framework named
COVAMOF [SDNB04]. COVAMOF consists of two variability views: a variation
point view and a dependency view. The idea to develop COVAMOF is to support
a consistent way of representation of variations across different development
hierarchies, from requirements, to architecture and further to implementation
details. The separate dependency view highlights the importance of complex
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dependencies and interactions as first class citizens. As tool support, COVAMOF-
VS tool suite was developed. The supported COVAMOF derivation approach
contains four steps, including Product Definition, Product Configuration, Product
Realization and Product Testing. The last three steps can occur in one or more
iterations [SDH06]. An experiment of applying COVAMOF in intelligent traffic
domain proves the reduction of derivation time and iterations [SD08].

2. The 3-Tiered Methodology: Krueger proposes the 3-tiered SPL methodology
[Kru07a]. The base tier is concerned with variation management and automated
production at product technical level. The middle tier focuses on core assets
development and management across multitude of software products. The top
tier manages the portfolios, business, and aims at ensuring the portfolio scalability
and time-to-market [Kru07a]. The 3-tiered methodology was implemented in
GEARS1 by BigLever software, Inc. [Kru07b]. More recent work from BigLever
shows the enhancements of GEARS by introducing staged derivation [Kru13]
and auditing of product configuration [CKSW13].

3. Feature-oriented programming (FOP): The idea of FOP is to base on a core
product and to modify it via feature modules, which refine the core product. It
leverages step-wise refinement, which is a paradigm to develop complex program
by incrementally adding details to simple program [Dij76]. Batory et al. propose
AHEAD (Algebraic Hierarchical Equations for Application Design) model, which
shows how step-wise refinement can scale to synthesize multiple programs and
multiple non-code representations [BSR04]. Díaz et al. based their approach
on AHEAD to promote product derivation processes as "first-class artifacts"
[DTA05]. Apel et al. [AKL09] propose FeatureHouse, which is a descendant of
Batory’s AHEAD program generator. The implementation of FeatureHouse is
the tooling to unify the languages and tools that rely on superimposition by
using the language-independent model of feature structure trees, which enable
the composition of software artifacts [AKL09]. Besides these works, FeatureIDE
[KTS+09] is an Eclipse2 based tool, originally designed in 2004/2005 as an IDE
for the AHEAD tool suite. Kästner et al. report that FeatureIDE can support the
entire life cycle of a product line coherently [KTS+09], incorporating different
tools including AHEAD, FeatureC++, FeatureHouse, etc.

4. Delta-oriented programming (DOP): DOP is a compositional approach to
flexibly implement software product lines [SBB+10]. DOP uses a core module
and a set of delta modules to represent a software product line. In contrast to
FOP, the core module in DOP is always a valid product configuration. This valid
core module serves as a basis for further configurations. The Delta modules define
changes to be applied to the core module. By adding, modifying and re-moving
code, new product can be implemented [SBB+10]. Extensions of DOP include
dynamic DOP [DS11], which supports changing the feature configurations of a

1GEARS: http://www.biglever.com/solution/product.html, accessed on 10.11.2015.
2Eclipse: Open Source Development Environment: https://eclipse.org/, accessed on 12.11.2015.
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product at run-time, as well as verification of delta modules [SK13].
5. DOPLER: Decision-Oriented Product Line Engineering for Effective Reuse:

User-centered Configuration (DOPLERUCon) [DGR11, RGD07] is a decision-
model based derivation approach, developed at Johannes Kepler University Linz.
DOPLERUCon allows the customization of different views to different users
during configuration time. From a high-level viewpoint, it supports the whole
lifecycle of product derivation: configuration preparation, product configura-
tion, application requirement engineering, additional development, integration,
deployment, maintenance and evolution. Based on DOPLERUCon, additional
components were developed and frequently published in scientific conferences,
journals and workshops. For instance, DOPLERVM [DGRN10] was developed
by Dhungana et al. to support variability management in DOPLER [ROR11].
User guidance function was developed by Rabiser et al., named DOPLER Con-
figurationWizard (DOPLER CW), to guide users to make their decisions during
configuration [RGL12]. There are also several additional works, developed to
enhance the DOPLER, such as multiple product line or hierarchical modeling
[HEGV13, DSL+14].

6. EASy-Producer: EASy-Producer is developed as a lightweight engineering tool
for SPLs and variability-rich software ecosystems [EESKS14, SE15]. It is an
open-source tool based on Eclipse. EASy-Producer supports different views
and configuration modes for users during configuration time. It also includes a
modeling language for expressing variability named IVML [ES15], which can be
instantiated by Variability Instantiation Language (VIL) during project derivation.
According to the available feature description [eas], EASy-Producer also allows
staged configuration in multi-product lines.

7. Staged Derivation: Czarnecki et al. motivate the concept of staged configura-
tion [CHE04], since in a realistic development environment, different stakeholders
decide or configure product variability in different stages [CHE04]. The authors
propose to use a cardinality-based feature modeling in a staged derivation process
to formalize the definition of feature notations.

8. Multi-product-line: Complex software systems comprise several heterogeneous
product lines. Different research groups or organizations are often in charge of
the individual product lines. Commonly, staged derivation is required. Holl in
his work [Hol11] presents an approach to facilitate variability configuration in
multi-product lines. Typically, multi-product lines cannot be managed centrally,
as the involved product lines are developed and evolved by multiple teams that
often work independently. Holl et al. developed a constraint-checking tool,
which has been also integrated into the tool suite of DOPLER [HGE+13]. In
the context of multi-product lines, Elsner proposed lightweight tool support
[Els12], which explicitly distinguishes stages, stakeholders, and build tasks with
constraints to handle heterogeneous assets.

9. Orthogonal variability modeling (OVM): Halmans and Pohl proposed orthog-
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onal variability modeling [HP03], which clearly differentiates the variability in
the model and its realization in assets. An extension of the orthogonal variability
modeling technique to use case diagrams based on Unified Modeling Language
(UML) 1.4 notations is presented in [HP03]. Up to now, product derivation is
not the main focus of the OVM technique.

10. Product-Line Requirements Specification (PRS): The approach aims at
systematically representing the requirements of software families [Fau01]. PRS is
able to distinguish variations of different family members, and allows generating
well-formed software requirements specifications [Fau01]. Other approaches
focusing on requirement engineering of SPL are: Requirement Elicitation in
flexible SPL by Adam [AS13, Ada12], Requirement Document Generation by
Rabiser et al. [RHE+10], and Use Case Derivation by Yu et al. [YZZJ14]. These
approaches mainly focus on the beginning phase of application engineering,
which is valuable to learn from. However, the research goal of this thesis is not
only to help requirement engineers who are mainly concerned with on essential
variability, but also the hardware-oriented and software developers with technical
variability. Consequently, approaches focusing only on requirements cannot fully
solve the IAM derivation problems.

11. VISIT-FC Cawley et al. propose a feature configuration meta-model and intro-
duce a prototype tool named Visual and Interactive Tool for Feature Configuration
(VISIT-FC) [CNP+08]. The approach supports a variety of feature visualiza-
tion and interactions during configuration time to help users to perform their
configuration tasks.

12. PuLSETM, PuLSE-I, and KobrA: Bayer et al. present a method based on
decision modeling, PuLSETM [BFK+99]. PuLSETM enables the conception
and deployment of software product lines within different enterprise contexts.
PuLSETM splits the life cycle of software product lines into four phases: initial-
ization, product line infrastructure construction, usage and evolution. It also
provides technical components for the deployment phase of software product
line development [BFK+99]. As the application engineering process of this
method, PuLSE-I was presented as a high-level guideline when performing activ-
ities during application engineering [BGMW00]. As one of the follow-up works
of PuLSETM, Atkinson et al. [ABM00] describe a method, Component-Based
Product Line Development (KobrA), which is considered to be a customization
of PuLSETM. KobrA integrates product line and component-based approaches
into a systematic, unified approach to software development and maintenance.
Compared to PuLSETM, KobrA is more suitable to be introduced to development
organizations when product families are not yet well defined [ABM00].

The advantages and limitations of using these existing approaches are analyzed in
Table 3.4, based on how well they can fulfill the desired capabilities compared with the
information conveyed in the selected studies. The columns of Table 3.4 are the desired
capabilities of product derivation support in IAM systems as summarized in Section
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2.3, and the rows include the 12 approaches mentioned above. If the approach fully
supports the required capability, it is denoted by (+); if the approach partially fulfills
the requirement with certain limitations or constraints, it is marked as (o); and if the
approach does not provide technical supports to enable the corresponding requirement,
the assessment is presented as (-). The assessment is based on the information shown
in the related studies to the best of the author’s knowledge and therefore could be
subjective. It is possible that some of these approaches have not explicitly mentioned
the desired capabilities, but they could support them to some extent.
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COVAMOF + – o – – –
The 3-Tiered Methodology + – – o + –

FOP + – – – o –
DOP + – – – o –

DOPLER + o – o + –
EASy-Producer + + o o + –

Staged Derivation + – – o + –
Multi-Product Line + – – o + –

OVM + – o o – –
PRS + – o + – –

VISIT-FC + o o – – –
PuLSETM, PuLSE-I, and KobrA + – o + o –

+:good o:fair –:poor

Table 3.4.: Analysis of Approaches with General-Purpose Variability Models

As can be seen from Table 3.4, all the derivation approaches use a general-purpose
variability modeling technique, either feature modeling, decision modeling, or orthog-
onal variability modeling. No matter which variability technique is chosen in these
approaches, it is possible to express feature-like variability (C1).
Modeling topology variability (C2) was considered in several approaches as multiplicity.
For example, DOPLER has taken multiplicity and hierarchy into consideration, which
could partially fulfill the topology variability modeling need in the targeted IAM
systems [DSL+14]. EASy-Producer includes the capabilities of modeling, configuring
and instantiating of topology variability as part of its toolset, which allows modeling
complex constraints using an extended dialect of the Object Constraint Language.
[ES15, EQSS16, Eic]
For modeling process variability (C3), several approaches resolve it as feature dependen-
cies. For instance, in COVAMOF, the dependencies among features are also promoted
as first class citizens in product derivation, but the variability dependencies are oriented
more to the implementation, without the consideration of execution procedures to
satisfy the need in IAM system derivation. To overcome the challenges of complexities
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brought by the large numbers of variability elements and the complicated dependencies,
EASy-Producer supports a textual variability modeling using the INDENICA Variability
Modeling Language (IVML) [ES15]. Textual variability modeling languages bring the
flexibility to express variability, for example in a specific domain, or in a desired way.
By using textual variability modeling languages with certain adjustment, it is possible
to express the process-like relationships among variability in EASy-Producer. The
evaluation of these approaches are positive, but only fair support (o). The reason
is that using dependencies to express process variability leads to tacit relationships
among features, instead of explicit relationships, because some of the process steps
are optional. Fey et al. point out that such weak suggestion can be categorized as
an “imply” relation [FFB02]. Modeling the process variability in this way could cause
difficulties in feature configuration for derivation stakeholders, as discussed in our work
[FLED13b].

As can be seen from Table 3.4, to support the topology (C2) and process variability
modeling (C3), using general-purpose modeling techniques cannot satisfy the needs
of the domain experts for representation and configuration in IAM systems very well.
Without the configuration of these two variability types, it is unlikely to reach a
satisfactory automation level during product derivation.

For the purpose of software derivation, the capability of model-level reuse (C4) has
not attracted enough attention based on the analysis of Table 3.4. Several approaches
collected in this subsection can support the reuse of non-code artifacts, such as
requirements documents, so that the model-level reuse can be indirectly supported,
such as in PRS or PuLSETM.

Regarding the staged derivation (C5), the assessment is based on whether the ap-
proaches have explicitly mentioned the support of staged derivation, either directly in
the collected studies or in the accessible documentation. Among these studies in this
subsection, the 3-tiered methodology, DOPLER, EASy-Producer and Multi-Product-
Line are rated as positive.

The support of integrating multi-variability configuration (C6) requires the derivation
approach to allow the configuration of multi-variability. Particularly in IAM domain,
the process variability are necessary to bind to some of the topological elements, as
motivated in Section 2.3 of Chapter 2. Furthermore, the multi-variability should be
integrated in a derivation process. Such an integration of the variability models can
significantly improve the efficiency of product derivation, as pointed out in Section 2.2.
Due to the complexities of variability modeling in IAM systems, C6 as is presented in
Table 3.4 cannot be well supported by the approaches in this group.

3.4.2. Derivation with (Domain-)Specific Variability Models

In this subsection, the derivation approaches with multiple modeling concerns or
domain-specific concerns are summarized. Following the structure of the previous
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section, each of the approaches is introduced first. Afterwards, the limitations of using
them are analyzed and investigated at the end of this subsection.

1. PLUS: Gomaa proposed Product Line UML-based Software engineering (PLUS)
for designing software product lines [Gom04]. In PLUS, feature modeling is
incorporated in UML for modeling common, optional and alternative product
line features. Application engineering is carried out by tailoring the UML product
line models, which addresses variability in use cases, state machines, classes and
components, for example [Gom04, RGD10].

2. Koala/Koalish/Kumbang: Koala is an architecture description language de-
veloped by the architects and developers to reuse components within a family of
television products in Philips [ASM04]. In Koala, the components are developed
independently, and these components are wired and interacted via interfaces.
The binding of variability in components is at configuration time, by using a
compiler [VOVDLKM00]. Koalish is an extension of Koala, which combines the
idea of an architecture description language with explicit variation modeling
mechanisms to enable automatic configuration of products in the software family
[ASM04]. Furthermore, the Kumbang configurator tool was developed to sup-
port the configuration and derivation of Koalish [RGD10]. Since this approach is
clearly tailored towards the solution space of systems in the embedded domain,
where the topology and processes are not concerned as variability types, it is
not applicable to the IAM domain.

3. DSL-based methodology: Voelter and Visser propose to use domain-specific
languages (DSL) in the context of SPLE [VV11]. The authors argue that using
DSLs helps on filling the expressive gap between the variability in feature models
and programming languages. The first benefit of using DSLs is that they provide
a certain formalization of the core application logic in the solution space, which
can be linked to the variability in the problem space. Secondly, well-designed
DSLs give domain stakeholders the power to express the variability in a more
precise way. However, the approach presented by Voelter and Visser did not
include the situation, when multiple DSLs are required to be integrated. For
this reason, the staged derivation (C5) is not supported to solve the problems in
IAM systems.

4. SimPL: Behjati et al. propose SimPL as a methodology [BYBS13], which pro-
vides multiple views to the users to specify integrated control systems. In SimPL,
the variability of software, hardware, and their dependencies are presented in
different views. The derivation process in SimPL is focused on interactive user
guidance and consistency checking of variability configuration. The applica-
tion domain of SimPL seems to be similar to our target domain without the
consideration of process variability.

5. Topology-oriented methodologies: Several approaches have been proposed
to solve topology variability during modeling and derivation. Urli et al. propose
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SpineFM [UBFC14], which is a tool-supported approach that uses domain mod-
els to represent topology variability. SpineFM interrelates domain models with
feature models, and enables an order-free configuration process by propagation
mechanisms to help users to perform their tasks. Berger et al. distinguish be-
tween feature-/decision-like variability and topological variability, and report the
applicability and challenges of modeling topological variability with a case study
in the domain of fire alarm systems [BSØ+14]. Fantechi raises the challenges of
formal verification for system families with topological variability [Fan13]. These
approaches concern the representation of topology variability and its interre-
lationship with feature-/decision-like variability. The authors did not mention
process variability in the domains that their approaches address, neither the
staged derivation process.

6. Process-oriented methodologies: There are also several existing works fo-
cusing on process variability [WMW11, GBPG13]. Gröner et al. proposed an
approach for configuration and validation of business process families [GBPG13].
In this work, the authors developed generic business process models based on
workflow control patterns [vDATHKB03]. A business process family consists of
a feature model, a process model template and mappings among the elements in
these two types of models [GBPG13]. The usage of business process modeling
was not originated from the SPLE community, but research areas like business
process management. The modeled business processes have usually execution
semantics that can run directly on a workflow engine. For software systems, this
requires a high maturity level of the software product line, so that process steps
are able to be composed. However, this is not the case for IAM systems, because
IAM systems belong to the kind of flexible SPLs and usually are at low maturity
level (cf. Section 2.1.2 in Chapter 2). In IAM systems, process composition with
full flexibility is not possible to reach according to our observation in practice,
due to domain complexity.

7. Aspect-oriented programming (AOP): Aspect-oriented programming (AOP)
is a programming mechanism to clearly express additional behavior in source
code. AOP involves aspects, such as isolation, composition and reuse of the
aspect code [KLM+97]. The International Conference on Aspect-Oriented
Software Development is one of the primary events for this area. Approaches
closely related to software reuse have be proposed by, for example Lee. Lee
et al. propose to integrate feature models with AOP mechanisms to achieve
derivation automation [LBT09]. Since the AOP-based approaches have a very
strong focus on the solution space, there are further works involve architecture
models [DPFSG13, CNKL12]. The effort of re-work on a software family to
apply an AOP-based approach at code level would be very high, which is very
difficult to achieve in IAM systems.

8. Domain-specific modeling (DSM) / modeling-driven development (MDD):
Pillai et al. developed an approach to enable the specification of static and
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behavior design information to be expressed with domain-specific models. The
approach was applied to paper handling systems in printers to fully generate
the control software [PFS09]. Kulkarni et al. propose a model-driven approach
in business application product lines. This approach abstracts the composition,
variability and solution in a uniform manner [KBR12]. Trask et al. combine
model-driven engineering and SPLE to overcome the challenges of the high-level
of variability in the radio domain [TPRB06], such as high performance, security,
resource-constrained. In this approach, the authors use domain-specific model-
ing and model-driven engineering to tackle these variants and integrate them
into SPLE. Brown et al. propose to attach behavioral models to feature nodes
to compensate the representation limitation of feature modeling [BGB+06].
Heinzemann and Becker propose to use adapted concepts of the UML, named
MechatronicUML, to enable hierarchical re-configuration of complex software
components for self-adaptive mechatronics systems [HB13]. These model-based
approaches in this category show clearly the benefits on expressing variability
for topology and processes. By developing proper domain-specific models, it is
very promising to fulfill the variability representation requirements in this thesis.
Until now, none of these approaches could also support staged derivation with
multiple stakeholders.

Table 3.5 presents the limitation analysis for using these approaches in the IAM
domain. Compared to Table 3.4 (see the approaches mentioned in Section 3.4.1), these
approaches can provide obviously better support for topology and process variability
representation. The reason is that, multiple modeling techniques are integrated into
the derivation to enhance the variability representation.
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PLUS + o o – o –
Koalish/Kumbang + – – – o –

DSL-based methodology + o o o – –
SimPL + + o – o –

Topology-oriented methodologies + + – – o –
Process-oriented methodologies + – + + – –

AOP + – o – o –
DSM-MDD + + + – – –

+:good o:fair –:poor

Table 3.5.: Analysis of Approaches with (Domain)-Specific Variability Models

The limitations of the approaches collected in this subsection have less focus on
derivation but more on modeling. Enhanced variability modeling and representation
may lead to better derivation automation through model transformation. However,
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in the IAM domain, derivation requires explicit support for stages. As can be seen in
Table 3.5, only the process-oriented methodologies address the model-level reuse (C4),
in which process templates are used to save the configuration effort. The support of
different variability in staged derivation (C6) is still a research gap of the approaches
in this category.

3.4.3. Derivation Activities and Processes

The derivation approaches in this subsection are not at a technical level. They are at
a higher methodological level, aiming at providing guidelines, risk analysis, reference
models for product derivation, or SPLE adoption practices.

1. SEI Product Line Practice Initiative: The previous SLR by Rabiser [RGD10]
has already reported this approach. The SEI provides a high-level framework of
practices for deciding the timing to automate product derivation, choosing the
techniques, and carrying out the derivation process [RGD10]. McGregor in his
work [McG05] points out that the decision to apply SPLE has both economic
and technical dimensions. In the economic dimension, the decision should be
made based on the cost of developing core assets, SPL infrastructure, and
converting an organization to apply the product line strategy. Furthermore,
during derivation practice, the effort of reusing the core assets also influences the
benefits of applying automated derivation. In the technical dimension, achieving
a higher automation level during derivation requires more investment in tooling,
since more knowledge needs to be encoded in the infrastructure.

2. FAST: FAST was collected during snowball searching. It is not accessible from
the chosen scientific databases. It was neither collected from the SLR reported
by Rabiser et al. [RGD10]. However, some selected approaches in this chapter
consider FAST as an important related work. Weiss et al. propose a family-
oriented software process, named Family-Oriented Abstraction, Specification and
Translation (FAST) [WL99]. The FAST method includes a full SPLE process
with three phases: domain qualification, domain engineering and application
engineering [WL99]. The derivation process in FAST includes requirements
elicitation, requirements analysis, product configuration and additional devel-
opment and testing. FAST has been applied successfully in the domains of
telecommunication infrastructure and real-time systems. However, the derivation
of FAST is strongly relying on precise system specifications [WL99], which is
often not suitable for flexible SPLs, especially in the context of IAM systems.

3. Pro-PD: O’Leary et al. propose a reference process for software product deriva-
tion. Their Process Model for Product Derivation (Pro-PD) [OTBR08] defines six
main process steps in Pro-PD: Initiate Project, Identify and Refine Requirements,
Derive the Product, Develop the Product, Test the Product, and Management
and Assessment. For each of the process steps, the tasks, roles of participants,
and the related work artifacts are clearly defined as well. One of the main goals of
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developing Pro-PD is to provide a reference model. When facing domain-specific
needs, Pro-PD needs to be further customized [ODAR12].

4. Reference process of product derivation: Rabiser et al. propose key activities
for product derivation, aiming at a reference product derivation process in SPLE
[ROR11]. The reference activities are collected based on a comparison of the two
derivation approaches Pro-PD and DOPLERUCon [ROR11, ORRT09]. The three
key activities are: Preparing for Derivation, Product Derivation/Configuration
and Additional Development/Testing. The validation of these reference activities
is conducted by analyzing other existing approaches to see whether they also
support it, including COVAMOF, PuLSE-I, and FAST. The results of these
comparisons emphasize that a preparing step is critical for derivation, especially
to help on supporting the derivation stakeholders and creating guidance [ROR11].

These approaches have less technical aspects of software product derivation. They
rather provide guidance for product derivation or even for the whole SPLE life cycle,
with less emphasis on how to implement the derivation infrastructure technically.
Nevertheless, Table 3.6 shows the analysis of the four approaches in terms of the
expected software deviation capabilities of IAM systems.
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SEI Product Line Practice Initiative o – – – o –
FAST + o o – + –
Pro-PD o o o – o –

Reference process of product derivation o – – o o –
+:good o:fair –:poor

Table 3.6.: Limitation of Using Methodological Level Derivation Approaches

3.5. Research Problems and Research Questions

Based on the results of the systematic literature reviews, a derivation approach that
can satisfy the six desired capabilities of IAM systems is still missing. To look for a
solution, the main research question in this thesis is defined as:

Main Research Question:
How can we improve the software product derivation process for systems
in industrial automation management, where different variability types are
concerned in different derivation stages?
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Shaw classifies research questions into five types: (1) method or means of development,
(2) method for analysis or evaluation, (3) design, evaluation or analysis of a particular
instance, (4) generalization or characterization, and (5) feasibility study or exploration
[Sha03]. Based on this classification, the main research question proposed above can
be categorized as a method or means of development. The goal of the thesis aims at
a new method of developing product derivation infrastructures for IAM systems.

To answer this main question, four sub-questions need to be answered:

• RQ1: How can we structure the variability modeling space to support the
representation of multiple variability types? RQ1 is aiming at a method of devel-
opment for a variability modeling framework to satisfy the three variability types:
feature-like, topology and process variability. The answer to RQ1 establishes the
modeling infrastructure to build the foundation of further automation to the
overall approach.

• RQ2. How can we establish the mapping between the different variability
modeling elements with their associated core assets? With multiple types of
variability in the target domain, the traditional way to associate variability
modeling elements with reusable artifacts is not sufficient anymore. The answer
to RQ2 looks for a method to establish such a mapping between the modeling
space and solution space.

• RQ3. How can we use the multiple variability models during the staged derivation
process? This question aims at automating the derivation, in order to finally
achieve the goal of efficiency improvement to help the domain engineers and
stakeholders. The answer to this question actually assembles the outcomes of
RQ1 and RQ2. With the answers to RQ1, RQ2 and RQ3 the overall solution is
complete at this point.

• RQ4. How good is the proposed approach on improving IAM product derivation?
RQ4 is an evaluation question to assess to which extent the approach can achieve
the goal, and to help on solving the practical problem.

3.6. Chapter Summary

The chapter reports on the state of the art of software product derivation, based on a
previous systematic literature review [RGD10] (covering the years 1996 to 2007) and
a newly conducted systematic literature review (covering the years 2008 to 2015). As
the answer to Q1: Which approaches exist in SPLE that support product derivation,
Table 3.7 shows a summary of the 24 approaches. Each of the selected approaches has
been introduced and analyzed with its advantages and limitations against the desired
capabilities of the derivation infrastructure (cf. Section 2.3). Both of the execution of
the literature review and the assessment have involved other experienced researchers
in software product line engineering to ensure the credibility of the results.
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COVAMOF + – o – – –
The 3-Tiered Methodology + – – o + –

FOP + – – – o –
DOP + – – – o –

DOPLER + o – o + –
EASy-Producer + + o o + –

Staged Derivation + – – o + –
Multi-Product-Line + – – o + –

OVM + – o o – –
PRS + – o + – –

VISIT-FC + o o – – –
PuLSETM, PuLSE-I, and KobrA + – o + o –

PLUS + o o – o –
Koalish/Kumbang + – – – o –

DSL-based methodology + o o o – –
SimPL + + o – o –

Topology-oriented methodologies + + – – o –
Process-oriented methodologies + – + + – –

AOP + – o – o –
DSM-MDD + + + – – –

SEI Product Line Practice Initiative o – – – o –
FAST + o o – + –
Pro-PD o o o – o –

Reference process of product derivation o o o o – –
+:good o:fair –:poor

Table 3.7.: Summary of State-of-the-Art Approaches

The analysis of the state of the art in Table 3.7 has shown that none of the existing
product derivation approaches could fully satisfy all the desired capabilities. For C1,
many of the existing approaches use either feature modeling or decision modeling for
variability representation. SimPL, EASy-Producer, topology-oriented methodologies
and DSM-MDD are able to express the topology variability (C2). There are process-
oriented methodologies and DSM-MDD to model process variability (C3). For C4,
it becomes also clear that model-level reuse has not attracted enough attention in
SPLE derivation approaches. Many existing approaches are able to support staged
derivation (C5), especially those designed for multiple roles of derivation stakeholders,
such as DOPLER, or Multi-Product Line. Integrating different variability in stages
(C6) until now has not been well recognized as a derivation challenge. Until now, there
is no reasonable solution yet to technically tackle it. The analysis becomes the answer
to Q2, about the limitations of using existing approaches considering the required
capabilities for derivation support in IAM systems.

At first glance, the difficulty of reuse in the IAM domain seems to stem from the fact
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that it comprises topology and processes as domain-specific variability types. However,
the actual reason is that many of the existing approaches try to use a general-purpose
variability model to express all types of variability, without enough consideration of
the needs of the model users, especially the approaches categorized in the first group.
For example, it might be possible to use dependencies to describe weak sequential
dependencies among features. It would lead to complicated feature dependencies
among feature nodes, which makes the feature configuration tasks very difficult. A
better solution would be to allow the users to express the variability in their own
languages, which means to use domain-specific models to represent the variability.
Domain-specific modeling helps engineers to express their knowledge in a clear and
more concise way, which is closer to the problem space [Val10].
Additionally, the derivation process should integrate the different variability models and
their configurations by different stakeholders. It can increase automation level by model
transformation and code generation, so that the overall productivity and efficiency can
be improved [TK05]. Based on the result of this chapter, the potential solution would
be to use a model-based approach, which allows the configuration of three variability
types and enhances the model-level reuse to automatically instantiate the variability
models as base configuration. The configuration of the different variability types shall
be integrated in derivation stages to improve the derivation efficiency.
Lastly, this chapter comes up the main research questions as: to improve the product
derivation of systems in industrial automation management, where different variability
types are concerned in different derivation stages. The problem is further broken down
into four sub-research-questions. Chapter 4 proposes a multi-level variability modeling
framework addressing RQ1. Chapter 5 presents the realization of variability, by tracing
models to assets, which is the answer to RQ2. Chapter 6 integrates the outcome
of the variability modeling framework and the core asset base to a semi-automated
derivation approach as the answer to RQ3. Chapter 7 finally evaluates the whole
solution to answer RQ4.
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4
Hierarchical Multi-Variability Modeling

”Essentially, all models are wrong, but some are useful.”

–George Box and Norman Draper

The overall solution outline of this thesis has been shortly introduced in Section 1.3
in Chapter 1. As shown in Figure 4.1, the solution includes three main components:
(1) a multi-variability modeling framework for variability representation, (2) the multi-
variability realization techniques to implement the multi-variability and linkages in
the core asset base, and (3) a semi-automated approach for product derivation to
integrate the multi-variability and using them to enable a derivation process. Starting
from this chapter for the (1), and following by Chapter 5 for the (2) and Chapter 6
for the (3), we will see the details of these three solution components.

Core
Assets

Derived 
Product
Derived 
Product

Derived 
Artifacts

Feature 
Model

Topology 
Meta-Model

Process 
Meta-Model

Multi-Variability 
Modeling

Configuration

Derivation Process 

Multi-Variability 
Realization

Family Engineering Application Engineering

Model Process Artifact Relation SupportingRepository Manual (Semi-)Automated

Preparation Generation

Figure 4.1.: Multi-Variability Modeling in Overall Solution
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This chapter presents a multi-variability modeling framework for the systems of indus-
trial automation management (IAM), as shown on the left hand side of Figure 4.1. The
framework includes feature modeling for representing general software commonalities
and variability, and two domain-specific models for expressing topology and process
variability. Besides the meta-models of the two domain-specific models, this chapter
also provides the principles and procedures to develop them. Additionally, the three
types of variability models are further associated with components in the solution space
hierarchically. This framework plays an essential role in the overall product derivation
approach for variability modeling as marked in Figure 4.1, in order to represent and
express more variability in the target software domain.
By proposing the modeling framework, this chapter answers the question, “RQ1:
How can we structure the variability modeling space to support the representation of
multiple variability types?” To answer RQ1, this chapter contributes to:

• Multi-variability modeling framework for feature, topology and process variability
• The principles, the procedures and the meta-models
• The hierarchical associations among the multi-variability types

The remainder of this chapter is organized as follows: Section 4.1 presents the
architecture of multi-variability modeling framework. Section 4.2 introduces the meta-
model. Section 4.3 defines the principles, the procedures and the meta-model of
topology. Likewise, Section 4.4 defines the principles, the procedures and meta-model
of processes. Section 4.5 associates the three variability types hierarchically to the
components in the solution space. Section 4.6 discusses the limitations and lessons
learned during the development of domain-specific models. Section 4.7 compares
the proposed modeling approach with the prior approaches. Section 4.8 collects the
evaluation goals. Finally, Section 4.9 provides the summary of this chapter.

4.1. Multi-Variability Modeling Overview

Figure 4.2 presents the overview of the (meta-)modeling framework, which is de-
signed according to the four-layered architecture standardized by Meta-Object Facility
(MOF) [OMG15]. The focus of this chapter is mainly at the M2 level in Figure 4.2 to
propose the meta-models for the multi-variability modeling framework.
For variability modeling and representation, both feature modeling and decision model-
ing have gained the most attention in academia research [CGR+12]. Feature modeling
can be used more intuitively to model both commonalities and variability, whereas deci-
sion modeling emphasizes more on variability of software systems. Feature modeling is
often used just like decision modeling [CGR+12]. Other researchers [CBH11, KSRB13]
report that feature modeling has been considered as the de facto method of variability
modeling in software product line engineering. In the context of this thesis, feature
modeling is chosen to represent the general variability. To achieve this, the modeling
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Figure 4.2.: Multi-Variability Modeling in MOF Architecture

framework includes a feature meta-model which is the first meta-model at the M2
level in Figure 4.2.
Feature models are one type of outcomes of the family engineering processes (or
domain engineering / domain analysis) at the M1 level in Figure 4.2. They are the
instances of the feature meta-model (at the M2 level). During application engineering,
in particular product derivation, derivation stakeholders configure the feature model to
decide features configurations. This requires a promotion of feature models to be used
as meta-model during application engineering. With the promotion, it is possible to
“instantiate” the Feature Model to Feature Configuration, when following the MOF
architecture. In Figure 4.2, the arrow from the Feature Model (as model) to Feature
Model (as meta-model) illustrates this promotion.
In industrial automation management systems, only using feature modeling cannot
satisfy the needs of variability representation, since there are two domain-specific vari-
ability types, topology and processes, reported previously in Section 2.2.2 of Chapter 2.
Three stakeholders’ roles – requirement engineers, hardware-oriented engineers and
software engineers – participate in derivation tasks. They have different variability
concerns and perspectives [FLE+15]. The system complexities cause ineffective under-
standing and communication among them, due to lack of mutual understanding from
others’ perspectives [BWR11]. This leads to difficulties of tracing requirements to both
software implementation and hardware configuration, which impedes the efficiency of
development teams.
Since more than a decade, researchers and practitioners have explored and applied
model-based engineering approaches in linking the software problem space and the
solution space [LIA10]. Model-based techniques, such as domain-specific modeling,
specify software systems at the level of abstraction beyond code, using a notation
closer to the problem space [Val10]. Domain-specific models help domain stakeholders
to express their knowledge in a clear and more concise way, so that the creation of
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the models brings the benefits of supporting communication among stakeholders and
of standardizing specification [TK05, LKT04]. Additionally, subsequent tools, such
as model transformation or code generators, enable the automatic configuration of
software artifacts, to help software development teams to achieve better efficiency and
productivity [TK05]. Therefore, the modeling framework in this chapter integrates
two domain-specific models of topology and processes as variability representation
mechanisms.

At the M2 level in Figure 4.2, the modeling framework contains feature, topology and
process meta-models. For each of these variability types, the principles of choosing
meta-elements and the procedures of developing meta-models are introduced, followed
by the developed meta-models, and examples presented in the corresponding editors.
The principles and the procedures can be used as guidelines to develop domain-specific
meta-models to enable the multi-variability modeling for other software domains for
software derivation.

4.2. Feature Variability

It is necessary to provide a common understanding of the notion of elements in feature
models for this thesis, although many existing approaches have already proposed
feature meta-models. This section starts the description of feature meta-modeling.

Feature modeling serves as a tree-like “language” to express the common and variable
features of a software product line. Many researchers proposed “dialects” of feature
modeling in academia. Kang et al. propose to use feature models in Feature-Oriented
Domain Analysis (FOAD) [KCH+90]. There are also existing extensions and formal-
ization of feature modeling based on feature relationships [KLD02, FFB02, VGBS01],
and cardinality [QRD13, CHE04], just to name a few. Learning from these existing
feature definitions, in this thesis the feature model is defined as follows:

Feature Model:
A feature model is a tree structure that consists of a set of feature nodes and
a set of relations among the feature nodes.

The intention of this thesis is not to re-define a completely new feature meta-model.
The feature meta-model shown in Figure 4.3 is established mainly based on existing
works [KCH+90, CHE04]. It presents the feature meta-model and the possible relation
types among feature nodes. The goal of proposing this feature meta-model in Figure
4.3 is actually to provide a (semi-)formalization and a common understanding of the
notion of elements in feature models. A feature model can have arbitrary numbers of
feature nodes, but only one root feature node is allowed. A feature node can have
a name and a description. It also refers to a TypedValue, in which Integer, String,
or Float values are possibly supported. Extension to check constraints to values may
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involve mechanisms, such as the Object Constraint Language (OCL) [OMG14] to
describe rules for values.

-retionale : String
-description : String

Feature Relationship

ExplicitBRelationship TacitBRelationship

-name : String
-description : String
-isRoot : Boolean
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Figure 4.3.: A Feature Meta-Model

Feature Relationship in Figure 4.3 has Explicit Relationship and Tacit Relationship,
which is defined according to several other feature meta-models [KCH+90, CHE04,
QRD13]. This meta-model does not differentiate features with types, but how features
relate to other features. For example, an optional feature in this meta-model is
expressed as a child feature that is in an optional relation with its parent feature.
Both the Or and the Alternative relationships relate to the Feature Groups, in which
several features or a single feature can be selected at configuration time. Two other
relationships in the Explicit relationships are Conflict and Require, so that a feature
can be either mutually exclusive to one another, or definitely needed by another
feature. The Tacit Relationship is difficult to give absolute semantics during family
engineering time. Fey et al. propose these relationships to improve understandability
and usefulness of feature modeling [FFB02]. For example, the Imply relationship
indicates a weak suggestion from one feature to anther one. The Refine relationship
demands a more detailed description of (the services of) another feature [FFB02]. The
Modify relationship may trigger some changes to other decisions.

4.2.1. Principles of Modeling Features

Lee et al. have proposed [LKL02] guidelines when modeling features. The subsection
collects the relevant principles with regard to identification, organization and refinement
of features, defined by Lee et al. in their work [LKL02]:

• Principle 1: Use standard terms in the product line domain to identify features.
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• Principle 2: Do not include commonalities of implementation details as features.

• Principle 3: Identify features to be mapped into architectural elements, and if
necessary refine them to enable such a mapping.

• Principle 4: Do not organize features according to their functional dependencies.

4.2.2. Procedures of Modeling Features

With the feature meta-model, feature models can be created, which are commonly
essential outcomes of family engineering activities. This sub-section describes how to
develop a feature model for a software family as guidelines to identify features and
establishing feature models.

Input. Two types of artifacts are the input of this procedure, including requirement
specifications and reusable software product line architecture.

Procedure. Based on existing guidelines suggested by [DGRN10, AC06, LKL02],
Figure 4.4 shows the guideline for modeling features:

1. Identify 
Features

2. Mirror Architectural 
Elements to Features

Requirement
Specification

3. Relate 
Features

Reusable Product 
Line Architecture

4. Refine 
Feature Model

If necessary

Features
Feature Trees

Input Artifacts Output ArtifactsStepIntermediate Artifacts Input Flow Output Flow

Hierarchical 
Feature Models

Figure 4.4.: The Procedure of Modeling Features

1. Identify features. The input artifacts of this step are the existing requirement
specifications. Most features identified in this step are business related features,
which can be categorized to essential features. For each identified feature, a
unique identifier is assigned.

2. Mirror architectural elements to features. This step takes the reusable architec-
ture as the input. The architectural elements such as components are mirrored
as features to indicate their commonalities and variability. At this step, detailed
feature-like variability inside components is identified as well. For those compo-
nents with process and topology variability, it is then important to differentiate
their influencing variability types, so that further process models and/or topology
models can be attached later on (see Section 4.5). This step results in mostly
technical features.
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3. Relate features. Features are hierarchically structured in feature models. Com-
monly, essential features are at a higher abstraction level than technical features;
therefore tend to be put into upper levels of the hierarchy.

4. Refine the feature model. The last step of establishing feature models is to
refine and ensure that they are aligned with the consideration of marketing and
crosscutting concerns.

Output. The output of the execution of this procedure is a feature model for the
target software product line.

Role. The execution of this procedure requires deep domain knowledge and experiences.
Ideally, representatives from each of the three stakeholder roles are expected. For
example product managers or software architects can be good candidates to perform
the tasks.

Example. Figure 4.5 shows an excerpt of the feature model developed for the running
example of warehouse management systems in this thesis. The developed tooling for
feature modeling is also shown in this figure. The vertical toolbar on the left side
allows creating new feature nodes and modeling relationships among features.

Figure 4.5.: Feature Notations with Examples

By following the principles of modeling features in Section 4.2.1 and the procedure
proposed in this section, a feature model of a scoped software product line can be
developed.

4.2.3. Promotion of Feature Models to Meta-Models

Feature models play different roles during family engineering (or domain engineering)
and application engineering. During family engineering, feature models are the out-
comes, whereas during application engineering, feature models serve as meta-models
for support application-specific configuration. Figure 4.6 presents the promotion of

59



feature models to meta-models. The models are separated into M2 and M1 levels,
aligned with MOF levels in Figure 4.2.

M2
M1

Family Engineering Application Engineering

(a)

(b)

(c)

(e)

      id=‘‘Platform“ isSelelected=“true“...
      id=“DataAccess“ isSelected=“true“...
      id=“Oracle“ isSelected=“false“...
      id=“SqlServer“ isSelected=“true“...
      ......

(d)

Pr
om

ot
ion

Feature Models 

Feature Models as Meta Models Feature Meta-Model

Feature Configuration 

Figure 4.6.: Promoting Feature Models as Meta Models for Configuration

During family engineering time:
• (a) Feature meta-model : Figure 4.3 has already presented the complete feature
meta-model used in this thesis. This model is generic for the configuration
tooling of feature modeling. Figure 4.6 (a) only includes a small excerpt of the
feature meta-model to illustrate the concept.

• (b) Feature models as instances: Feature models are the instances of the feature
meta-model. They are usually the important outcomes of domain engineering or
family engineering activities. To illustrate the concept, Figure 4.6 (b) presents
the surface syntax (the notations) of three features and their relationships.
DataAccess is the parent feature of SqlServer and Oracle. SqlServer and Oracle
are sibling features, that they are alternative to each other.

During application engineering time:
• (c) Promotion of feature models to meta-models: For configuration and deriva-
tion, feature models are no longer instances. Instead, they are transformed to
meta-models for configuration during application engineering. In other words,
the Feature Models in (b) and Feature Configuration in (e) are both at the M1
in MOF architecture, which means that during application engineering time,
the Feature Models are pushed up to M2 level. The arrow from Figure 4.6
(b) to (c) represents the promotion transformation [dLGC13], which adds a
new attribute isSelected to each feature node. A possible alternative to avoid
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having the promotion is to allow the direct instantiation of feature models as
feature configuration. This would require adding some attributes of application
engineering into feature meta-model. For example, the isSelected attribute, is
not necessary to be explicit in feature meta-model tagged in (a), since whether
a feature is included or not is only relevant during configuration in application
engineering.

• (d) Tool support for feature configuration: Tool support has been developed in
this thesis for feature configuration. It traverses the transformed feature models
and displays them as feature trees in the Feature Editor. At run-time, derivation
stakeholders use the editor to do feature configuration to fulfill customers’ need.
The Feature Editor in Figure 4.6 (d) is the screen-shot of the implementation as
a MagicDraw Plugin.

• (e) Feature Configuration: The feature configuration is the list of selected and
configuration features. They are the output of the Feature Editor.

4.3. Topology Variability

A topology, in the context of this thesis, describes the configuration upon a set
of distributed real-world elements in a particular zone in a targeting manufacturing
environment. These real-world elements include software components, hardware devices
and mechanics tools that are interacting with IAM systems. With the running example
shown in Figure 4.7 (introduced already in Chapter 2), Customer 1 has only two
conveyors in the receiving zone, whereas Customer 2 has at least four conveyors to
perform the same tasks. There are many constraints affecting the decision of selection
and configuration, such as temperature, frequency interference, cost, budget, etc.
For example, in some manufacturing domains, there are regulations to separate the
imported components and locally produced components for storage. Many of these
constraints in topology configuration are not software constraints, however, they may
restrict software development and derivation.

 Loading Bay ConveyorWorkstation WorkerElectric Forklift Barcode Printer

Customer1: Receiving Zone

Container

Customer2: Receiving Zone

Figure 4.7.: Two Examples of Topology Configuration from Running Example
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A topology model describes a set of real-world elements and their relationships within
a given manufacturing zone, as defined in Chapter 2 (see section 2.2.1). In IAM
system, using topology models to capture the configuration of the elements and their
relationships enables the representation of topology variability.

It is important to emphasize that not all information that can be extracted into a
topological model are critical for software derivation. Therefore, this section introduces
the principles and modeling procedures, which result in a topology meta-model to rep-
resent the topology configuration for the systems in industrial automation management
to support software derivation.

4.3.1. Principles of Modeling Topology

Many existing SPLE techniques apply class models of the Unified Modeling Language
(UML) to express topology variability in various software domains, such as integrated
control software [BYBS13], fire alarm systems [BSØ+14], or industrial metal technology
[DSL+14]. Although some solutions for modeling and configuring topological variability
are available, there is no well-established method can be used to develop topology
meta-models, to the best of the author’s knowledge. Especially, no ready-to-use
principles available clearly define how to define the topology meta-elements and their
relationships. Therefore, this section proposes design principles of meta-modeling,
aiming at filling this gap.

To collect the principles for practitioners, who use the proposed approach in this
thesis, it is important to use a systematic method to identify entities in real world
and reflect them into meta-elements in meta-models. Isoda [Iso01] differentiates two
object-oriented modeling methods: natural and pseudo real-world modeling.

According to the suggestions of Isoda [Iso01], natural (or genuine) real-world modeling
identifies classes based on entities in real world and relationships among them. It
assigns attributes and operations to classes according to the natural properties and
functions of the entities. Figure 4.8 uses the running example introduced previously in
Chapter 2 (see Section 2.2.1).

Figure 4.8.: The Differences of Natural and Pseudo Real-World Modeling
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In this running example shown in Figure 4.8, a Conveyor carries Boxes, Code Reader
detects the boxes, and the Barcode Printer prints a new matrix barcode for the boxes,
etc. Following this method, the meta-model includes attributes, such as version for
Barcode Printer or serialNumber for Code Reader.
However, pseudo real-world modeling identifies the entities selectively, according to a
particular purpose [Iso01]. In the context of this thesis, it should focus on software
development and implementation information. From this perspective, attributes,
such as serialNumber of Code Reader in Figure 4.8, are no more relevant to software
derivation and configuration, even though they are important during hardware purchase
time and installation.

Pseudo Real-World Modeling:
Pseudo real-world modeling represents the real world in a class diagram by way
of identifying classes, their attributes, operations and relationships, which are
relevant for the software derivation purpose [Iso01].

Furthermore, an IAM system has actually no direct communication and information
exchange with boxes. Instead, IAM systems use either barcodes or possibly radio-
frequency identification (RFID) chips to identify each of the boxes. In this case, they
do not need to appear in the topology meta model according to the pseudo real-world
modeling approach, since the Box is a run-time notion, which is out of the scope of
topological variability.
In contrast, the three “long-living” classes, the Code Reader, the BarcodePrinter, and
the Conveyor, have locationID attributes according to the pseudo real-world modeling
approach, which carry the location information for IAM systems. In other words, IAM
systems recognize the topology elements by their values of locationID. The actual
real-world entities are more important to be understood by derivation stakeholders or
modelers, compared to IAM systems. It is easy to neglect such attributes without
applying pseudo real-world modeling, which requires to take the information viewed by
the management systems into consideration.
According to the modeling rules of pseudo real-world modeling, this thesis proposes
the following principles for designing meta-elements for topology configuration in IAM
systems:

• Principle 1: Identify the classes that correspond to the entities whose information
is dealt with by the IAM systems. The goal of developing topology meta-model
is to model and configure topology variability to support the software derivation
in the context of this thesis. Therefore, the modeled elements should have
information dealt with by IAM systems to make sure that they are relevant
during software derivation.

• Principle 2: Choose “long-living” entities in real world to be in the meta-model.
This principle helps on looking for the topological related entities. For example,
the Box identified in Figure 4.8 based on natural real-world modeling is not a
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“long-living” entity in the scope of the running example, even if it is a natural
real world element in factories.

• Principle 3: Exclude entities that are only relevant at run-time. This principle
is complementary to Principle 2, to limit the complexity of the topology meta-
model. For the purpose of on human understanding, some run-time entities may
still be modeled. However, after configuration, the model interpreter will neglect
these instances of elements and their attributes, since they are not relevant to
software product derivation of IAM systems.

• Principle 4: Assign the attributes to the modeled elements that are dealt with
or serve for interaction with the IAM systems. This principle ensures that the
attributes assigned to the elements in meta-models are relevant with respect to
the modeled pseudo real world.

• Principle 5: Do not model operation in the topology meta-models as for the
purpose of IAM derivation. Isoda points out that even when an entity has a
function, we do not necessarily have to assign it to the class corresponding to
the entity, because the function itself is merely information to IAM systems
[Iso01]. In IAM systems, the functions are also behaviors of individual hardware
devices. These are not important information to derivation, as IAM systems are
at the higher management level to coordinate these devices.

4.3.2. Procedure of Topology Meta-Model Development

A procedure is important to guide the development of the topology meta-model, for
example, to filter out unnecessary meta-elements, and to avoid unnecessary data to
be modeled in topology models. The goal is actually to harness the complexity of
topological configuration and to focus on the derivation-critical topological elements.

Role. A domain expert with certain modeling experience is expected to guide the execu-
tion of this development procedure. Besides, hardware-oriented engineers need to also
participate especially during Step 3 and 4 for re-factoring and relating meta-elements.
In practical settings, it is rare that a modeling expert has solid domain knowledge in
industrial automation management, and vice versa. Thus, the participation of these
two roles is both important to the meta-model development.

Input. Explicit input artifacts are the domain models and factory layout in requirement
specifications of the targeted product lines. Typically, a domain model captures the
real-would concepts, which represents also the common vocabulary in the domain. A
UML class diagram is often used to represent domain models, for example, the natural
real-world modeling shown in Figure 4.8 without pseudo real-world analysis.

Procedure. Figure 4.9 shows the procedure of developing the topology meta-model.
It follows a bottom-up approach to develop domain-specific models, which extends
the procedure suggested in [SCDLG12]:
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Figure 4.9.: A Bottom-Up Procedure of Modeling Topology

1. Domain experts transform existing domain models as model fragments. Usually,
such domain models are in the format of UML class diagrams in the requirement
or architecture documentations. Real-world elements such as conveyors or racks
are identified in this step.

2. Based on the domain model fragments, the meta-elements of the topological
elements are further induced and determined. For example, the Conveyor can
be further induced as a transporter type.

3. At this re-factoring step, the domain experts should be involved, as they are
the potential users of the domain-specific models. They provide the information
that cannot be identified by “mining” the legacy documents.

4. Domain experts relate the meta-elements, according to their sub-types, and
identify the relationships among the elements, which also would be an important
part of the meta-model.

5. At this step, a concrete modeling platform must be decided to develop the
domain-specific model. Each meta-element needs a shape and possibly an icon
for representation purposes. Each relation is usually represented as a connector
between the elements. The idea is to make the developed domain-specific models
to be intuitive to the model users.

Output. The output is the developed meta-modeling elements for topology. In the
next subsection (see section 4.3.3 as an example), the developed topology meta-model
will be described along with the supporting model editor. More details about the final
topology meta-model with the modeling language editor will be introduced as well in
the next subsection.
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4.3.3. Topology Meta-Model with Configuration Tooling

This section presents the developed topology meta-model of IAM systems. The meta-
model has two parts: core meta-model in Figure 4.10 and a supplementary meta-model
in Figure 4.11. The core meta-model includes the abstract elements, to present the
relationships among the core meta-elements. In Figure 4.10, a topology model may
have an arbitrary number of topology elements. A Topology Element can be assigned
to another topology element. Transporter Element and Stationary Element are the
two sub-types of Topology Element. They are specific to the IAM domain. The
Transporter Element refers to the mobile elements in factories, such as staplers or
conveyors, which bring the working units from one location to another. The Stationary
Element represents fastened work places or devices that they actually perform the
concrete manufacturing tasks in factories.

-canHandleMultipleWorkingUnits.:.Boolean

Stationary ElementTransporter Element

-name.:.String
-locationID.:.String

Topology Element

-name.:.String

Topology Model

*
.transportsFrom

*
*

-transportsTo

*

1..*
0..*

assignedTo

1

0..*

Figure 4.10.: The Core Topology Meta-Model

During the development of the IAM topology model, the supplementary meta-model
in Figure 4.11 is separated from core topology meta-elements to reduce the complexity.
The reason is that the number of individual types of topological elements increases
dramatically, when having an exact one-to-one mapping from hardware devices to
topological elements. For example, within one factory, there could be 60 heavy-load
staplers with 5 different load limitations, purchased from different manufacturers.
These staplers with different versions and providers serve the same functions for IAM
systems to transport materials to support manufacturing tasks. Therefore, they can
be still abstracted with the core meta-element as a transporter element.
Figure 4.11 presents the supplementary topology meta-model, which includes the
sub-types of Transporter Element and the Stationary Element. As can be seen, in
IAM systems, there are different types of conveyors, which automatically transport raw
materials or working units inside manufacturing plants; staplers serve for transporting
heavy materials, which are manually driven by human workers. Stationary elements
include various devices that are fixed at a particular location in factories.
It is notable that these supplementary elements shown in Figure 4.11 are not meant
to be complete for every sub-domain of IAM systems. A physical devices library
[BSØ+14] is ideally necessary to allow flexibly adding more topological elements even
at run-time to have a full adoption in practice.
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Figure 4.11.: The Supplementary Topology Meta-Model

Figure 4.12 presents the tooling for topology configuration, according to the proposed
meta-model. On the left side, it shows the vertical toolbar of different topological
meta-elements. On the right side, it shows an excerpt of topology configuration. As
can be seen, three instances of light load workstations are connected by the mini-load
conveyors to a buffer for temporarily storage with corresponding locationIDs.

Topology Group

Topology Group

Relationship Links

Figure 4.12.: Topology Editor – The Tool Support for Topology Configuration

4.4. Process Variability

A process describes a behavioral sequence of a system function. A process model
contains a set of action nodes and edges among the action nodes. The actions in this
context are usually self-contained that can be combined to form a process.

Process Model:
A process model contains a number of actions and describes their execution
sequence [RPB99], which captures a behavioral flow of a system function.

At the modeling time of processes in the context of this thesis, processes can be
configured by changing the sequence of execution, adding new actions, or deleting some
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actions from process models. This section presents the principles, the development
procedure, and the developed process meta-model for the target domain.

4.4.1. Principles of Modeling Processes

The development of a useful domain-specific model for processes is non-trivial. The
decision of developing such a model is as an enabler of reuse of software artifacts.
This subsection clarifies the principles of developing the meta-model.

• Principle 1: Focus on the declarative aspect of the modeling notations. The
developed process meta-model is with a declarative and expressive purpose for
expressing behaviors of IAM systems as processes. The modeled process is one
part of the input of the derivation infrastructure during derivation, instead of
workflow engines with execution purposes [MHS05].

• Principle 2: Base on existing process meta-modeling where possible. In contrast
to topology meta-modeling where practitioners commonly use class diagrams
in UML [BSØ+14], process meta-modeling has much more variations such as
Event-Driven Process Chain [vdA97], BPMN [OMG11], UML Activity Diagram
extensions [TZD08], etc. Considering the costs on development and maintenance
of meta-modeling, it is more reasonable to “reuse” existing process meta-elements
as much as possible. The development of a process meta-model should base on
existing process modeling notations, where possible. After all, the investment
on developing such models should economically pay-off [Wil03, MHS05]. For
example, in the context of this thesis, the meta-elements were inspired by the
TORE approach for information systems [ADEG09, Ada12, Doe10].

• Principle 3: Develop the process meta-elements in an iterative manner. With
the decision of enabling reuse. The analysis of the IAM domain results in an
abstraction of behavioral sequences. For this, the participation of domain experts
is definitely necessary [SCDLG12], even some technical experiences can be critical
to the success of the developed meta-model for processes. The development
and refinement require usually an iterative manner.

4.4.2. Procedures of Process Meta-Model Development

The expectation of proposing the process meta-model is to represent the process
models in IAM domain. Similar to the procedure of topology meta-modeling, the
procedure of process meta-model development follows a bottom-up approach.
Input. The input artifacts are the process descriptions existing in requirement specifi-
cations or architectural documentations of the targeted product lines.
Procedure. Figure 4.13 shows the procedure of developing the process meta-model.
Accordingly, it follows a bottom-up approach to develop domain-specific models,
proposed by Cuadrado et. al [SCDLG12]:
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Figure 4.13.: A Bottom-Up Procedure of Modeling Processes

1. The domain expert analyzes existing requirement documentations, especially
process specifications. He or she extracts the types of process steps from the
description and transforms them into model fragments.

2. Based on the model fragments, the domain expert derives and determines
the meta-models of the process elements. For process descriptions, subjects
and verbs usually indicate important information for extracting process meta-
elements [NE08, MBK91]. Here, using technologies in natural language process-
ing may significantly improve the identification of process meta-element types,
because verbs and verb-directed objects may indicate information for functional
requirements1 [NE08]. How to better utilize the techniques to automate the
meta-element finding, however, is out of the core scope of this thesis, and should
be considered as future work.

3. At the third step, the domain experts should be involved to support the decisions
of meta-element creation. Sometimes, there can be hidden types from technical
viewpoints, which requires domain knowledge.

4. The meta-elements should be interrelated. Dependencies and constraints for
process models can be identified as well. For example, usually user-system-
interaction has a weak dependency to a software display action, so that a user
can interact with the displayed user interface.

5. At this step, a concrete modeling platform must be selected to develop the
domain-specific model. Each meta-element needs a shape and possibly an icon,
as well as the connectors among the elements.

1The author of this thesis uses two real process specifications of legacy IAM systems. A process
specification in German contains 499 sentences in which 95 verbs are used. Typical “verb-object”
pairs found in the specification test are for example:“schickt Auftrag” appears 7 times or “aktiviert
Auftrag” appears 2 times. Both of them indicate user-system-interactions. A process specification
in English contains 366 sentences, in which 57 verbs are used. Typical “verb-object” pairs found in
this specification are for example: “creates delivery” appears 25 times; “selects order” appears 19
times; “changes delivery” appears 16 times. These corpora also indicate user-system-interactions.
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Output. The developed meta-modeling elements for process will be introduced in the
next sub-section.

Role. Similar to the development of the topology meta-model, domain experts need
to participate in this procedure. The ideal role who participates in this development
procedure should have both domain knowledge and technical modeling background.

4.4.3. Process Meta-Model with Configuration Tooling

Based on the three principles and the previously defined procedure, this section presents
the process meta-model. Figure 4.14 presents two parts of the meta-model regarding
the actions and the edges of the IAM domain. Each process consists of multiple Actions
and Edges. An Action represents a single atomic step within the MES processes. An
Edge represents the execution sequence of actions, which has usually an incoming
action and an outgoing action.

-name : String
-isLocationCritical : Boolean

Action

-name : String
-purpose : String
-status : String

Process Model

Action Edge
-outgoing

-incoming

Figure 4.14.: The Process Meta-Model

Figure 4.15 shows the part of meta-model of actions. There are typical actions for
information systems, such as Software Action and Human-System Interaction. There
are also several domain-specific actions. A Manual Action can be used to model
manual steps performed by human workers. This is typical for the non-automated
tasks in manufacturing factories. The Automated Action is defined for representing
the automated tasks, commonly performed by hardware devices. The Periodic Action
has usually a loop time to re-execute.

• A Human-System Interaction is an interaction between users and the IAM
systems, which usually requires a user interface.

• AManual Action is a task that is performed by human workers. A task description
is needed to guide the workflow. Although manual tasks are not actually
performed by software, they are still potentially coordinated by IAM systems. For
representation purpose, it was necessary to include this type in the meta-model.

• A Software Action is an abstract type of a software task.

• A Display Action is a sub-type of the software action for showing information on
a user interface.
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• A Computational Action is a sub-type of the software action for computing or
calculating tasks.

• A Periodic Action is an IAM-specific task to be triggered periodically by an
internal timer, or by external monitoring components.

• A Control Action is an abstract action defined for controlling the processes.

• An Automated Action is IAM-specific. It represents the automated functions in
the factory, which are not actually performed by an IAM system, but coordinated,
demanded, and triggered by it. These actions are actually executed and performed
by hardware devices.

-shortDescription : String
-reloadData : Boolean
-callingMethod : Char

Human-System Interaction

-procedureDescription : String

Manual Action

-name : String
-isLocationCritical : Boolean

Action

Computational Action

-command : String

Automated Action

-formName : String

Display Action

Software Action

-Time : Float

Peroidic Action Control Action

Figure 4.15.: The Action Types in the Process Meta-Model

Figure 4.16 shows the further types of control actions in IAM systems.

• A Decision is a typical control action in IAM processes to check a condition.

• A Merge action usually joins parallel execution of actions together.

• A Thread Fork is defined as a group of tasks to be performed in parallel.

• A Thread Join represents a join action after thread fork.

• A Sync Fork is defined for a group of tasks, in which each task should be
performed one after another.

• A Sync Join represents a join action after sync fork.

Control Action

Thread MergeThread Fork Sync MergeMerge Sync ForkDecision

Figure 4.16.: The Control Actions in the Process Meta-Model
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Figure 4.17 shows the types of edges in the process meta-model. Three out of the
four types of edges in Figure 4.17 are also IAM-specific, except the control flow. The
Material Flow represents the movement or location changes of working units in real
world (see Figure 2.6 in Chapter 2). The Manual Flow represents the sequences of
human-worker workflows. The Message Flow represents the messages sent to hardware
systems outside IAM system implementation, or a received signal from external systems
observed by IAM systems.

Message FlowMaterial Flow Control FlowManual Flow

Action Edge

Figure 4.17.: The Edges in the Process Meta-Model

The tooling for process configuration has been also implemented in MagicDraw. Figure
4.18 presents the developed process editor based on the proposed meta-model. The
vertical toolbar on the left hand side collects the meta elements of different process-
action types. The lower part of the vertical toolbar includes the four action edges in
Figure 4.17. The canvas on the right hand side of the screen-shot shows an example
of a process, in which all elements are periodic actions.

Figure 4.18.: Process Editor – The Tool Support for Process Configuration
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4.5. Hierarchical Multi-Variability Modeling

It is possibly to link features to architectural building blocks [SGEL09], while linking
features to all kinds of core assets in different abstraction levels is difficult [SGEL09,
FLE+15]. The association between the Feature and the Component in Figure 4.19
shows this situation.

Action

Model Suite

Component

Topology ModelProcess Model

Topology Element

Model

Feature

Template

0..*

-boundToLocations

0..*

0..10..*

subComponentssubFeatures
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-modelSuite
0..* 1

0..*

0..*

has

0..*

1

Figure 4.19.: Hierarchical Multi-Variability Associations

Establishing multiple (domain-)variability models for representation purposes is not
the ultimate goal of this approach. The associations among them are necessary to
have, so that they can be systematically instantiated and integrated in a derivation
process. Figure 4.19 shows how the feature, process and topology (meta-)elements
are associated in this thesis.
As presented in Figure 4.19, features may contain sub-features hierarchically. They
are related to components and sub-components, which describe the software product
line architecture. When a component has further process or topology variability,
the corresponding variability models are added to a model suite. Such a model
suite contains the information about the names, types and paths of the variability
models. Each involved model can have model templates, which are extracted during
family engineering. During application engineering these models are instantiated with
appropriate templates, to serve as base configurations to help derivation stakeholders
to achieve better configuration productivity.
There can also be tacit relations and dependencies among Features and domain-
specific variability Models. For example, a feature may imply a weak suggestion
of another feature—or may require a more detailed description in a process model
configuration. Existing works already propose solutions to solve these types of relations
[WMW11, GBPG13]. In our target systems, we identify domain-specific relations
between the process and topology models. In process models, there can be actions
that are bound to certain topological locations (see the running example in Figure 2.9

73



in Section 2.2). To describe this situation in models, we need the boundToLocations
relation between the Action and the Topology Element as shown in Figure 4.19.

4.6. Discussions and Limitation Analysis

This section discusses the lessons learned and limitations of the proposed Hierarchical
Multi-Variability Modeling approach. The design of a domain-specific model is a
difficult task because different stakeholders as the users of the models have various
perceptions of what a “good modeling language” actually is.

• The influence of different modeling tools on the users and their perceived
acceptance of the developed approach should not be underestimated.
The same meta-model implemented on top of different modeling platforms may
significantly influence the users’ acceptances of the approach. Potential users
should be familiar with the chosen modeling platform, since each modeling
platform provides a different user experience. It would potentially increase
the probability that they accept the proposed modeling notations, when the
implementation is based on a modeling tool that they use in their requirements
or architectural design. For this reason, we have evaluated several modeling
platforms, such as Enterprise Architect [ea], Eclipse-based modeling tools [ecl],
MagicDraw [mag] and Microsoft Visio [vis]. MagicDraw was chosen for the
implementation of modeling platform. However, this aspect may not be critical
from a scientific perspective. This “favor” of modeling platforms can be individual
to organizations, which is not considered critical to this thesis.

• The support to ensure dependency and consistency during configuration.
This chapter includes feature, topology, and process meta-models to represent
the variability in IAM systems. For each for the modeling type, the author
of this thesis has developed a configuration tooling. During configuration,
when feature is selected or de-selected, the impacted topology and process
models are instantiated. By doing so, the dependency among configurations
and decisions are proactively addressed to a certain extent. More details about
configuration process will be in Chapter 6. To enhance the dependency and
consistency checking in the approach, other configuration support could be
possibly integrated to the configuration tooling. For example, Kowal and Schaefer
present an incremental method to achieve consistency checking among several
UML-based variability models, in which intra-, inter-perspective and cross-variant
rules are defined and added in to a tool chain [KS16]. Mendonca et al. propose
to use interactive modeling and reasoning services for consistency diagnosis
[MBC09]. White et al. report on their method to automatically diagnose errors
in configuration and repair invalid feature selections [WBS+10]. These functions
are not yet integrated in the tooling presented in this chapter, but have been
considered as a part of future work (c.f. Section 8.2).
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• The generalizability of the proposed approach and the meta-models. This
chapter presents the two domain-specific models of topology and processes for
IAM. The developed meta-models might have their limitations to be generalized
to every sub-domain of IAM systems. Proper adaptations and extensions are
necessary, when the approach is adopted within a concrete context and envi-
ronment. Still, the overall modeling framework, together with the principles
and development procedures are meant to be generic. The proposed modeling
framework aims at the whole IAM domain.

4.7. Comparison with Related Work

Chapter 3 has summarized and discussed the state of the art. This section aims at
analyzing the differences of the proposed modeling framework proposed in this Chapter.
The overall modeling framework shown in Figure 4.2 follows the MOF architecture. It
includes the feature meta-model, the promotion of feature models as meta-models,
the domain topology meta-model and the domain process meta-model. The work of
this thesis identifies the two domain-specific variability types and then integrates them
into a variability model framework, which is the first uniqueness of the contribution.
In addition, for each variability type the principles and procedures to develop the
meta-models are also proposed in this chapter.
The rest of this section further compares each of the individual variability types in this
thesis and their modeling techniques with related work.

4.7.1. Related Work in Feature Modeling

Since the initial proposal of feature modeling by Kang et al. [KCH+90], many re-
searchers and authors have proposed extensions of feature modeling to be part of
their own methods. Several authors propose remarkably approaches to adopt formal
semantics to feature diagrams [HST+08], such as a textual feature description language
[VDK02] and free feature diagrams [SHTB07]. Heymans et al. point out that formal
semantics bring the benefits to avoid ambiguities, which is critical to support further
validity checking [HST+08]. The feature meta-modeling presented in this thesis is
not intended to re-define a completely new feature semantics, with model checking
purposes. It is established mainly based on existing works [KCH+90, CHE04], to fit
to the MOF architecture, and more importantly to be integrated to the configuration
process with the other two variability types.
In addition, the feature meta-model used in this thesis does not include all possible
tacit relationships, based on existing works [KCH+90, KLD02, FFB02]. The goal of
having the feature meta-model in Figure 4.3 is to clarify the understanding of elements
in feature models in the context of this thesis, as well as to enable the integration with
other variability modeling types. The tacit relationships may expand the modeling
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space, but are difficult to interpret by the derivation infrastructure. Therefore, the
tacit relationships are intentionally not modeled, because the goal of this thesis is to
support software product derivation.
There are commercial and open source feature modeling tools, such as pure::vairants
[pur] and FeatureIDE [KTS+09]. The intention to develop tool support shown in
Figure 4.5 and the feature editor in Figure 4.6 (d) is however to ease the integration
with the variability modeling approach with the other variability types in this thesis.
Comparing to these existing tools, the developed tooling may not provide the functions
as good as commercial tools, for example as pure::vairants. But it is sufficient for
modeling and configuring features, and it is flexible to integrate to the remaining part
of the modeling framework.

4.7.2. Related Work in Topology Modeling

Compared to existing topology modeling approaches, such as Behjati et al. [BYBS13]
or Berger et al. [BSØ+14], the author of this thesis emphasizes that the completeness
of topological elements existing in real world should not be the goal of topology
modeling. For example in [BYBS13], the authors propose that “...the hardware model
should provide a containment hierarchy that is complete with respect to the following
criteria...the hierarchy should contain all the hardware computing resources that have
a configurable software class deployed to them [BYBS13]...”, that is to find a complete
set of all possible hardware devices that have a piece of configurable software running
on them. This is neither necessary nor possible to be fully modeled in case of the IAM
domain. In a real automation factory, there can be thousands of different sensors,
controllers and actuators distributed in different functioning zones. Not every of them
is critical for IAM software derivation.
In contrast to existing work, one important challenge of topology modeling is to
identify the relevant elements in the meta-model and harness the complexity. The
principles in Section 4.3.1 give clear criteria to limit the numbers of elements to be
modeled in topology. Therefore, in this thesis, the proposed principles and the core
topology meta-model provides the opportunities to overcome the challenge.
The domain experts with knowledge especially on technical aspects of the targeted
IAM product families participate into the design and development activities can be
critical to the creation of the topology meta-model. This is closely related to one
of the assumptions (see Section 1.3.2 in Chapter 1), that organizations have already
accumulated legacy artifacts of the software produce line. The approach of topology
meta-modeling is more suitable for extractive or re-active product line adoption.

4.7.3. Related Work in Process Modeling

The idea is to develop and integrate the process meta-model into the approach in order
to provide a customized notation of process modeling in the target domain. Compared
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to non-tailored process modeling approaches, using the proposed notation actually
restricts process configuration during derivation time.
Brown et al. propose to attach behavioral models to feature nodes to compensate the
representation limitation of feature modeling, and to represent weak sequential depen-
dencies among features [BGB+06]. However, their approach cannot fundamentally
solve the challenge in IAM systems, which requires linking features to more fine-grained
assets. Heinzemann and Becker propose to use adapted concepts of the UML, named
MechatronicUML, to enable hierarchical re-configuration of complex software compo-
nents for self-adaptive mechatronic systems [HB13], which was inspiring for this study.
In MechatronicUML, however, topology variability is not considered. There are also
approaches aiming at generic business process families [GBPG13, WMW11, SP06].
Business process modeling notations (BPMN) [OAS] are developed to represent business
process models. These works are originated mainly from research areas such as business
process management. Business processes are usually meant to be executable, which
can be run directly on top of a Business Process Management System, defined by
La Rosa [LRVdADM17]. However, having executable processes requires the software
families to have very high maturity level, i.e. at the configurable level. At the same
time, the software domain must be relatively stable. For some software domains, this
could be almost impossible to achieve, especially for IAM systems in this thesis. In
contrast, the process model presented in this chapter is conceptual. The configuration
of the process models is given to the developed product line infrastructure and the
code generator to support derivation. With the proposed process-meta model, it is
possible to express the IAM-specific relationships, for example the bound-to-locations
relations between process steps and locations.

4.8. Validation Objectives

The evaluation of feasibility (H1) by using the developed multi-variability models
and editors is important to understand whether they can be applied in an industrial
environment.

H1: Feasibility. It is feasible to apply the approach in family engineering.

The expectation of using a variability modeling framework covering multiple variability
types is that more assets, especially fine grained assets should be included into the core
asset base of software product line. This is therefore related to Hypothesis 2 (H2).

H2: (To characterize) the composition of multiple variability models. The
multi-variability modeling, by introducing process and topology models, can capture
significantly more variability (>50%), compared to feature modeling.

Furthermore, the validation needs to prove that the developed modeling framework can
be easily accepted by derivation stakeholders (H4). For instance, having the approach
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should improve the satisfaction of them during derivation tasks comparing to their
current working situation without the approach in practice.

H4: Users’ perceived usefulness and ease of use. The approach in application
engineering can be easily accepted by users for their derivation tasks.

4.9. Chapter Summary

This chapter provides the answer to RQ1 about the representation of multiple variability
types. Figure 4.20 shows a summary of the core meta-models and their associations
presented in this chapter.
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Figure 4.20.: Summary of Meta-Models and Their Associations

At the top of Figure 4.20, the feature meta-modeling includes features, typed values
and feature relationships. At the lower part of this figure, the core elements within
the process and topology meta-models are presented. In the middle of Figure 4.20,
features, components and IAM-specific meta-elements are associated hierarchically.
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By proposing the meta-models and their associations, this chapter answers the question
“RQ1: How can we structure the variability modeling space to support the representation
of multiple variability types?” The chapter presents a four-level modeling framework
according to MOF architecture. The meta-modeling level contains four meta-models,
including the feature meta-model, the promoted feature models as meta-models, the
domain topology meta-model and the domain process meta-model. The principles
and procedures of the design and development of the IAM-specific meta-modeling are
reported as well. For the validation of the approach, the feasibility, the improvement
on size of reusable asset base and the users’ acceptance of the approach should be
tested.
To achieve the mapping from variability modeling elements to assets, a multi-variability
realization should be supported. The next chapter will present the variability realization
and implementation to enable the mapping.
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5
Multi-Variability Realization

”Architecture begins where the engineering ends.”
–Walter Gropius

In software product line engineering, researchers commonly separate reusable core
assets into the problem space and the solution space [CE00, BBM05]. The problem
space refers to the assets for system specifications during requirement engineering,
and the solution space refers to the technical artifacts related to architecture and
implementation [BBM05]. With regard to the derivation approach presented in
Figure 5.1, the previous chapter has presented the multi-variability modeling, which
belongs to the problem space. Based on the multi-variability modeling framework,
this chapter presents the realization mechanisms for the multi-variability models in
the solution space. Both of the multi-variability modeling and realization are core
components of the derivation approach in family engineering.

Core
Assets

Derived 
Product
Derived 
Product

Derived 
Artifacts

Feature 
Model

Topology 
Meta-Model

Process 
Meta-Model

Multi-Variability 
Modeling

Configuration

Derivation Process 

Multi-Variability 
Realization

Family Engineering Application Engineering

Model Process Artifact Relation SupportingRepository Manual (Semi-)Automated

Preparation Generation

Figure 5.1.: Multi-Variability Realization in the Solution Overview
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To enable the multi-variability realization, it is necessary to map and trace the
multi-variability (meta)-models to their corresponding core assets. With the variability
realization mechanisms, reusable software artifacts can be finally selected and configured
by instantiating and configuring variability models. Figure 5.1 shows the contribution
of this chapter to the overall approach of this thesis.
This chapter answers the research question, RQ2: How can we establish the mapping
between the different variability modeling elements with their associated core assets?
To answer RQ2, this chapter contributes to:

• A taxonomy of multi-variability realization: Feature, topology, and process
variability should be implemented during derivation time.

The remainder of this chapter is organized as follows: As the foundation of variability
realization, Section 5.1 introduces the background of variability realization including
derivation life cycle and abstraction levels. With this section, the variability realization
in this thesis is scoped to two phases: architecture derivation and detailed derivation.
Accordingly, Section 5.2 presents how the variability is realized usually during architec-
ture derivation; and Section 5.3 proposes taxonomy of multiple variability realization at
the detailed derivation level. Section 5.4 gives the discussion about the limitations and
lessons learned. Section 5.5 compares the proposed variability realization taxonomy
with the prior approaches. Section 5.6 reflects variability realization to the validation
goals. Lastly, Section 5.7 provides the summary of this chapter.

5.1. Foundation of Variability Realization

Variability can be realized at different phases of application engineering. According
to Svahnberg et al., these phases are derivation, application-specific development,
compilation, linking, or even at run-time as shown in Figure 5.2 [SVGB05].

Architecture
Derivation

Detailed 
Derivation

Application-Specific 
Development

Compilation Linking Run-Time

Figure 5.2.: The Variability Realization Life Cycle

Various variability realization techniques summarized previously in Chapter 3 are
developed to apply at different realization phases. For example, the conditional
compilation mechanism resolves variability at compilation phase. However, with the
scope of this thesis, the variability realization in derivation is the focus.
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Variability Realization:
Variability realization during derivation refers to the implementation of variants
within variability models in the software core assets, so that selecting and
configuring of variants can derive the customer-specific artifacts.

Variability realization during software product derivation can appear at two different
levels of abstraction [VG07]:

• Architectural level: The typical reusable assets include the product line ar-
chitecture, components, and frameworks. The variants are possibly optional
components or architectural reorganizations [SVGB05].

• Code (detailed) level: The commonalities are sets of classes in software product
lines. The variable parts are “embedded” in code fragments [VG07, SVGB05],
which need to be composed to realize their variability.

5.2. Variability Realization at the Architectural Level

At the architectural level, the reusable architectural units are actually components.
The variability realization of the components in IAM systems is similar to configurable
software product lines. Feature-like variability at this level plays the most important
role for component inclusion and exclusion, as suggested in many existing approaches
[SGEL09, VG07].

5.2.1. Components as Architectural Elements

Components are the architectural units for the inclusion or exclusion at the architecture
level of derivation.

Component:
A component in software systems is an architectural unit, which is an en-
capsulation of a set of software artifacts to implement certain functions or
features.

Figure 5.3 presents the meta-types of components in the multi-variability derivation
approach of this thesis. The atomic components have no sub-components, whereas
the composite components contain other components.
The boolean attribute isRootComponent of the Component indicates whether the
component is the root component of the software product line. The root component
is at the top of the component hierarchy of a software product line, which is usually a
composite component that contains all the other components. A software product
line can only have one root component.
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Figure 5.3.: Component Types

Root Component:
A root component is a composite component that hierarchically contains all
components of the software product line.

The Class in Figure 5.3 refers to the source code classes and files in software imple-
mentation without variability. These classes are directly reusable among applications.
A Component can have any of the three variability types, which is realize by the
Code Generation Templates, as shown in Figure 5.3. The three boolean attributes
isFeatureVariable, isProcessVariable, and isTopologyVariable are derived based on
their models in the Model Suite (c.f. Section 4.5 in Chapter 4) as well as their
sub-components.
At the architectural level, only the inclusion of the application-specific Code Generation
Templates is decided. The list of these templates is only relevant to a specific customer.
The variability in each Code Generation Template is not resolved at the architectural
level, but at the code derivation level.

5.2.2. Variability Realization Techniques at the Architectural Level

Based on the variability realization techniques collected by Svahnberg et al. [SVGB05],
several variability realization patterns are available to apply during derivation at the
architectural level [SVGB05]:

• Architecture reorganization supports several application-specific architecture
by reorganizing the overall product line architecture.

• Optional architecture component supports a component, which is optional
to appear in the application-specific architecture.
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• Variant architecture component supports several parallel components imple-
menting similar conceptual functionality, which can be alternative or replaceable
to one another.

To implement these variability realization patterns at the architectural level, it is
essential to resolve the variability between caller components and callee components.
Figure 5.4 shows a small example how to resolve the variability by using the configuration
of features. Pick by Light is an optional component. When the corresponding feature
is selected in the configuration, the derivation infrastructure includes the source of Pick
by Light during architecture derivation, and wires up its instance to the appropriate
instance of the Pick Logic component. In this example, the parameters of components,
such as the mode of the Pick Logic can be configured via selecting and configuring
the value of the corresponding feature as well.

Figure 5.4.: Variability Realization at the Architectural Level

Svahnberg et al. point out that existing solutions to resolve the variability at the
architectural level commonly use architecture description languages or external tooling
to link and bind components [SVGB05]. Existing approaches support architectural
configurations and composition to enable the variability realization. For example,
Koala is an architecture description language developed for a family of television
products in Philips. The goal to develop Koala is to wire up components, and to
enable the interaction among them [ASM04, VOVDLKM00]. Several other architecture
description languages allow tracing the specification languages to lower-level artifacts,
such as Rapide and Darwin [MT00, LKA+95, MDEK95].

5.3. Multi-Variability Realization at the Detailed Level

According to Schwanninger et al. [SGEL09], it is not sufficient to only establish links
from features to architectural building blocks. All variations should be linked to the
concrete variation implementations [SGEL09]. This subsection presents how to achieve
this by mapping the process and topology variability to code generation templates for
IAM systems.

At the code level, the variability realization of IAM systems requires to resolve process
and topology variability. The upper part of Figure 5.5 shows the involved variability
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modeling constructs. (Section 4.5 in the previous chapter has presented some of the
concepts.) The lower part shows the variability realization mechanism in terms of
code generation. The implementation of the realization arrows in Figure 5.5 uses
the common construction in template languages, such as loops or conditions. For
example, to realize LogicalGroup with TypeTraverse in Eclipse Xpand [xpa], the
loop (foreach) and the type selection (typeSelect) need to be used. These are
commonly supported by other template languages, such as in T4 [t4].

Figure 5.5.: Variability Realization at the Detailed (Code) Level

The intention of proposing the taxonomy for multi-variability realization at the detailed
level is independent from any template languages. The concrete implementation in
programming depends on the grammar of chosen template languages that is not the
core focus of this chapter.

Section 5.3.1 focuses on interpreting the variability types and the associations among
them, which is the upper part of Figure 5.5. Section 5.3.2 proposes a taxonomy of
realizing the multi-variability models, which covers the lower part of Figure 5.5.

5.3.1. The Needs of Multi-Variability Realization in IAM Systems

At the detailed derivation level, the variability realization of IAM systems requires
to resolve process and topology variability. The upper part of Figure 5.5 shows the
involved variability modeling constructs that require variability realization in IAM
systems. The meta-elements, such as actions and topology elements have already
been introduced in Section 4.5 in the previous chapter.
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Order Relation. The derivation stakeholders or modelers specify behavioral sequences
in process models. The actions within the process models imply order relations among
them [WMW11]. The reusable artifacts are the individual implementations of each
action. The realization of this relation requires to assemble the reusable code of
actions according to their order in the process configurations as shown in Figure 5.5.
This assembly is implemented by generating the “glue-code” for invocation.

Order Relation:
Let PA be the set of all actions in a process model with a, b and c ∈ PA; The
order relation ROrder, denoted by  , is a relation, where holds: if a  b and
b  c, then a  c.

Logical Group: The logical group is introduced to model a logical association between
software services and their corresponding topological elements. The reason to model
such a group is that software services need to manage and observe different topological
elements. Figure 5.6 shows two examples of logical groups. For group 1, the two
mini-load conveyors and two buffers belong to the logical group of the location-tracking
component, in which the transportation progress of boxes is monitored. For group 2,
the component of buffer management coordinates only the two buffers in this example.
The cardinality of topological elements within each logical group causes the variability.
The realization of this variability is by type traversing or value traversing of the model
instances within the variability models.

Logical Group:
Let E be the set of all topological elements in a topology model; A logical
group is a set, where GLogicalGroup ⊆ E with e ∈GLogicalGroup, if e perform or
interact with the same software components.

Figure 5.6.: Examples of Logical Groups

Bound-to-Locations Relation. This relation has been introduced already in Fig-
ure 4.19. It is defined to express that an action is to be executed at certain locations
within the factories. A hybrid realization as presented in Figure 5.5 is necessary for
this relation, based on both assembly and traversing realization techniques.
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Bound-to-Locations relation:
The bound-to-locations, RBound-to-Locations is a relation, where the execution of
actions in process models is bound to locations of certain topological elements
in the topological models.

The lower part of Figure 5.5 shows the variability realization mechanisms in terms
of code generation, in order to automate software derivation. The next subsection
introduces each of the realization techniques with more details.

5.3.2. Taxonomy of Multi-Variability Realization

This subsection defines taxonomy of variability realization in IAM systems. As already
depicted at the lower part of Figure 5.5, the detailed level derivation requires to
parameterize the code artifacts, and to come up with the code templates for generation.
To fulfill the need of software product derivation of IAM systems mentioned in the
previous subsection, further variability realization techniques are needed, as shown in
Figure 5.5. To implement the variability in a complex artifact with multiple variability,
the combination of these realization techniques can be necessary.
The realization techniques in other phases of the derivation life cycle have been
summarized in the work of Svahnberg et al. [SVGB05]. The taxonomy presented in
this thesis is an extension of this previous work focusing at the detailed derivation level,
which is not covered in the prior work. To keep the consistency with the taxonomy of
Svahnberg et al. [SVGB05], this extended taxonomy follows the design-pattern like
form [BMR+96, Gam95] explained in Table 5.1.

Items Rationales
Intent A short description of the realization technique
Motivation An explanation of the problems solved by the realization technique
Solution A technical solution to resolve the variability
Consequences The consequences of applying the realization technique in solution space
Solution The analysis of the consequences by introducing the realization techniques

to the derivation infrastructure
Example A concrete example with its implementation of using the technique

Table 5.1.: The Taxonomy Form of Variability Realization Techniques

The motivation to follow the design-pattern like form is also that these are reusable
techniques to realize the re-occurring IAM variability that are independent from
implementation techniques. Collecting and validating variability realization patterns,
however, is not considered as the core contribution of this thesis. The collection is
sufficient for variability realization at the detailed realization level in the context of
IAM systems, which would not be complete for all software domains. Looking for
more re-occurring cases and the validation of these variability realization patterns are
considered as a part of the future work.
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5.3.2.1. Template-Based Derivation

Intent. Support the reuse of source code, classes, or textual artifacts with variability.

Motivation. The derivation at the detailed level can be realized by generating
application-specific artifacts based on their existing implementation. The potential
artifacts to apply template-based derivation include classes, configuration files, or some
other textual fragments.

Solution. A code generation template can be developed or extracted based on existing
implementation. Even for highly variable code artifacts, having a template may still
pay-off, since templates contain the commonalities and regularly occurring variability,
which allow the developers to focus on the customer-individual parts during application-
specific development. Usually, the template-based derivation needs to combine with
other derivation techniques that will be explained in the following realization techniques
of this taxonomy.

Consequence. Compared to runnable source code, the maintenance of code templates
is more expensive. To test or to debug code templates require sometimes a valid
configuration of variability models, as only the derived code is actually runnable and
testable. This determines that the creation of code generation templates should be
based on stable and mature architectural decisions.

Example. Figure 5.7 shows an example of using Eclipse Xpand to include code
templates and implement a class template. The script on the left hand side of Figure
5.7 shows how to include the class template with its path (i.e. at line 235) and the
expected output path (at line 237) of the generated class. In line 235, the value is
the path of the template, named BufferManagement. The Root for model indicates
that the code template will receive the root of the variability models. In line 237, the
outlet defines to which path the class should be generated. The template fragment
shown on the right hand side illustrates the template of the BufferManagement class
to be derived.

5.3.2.2. Parameterization

Intent. Support usually the configuration of values, such as numbers, strings, or
boolean values of variants.

Motivation. This technique allows the configuration of detailed attributes, especially
values of variability elements.

Solution. At the first place, the variable values within the artifacts should be identified.
At the second place, the type of the variable values should be decided. For instance,
in case of a number or an integer, it is important to understand the range of the valid
values. The decision requires domain knowledge to judge what should be the valid
values of the parameters. Finally, the variables in the artifact are parameterized and
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Figure 5.7.: A List of Code Templates and a Class Template Example

associated with variability meta-models, so that the configurations of variability can
be used to bind variability during derivation.

Consequence. During parameterization, it is possible to identify some detailed
parameters as attributes to be added in variability (meta-)models. This might lead to
some minor refinements to the meta-models. Furthermore, the derivation infrastructure
should support a value checking mechanism to ensure the correctness and validity of
the configured values, to avoid that the derivation infrastructure uses invalid values to
do code generation.

Example. Figure 5.8 shows an implementation of the parameterization technique. As
can be seen, the loop time of a buffer is variable among customers. In this example,
the value is configured in the topological element Buffer. A loopTime attribute of the
Buffer is used in this case to decide the parameter in the code. During configuration
time, the loop time is decided by stakeholders, and given to the variability models.
During derivation time, the loop time value is retrieved and put at the desired location
in the code.

Figure 5.8.: An Example of Parameterizing a Loop Time
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5.3.2.3. Assembling

Intent. Support the realization of order relation in process variability configurations.
Motivation. As analyzed in Section 5.3.1, the actions in process models imply an
order relation, which is one of the variability types in IAM systems. The reusable
artifacts in process models are the implementation of each of the actions in processes.
Solution. The solution idea is to collect the corresponding artifacts of configured
actions and to derive glue-code to allow the assembly of the reusable artifacts. The
realizations of the glue-code of the four types of IAM flows defined in Section 4.4
Chapter 4 are slightly different:

• Message flows represent the communication among software and distributed hard-
ware components. The implementation of this type of flows requires information
such as the destination of messages, status, commands, or errors.

• Control flows handle the software actions and their execution sequences. The
generation-oriented derivation solution is to generate the glue-code to enable
the assembly of the action code.

• Manual flows guide human workers, to let them follow a manual procedure to
perform their tasks. The derivation of processes following manual flows are
related to the order of the display actions. Compared to the other types of flows,
human workers who manually perform the actions take care of the orders of the
task execution.

• Material flows represent the movement of raw materials in factories. It is usually
used to describe high-level processes. For software derivation, it is important to
further break down the material flows, for example to differentiate whether the
movement is done by automation of by manual workers, so that material flows
can be refined by the processes with the other three types of flows accordingly.

Consequence. One of the consequences to implement the assembly is the refactoring
of the existing code artifacts. Suggested by Lopez et al. [LHMME11], the refactoring
patterns to implement this technique are for example adding hook methods, relocating
business logic, or addition at the end of methods (to invoke the next process step).
Example. Figure 5.9 presents an example of a code template to assemble classes
with a hook method as the realization of the order relations for process variability. At
the top part of Figure 5.9, the process includes several PeriodicActions and their
ControlF low edges, as defined in the process meta model in Section 4.4.3 (see Figure
4.15 and Figure 4.16). At the lower part of Figure 5.9, the code template selects all
actions of the type PeriodicAction from its targeted package. It generates a class
for each action (line 7). Inside the generated classes, the WakeUp and NextStep
methods separate the business logic of the current action and the glue code to invoke
the next action. The reusable business logic is included via a dedicated template (at
line 10). At line 17, the code template searches for outgoing edges of actions and
generates the code to “wake up” the next PeriodicAction in the process.
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Figure 5.9.: Realization of a Hook Method

5.3.2.4. Value Traversing

Intent. Group elements in the configured topology models by their meta-types.

Motivation. As motivated already by the needs of modeling logical groups in the
previous section, some elements in variability models need to be grouped by their
certain attributes, in order to support software derivation. This is especially important
for topological elements in modeling industrial automation systems.

Solution. To realize value traversing, the derivation infrastructure needs to parse the
multi-variability meta-elements and use certain attribute values to traverse the given
configuration models.

Consequence. One of the consequences of using this technique can be that it
also requires having parameterization of variable values. The candidate refactoring
patterns to enable the implementation of this technique are moving fields, or renaming
declarations of field modifiers [LHMME11].

Example. The top part of Figure 5.10 is a topology model. To collect all the elements
that can handle several working units at the same time ( canHandleMultipleWorkingU-
nits) in the given configured model, the code template in the middle goes through all
the allowed elements and looks for those who have canHandleMultipleWorkingUnits
as true. The lowest part of Figure 5.10 is the outcome of code generation according
to this code template fragment.
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Figure 5.10.: An Example of Value Traversing

5.3.2.5. Type Traversing

Intent. Group elements in the configured variability models by their meta-types.
Motivation. The configured elements in the variability models sometimes need to be
grouped, according to their meta-types.
Solution. To realize type traversing, the derivation infrastructure needs to receive
the proper meta model, and use the corresponding meta-type to traverse the given
configuration models.
Consequence. Similar to value traversing, the candidate refactoring patterns to enable
the implementation of this technique are moving fields, or renaming declarations of
field modifiers in source code [LHMME11].
Example. In code templates, the keyword typeSelect has been already presented
in the examples of the previously introduced realization techniques. Figure 5.11a
shows a combined example of type- and value traversing in a code template. In
Line 3-4, the typeSelect filters all the elements in input models to look for only
those with LightLoadWorkstation as the meta-type. In between line 7-9, the value
isGoodsInRegistrationLocation is evaluated in order to include the target locationID
into the list of workplaceDropoff in Line 2. Figure 5.11b shows an example outcome
of code generation, where three location IDs are included in the source code.

5.3.2.6. Hybrid Usage of Variability Realization

Intent. This taxonomy has already introduced five variability realization techniques
at the code derivation level: template-based derivation, parameterization, assembling,
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(a) An Example of Type- and Value Traversing (b) The Results

Figure 5.11.: An Example of Type- and Value Traversing for Code Generation

value traversing, and type traversing. In complex code templates, these techniques are
combined and hybrid, to enable the generation.
Motivation. Some legacy code during development has no consideration of variability
realization, so that they contain high variability of different types. To enable the
derivation of such artifacts, hybrid usage of variability realization techniques are
necessary.
Solution. Combine several of variability realization techniques.
Consequence. At the time the code is developed, developers did not take code
generation into consideration. This may create difficulties to extract, parameterize and
develop code templates. Completely clear separation of variability at code derivation
level requires very high re-engineering effort and should be avoided.
Example. Figure 5.12 shows a relatively complex code template. The action named
“Tu Arrival” is bound to topological locations and the relations among them. The
code generation requires both the process and topology variability configuration.

Figure 5.12.: An Example of Hybrid Variability Realization

5.4. Discussions and Limitation Analysis

In the first place, legacy software artifacts usually cannot be used directly for software
derivation in a software product line approach. It is necessary to conduct re-engineering
and re-factoring to the IAM architectural and code artifacts [FLE+15], which would be
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critical to enable the variability realization techniques discussed in this chapter. Lopez
et al. propose re-factoring patterns to be applied during feature-oriented re-engineering
processes [LHMME11]. Liebig et al. develop an approach for C code with pre-processor
directives to support variability-aware code refactoring [LJG+15]. To the best of the
author’s knowledge, there is limited automation support in the state of the art to
achieve the re-engineering.

In the second place, the motivation of proposing the detailed level variability techniques
is that, in IAM systems, process and topology variability types lead to fine-grained
reusable artifacts. These artifacts are code fragments, which determines that the reuse
of them is template-based. For this reason, following the extractive manner of SPLE
adoption is encouraged when applying this approach (cf. Section 1.3.2 Chapter 1).

Furthermore, the examples in this taxonomy are shown in the template language in
Eclipse Xpand. However, the techniques are implementation independent, regardless of
template languages or tooling. Similar toolkit could be Text Template Transformation
Toolkit (T4), or MOF Model to Text Transformation Language.

Last but not least, this chapter introduces the taxonomy of variability realization
techniques with a design-pattern-like format. It is an extension on the detailed
derivation phase of the existing taxonomy reported by Svahnberg et al. [SVGB05].
This taxonomy is with the variability concerns specifically to process and topology
variability at derivation time. It may have its restrictions, since the generation is based
on template-based derivation. To enrich this taxonomy, further case study is necessary
to conduct, which is considered as a part of future work.

5.5. Comparison with Related Work

This section provides the discussion about related work of variability realization and
the comparison to the variability realization techniques presented in this chapter.

5.5.1. Related Work in Variability Realization Taxonomy

The variability realization taxonomy presented in this chapter is an extension of a
previous variability realization taxonomy proposed by Svahnberg et al. [SVGB05]. The
previous taxonomy on variability realization techniques reported by Svahnberg et
al. covers the variability realization over the life cycle of application engineering, such
as architecture derivation, linking, complication and run-time. To differentiate from
the previous taxonomy reported by Svahnberg et al., the taxonomy presented in this
chapter extends the derivation phase at the detailed derivation level. Especially, it
focuses on the realization of process and topology variability and their relationships
for IAM systems.
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5.5.2. Related Work in Architecture Description Languages

The other related approaches of variability modeling and realization techniques in
solution space are architecture description languages. Chapter 3 has already reported
some of these approaches. For example, Koala is an architecture description language,
developed at Philips to reuse components of a family of television products [ASM04].
In Koala, the components are developed independently, and these components are
wired and interacted by interfaces. The binding of variability in components is at
configuration time, by using a compiler [VOVDLKM00]. As an extension based on
Koala, Koalish combines the architecture description language with explicit variation
modeling mechanisms [ASM04] to enable automatic configuration of products in the
software family. Since Koala was developed for a family of television products in Philips
[ASM04], it was not suitable to be used in IAM systems without the consideration of
topology and process variability.

5.5.3. Related Work in Domain-Specific Modeling

Heinzemann and Becker propose a model-based approach, named MechatronicUML, to
enable hierarchical re-configuration of complex software components for self-adaptive
mechatronic systems [HB13]. In MechatronicUML, component models specify the
static software architecture. Different information is modeled with MechatronicUML
including the behavior specification of components, or the ports and interfaces to
control the physical systems. MechatronicUML is customized to the mechatronic
domain, with the main focus on requirement and design verification. MechatronicUML
is inspiring to the development of approach presented in this thesis, but it is not
applicable for the IAM systems.

5.6. Validation Objectives

Software product line engineering involves the activities in family engineering to
develop the variability models and reusable artifacts, which benefits the application
engineering to reuse existing artifacts, shorten time-to-delivery, and achieve better
quality. This chapter presents the variability realization techniques, which implement
feature, topology and process-variability models in the solution space. The effort and
cost spent in the variability models and realization are the foundations to support the
derivation in application engineering. Considering the effort spent on re-engineering of
existing software artifacts and establishing the core assets in family engineering, the
first validation objective for this chapter should be:

H1: Feasibility. It is feasible to apply the approach in family engineering.

The core topic of this chapter is to propose the variability realization techniques,
in order to enable the architecture derivation and code generation. By having the
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variability realization techniques, it should be possible to automatically derive more
source code, compared with the derivation without using the approach. For this reason,
the following hypothesis should be tested:

H3: Automated level of derivation. The approach improves the code generation
rate significantly (>35%), compared with the derivation without using the approach.

5.7. Chapter Summary

The taxonomy presented in this chapter is an extension of the existing variability
realization techniques proposed by Svahnberg et al. [SVGB05]. This taxonomy is
scoped at the derivation time of IAM systems with two abstraction levels: architecture
derivation and code derivation.
Figure 5.13 provides the summary of these techniques. The techniques at the ar-
chitecture derivation level include architecture re-organization, optional components
and variant components. At the code level, more detailed derivation techniques are
necessary, such as template-based derivation and parameterization. These variability
realization techniques answer RQ2, since they enable the mapping between the different
variability modeling elements to their associated core assets.

Variability Realization
 in IAM Software Derivation

Architecture 
Derivation

Code (Detailed)
Derivation

Architecture
Reorgnization

Optional 
Component

Variant 
Component

Template-Based
Derivation

Parameterization

Assembling Value Traversing Type Traversing

Hybrid

Figure 5.13.: Summary of Variability Realization Techniques During IAM Derivation

Combining the multi-variability modeling presented in the previous chapter and the
multi-variability realization in this chapter, it is then possible to achieve a semi-
automated derivation process. The next chapter will introduce the derivation approach.
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6
Automation of Model and Code

Derivation

”All problems in computer science can be solved
by another level of indirection.”

–David Wheeler

Chapter 4 has introduced the hierarchical multi-variability modeling framework for
variability in industrial automation, including the meta-models for features, topology
and processes. Chapter 5 presents how the multiple types of variability modeling
elements can be realized in solution space. As shown in Figure 6.1, Chapter 4 and
Chapter 5 have introduced the family engineering parts of the derivation approach,
which established the foundation to support the product derivation during application
engineering in this chapter.
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Figure 6.1.: The Derivation Process in the Overall Solution
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The research question of this chapter is RQ3: How to integrate the multiple variability
types during the derivation process? To answer this question, this chapter contributes
to a Multi-vAriability Derivation (MADE) approach, which integrates the configurations
of multiple variability models into a derivation process for IAM systems. The approach
has three major phases: preparation, configuration and generation, aligned with three
derivation activities in Chapter 2 (see Section 2.1.4). The unique contributions of the
approach are twofold:

• The preparation activity creates process and topology model instances according
to feature configuration, which allows the reuse of model templates.

• The approach includes the preparation and generation as two (semi-)automated
activities, aiming at saving the time and effort of derivation stakeholders during
application engineering.

To allow the configuration of the derivation stakeholders – requirement engineers,
hardware-oriented engineers, and software developers – with their variability concerns,
a sub-question is RQ3.1: What should be the order of configuration steps when
multiple stakeholders are involved with their variability concerns? Furthermore, for
derivation, the previously proposed multi-variability modeling and realization should be
integrated into the derivation process, which requires answering RQ3.2: How to use
the configuration of multiple variability types as input to improve derivation efficiency?
The remainder of this chapter is organized as follows: Section 6.1 shortly introduces the
overview of the derivation activities of the MADE approach. Section 6.2, Section 6.3
and Section 6.4 define the input and output data of each derivation (sub-)activity, the
procedures of execution with supporting examples. Section 6.5 discusses the lessons
learned during the development of the approach and its limitations. Section 6.6 relates
and compares the proposed approach with the state-of-the-art approaches. Section 6.7
reflects the contribution of this chapter to the evaluation goals. Finally, Section 6.8
summarizes this chapter.

6.1. Overview of the Derivation Process

Figure 6.2 shows the overview of the derivation approach. The left column includes
the input artifacts, which are the core assets developed during family engineering.
The right column contains the application-specific output artifacts supporting the
derivation. The derivation activities are presented in the middle, which utilize and
produce the application-specific artifacts.
The highlighted artifacts, the hierarchical multi-variability model and the multi-
variability realization, are the core contributions presented previously in Chapter
4 and Chapter 5 respectively. They both also serve as the foundation to support the
automation of the corresponding derivation activities in this chapter.
A short explanation of each derivation activity is given as follows. More details of each
activity will be given in the remaining parts of this chapter.

100



1.2.1 Instantiate 
Process Models

3.2 Resolve Process and Topology 
Variability           

WorkflowAutomatic ActivityManual Activity

Application-Specific 
Development

2.2. Refine Model Instances

Feature Model

Core Assets
Application-Specific 

Artifacts

Configured Features

Hierarchical 
Multi-Variability 

Model

Model Templates Instances of 
Process Models

Instances of 
Topology Models

Generated 
Application

Report of Model 
Status

Input/Output Artifact

1. Preparation

2.Configuration

1.1 Configure Features

1.2 Create Modeling Space

Modeling Space
1.2.2 Instantiate 
Topology Models

2.1. Configure Models

2.1.1 Configure 
Process Models

2.1.2 Configure 
Topology Models

3.Generation

Derivation Activities

3.1 Resolve Architectural Variability 

Multi-Variability 
Realization (Detailed)

Code Templates to 
Resolve

Variability Realization
(Architecture)

Figure 6.2.: The Derivation Process

1.Preparation: This is a semi-automated activity. The overall goal of this step is
to prepare a base configuration with reusable model templates and model fragments
from core assets to help derivation stakeholders, so that they do not need to start a
configuration of a complex system from scratch.

• 1.1: As the first configuration step, derivation stakeholders can already decide
the feature variability, especially the global features in higher abstraction levels.

• 1.2: The derivation infrastructure interprets configured features as input, and
automatically generates a modeling space, which contains process and topology
model instances with corresponding model templates.

2.Configuration: This is a manual step for derivation stakeholders to configure the
desired models. Nevertheless, the configuration of different variability types is non-
trivial in industrial automation management systems, especially when process and
topology variability are related in an intermingled way. The configuration order of the
three derivation stakeholders is aligned with the staged derivation process of industrial
automation management systems.
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• 2.1.1: The requirement engineers configure the process model instances to
specify the functional requirements.

• 2.1.2: The hardware-oriented engineers decide and configure the topology of
hardware and their relationships.

• 2.2: The software developers refine the configured models, by associating process
elements and topological elements, adding more details and correcting errors
when necessary.

3.Generation: Given the configured features, processes and topology models, this
derivation activity automatically generates the application-specific architecture and
source code as the (partially) derived applications.

• 3.1: This step resolves the architectural variability mainly by inclusion and
exclusion of components. The output of this step is an intermediate script
including the relevant code generation templates for the final derivation step.

• 3.2: The code generator uses the outcome of Activity 3.1 and the configured
variability models as input. It finally derives the application.

Application-Specific Development. As motivated already in Chapter 2, industrial
automation management systems belong to the type of flexible software product lines,
full generation of customer-specific application is not realistic to achieve. Application-
specific development is always expected to finally fulfill all customer requirements.
Software architects, developers and testers potentially need to participate in the
application-specific development activity.

6.2. Derivation Activity 1: Preparation

The configuration of large and complex software systems is usually not from scratch
(see Section 2.1.4.1 in Chapter 2). For the derivation stakeholders, it is helpful to
have a base configuration as a starting point of their tasks. The goal of having the
Activity 1: Preparation is to automatically instantiate the relevant variability models
with potential model templates or fragments to save the manual configuration effort
for the derivation stakeholders.

6.2.1. Derivation Activity 1.1: Configure Features

Purpose. This is the first activity of the overall derivation process. In the context of
this thesis, a feature in a feature model represents an abstraction of a functionality
of a software product line. With this definition, a feature can be an abstraction of a
concept, such as a representation of a composite component with their corresponding
process and topology variability. Such features are defined as abstract features, whereas
concrete features directly decide configuration at the programming level [TKES11]. In
case, some decisions of features cannot be made in this activity, the approach support,
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to certain extent, iterative configuration among variability models. Section 6.5 will
discuss more details.
Input. The input of this activity is a feature model of the target product line.
Procedure. The procedure starts by derivation stakeholders who decide to use a
feature editor to configure features. The configuration of features starts with opening
the feature editor. A feature model is displayed as a feature tree for configuration.
Figure 6.3 presents the pseudo code to initialize the feature editor. The root feature is
represented as the root tree node. For each feature node in feature tree, each feature
is rendered according to the corresponding feature type (Line 4). A check box is added
for feature selection (Line 5). When a feature is mandatory, and all of its predecessors
in the feature hierarchy are mandatory, the feature should be set as selected (Line 7).
Using the initialized feature editor, the manual procedure to configure features is
straightforward. The stakeholders who perform this activity shall do the following
tasks. They follow the hierarchy of the feature model, starting from the root feature
node. They also assign values to features, such as integers, boolean or strings. It
is important to ensure the validity of the values and avoid conflicts among features.
Ideally, this manual configuration procedure can be optimized with various tooling or
algorithms, such as automated planning [SAG+12] or propagation [UBFC14].

1 Create a root feature tree node based on the root feature in the feature model;
2 Build the feature tree recursively, with the root node and root feature, begin
3 for each sub-feature of the root feature do
4 Create a new child tree node according to the sub-feature;
5 Add a check box to select or de-select the tree node;
6 if the sub-feature is mandatory and all predecessors are mandatory then
7 Set the check box as selected;
8 Append the new child node to its parent; if the sub-feature has children then
9 Build the feature tree recursively, with the child node and the sub-feature;

10 Display the feature editor;

Figure 6.3.: The Pseudo Code of to Initialize a Feature Tree

Role. The derivation stakeholders who perform this activity shall have good domain
knowledge, understand requirements and have at least certain technical background.
Senior requirement engineers and product managers are good candidates to perform
this activity, as well as software architects, who participate in the negotiation with
customers. Notice that these roles are their job titles. They still belong to the three
main derivation stakeholders, as requirement engineers, hardware-oriented engineers,
or software developers.
Output. The output is a list of configured features for a specific application.
Rationales. The input of this step is a feature model with a tree structure, but the
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output uses a list as the data structure for all the configured features. The reason is
that during feature configuration, the feature tree is beneficial for users to configure
features following a top-down manner. However, during the following derivation steps,
the features to other architectural elements may have many-to-many relationships.
Especially for the automated steps, such as Activity 1.2 and Activity 3, the binding of
architectural elements primarily defines where the configured features can be realized.
For this reason, a list structure is chosen to collect the configured features to reduce
the complexity of further derivation activities.

Tool Support. Figure 6.4 shows the architecture of the Feature Editor. On the left
hand side, the input model is the feature model as the meta-model (See Section
4.2.3 in Chapter 4). In the middle of Figure 6.4, the Feature Editor contains the
components supporting the Configure Features activity. The Feature Editor View
contains and displays the feature trees with the values and status of feature nodes
and their configuration. The Feature Editor Controller calls the Feature Tree Render
and the Feature Tree Node Render to enable the configuration and manipulations of
feature nodes. The controller also configures the feature configuration, when requests
arrive from Feature Editor View. On the right hand side of Figure 6.4, it shows the
output of configured features. Furthermore, Figure 6.5 shows a screen-shot of the
feature editor seen and used by the users, which is actually the Feature Editor View
component of the tool support.
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Figure 6.4.: Design of the Feature Editor

Example. A requirement engineer starts to understand the customer requirements,
with the received business proposal and the factory layout. Afterwards, the requirement
engineer starts the feature editor. The mandatory features are automatically selected,
according to the algorithm in Figure 6.3. For example, the mandatory feature Platform
and Data Access are automatically selected shown in Figure 6.5. The requirement
engineer further configures the other features in the feature editor.
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Figure 6.5.: A Screenshot of Feature Editor

6.2.2. Derivation Activity 1.2: Create Modeling Space

Purpose. The purpose of having this automated activity is to help derivation stake-
holders to instantiate relevant models as a base configuration for their further derivation
tasks. During family engineering, the reusable architecture has already been developed
and managed as a part of the core assets. Complex business-oriented components
require process and topology models to clearly describe their variability. These models
are already maintained as templates or model fragments to be parts of core assets
as well. During application engineering, this activity, Derivation Activity 1.2: Create
Modeling Space helps automatically instantiating these models, aiming at saving the
time and effort of derivation stakeholders.

Input. The input of this activity includes: the list of configured features for a specific
application, the hierarchical multi-variability models of the software product line and
the model templates in the core asset base.

Procedure. The derivation infrastructure executes this activity automatically. By
clicking the button Create Modeling Space at the lowest part of the Feature Editor
(see Figure 6.5) this procedure is triggered. Figure 6.6 shows the procedure.

Roles. The roles of derivation stakeholders who decide to create the modeling space (by
using the feature editor) are the same as the roles who perform the Derivation Activity
1.1, including the requirement engineers, the product managers, or the architects who
as technical roles may also participate in early pre-sales phase or negotiation with
customers.
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1 Let ConfiguedFeatures be the list of configured features;
2 Let RootComponent be the root component in the multi-variability hierarchy;
3 Let RootModelPackage be the root package of the targeted modeling space;
4 CreateVariabilityModel(RootComponent);
5 CreateModelPackage(RootModelPackage, RootComponent);
6 Function CreateVariabilityModel(Component)
7 for each Feature ∈ ConfiguedFeatures do
8 if Feature can decide variants then
9 Bind variants in Component according to Feature;

10 CompositeComponents ← Component.CompositeComponents;
11 for each CompositeComponent ∈ CompositeComponents do
12 CreateVariabilityModel(CompositeComponent);

13 Function CreateModelPackage(Package, Component)
14 Models ← ModelSuite of Component;
15 for each Model ∈ Models do
16 if Model.type = Process then
17 Create Instance with ProcessModelBuilder;
18 if Model.type = Topology then
19 Create Instance with TopologyModelBuilder;
20 Add Instance to Package;
21 Children ← all child components of Component;
22 for each Child ∈ Children do
23 Create SubModelPackage;
24 Attach SubModelPackage to Package;
25 CreateModelPackage(SubModelPackage, Child);

Figure 6.6.: The Pseudo Code of the Model Instance Generator

Output. The output is the modeling space of a specific application. It is a package,
which hierarchically contains the instances of process and topology models for the
specific application to be further configured and used in the next derivation activities.

Tool Support. The procedure of this derivation activity is implemented in Java as
a plugin of the chosen modeling platform [mag]. Figure 6.7 shows the design of
the Modeling Space Generator with three types of input on the left, the modeling
space as output on the right. Figure 6.7 also presents the internal components of
the implementation in the middle. To instantiate different types of models, the
corresponding model builder is used to create the available elements and model
templates. The details of the Process Model Builder and the Topology Model Builder
with the model templates and their input data to the derivation activity will be
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explained in the next two subsections as Activity 1.2.1 and Activity 1.2.2 respectively.
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Figure 6.7.: The Design of Modeling Space Generator

Examples. In the previous example of Activity 1.1, the requirement engineer selects
and configures features with the feature editor. Then, he or she decides to create
the modeling space by clicking the button at the lower part of the feature editor (see
Figure 6.5). This button triggers the system to interpret the list of configured features
and generate the packages of models for further configuration. As the output of this
example, the generated packages of model instances are within the model explorer of
MagicDraw as presented in Figure 6.8.

Diagram	Legend

Model	Package

Process	Model

Topology	Model

	

Atomic	Component

Composite	Component

Topology	Variable	 Component	(Atomic)

Component Architecture

Figure 6.8.: The Generated Modeling Space with Model Instances
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6.2.3. Derivation Activity 1.2.1: Instantiate Process Models

Purpose. This step automatically instantiates relevant process models with corre-
sponding process templates to save the effort of derivation stakeholders.

Input. As the sub-step of activity 1.2, this activity requires one more input data,
which are the process templates managed in core assets.

Procedure. Figure 6.9 shows the pseudo algorithm of this automated activity, which
is performed by the Process Model Builder (see the design of the modeling space
generator in Figure 6.7).

1 Function CreateProecssInstance
2 Let ProcessModel be the desired process model;
3 Instantiate Instance as an instance of ProcessModel;
4 if ProcessModel has a Template in core assets then
5 for each Action ∈ all actions of Template do
6 Instantiate a new Action and include it into Instance;
7 for each Edge ∈ all edges of Template do
8 Instantiate a new Edge;
9 Associate the instantiated incoming Action to the Edge;

10 Associate the instantiated outgoing Action to the Edge;
11 Include the Edge into Instance;

12 Return Instance;

Figure 6.9.: Create Process Instances

Roles. As an automated activity, the derivation infrastructure instantiates the processes.
The roles of derivation stakeholders who make the decisions to perform this activity can
be possibly the requirement engineers, product managers, or the software architects.

Output. The output is the instantiated processes with the process templates.

Example. Figure 6.10 shows examples of the automatically generated processes. On
the left-hand side, there is the model explorer for navigating the instantiated models.
On the right-hand side, there are two examples of generated processes. The top one
is created for the order processing for manual storage of large parts. The lower one
is also an order processing, but for storage of automatic small parts. There can be
processes sharing similar actions. As shown in Figure 6.10, the two processes share
Activate Order and Calculate Materials. But the implementation of them for manual
and automatic processes and the invocations among the actions can be different.
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Figure 6.10.: Examples of Derived Processes

6.2.4. Derivation Activity 1.2.2: Instantiate Topology Models

Purpose. Similar to Derivation Activity 1.2.1, the purpose of having this activity is to
help derivation stakeholders to automatically instantiate relevant topology models as
foundations for their further configuration tasks.

Input. The input of this activity includes the configured features and the topological
model fragments maintained in core assets.

Procedure. Figure 6.11 shows the pseudo code of this automated activity, which is
the implementation of topology model instantiation.

1 Function CreateTopologyModelInstance
2 Let TopologyModel be the desired topology model;
3 Instantiate Instance as an instance of TopologyModel;
4 if TopologyModel has a Template in core assets then
5 for each StationaryElement ∈ Template do
6 Instantiate a new instance of StationaryElement and include it into

Instance;
7 for each TransporterElement ∈ Template do
8 Instantiate a new instance of TransporterElement;
9 Associate the instantiated transportsTo StationaryElement to the

TransporterElement;
10 Associate the instantiated transportsFrom StationaryElement to the

TransporterElement;
11 Include the TransporterElement into Instance;

12 Return Instance;

Figure 6.11.: Create Topology Model Instances
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Roles. The execution of this activity is automated by the derivation infrastructure. The
roles who make the decisions to perform this activity can be the requirement engineers,
the product managers or architects, which are similar to the previous activities.
Output. The output of this activity is the instantiated topological models with possibly
topological model fragments.
Examples. Figure 6.12 shows two examples of topological model templates. The
variability in topological models are the number of elements, the relationships among
them and their logical groups. The information is highly variable among customers. A
topology model template cannot foresee all these possible combinations, but some basic
elements with their common relationships. The full configuration and multiplicities
of the instances must involve manual configuration based on the understanding of
customer-specific topology requirements.

(a) Topology Instance 1 (b) Topology Instance 2

Figure 6.12.: Examples of Topology Model Fragments

6.3. Derivation Activity 2: Configuration

As discussed in the Section 2.2.2 in Chapter 2, the typical development process of IAM
systems is staged involving requirement engineers, hardware-oriented engineers and
software developers. For this reason, the order of configuring the generated variability
models is non-trivial. The configuration of the variability models should be aligned with
the natural configuration stages. Although the derivation approach is supported by
tooling during application engineering, the decisions are made following this sequence,
which is important to answer RQ3.1 about the order of variability configuration.

6.3.1. Derivation Activity 2.1: Configure models

Purpose. This is a manual activity to configure the already instantiated variability
models of the output of Activity 1.
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Input. The generated processes and topology from Activity 1 are the input.
Manual procedure. According to the derivation process presented in Figure 6.2,
process models are configured at the first place, followed by the topology configuration.
This is aligned with the natural decision making stages in practice as well.
Roles. Requirement engineers and hardware-oriented engineers are the two roles who
perform the two sub-activities, Derivation Activity 2.1.1 and Derivation Activity 2.1.2
respectively.
Output. The configured process and topology models according to customer-specific
requirements are the output of this activity.
Example. Examples are presented in following sub-activity sections.

6.3.2. Derivation Activity 2.1.1: Configure process models

Purpose. The system functions are usually process-like, due to the material flows in
the domain of IAM systems as motivated in Chapter 2. Requirement engineers use
many process specifications to describe the requirements. In practice, defining these
processes is the first step of software development of IAM systems.
Input. The input to this step includes the automatically generated process models in
the modeling space with model templates or model fragments.
Manual procedure. Figure 6.13 provides the manual procedure to configure processes.

1 for each instantiated process in the modeling space do
2 Remove unnecessary actions;
3 Add new actions into the process, if necessary;
4 Re-order actions according to the needs of customers, if necessary;
5 for each Action in the process do
6 Specify the types and attributes of action according to customer requirements;

7 for each ROrder in the process do
8 Specify the type of ROrder;
9 Specify the attributes of the ROrder;

Figure 6.13.: The Manual Procedure of Configuring Process Models

Output. The configured process models are the output of this manual activity.
Tool Support. The process editor is developed to support the configuration.
Roles. The main stakeholders to perform this task are requirement engineers.
Example. A requirement engineer opens the process with the process editor shown in
Figure 6.14. He or she describes the human systems interactions, the manual action
to be performed by human workers, as well as the computational action.
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Figure 6.14.: An Example of a Configured Process

6.3.3. Derivation Activity 2.1.2: Configure topology models

Purpose. In the IAM domain, each customer requires a specific topological con-
figuration. IAM systems manage and coordinate these hardware components. The
topological configuration is necessary to be addressed in the software derivation.

Input. The input is the instantiated topology models in the modeling space.

Manual procedure. Figure 6.15 describes the manual procedure to guide this activity.

1 for each instantiated topology model in the modeling space do
2 Understand the design of hardware distribution of the corresponding

manufacturing area in the factory;
3 Filter and select the software critical topological elements, since not all hardware

components are relevant to software derivation;
4 Specify the stationary elements;
5 Specify the relationships among stationary elements with transporter elements;
6 for each element in the topology model do
7 Assign attributes, such as the name and the locationID;
8 for each stationary element in the topology model do
9 Configure whether the element can handle multiple working units;

Figure 6.15.: The Manual Procedure of Configuring Topology Models

Output. The configured topology models are the output of this manual activity.

Tool Support. The topology editor has been developed to support the configuration.

Roles. The hardware-oriented engineers should perform this activity.

Example. A hardware-oriented engineer opens an instantiated topology model, for
example the one shown in Figure 6.12b, and configures the elements in the model to
describe topology. Figure 6.16 presents a screen-shot of a configured topology model.
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Figure 6.16.: A Screenshot of a Detailed Topology Model

6.3.4. Derivation Activity 2.2: Refine models

Purpose. The ultimate goal to configure all the models is to use them for the IAM
software derivation. After the requirement engineers and hardware-oriented engineers
have configured the variability models, the models may still not at the appropriate
level of details for direct code generation. It is necessary to refine the models to add
more details, to remove inconsistencies where necessary, in order to support code
generation. Knowing the technical details and the input needs of the generator is
important to perform this activity. The reason to differentiate this activity from the
previous Activity 2.1, is that the stakeholder roles who supposed to perform this task
is different.

Input. The processes and topology models in the modeling space.

Manual procedure. Figure 6.17 presents the manual procedure to guide this activity.

Output. The refined configuration of models in the modeling space is the output.

Roles. The software developers are responsible for this activity.

Tool Support. Figure 6.18 shows the tooling to help developers to understand the
status of models during configuration. As presented in Figure 6.18, two types of models
are differentiated. The purpose column shows the creation of models for different
purposes: “Expression Only” and “Code Generation” purposes. The models with
“Expression Only” allow the creation of models for communication purpose among the
stakeholders by means of the domain-specific models. They are not taken as input for
the next code generation activity, but they are useful to support the application-specific
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1 for each instantiated process in the modeling space do
2 for each Action in the process do
3 if Action is location critical then
4 Identify corresponding topological elements in the topology model;
5 Relate action to the corresponding topological elements;
6 Ensure the configurations of each attribute are configured;
7 Ensure the configurations of each attribute are valid;
8 Ensure the validity of process configurations;
9 for each instantiated topology model in the modeling space do

10 for each element in topology model do
11 Ensure the configurations of each attribute are configured;
12 Ensure the configurations of each attribute are valid;

13 Finalize the models for code generation;

Figure 6.17.: The Manual Procedure of Model Refinement

development. Only those models with “Code Generation” purpose will be used as the
input for the next activity for generation. The status column presents the status of
each model, to show that whether the models are considered finished or not, which
provides a overview of the progress of the model configuration. After all the models
with the “Code Generation” purpose are changed to finished, the configurations are
ready to be given to the next activity.

Figure 6.18.: The Report of Model Status

Example. A software developer opens a process model, as shown on the left-hand
side of Figure 6.19, and realizes that the action Receive Tu Arrival Notification is
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location critical. By checking the corresponding topological model, the developer finds
out that the action should be bound to the three LightLoadWorkstations. Accordingly,
he or she adds the three locationIDs to its boundToLocations collection. With these
detailed information, this model is ready for code generation.

Figure 6.19.: An Example of Linking Processes and Topology Models

6.4. Derivation Activity 3: Generation

This derivation activity answers RQ3.2: How to use the configuration of multiple
variability types as input to improve derivation efficiency? The aim of this activity is
to use the configuration of multiple variability models as input to finally derive the
software application. Activity 3.1 and Activity 3.2 are aligned with the derivation at
the two levels of abstraction as introduced in Section 5.1 in the previous chapter: the
architecture derivation and the detailed derivation.

6.4.1. Derivation Activity 3.1: Resolve Architectural Variability

Purpose. The purpose of Activity 3.1 is to resolve architectural level variability. The
variability realization techniques are architecture re-organization, optional components
and variant components (see Section 5.2 in Chapter 5). Therefore, at this level, the
derivation infrastructure mainly has to decide the inclusion and exclusion of components.
During the development of feature models, as suggested in Section 4.2.2 of Chapter 4,
the components as architectural elements are mirrored as features in feature models.
When the decision to include a component is made, the derivation infrastructure should
include the corresponding code templates of the component to prepare for the final
code generation activity.
Input. The input of this activity includes configured features, the root component of
the targeted software product line and its hierarchical variability models.
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Procedure. Figure 6.20 shows the pseudo code of this activity to include the
application-specific artifacts, starting with the root component.

1 Let RootComponent be the root component of the product line;
2 Let ConfiguedFeatures be the list of configured features;
3 Let ListcodeTemplate be the list of code templates for code generation;
4 DecideComponentInclusion(RootComponent) ;
5 Function DecideComponentInclusion(Component)
6 if the corresponding feature of Component is in ConfiguedFeatures then
7 Attach all code templates of Component to ListcodeTemplate;
8 for each Sub-Component ∈ Components do
9 DecideComponentInclusion(Sub-Component);

Figure 6.20.: Derivation at the Architecture Level

Output. A list of code templates is the output of this activity.

Roles. Since this is an automated activity, the derivation infrastructure fully supports
the execution. The candidate users of the derivation infrastructure for this activity
can be, for example, software developers or architects.

Example. Figure 6.21 shows a fragment of an architecture derivation script. The
AutomaticSmallPartsStorage is a composite component (line 308), which contains a
sub-component named Inventory (line 323). As can be seen, the script checks whether
the features are selected or not, to decide the inclusion and exclusion of their code
templates. The code generator includes the code templates for all the components
and sub-components for which the corresponding features are selected.

Figure 6.21.: A Fragment of an Architecture Derivation Script
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6.4.2. Derivation Activity 3.2: Resolve Process and Topology
Variability

Purpose. As the last derivation step of the MADE approach, Activity 3.2 finally
generates the source code of specific applications. Especially, it resolves the process
and topology variability finally at the detailed code derivation level.

Input. The input data of this activity includes the configured and refined process
and topology models within the modeling space and the list of code templates as the
output of Activity 3.1.

Procedure. The procedure of resolving each code template is specific depending on its
function and implementation. Some very simple code templates may have only simple
parameters to be resolved. Some others may realize multiple variability types, based
on the configuration of multi-variability models. Figure 6.22 illustrates a situation of a
derivation procedure with multiple variability types to resolve in a code template.

1 Let ListcodeTemplate be the list of code templates for code generation;
2 Let PA be the set of all actions in a process model;
3 for each codeTemplate ∈ ListcodeTemplate do
4 for each action ∈ P A do
5 Include corresponding reusable business logic code;
6 if action is location critical then
7 Let GLogicalGroup be the logical group of action ;
8 Traverse the value of the elements in the GLogicalGroup of action;
9 Collect the elements in GLogicalGroup;

10 for each ROrder in action do
11 if action nextAction then
12 Generate the invocation method to nextAction;

Figure 6.22.: The Detailed Derivation

Roles. Similar to Activity 3.1, the candidate users of the derivation infrastructure to
finally derive the applications can be key software developers or architects.

Output. The generated (partial) application is the output of this activity.

Tool Support. The code generator is a part of the derivation infrastructure. It
includes an importer of the configured variability models in the modeling space. Then,
it generates the source code. Figure 6.23 shows a screen-shot of the log output of
the developed tooling for code generation. It reports the number of files generated
to the target folders in the code structure. As can be seen, the time spent on this
automated code generation is quite fast. It takes usually some seconds.
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Figure 6.23.: Tool Support for Code Generation

Example. Figure 6.24 shows a screen-shot of the generated package structure and
classes. It is the output of this derivation activity.

Figure 6.24.: An Example of Generated Source Code

6.5. Discussions and Limitation Analysis

The derivation approach presented in this chapter combines the configuration of three
different variability models into a semi-automated derivation process, aiming at helping
derivation stakeholders and improving their efficiency. To fully adopt the approach
in practice, it might have certain limitations. This section discusses several of these
aspects.
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6.5.1. Model Consistency and Interaction during Configuration

During configuration time, the consistency among the configured modeling elements
is important to be ensured. For verification of one variability type, many existing
approaches in the state of the art report related functions, such as consistency checking
[WBS+10, TBG13], error fixing [ELSP11], completeness checking [AHH11], etc. For
the verification of configuration among several variability types, Kowal and Schaefer
propose an incremental consistency checking approach [KS16], in which they point out
that the consistency checking has several scopes and levels. For example, consistency
checking can be isolated within a single variability type, among variability types, or
even cross the application-specific development phases. These functions are not yet
integrated in the MADE approach. As future work, integrating these approaches for
configuration verification can be important for industrial adoption to improve the
confidence of stakeholders when using the approach in their day-to-day work.

Besides the consistency aspect, the interaction among the three different variability
models during configuration time is also challenging. The selection of a feature can
determine the inclusion of several other topology and process models. In complex in-
dustrial, it is possible that a configuration in process elements demands certain changes
backwards to feature modeling. Currently, in the proposed approach, the support
of model interaction is still limited. The first derivation activity requires configuring
features. Based on the feature configuration, the derivation tooling instantiates the
corresponding process and topology models. By doing so, the interaction between
features and the other two types of models are partially solved in a proactive way.
Only the required topology models and processes are instantiated in the modeling
space. When adopting the approach in practice, it is necessary to integrate the propa-
gation support into derivation tooling to automatically navigate the users through the
impacted decisions and configurations [CNCJ14, UBFC14].

6.5.2. Evolution of Model and Generated Artifacts

Tracking changes in models after modification. One of the consequences when
allowing the configuration of features, processes and topology in different stages is to
handle the model modification across the stages. The derivation infrastructure ideally
needs to support the modification of models during model-to-model transformation. For
example, at Activity 2.2, the software developers may realize some misconfigurations
and need to modify the configurations of feature models, which are already done in
Activity 1.1. The derivation approach should allow the modification of re-configuration
the feature model and re-instantiation the process and topology models without
affecting the already configured ones. At the moment, the implementation of the
approach partially supports it. After the re-configuration and re-instantiation of
features, the derivation infrastructure updates the modeling space, by adding newly
instantiated process and topology models. In case, the newly instantiated models have
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conflicts with the existing models in the modeling space, the derivation infrastructure
keeps both for manual comparisons and decisions.
Tracking changes in generated code after modification. The derivation infrastruc-
ture should ideally support the modification of models during model-to-code transforma-
tion. For example, after the code derivation of Activity 3.2, during application-specific
development, the derivation stakeholders might find that a modification must be made
in the already configured multi-variability models. Even with the state-of-the art
approaches, this is still difficult to achieve, due to the complexity of model-to-code
traceability, to the extent of the author’s knowledge. There are existing program
generation patterns can be used to alleviate the impact of modification in models
[Voe03].

6.6. Comparison with Related Work

This section provides the discussion about related works, which could be possibly the
alternatives, as well as the rationales why they are not taken as part of the approach.

6.6.1. Related Work in Derivation Processes

Rabiser et al. propose key activities during product derivation [ROR11]. The three
main activities are: Preparing for Derivation, Product Derivation/Configuration, and
Additional Development/Testing [ROR11], which was inspiring the design and devel-
opment of the derivation approach in this chapter. Especially, preparation for and
configuration becomes the Activity 1 and Activity 2 (c.f. Section 6.2.1 and Section
6.3). Activity 3, generation, is explicitly separated as a main activity, because it is fully
automated in the derivation approach.
In addition, Chapter 3 has already reported several generic derivation processes. For
example, O’Leary et al. propose Pro-PD as a reference process for software product
derivation. Pro-PD contains six steps covering the whole life-cycle of application
engineering, including Initiate Project, Identify and Refine Requirements, Derive the
Product, Develop the Product, Test the Product, and Management and Assessment
[ODAR12]. Compared to Pro-PD, the derivation process presented in this chapter
provides technical support and the design of the derivation infrastructure. This
approach does not aim at covering the whole application engineering practices as
proposed in Pro-PD. Instead, it focuses on the Derive the Product step in Pro-PD,
with technical automation support for the IAM systems.
However, the order of configuration of the different variability types is also important to
the staged derivation of IAM systems, which is the key to answer the sub-question RQ3.1
of this chapter. In IAM system development, hardware topology and configurations
usually are decided earlier than software solutions, which are driven by space in factories
and the budget of construction. Software solutions is decided later than hardware
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configuration, and sometimes need to compensate some of the limitations. To the
best of the author’s knowledge, existing approaches do not support the configuration
of multiple variability types in the staged product derivation process. Especially, no
existing approaches explicitly addresses the process, topology variability and their
interrelations in the same derivation process. Besides, the proposed approach also
enables the model-level reuse, by automatically instantiating reusable model templates.

6.6.2. Related Work in Integration of Variability Models

Chapter 3 has also included several approaches involving several variability model
types. The variability modeling techniques could be both graphical and textual. For
example, Behjati et al. propose a method named SimPL [BYBS13], which provides
multiple views to the users to specify integrated control systems. In this approach, the
variability of software, hardware and their inter-dependencies are modeled in different
views. The derivation process in SimPL is focused on interactive user guidance and
consistency checking of variability configuration. EASy-Producer supports also the
modeling of several variability types, such as the textual variability modeling language
and topology modeling [ES15]. Voelter and Visser propose to use domain-specific
languages in the context of SPLE [VV11]. On the one hand, using multiple variability
modeling techniques brings the benefits of more flexible variability expression, which
means more variability could be modeled. On the other hand, how to integrate the
configuration of them into a derivation process becomes a challenge.
To differ from these approaches, the derivation activities presented in this chapter
focuses on automation of the derivation process, such as the model instantiation and
code generation. The order of configuring feature, topology and process-models is
aligned with the natural decision making process in the IAM development (see Section
2.2.2). These two aspects are not well supported by the existing approaches.

6.7. Validation Objectives

The derivation approach presented in this chapter integrates three types of variability
into a staged derivation process. The primary goal of having such an approach is to help
the derivation stakeholders to improve their efficiency at derivation time. Automating
the derivation process and generating code artifacts can significantly save their time
and manual work. Therefore, the first validation objective of this chapter, in terms of
hypotheses, should be:

H3: Automated level of derivation. The approach improves the code generation
rate significantly (>35%), compared with the derivation without using the approach.

Besides the automation level of derivation, whether the users of the approach can
easily accept the approach should be tested:
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H4: Users’ perceived usefulness and ease of use. The approach can be easily
accepted by users for their derivation tasks.

By modeling the multiple variability types, realizing variability and automating the
derivation process, the ultimate goal is to help the stakeholders in the target domain,
to shorten the time-to-delivery of software systems to customers. Therefore, the
Hypothesis 5 should be evaluated:

H5: Time saving during application engineering. By applying the approach, the
stakeholders can shorten the time spent during application engineering.

6.8. Chapter Summary

The derivation approach presented in this chapter has three main activities during
application engineering:

1. The preparation activity is a semi-automated activity to prepare a base configu-
ration with instantiated models and reusable model templates to help derivation
stakeholders to start their configuration tasks. It enables the model-level reuse,
compared to other state-of-the-art approaches.

2. The configuration activity, as a manual activity, allows the stakeholders to
configure the models according to customer needs. Requirement engineers,
hardware-oriented engineers and software developers participate in the sub-
activities, with their own variability concerns. These manual activities are
supported by tooling in the proposed approach.

3. The generation activity resolves the variability both on architecture and code
derivation levels to finally derive the customer-specific application. It enables
fine-grained reuse of code templates in the core asset base.

This semi-automated derivation process describes the order of configuration steps
when multiple stakeholders are involved with their variability concerns, which becomes
the answer to RQ3.1.
The generation activity resolves the variability at two levels of abstraction. Firstly,
architectural variability is solved by component inclusion and exclusion. It generates
an intermediate list of all the relevant code generation templates. Secondly, it uses the
intermediate list to finally derive the application. With the configured multi-variability
models and code generation techniques, the approach potentially reduces the amount
of manual tasks of stakeholders during derivation, which becomes the answer to RQ3.2.
Figure 6.25 shows the overview of the MADE approach. Chapter 4 has introduced
a multi-variability modeling framework with meta-models. Chapter 5 has introduced
the taxonomy for multi-variability realization, especially on resolving the process and
topology variability of IAM at the detailed derivation level. In this chapter, the
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semi-automated derivation approach integrates the multiple variability types during
the derivation process, by involving the configuration of multi-variability at the three
derivation stages, which becomes the answer to RQ3.

Core
Assets

Derived 
Product
Derived 
Product

Derived 
Artifacts

Feature 
Model

Topology 
Meta-Model

Process 
Meta-Model

Multi-Variability 
Modeling

Configuration

Derivation Process 

Multi-Variability 
Realization

Family Engineering Application Engineering

Model Process Artifact Relation SupportingRepository Manual (Semi-)Automated

Preparation Generation

Figure 6.25.: The Multi-vAriability Derivation (MADE) approach

Chapter 4, Chapter 5 and this chapter have already shown the complete approach for
IAM software derivation of this thesis. The next chapter will report on the evaluation
of the approach from both research and practical perspectives.
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7
Validation

”For the things we have to learn before we can do them,

we learn by doing them.”

–Aristotle

This thesis aims at developing an approach to improve the software product derivation
of IAM systems. Chapter 4 has presented the hierarchical multi-variability modeling
framework involving feature-, process- and topology models for variability representation.
Chapter 5 has proposed the taxonomy for variability realization techniques to implement
the multiple variability types in core assets. Chapter 6 has proposed the Multi-vAriability
Derivation (MADE) approach, which integrates the configuration of multi-variability
into a semi-automated derivation process.

This chapter reports on the validation results of the proposed derivation approach.
With this chapter, the research question, “RQ4. How good is the proposed approach
on improving IAM product derivation?” will be answered.

The remainder of this chapter is structured as follows: Section 7.1 defines the validation
goals, the questions and their corresponding metrics to be used for measurements.
Section 7.2 motivates the chosen research methodologies for validation, in which
the rationales of using a case study and semi-structured interviews in this thesis are
explained. Section 7.3 and Section 7.4 report on the case study and the semi-structured
interviews respectively. Finally, Section 7.5 provides the summary of the validation
results.
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7.1. Validation Goals, Questions, and Metrics

Figure 7.1 shows the research process of this thesis, which has been already introduced
in Section 1.3.1. At the beginning, the practical problem was formulated to motivate
this thesis. Afterwards, the research problem was defined based on the limitation
analysis of the state-of-the-art approaches. Then, the MADE approach as the solution
has been presented. By following this process, this chapter presents the validation of
the proposed approach at both the research level and at the practical level.

Practical Problem:
The derivation of systems in industrial 

automation management is tedious and 

time-consuming.

Research Problem:
Lack of automation support during staged 

derivation involving multiple variability types

Solution Ideas:
A model-based approach for staged derivation 

Integrating the configurations of multiple 
variability types

Research Validation:
H1: Evaluate the feasibility 
H2: Characterize the complexity of each variability type
H3: Evaluate the automation level of code generation

Practical Validation:
H4: Evaluate users’ perceived usefulness and ease of use 
       (satisfaction, efficiency, correctness, etc.)
H5: Evaluate time saving in application engineering

Figure 7.1.: The Research Process – Re-Visit

Figure 7.2 presents the two goals. At the research level, the validation aims at testing
the improvement on automating the derivation activities. At the practical level, the
validation aims at testing the effectiveness of using the approach for software derivation
in practice. The next two subsections further break down the goals into their questions
and corresponding measures at both the research level and the practical level, guided
by the goals, questions and metrics (GQM) approach [VSB99, BCR94, VSBCR02].

Practical Goal:
Analyze the software derivation process in this thesis
for the purpose of improving
with respect of effectiveness of applying the approach 
from the viewpoint of derivation stakeholders
in the context of systems in industrial automation management

Research Goal:
Analyze the integration of multi-variability models and their configurations
for the purpose of improving
with respect of the degree of automation during software derivation
from the viewpoint of derivation stakeholders
In the context of systems in industrial automation management

Figure 7.2.: The Main Validation Goals
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7.1.1. GQM and Hypotheses at the Research Goal Level

The GQM measurement model at the research level is presented in Figure 7.3, based on
the guideline proposed by Solingen and Berghout [VSB99]. Three sub-research-goals
(SRG) are derived as can be seen in Figure 7.3: evaluate the feasibility (SRG1),
characterize the composition of each variability type in the variability models of the
target systems (SRG2), and evaluate the automation level of code generation (SRG3).
To achieve these goals, the questions and metrics are further derived.

Sub-Research-Goals (SRG):

M1:
Hours 

spent in 
family 

engineering

M8:
Generated 

LOC

M9:
Replacement 

of hand-
written LOC 

Questions:

Metrics:
M5:

Number
of 

configured 
features

M6:
Number 

of 
configured 

process 
elements

M7:
Number 

of 
configured 
topology 
elements

Q3: How variability models are 
selected and configured  in 
application engineering?

Q4: How many lines of 
code are automatically 
derived?

Q1: is the effort spent 
during family engineering 
affordable?

Research Goal:

Analyze the degree of automation during software derivation
for the purpose of improving 
with respect of the integration of mulit-variability models and their configurations
from the viewpoint of derivation stakeholders
In the context of systems in industrial automation management (IAM)

SRG1:
Analyze family engineering of the approach
for the purpose of evaluating 
with respect of feasibility 
from the viewpoint of derivation stakeholders

In the context of systems in IAM

SRG2:
Analyze the three variability types 
for the purpose of characterizing 
with respect of composition of variability models
from the viewpoint of derivation stakeholders

In the context of systems in IAM

SRG3:
Analyze code generation of the derivation 
for the purpose of evaluating
with respect of the automation level
from the viewpoint of derivation stakeholders

In the context of systems in IAM

Q2: How many model elements 
does each variability type have 
in family engineering?

M10:
Total 
hand-

written 
LOC 

M2:
Number 

of 
features

M3:
Number 

of 
process 

elements

M4:
Number 

of 
topology 
elements

M11:
Ratio of 

replacement 
to total 
hand-

written LOC 

Figure 7.3.: Goals, Questions and Metrics at the Research Level

SRG1: It is important to evaluate whether it is feasible to apply the approach,
especially in family engineering. If the cost to come up with the software product line
infrastructure is too high, it would be difficult to pay off when using the product line
infrastructure in application engineering. For this reason, Q1 is derived to evaluate the
effort, which should be affordable by the development team. The corresponding metric
is the time spent on enabling the approach in terms of re-engineering and developing
the reusable artifacts in family engineering. The hypothesis to address SRG1 and the
metric are defined as follows.

Hypothesis 1 (H1): feasibility (addresses SRG1)
• H1: It is feasible to apply the approach in family engineering.

Metrics:
• M1: The time spent on enabling the approach during family engineering.

SRG2: The approach presented in this thesis integrates process and topology variability
models besides feature modeling, to enhance the variability modeling and expression.
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To validate the approach, it is necessary to characterize how the three variability
types are selected and configured to support software derivation as the second sub-
goal shown in Figure 7.3. To accomplish this goal, the GQM tree includes Q2
about the numbers of feature, process and topology variability elements in family
engineering. Additionally, the size of each variability type, in terms of lines of code
(LOC) is important to characterize the composition of them in the modeling space.
Q3 is derived to understand how the three variability models are used in application
engineering. The hypothesis to address SRG2 of characterization of variability types
and the metrics are defined as follows.

Hypothesis 2 (H2): Composition of variability models (addresses SRG2)
• H2: The multi-variability modeling, by introducing process and topology models,

can capture significantly more variability (>50%), compared to feature modeling.
Metrics:

• M2: The number of features.
• M3: The number of process elements.
• M4: The number of topological elements.
• M5: The number of configured features.
• M6: The number of configured process elements.
• M7: The number of configured topological elements.

SRG3: The third sub-goal is with regard of effectiveness of automated code generation.
The question of SRG3 is the generated lines of code by applying the approach in
derivation. However, the generated code is based on product line architecture after
re-engineering, in stead of the original code based on legacy software architecture. As
a result, the comparison of the automatically derived lines of code requires the analysis
of how many hand-written code can be replaced. Furthermore, the total lines of code
from the original hand-written code are included in the metrics, in order to understand
how effectiveness of the generated lines of code. Automation level of derivation (H3)
and its metrics are defined as:

Hypothesis 3 (H3): Automation level of derivation (addresses SRG3)
• H3: The approach improves the code generation rate significantly (>35%),

compared with the derivation without using the approach.
Metrics:

• M8: The generated LOC with the proposed approach.
• M9: The replacement of hand-written LOC without the proposed approach.
• M10: The total of hand-written LOC without the proposed approach.
• M11: The ratio of the replacement of hand-written LOC and the total of

hand-written LOC without the proposed approach.
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7.1.2. GQM and Hypotheses at the Practical Goal Level

The GQM measurement model at the practical level is proposed in Figure 7.3. In order
to achieve the overall practical goal, two questions are derived.

PQ1:What is users’perception to 
accept and use the approach in 
practice? 

Questions:
PQ2: How much time can be saved by 
applying the propose approach during 
application engineering?

Metrics:

M12
Understandability

M13
Learnability

M14
Users Satisfaction

M16
Flexibility

M17
Correctness

M15
Efficiency

UsefulnessEase of use

M18
Time of application 

engineering with the 
approach

M19
Time of application 

engineering without the 
approach

Practical Goal:
Analyze the software derivation process
for the purpose of improving
with respect of the model-based derivation approach in this thesis 
from the viewpoint of derivation stakeholders
in the context of systems in industrial automation management

Figure 7.4.: Goal, Questions and Metrics at the Practical Level

PQ1 aims at evaluating the derivation stakeholders’ perception of using the proposed
approach from a practical viewpoint. These stakeholders are potentially the users
of the approach in the real industrial context. The hypothesis, users’ acceptance
of the approach (H4), is defined according to the technology acceptance model
[Chu09, Dav89]. The assessment is based on the users’ perceptions regarding the
approach to be applied in their working context, compared to their state of practice
without a systematic derivation approach.

Hypothesis 4 (H4): Users’ perceived usefulness and ease of use (addresses
PG1)

• H4: The approach in application engineering can be easily accepted by users
for their derivation tasks.

Metrics:
• Subjective assessment on perceived usefulness and perceived ease-of-use, such

as M12 understandability, M13 learnability, M14 satisfaction, M15 efficiency,
M16 flexibility and M17 correctness.

PQ2 aims at evaluating the overall improvement of efficiency during application
engineering. The suitable metric to be tested is the time saving during application
engineering.
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Hypothesis 5 (H5): efficiency during application engineering
• H5: Applying derivation approach in application engineering can shorten 1/3 of

time spent on application engineering.
Metrics:

• M18: The time spent during application engineering by applying the approach.
• M19: The time spent during application engineering without the approach.

7.1.3. Interrelation of Hypotheses and Derivation Approach

Figure 7.5 inter-relates the hypotheses to the proposed multi-variability derivation
approach. As can be seen, the hypotheses have different focus. For family engineering,
the H1 evaluates whether it is feasible to establish the core assets to come up with
the foundation of the approach. The H2, the evaluation of the complexity of multi-
variability types is aimed at understanding IAM systems and how they are influenced
by the different variability types. The H3 is aimed at evaluating how good is the
proposed approach on automating code-level derivation. Both H4 and H5 focus
mainly on application engineering. The H4 tests the users’ perceived usefulness and
ease of use during derivation. H5 is defined to further evaluate the time saving by
applying the approach, to understand after how many application-specific derivations
and development the approach would pay-off.

Application EngineeringApplication EngineeringApplication Engineering

Family Engineering

ScopingScoping

Code Generation
Templates

ConfigurationPreparation Generation

Derivation Application-
Specific 

Development

Compilation
& Linking
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Product

Derived 
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H1

H3

H4

H5

Feature 
Model

Topology 
Models

Process 
Models

Model Repository Reusable Architecture

Figure 7.5.: The Coverage of Validation Goals
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7.2. Rationales of Choosing Research Methodologies

According to the GQM approach, the (sub-)goals for validation at the research and
practical levels were defined. Then, it is important to carefully choose and plan the
validation with reasonable and feasible research methodologies.
Software engineering researchers and practitioners use various qualitative and quan-
titative validation methods to show evidence to support their research results. This
section presents the analysis and the rationales of the validation methods chosen in
this thesis.
According to Shaw [Sha02], the tension of software engineering research is between:

• “narrow truths proved convincingly by statistically sound experiments”, and
• “broad ’truths’, generally applicable, but supported only by possibly unrepresen-

tative observations” [Bro88, Sha02]
Shaw further points out that the former satisfies the gold standard of scientific research,
but are few and narrow compared to the decision makers in practice daily. The latter
provides pragmatic guidance that are closer to decision makers, but at risk of over-
generalization [Sha02]. Choosing suitable methods to obtain the validation results
should be based on the type of the proposed approaches. For example, a formal model
should be supported by rigorous derivation and proof, not by one or two simplified
examples, whereas, a representative example derived from a practical system may play
a major role in validating a new type of development method [Sha03].
Shaw examined the accepted papers at International Conference on Software Engineer-
ing (ICSE) in 2002, and concluded that among different validation types, the most
successful kinds of validation were based on the analysis of real-world experiences
[Sha02, Sha03]. In particular, a “slice-of-life” example based on a real system is
most likely to be convincing, given the explanation of why the simplified example is
representative to the essence of the problem being solved [Sha03].
Reflecting to the context of this thesis, the practical problem in Section 2.2 stems
from the problems observed in the state of practice, in particular that the current
development and derivation process of IAM is tedious and time-consuming. The
characteristics of IAM systems lead to difficulties when trying to apply the prior
approaches to support the variability modeling and derivation, as pointed out in the
work of the author of this thesis [FLED13b]. On the one hand, the process and topology
variability causes the difficulties when using general-purpose variability models, such
as feature modeling, for variability representation. On the other hand, three roles
of stakeholders participate in the derivation process of IAM systems with different
variability concerns. This thesis presents an approach of developing software product
derivation infrastructure for IAM systems.
Thus, to understand the improvement brought by using such an approach, a “slice-of-
life” is suitable to be applied. A complex and representative component was carefully
chosen as a case study in the Siemens warehouse management system, in which both
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qualitative and quantitative data are collected. In addition, novel findings regarding
the approach can possibly be captured by such in-depth case studies in a real-life
context [Yin13, Eis89]. The hypotheses at the research level, including H1, H2 and
H3 in Section 7.1.1, are tested with the case study. Section 7.3 reports the case study
with the results and experiences.

The second part of validation for this thesis includes semi-structured interviews as
the research method. The goal of conducting the semi-structured interviews was to
understand the perceptions and acceptance of the approach by the potential users in
practice. To mitigate the risks of over-generalization, the invited interviewees have
practical experiences from different sub-domains of industrial automation management.
The H4 at the practical level defined in Section 7.1.2 should be tested. Section 7.4
reports on the semi-structured interviews with systematic analysis about the benefits
and potential risks of full-adoption.

To test the hypothesis 5 (H5), the ideal research method would be to do an experiment
with a treatment group and a control group of software engineers. Since the develop-
ment of industrial automation management requires already domain knowledge, such
an experiment requires engineers with certain domain background. It is not feasible to
achieve the validation of H5 within the limited time and resources of this thesis, but it
is considered to be a part of future work.

7.3. Case Study

The objective of conducting this case study is to fulfill the validation goals defined at
the research level. Setting up a clear scope is critical for validation, since there are
many existing product derivation approaches in the state of the art as analyzed in
Chapter 3. In fact, it is not possible to compare the effectiveness and improvement of
the presented MADE approach with each of the existing approaches. As analyzed in
Chapter 3, some of the approaches in the state of the art have been already tailored
to fit to a particular software product line, especially the approaches focusing on the
solution space, such as architecture description languages. These approaches are not
applicable to IAM systems. In addition, in the software product line community, many
derivation approaches are with general-purpose variability models. Some researchers
and practitioners have mentioned that feature modeling is de facto standard method
of variability representation [HLHE11, ACLF13]. For this reason, the scope of this
case study is based on the analysis, validation and discussion compared with derivation
approaches with general-purpose variability models, in particular feature models.

This case study was planned according to case study guidelines [Yin13, RH09]. It
comprises the tasks of planning, executing, and finally reporting the results, which
have been published in [FLDE16]. The remainder of this section is organized to follow
these tasks.
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7.3.1. Planning

This case study is based on a complex component of a warehouse management system
developed by Siemens in the Nürnberg area, Germany. Figure 7.6 shows the simplified
layer architecture (without technical details) of this software family. The architecture
of this software family contains a platform layer and a solution layer. At the design time
of this software family, most of the components in the platform layer were developed
as commonalities, and they are well reusable across different solutions. As presented
in Figure 7.6, the platform layer comprises mostly utility components, such as Timer,
Logging and Data Access. The components in the solution layer are business related
and customer-specific. They were not reused, due to the complex characteristics of
the IAM variability types.

Figure 7.6.: The Simplified Layered Architecture

Subject. According to several discussions with domain experts and experienced
researchers, the Automatic Miniload Warehouse component in Figure 7.6 was carefully
chosen as the subject of this case study, since it is a typical representative with regard
to domain complexities, size and widespread usage. It has seven sub-components; two
of them are optional components. According to the experiences of domain experts and
analysis of legacy projects, the size of this component is usually around 8000-12000
lines of code (LOC). Currently, for each project, the code of this chosen component is
completely hand-written.
Hypotheses and Metrics: The three hypotheses defined for research level validation
should be tested:

• H1: Evaluate feasibility: The approach should be applied in an industrial-grade
context and setting. The time, measured by man-hours of using the approach,
should be affordable and reasonable especially during family engineering.

• H2: Characterize the composition of multiple variability models: Besides feature
models, the MADE approach integrates two domain-specific models for handling
processes and topology variability. The expectation of using the multi-variability
modeling and realization is that more variability of the component can be
modeled and expressed. The aspired outcome is to characterize to which extent
the chosen component is influenced by the three variability types, by measuring
the lines of code (LOC) of variability models of each variability types. In other
words, the purpose to test H2 is to understand the influences of the three
variability types to the chosen component.
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• H3: Evaluate the automation level of derivation: The approach provides a
semi-automated software derivation process, supporting model instantiation and
code generation. The expectation of using the approach is to improve the
efficiency of derivation. In particular, the LOC that can be generated by using
the approach are the metrics. For this purpose, the H3 should be tested.

7.3.2. Execution Procedure

Foundation. This case study is based on the foundation of the proposed approach,
which consists of the multi-variability modeling in Chapter 4, multi-variability realiza-
tion in Chapter 5, and the developed derivation infrastructure presented in Chapter 6.
The effort spent on developing the whole approach aims at a broader scope of IAM
system, not specifically to the domain of warehouse management systems. Especially,
the developed domain-specific models for process and topology variability have been
validated in both warehouse management systems, and external automotive manufac-
turing in BMW with the participation of 7 domain experts. The development was
distributed over a 15-month time frame. A reasonable estimation of the effort spent
of these works was approximately 7-10 person months, which is not included in this
case study.

This sub-section describes the procedure of conducting the case study on the chosen
subject. Following the family and application engineering processes in SPLE, the case
study procedure has also two phases.

7.3.2.1. Family Engineering Procedure

One researcher experienced in model-based development and one architect of the
warehouse management systems from Siemens participated in the execution of this
case study:

• FE1. Establish the reusable product line architecture. Several legacy projects
of different customers have variants of the target component. There are subtle
structural differences, even though the same team developed them. The de-
veloped reusable architecture is based on the most mature component variant
among them.

• FE2. Identify the types of components and locate the influential variability in
code. During the execution of this step, it is important to identify and establish
the traces between variability in the (meta-)models and in the technical solution
space. For example, the optional sub-components were associated with features.
Within sub-components, the pieces of source code influenced by the different
variability types were located. The corresponding templates of process models
are created and added as parts of the core assets.
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• FE3. Extract and manage the reusable assets in repositories. Classes without
variability can be directly added to the core asset. For classes with variability, a
re-factoring step was necessary to separate common parts from variable parts.
Variable implementation parts were, in simple cases, included via feature-like
variability realization (cf. Section 5.2 in Chapter 5). For process and topology
variability, code templates were extracted, following the realization techniques of
assembling, value traversing, type traversing and hybrid composition (cf. Section
5.3.2 in Chapter 5).

The development and extraction of reusable code assets at step FE3 applied several
re-factoring patterns suggested in [LHMME11], such as hook methods, relocate classes,
addition at the end of methods. The developed code templates are included as core
assets for derivation.

7.3.2.2. Application Engineering Procedure

In application engineering, feature, process and topology models are used to configure
the systems and derive the products, according to the proposed derivation process in
Chapter 6. An ideal validation would be to compare the development time with and
without the proposed approach with entirely new customer requirements. As this is not
practically feasible, the case study instead replayed the derivation of previously executed
projects based on their original requirements. Following the proposed approach, the
three derivation activities are:

• AE1. Preparation: Feature configuration is the first step of the preparation.
According to the configured features, the derivation infrastructure instantiated
the process and topology models that need to be further configured.

• AE2. Configuration: The two participants involved in this case study played the
roles of derivation stakeholders and performed the configuration tasks with the
support of the developed process and topology editors.

• AE3. Generation: The derivation infrastructure took all the configured models
to generate the application-specific architecture and source code. The generated
code was validated with the applicable unit tests from the original projects (with
adaptations, where necessary) and with code reviews.

7.3.3. Reporting the Case Study

By following the execution procedures in the previous section, the data of the case
study were collected to gather evidence for characterization, evaluation and discussion.
This section reports on the results of the case study.
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7.3.3.1. Evaluate Feasibility

The time spent during family engineering for this particular case study was slightly less
than 100 hours (M1). This includes the activities of (FE1) deciding the architecture,
(FE2) identifying and locating the variability, and (FE3) extracting code templates
(see Section 7.3.2). The involved software architect reported that implementing such
a component usually took 2 to 3 person months per project. He confirmed that the
case study actually shows the feasibility of applying the approach in a practical setting.
Considering the benefits brought by domain-specific modeling and automated code
generation, the approach has a high potential to be further applied to other complex
components within this software family.
Hypothesis 1 (H1) aims at evaluating the feasibility of applying the approach. The
execution of the case study has already shown that it is possible to apply the approach
in an industrial grade setting. The effort of applying the approach, in terms of time
spent on family engineering, is reasonable and affordable in the scope of this case
study, based on the feedback from the domain architect. Using a single case study
has its limitations of subjectivity and external validity threats. Further replication case
studies can be important to improve the credibility of the results. Thus, we come up
with the conclusion that H1 can be accepted with certain limitations.
Discussion: Several factors have turned out to be critical to the feasibility of such an
SPLE approach:

• Maturity of reference architecture: The decision making for coming up with the
reusable component’s architecture was rather quick in our case study. The effort
was around 1 day of work. The reason is that the existing reference architecture
of the component was already stable and quite satisfactory for reuse. The level
of maturity of the component was critical in this regard. Each software family,
each component, or even each artifact within the same systems, may come in a
different level of maturity [Bos02]. Improving the maturity of target systems or
components may require significant effort, which would increase the re-factoring
work, and in the worst case, makes the approach economically unfeasible.

• How mature is the domain: Bosch [Bos02] points out that not all systems
need to or can improve their maturity levels. It depends on how variable the
domain is, and how good the variability models can capture the variability in
both requirements and implementation concisely. Warehouse management is a
relatively mature domain of Siemens business. The engineers working for this
product family have accumulated good domain and technical knowledge.

• The accessible resources during the development of family engineering: It turned
out that the participation of the architect from the warehouse management
systems was critical to the decision making and variability mining steps. Besides,
the expertise of modeling and code generation is also very important. This can
lead to another risk, because not all development teams have such expertise on
a regular basis.
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7.3.3.2. Characterize the composition of multiple variability types

The subsection presents the results of the evaluation of H2. Table 7.1 shows the
identified reusable variability element types for the chosen complex component. For
the chosen subject, 16 features were identified, including both architecture-relevant
features that decide component inclusion and code-level features. For processes, 8
reusable process models with process templates were identified with a total of 31
reusable actions that can be instantiated. Among these actions, seven of them are
location critical, which means that they require the bound-to-location relations to be
configured. For topology, one topology model is needed for this chosen component
that may comprise 8 different types of topology elements. Having these results, we
can see that the two domain-specific models significantly enrich the modeling space of
variability representation.

Feature (M2) Process (M3) Topology (M4) Total

Number 16 Models Actions Models Elements -8 311 1 8
Size 388 LOC 922 LOC 313 LOC 1632 LOC
Ratio 23.9% 56.8% 19.3% 100%

Table 7.1.: The Number and Size of Variability Elements

Among the seven sub-components, two of them are intensively process variable, and
two of them are highly topological variable. The other three sub-components have
more or less scattered types of variability. Some code parts comprise two or three
influential variability types in a tangled way. The reason is that at the development
time of the software family, the software architects and developers didn’t take variability
consideration into account for architectural decisions and source code implementation.
Therefore, at re-factoring time of this case study, reducing the tangling of variability
types for a piece of code makes extraction of code templates easier, while it increases
the effort of re-factoring.
Hypothesis 2 (H2) aims at characterizing each variability types and their influences
to the target component. The expectation of using process and topology variability
is that more variability can be captured and expressed by models. With the results
shown in Table 7.1, H2 can be accepted.
Discussion: The modeled topological elements in factories have different importance
to software derivation. For example, the Stationary Elements often occur in several
different logical groups, which means that they are observed by or interact with software
components more often than Transporter Elements. The reason is that their events
are more likely to trigger processes or other business logic. In contrast, Transporter
Elements are usually tracked by the monitoring services. For IAM derivation, they
have less effect on the business logic.
1Among these actions, seven of them are location critical, which means that they require the
bound-to-location relations to be configured.
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7.3.3.3. Evaluate the Automated Level of Derivation

Table 7.2 shows the types and size of the developed reusable asset base. The code-
relevant assets in our context include Xpand templates for variable code and C# classes
without variability. There are still four classes with very low reuse possibility, where
only some stub methods could be used. Besides, for the derivation infrastructure, it
was necessary to develop the required workflows and script files for model instantiation
and code generation (see the automated derivation steps in Chapter 6), which serves
as input of the derivation infrastructure supporting the automation.

Asset Types Formats LOC
Code with Variability Xpand Code Template 5130

Directly Reusable Classes C# 2399
Inputs to Infrastructure MWE Work-Flow and Builds 513

Total 8042

Table 7.2.: Reusable Asset Types and Sizes

Following the case study procedure for application engineering, the corresponding
features are selected; The instantiated processes and topology models are configured;
and finally code is derived, according to the known requirements of two legacy projects.
Table 7.3 shows the configured features, the reused process actions, and the instantiated
topological elements of the target component in Project 1 (P1) and Project 2 (P2).

Configured Features (M5) Process (M6) Topology (M7)
Reused Actions Instances

P1 16 29 51
P2 12 24 67

Table 7.3.: The Results of Variability Modeling

Table 7.4 shows the results of the automatically derived source code of the two projects,
compared to the original size of hand written source code. It is important to emphasize
that the automatic generated LOC represent to certain extent the replacement of
hand-written code, but they are not directly replaceable or interchangeable. The reason
is that the reusable architecture of the chosen component was based on the reference
architecture with re-factoring, whereas each existing variants of this component still
have subtle differences. As can be seen from Table 7.4, the generated LOC are larger
than the replacement LOC from the original code base. To analyze and understand
the correctness and quality of the generated applications, the test cases are used, and
a code review was performed to analyze and understand the correctness and quality of
the generated applications. Based on the analysis, both of the two projects reached
more than 60% code generation rate.
Hypothesis 3 (H3) aims at testing the effectiveness of code generation, to automate
the derivation process for more than 35%. The results of code generation rate for
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Code Generation Comparison with Hand-Written Code
Common
LOC

Specific
LOC

Sum
(M8)

Replacement
(M9)

Original
LOC (M10)

Rate
(M11)

P1 2399 5027 7426 7224 11530 62.7%
P2 4194 6593 6149 9869 61.5%

Table 7.4.: The Results and Analysis of Code Generation

both P1 and P2 are based on the comparison of their original hand-written source
of the chosen subject of the case study. It is reasonable to conclude that H3 can be
accepted.
Discussion: Influence of multi-variability on code generation. The results of automatic
code generation show that the components with topological variability can reach
nearly full-generation, whereas the process variable components cannot reach the same
automation level. The feedback from the involved architect reveals that this situation
is actually aligned with his expectation. The realization of topological variability was
based on type or value traversing, and these are well supported in the template language.
The realization of processes requires the assembly of reusable pieces of code in assets.
Thus, for process variable artifacts, he expected to get more “glue-code” generated,
especially when specified actions in processes do not yet have reusable implementation
code in the core assets. In these cases the developers have to implement the business
logic manually.

7.3.4. Implications and Lessons Learned

Applying the approach enforces more explicit and more reusable architecture.
The finalized reusable architecture has differences with the documented reference
architecture of this chosen component. The documented reference architecture had
not enough details to facilitate code generation. In particular, the re-factoring enforces
to collect variable code at certain places, e.g. in a code template, which “highlights”
the non-variable code in the architecture. Because of this, It was possible to find
the directly reusable classes shown in Table 7.2, which were previous hand-written,
although they were actually already reusable. It is important to emphasize that
the architecture developed for reuse is not the optimized solution for reducing code
complexity. The code generation templates in core assets have the goal of covering a
significant amount of variants, so that to a certain extent the understandability of the
software architecture and code need to be sacrificed to gain generatability.
Using the domain-specific models improves the willingness of to provide high-
quality model specifications. The domain-specific models enable fine-grained associ-
ations between the requirements in problem space and the technical implementation in
solution space. This becomes a motivation for “modelers” during manual configuration
time to specify processes and topology with more effort and attention. With such
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an approach the outcomes of modeling have an impact on the final systems. This
is a significant improvement over the current state of practice, where requirement
engineers specify the processes only informally and hand it over to hardware-oriented
engineers and software engineers. The processes are only considered as input to be
understood. Compared to this scenario, the approach presented in this thesis actually
encourages the stakeholders to produce better quality of models.
The highest possible rate of code generation should not be the goal. The initial
goal of conducting this case study was to strictly separate all generatable code from
the hand-written code, to optimize the code generation rate. During re-factoring,
it turned out that there are significant trade-offs to make. While there are several
known patterns, such as hook methods, override mechanisms, or partial classes, they
commonly only pay off for code blocks of significant size. Therefore, we only pursued
to achieve reuse to a certain extent, avoiding too fine-grained reuse and to avoid
increasing the complexity of the architecture.
Strict separation of variability impacts is difficult. The 5130 LOC of code tem-
plates (see Table 7.2) were investigated with variability, to try to further differentiate
the impacts of different variability types to these code templates. However, the
different variability models actually cover variability cross different abstraction levels.
For instance, an abstract feature may decide an inclusion of a whole component,
whereas a concrete features decides a loop time, which influences a single line. The
template-based code generation for realizing process and topology variability increases
the difficulty to analyze the impact, since a small piece of code templates with iterations
can possibly bring a big impact to the generated code.

7.3.5. Threats to Validity

The case study was chosen as one part of the validation in this thesis, due to its
suitability and applicability to understand the complex phenomena of product derivation
in the industrial automation domain, motivated already in Section 7.2. This section
discusses the threats to the credibility of the results of this case study, and what has
been done to minimize the risks of threats to the credibility of the results.

7.3.5.1. Construct Validity

One of the threats to construct validity can be a poor construct definition to the case
study. To alleviate this risk, at the planning phase of this case study, the objectives of
the case study were clearly defined; the hypotheses, metrics used for validation and
data collection methods were planned, as well as the execution procedure.
The researcher bias can have impact to lower construct validity. The execution of
the case study involved one architect from the chosen software family and the author
of this thesis. It is very difficult to completely avoid this threat, since introducing
the approach into real industrial settings requires both domain knowledge and the
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approach knowledge. Due to the domain complexity and expertise required by the
approach, it is recommended that as future work, further replications of case studies
should be executed by external researchers or assistants to alleviate the risks of this
threat.

7.3.5.2. Internal Validity

The subject of this case study comes from a real industrial software family of the
warehouse management domain. When acquiring the candidate industrial projects,
we actually encountered difficulties to get abundant resources, especially source code.
Although the subject was carefully chosen to be representative to the characteristics
of industrial automation domain, it is not a random sample, which may cause threats
to internal validity.

7.3.5.3. Conclusion Validity

Low reliability of measures is a typical threat to conclusion validity. The essential
idea of using a software product line approach is to facilitate software reuse, shorten
time-to-market, and improve software quality. As the proposed derivation approach in
this thesis is a product line approach, the ideal measurements would be the reuse rate,
saved time and quality, by applying the approach with new customer requirements and
implementation of development teams in practical settings. However, to fully validate
all these aspects is not feasible to achieve, since only the requirement-engineering phase
of IAM projects may last up to several months for a whole requirement engineering
team. The case study reported in this thesis was based on scientific guidelines with
close supervision of experienced researchers. The resources used in this case study
are the original requirements, architectural documents and source code from legacy
projects, which can be reflected to a “slice of life” example defined by Shaw [Sha03].

7.3.5.4. External Validity

A basic threat to external validity is generalization [Max92], whereas Flyvbjerg pointed
out that a critical case could be defined as having strategic importance in relation to
the general problem [Fly06]. During the planning phase of this case study, choosing
the subject was carefully decided involving domain experts, to ensure that the case is
representative to the domain problems. Meanwhile, the size and complexity of the
case study should be within the time constraint and within the manageable scope of
this thesis.
To understand the generalizability of this approach, we planned and executed the second
part of validation (cf. the next Section 7.4) targeting the validation of the approach
outside Siemens and other IAM systems. We on purpose involved stakeholders
who are experienced across different sub-domains of IAM systems. By doing so,
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generalizability risks of the approach can be better understood by collecting the
stakeholders perceptions.

7.4. Semi-Structured Interviews

The goal of conducting the semi-structured interviews is to evaluate the stakeholders’
perception regarding the derivation process as already described in Section 7.1.2. The
expected benefits of applying such an approach are to ease derivation stakeholder
tasks, and improve their working efficiency during derivation. This section presents
the planning, the execution and the results of the semi-structured interviews.

7.4.1. Planning

The objective of the interviews is to collect the stakeholders’ perceptions regarding
the proposed derivation approach and their expectation for its further improvement,
so that the H4, the users’ acceptance of the approach, can be tested.

According to the GQM model proposed in Section 7.1.2, six metrics should be tested.
To plan the interviews, the author of this thesis had several discussions with expe-
rienced researchers in the area of technology acceptance, since there are existing
methods with questionnaires to be used for testing the users’ acceptance of a certain
technology [Chu09]. However, the feedback from the researchers suggested that the
existing questionnaires (with defined ordinal scales for ranking) are designed for getting
statistical data. With such questionnaires, it would not be possible to receive valuable
comments in details. To evaluate the approach presented in this thesis, it is more
suitable to collect narrative data by open questions. During interviews, narrative
data can bring more information. With open questions, it is possible to ask follow
up questions regarding the deeper rationales of validation results and judgment by
the interviewees. Therefore, based on several of existing studies both from the SPLE
community [ORRT09, RGL12, RGD10] and the technology acceptance community
[Chu09, Dav89], the definitions of these metrics are given as follows:

• Understandability (M12): The approach is comprehensible and the users can
easily understand it.

• Learnability (M13): The user can quickly learn and utilize the approach.

• User Satisfaction (M14): Using the approach is pleasant and satisfying.

• Efficiency (M15): Using the approach improves the productivity and performance.

• Flexibility (M16): The approach is flexible, and does not restrict users’ activities.

• Correctness (M17): Using the approach helps on producing the outcome correctly
and properly.
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7.4.2. Execution Procedure

The execution procedure follows the research process recommended by Runeson and
Höst [RH09]. This section presents the steps of execution and the next section reports
the results.

• Preparation: Figure 7.7 shows the planned questions in three groups. These
questions were planned in several iterations and refinements under the guidance
of experienced researchers. The first part of questions includes fixed questions
about the interviewees’ background and experiences in the industrial automation
domain, followed by open-ended questions targeting the six quality attributes
as the second part. The third part of the questions includes also open-ended
questions aiming at understanding the opportunities and risks of the derivation
approach in practical settings. A presentation and a tool demo of the approach
are prepared to present the approach.

• Data collection: The semi-structured interviews were conducted individually.
The 10 chosen interviewees cover different roles in their current projects to
receive opinions from different perspectives. The answers to the questions were
noted down during the interviews as raw data.

• Data Analysis: The noted data were transcribed into tables for examination
and analysis purposes. To ensure correct data interpretation, we also sent the
transcribed data to a second researcher who also participated in the interviews
to ensure the correctness of data interpretation.

7.4.3. Reporting the Semi-Structured Interviews

The semi-structured interviews involved the participation of 10 domain experts who
perform different roles in their teams. Some of them have worked in their domains for
many years, and also have performed other roles during their careers. The 10 interviews
took in between 50 to 120 minutes, including 15-20 minutes at the beginning to explain
the purpose of this study, to present the proposed approach and to demonstrate the
tooling. Table 7.5 summarizes the roles, working years, and experiences of the
interviewees. In the following paragraphs, we report the results regarding each of the
six quality attributes.
Understandability (M12): One of the architects from Siemens reported that the
graphical notations are easier to understand compared to textual process specifications.
The graphical notations provide a better overview of the functionality of the processes,
which is closer to the material flows in the industrial automation domain. Other
standard notations (e.g. BPMN, UML) do not support material flows. Tailoring is
important to the domain; Otherwise the notations are not understandable. Additionally,
he said that the approach integrates also the topology models, but the topology models,
from his viewpoint, work closer to the technical space compared to process models.
Topology models can be used to express the linkages of IAM systems to hardware
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Figure 7.7.: The Questions Prepared for the Semi-Structured Interviews

distribution. The steering manager reported both of the pros and cons of using such
an approach in the target domain. On the one hand, to standardize the notations
of IAM processes is very helpful to improve understandability. He mentioned that
the development teams and requirement teams have different goals. The current
practice has very heave communication overhead. Having the customized notations
can improve on the communication efficiency. On the other hand, he also pointed out
that developing a generic standardization of modeling notations in all IAM domains
is challenging. Each sub-domain may require small adaptation to ensure that the
stakeholders can understand the modeling notations well. Highly automated IAM
sub-domains are easier to standardize (e.g. metal or machining), compared to the
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Experiences
ID Current Role Location Company Years Projects
1 Requirement Engineer Shenyang, China BMW 1-5 3-5
2 Architect Erlangen, Germany Siemens 6-10 3-5
3 Maintenance Engineer Shenyang, China BMW 9 >6
4 Solution Manager Shenyang, China BMW >10 >6
5 Steering Manager Shenyang, China BMW >20 >20
6 Requirement Engineer Shenyang, China BMW 6-10 >6
7 Requirement Manager Shenyang, China BMW 6-10 >6
8 Architect Munich, Germany Siemens >10 1-2
9 Architect Munich, Germany Siemens 6-10 3-5
10 Architect Erlangen, Germany Siemens >10 >6

Table 7.5.: Interviewees and their background

domains with many manual manufacturing processes (e.g. logistics). For the same
domain, among different countries or cultures, the automation levels of production can
be highly variable, which makes the development of modeling notations challenging.

Learnability (M13): Two different learnability aspects need to be considered in our
proposed derivation approach. The first aspect is the learnability of the domain-specific
models for the topology and process configuration. All interviewees confirmed that
the developed two domain-specific variability models are easy to learn compared to
their currently used, non-tailored modeling tools. Further investigations regarding the
quality of the domain-specific models should be conducted, such as the completeness
of meta-elements. The second aspect is the learnability of the derivation approach
to the users. Our interviewees reported that the conveyed ideas from the proposed
approach is convincing and promising. However, many other factors may also impede
learnability, such as tool maturity.

User Satisfaction (M14): All interviewees reported that applying the approach
would improve their satisfaction at work. One architect reported that the derivation
infrastructure creates the SPL architecture in a systematic way, which can improve
the confidence of development work. The automatic code generator can be used at
the starting phase of development to derive the architecture, which makes his job
easier. One of the requirement engineers was concerned more with the modeling
part, especially the process editor. It was obvious that for her the process editor was
considered as a modeling tool to standardize her process descriptions; the effectiveness
of the code generator was not in her main focus. She said that having a domain-specific
terminology and standardized notations may significantly ease the communication
between the requirement team and the development team, so that the satisfaction
of both teams can be improved. The suggested improvement is to support the
synchronization between configured models and derived code. With this function, the
development team may react to changes faster by only manipulating models.
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Efficiency (M15): Generally, all interviewees reported that the approach can signifi-
cantly improve their work efficiency, when it is applied in their settings. By using it,
the number of negotiation iterations among customers, requirements, and development
can be potentially reduced. However, it is not possible to fully avoid any of the previous
derivation stages (cf. the staged development process of IAM systems in Section 2.2.2
of Chapter 2), reported by the solution manager. He further said, a configuration tool
should focus on helping users to improve their performance in each derivation stage,
and it is not possible to replace any derivation steps with fully automated tools.

Flexibility (M16): On the one hand, the flexibility of the derivation tool should be
limited, reported by one of the architects, the maintenance engineer, and the solution
manager. The maintenance engineer said that according to her experiences, products of
one product family in the target domain share 70%-80% functional requirements. For
her, the derivation tool should focus on maximizing reuse of the shared requirements.
In this case, the configuration activities should be under certain restriction and control,
for example to limit available elements or to hide invalid elements to users. On the other
hand, the steering manager and a requirement engineer reported that the flexibility
should be also balanced, so that the configuration and specification of processes and
topology are not totally restricted. For instance, when facing changes or reacting
to application-specific requirements, the expectation of flexibility to the derivation
infrastructure becomes higher, so that the users get certain “buffers” to specify new
requirements at modeling time.

Correctness (M17): The correctness in our context refers to the quality of configured
feature, topology, and process models. Incorrect configuration may lead to invalid
or incomplete code generation. The solution manger and the maintenance engineer
reported correctness as not important, whereas several other interviewees reported it as
critical. The solution manger said that, when such a tool is used during pre-sales phase
for presentation to customers or negotiation, the correctness is not important. The
maintenance engineer pointed out that the correctness checking should be transparent,
so that the users do not directly see it. She said that developers should be able
to compensate incorrect configurations at later development stages. The derivation
infrastructure should be able to tolerance users’ misbehavior when it becomes more
mature.

Three independent researchers conducted the evaluation of the narrative data collected
in the semi-structured interviews individually. The symbol “+” represents positive
evaluation; the “–” represents negative evaluation opinions. Correspondingly, the “++”
shows a very positive opinion, and “– –” shows a very negative opinion. As interviewees
often mentioned both positive and negative perceptions, the “+/–” represents positive
answers with potential negative concerns, and vice versa. Table 7.6 summarizes
the validation results, which represents the average of the evaluation from the three
researchers who reviewed the narrative data .

The results show especially positive perceptions and feedback regarding understand-
ability, learnability, users’ satisfaction, and efficiency. Considering the difficulties of
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ID Understandability
(M12)

Learnability
(M13)

Satisfaction
(M14)

Efficiency
(M15)

Flexibility
(M16)

Correctness
(M17)

1 + + + + +/– –
2 + –/+ ++ ++ +/– –
3 + + + +/– +/– +/–
4 + + +/– +/– – +/–
5 + NA + –/+ +/– NA
6 +/– + + +/– NA –
7 – – NA +/– NA NA
8 – +/– + – + +
9 + +/– ++ ++ + –
10 +/– +/– +/– +/– – +/-
Sum + + + + +/– –

+: Positive –: Negative NA: Not Answered

Table 7.6.: The Summary of the Interview Results

approach adoption in practical settings, the learnability of the approach is considered
to be challenging, which depends on the maturity of tooling. The feedback regarding
flexibility is actually also interrelated with the tool support, but some interviewees
mentioned the opportunity to flexibly use the approach with minor adaption. Further
discussions will be in the next section. To achieve better accuracy of modeling and code,
algorithms or mechanisms should support correctness checking during configuration
time. Currently, such functions are not included in the approach.

7.4.4. Implication and Lessons Learned

The third part of the planned questions includes open questions about general aspects
that were not bound to any specific quality attributes. For example, other opportunities
or risks were explicitly asked during the interviewees.

7.4.4.1. Opportunities

Utilization in the pre-sales phase: An architect and the solution manager both
have experiences in the pre-sales phase of projects in the target domain. At this phase,
customers usually cannot explicitly express and describe precisely what they want to
have. Furthermore, stakeholders of a manufacturing factory usually have highly varying
backgrounds and knowledge, such as machining, business, software, or even chemical
engineering. The communication among them is difficult. Meanwhile, the budget,
the time line, and the resources of the whole project life cycle must be pre-planned
and decided. These factors make the pre-sales phase very challenging. Both of these
two interviewees reported that the proposed derivation infrastructure may support the
creation of presentable software systems to customers, even before payment, instead
of letting them wait for months or years to see the final delivery. The positive impact
of using the derivation infrastructure during pre-sales phase may be on communicating
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requirements and estimating the development complexity. To utilize the approach
in this proposed way was quite surprising and not planned. To accomplish this goal,
the derivation infrastructure should be more presentable and attractive, especially for
non-technical users.
Model level reuse with templates: Almost all interviewees confirmed the importance
of the proposed Model Instance Generator, which allows the reuse of model templates.
For the interviewees, it seems that model templates are considered as important as
code templates in assets, especially for those who work in the problem space. We
analyze the reason to be that for large and complex software systems, it is more
realistic to think and adopt the first four derivation steps of the proposed approach
as short-term goals (cf. Section 6.1 in Chapter 6), without the Derivation Activity 3:
Generation. In the target domain, it is common to have several hundreds of processes
to be specified. Having them automatically instantiated with model templates would
significantly improve modeling productivity.
Generalizability: The chosen interviewees have very rich experiences in software
development and some of them have experiences outside the IAM domain. During the
interviews, the interviewees reported that the approach has very high potential to be
applied in other related domains, not only in IAM sub-domains, but also other domains
such as power plant automation in the area of distributed control systems, trains
and rail management systems, where similar topological variability and process-like
variability exist.

7.4.4.2. Risks

Tool maturity: A general remark mentioned by all interviewees was the importance of
tool maturity. For users, the derivation tool should be more interactive and powerful
than the currently developed prototype, for example on providing configuration guidance.
For automated derivation, the generated code must have good quality and should be
able to save developer’s effort, so that the total development effort can be reduced.
Impact to stakeholders’ way of working: Some of the opinions among interviewees
are contradicting. The reason is probably that in our approach, domain-specific
modeling for topology and processes is added to bridge the gap between the problem
space and the solution space. Experienced requirement engineers may be able to use
the process editor to model code-level behaviors, which generates source code. In this
case, the boundary between the requirement team and the development team becomes
unclear. The changes to stakeholders’ responsibilities by adopting the approach are
not yet clear and explicit. In addition, learning and adopting new approaches is always
challenging, because some team members may be reluctant to change. The adoption
requires careful plans and continuous training. The decision is definitely not easy and
cheap. It is necessary to get support and commitment from higher management.
Higher modularity required by process-intensive artifacts: The interviewees who
have development background mentioned the necessity of modularity of process-
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intensive code, which was also a challenge encountered during re-engineering. To
improve the percentage of code generation, more re-factoring work needs to be done,
for example to enable the generation of components comprising both process and
topology variability in a very intermingled way. To the best of the author’s knowledge,
there are no existing methods or patterns directly targeting this purpose. It seems that
there is no state of the art about how to re-factor existing code, and develop proper
generators, when multiple variability types need to be taken into account in parallel.
The state-of-the-art re-factoring techniques were applied to the best of the author’s
experiences. It is necessary to further investigate and to develop guidelines about how
to migrate existing code, and how to design a system from scratch with architectural
patterns for code generation purposes.

7.4.5. Threats to Validity

During the planning, execution, data collecting, and reporting phases, several aspects
were considered to mitigate the validity threats, and to ensure the credibility of the
results of the interviews.

7.4.5.1. Construct Validity

Mono-operation bias is one of the threats to construct validity. To minimize it, a
pre-study was conducted involving experienced researchers in software product line
engineering, in order to optimize the design of questionnaire being used in the semi-
structured interviews. Two iterations were performed to ensure the quality of the
questionnaire.
Hypothesis guessing is potentially another validity threat to construct validity. The
interviewees may have the potential to know the expected improvements of the
proposed approach. To minimize this validity threat, the potential expectation and
benefits of applying the approach were not disclosed to the candidate interviewees,
when contacting them, however, this might not be able to fully avoid the threats to
the construct validity.

7.4.5.2. Internal Validity

When creating the questionnaire and conducting the semi-structured interview, the
author of this thesis as one of the involved researchers may introduce bias to the
questions. During the interviews, it might happen that the expected data of the
researchers are gathered, and information that should be collected from the interviews
is neglected. To reduce the effects of personal bias, we used “member-checking” [Cre03]
to involve a second observer during the whole process of planning and execution of
interviews, which helped us to determine whether the data we collected, presented the
accurate and correct feedback from industry.
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7.4.5.3. Conclusion Validity

A typical threat to conclusion validity is low statistical power. In the context of
this study, the proposed approach is meant to apply to the industrial automation
management or related domains. Having practical experiences was the most important
prerequisite of looking for candidate interviewees. As presented in Section 7.4.3
(Table 7.5), the interviews involved very experienced experts, and some of them have
more than 10 years experiences in various sub-domains of IAM systems. Still it was
challenging to find appropriate interviewees. As part of future work, more replications
of such interviews should try to involve domain experts as many as possible.

Another possible threat to conclusion validity could be the heterogeneity of interviewees.
The invited interviewees of this study are all experienced engineers in industry. We on
purpose have chosen the interviewees, who are working on or had worked on the jobs
of the three stakeholder roles: requirement engineers, hardware-oriented engineers, or
software developers, especially the interviewees in BMW, Shenyang, China (see Table
7.5). Their evaluation and feedback regarding the approach is based on practical and
realistic viewpoints. The observation shows that stakeholders working in problem space
and solution space have different expectations, when seeing the proposed model-based
approach. The heterogeneity of stakeholders’ perspectives is actually a risk of full
adoption of the approach in practice.

7.4.5.4. External Validity

Generalizability is the main threat to external validity in this study. Triangulation
[Gui02] is a method used by qualitative researchers to check and establish validity in
their studies by analyzing a research question from multiple perspectives. To minimize
this validity threat, both data and environmental triangulation were considered in the
design of the study.

• For data triangulation, we tried to diverse the background of the interviewed
stakeholders with respect to their current roles in their projects. As can be
seen from the Table 7.5, the interviewed stakeholders include requirements
engineers working in the problem space, architects working in technical space, a
maintenance engineer, and managers covering different hierarchical levels.

• For environmental triangulation, although with relatively low statistical power,
we could involve interviewees from three different sites in two countries. The
interviews have also experiences in different sub-domains of IAM systems. Thus,
it was possible to reduce the external validity threats.
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7.5. Summary

This chapter started with the practical and research goals for validating the intended
benefits brought by the proposed approach. Following the GQM paradigm, the
measurement models at the two levels were created, and the corresponding hypotheses
are defined. Afterwards, the research methodologies to validate the hypotheses were
motivated. The validation has two parts: a case study based on a “slice-of-life”
example of an industrial IAM system and semi-structured interviews involving domain
experts from practical viewpoints.

The results of the case study have shown that integrating process and topology
variability into the derivation process can significantly enhance the variability modeling
and configuration. More variability in the core assets can be expressed. This leads to
a higher automation level of software product derivation. Furthermore, the time spent
on enabling the approach for the case study could show the feasibility of applying the
approach in a practical and realistic setting.

The semi-structured interviews were planned and designed to understand the percep-
tions of stakeholders from the IAM domain, because they are the potential users of the
proposed derivation approach. The results show that the most important improvement
is on user satisfaction and derivation efficiency perceived by the interviewees. The
process and topology modeling improves the variability representation, and the overall
derivation approach could show good understandability, reported by the involved
interviewees. However, learning and adopting new approaches in practical settings is
always challenging, which requires the maturity of tooling and the readiness throughout
different organizational levels. To support full adoption of the approach, additional
mechanisms for consistency checking during configuration should be integrated into
the approach.

Table 7.7 summarizes the results of testing each of the hypotheses. The feasibility
of the approach (H1) was demonstrated in the setting of this case study. Further
replications of such studies are necessary to fully test the feasibility of the approach in
a broader scope. H2 can be accepted, as the process and topology variability models
significantly enrich the variability modeling space. With the configuration of these two
variability types, a higher automation level of derivation can be achieved. The code
generation analysis shows that using the approach can generate more than 60% of
the source code of the chosen complex component in the case study, so that H3 can
be accepted. For testing the perceived users’ acceptance (H4), the semi-structured
interviews were chosen as the validation methodology. A questionnaire with open
questions with regard to usefulness, ease-of-use, opportunities and risks is prepared
for the interviews. H4 is considered to be accepted with certain limitations, based
on the inductive analysis of the narrative data collected during the interviews. An
ideal setting to test H5 would be an industrial experiment with two development
groups. One group uses the proposed approach and one control group develops the
software without the proposed approach. The comparison should be based on the time

151



difference of application engineering of the two groups. Due to the limited resources,
H5 could not be tested within the scope of this thesis.

Hypotheses Results
H1: Feasibility Accepted with limitation
H2: Characterization of multiple variability models Accepted
H3: Automation level of derivation Accepted
H4: Users’ perceived usefulness and ease of use Accepted with limitation
H5: Time saving in application engineering Not tested

Table 7.7.: A Summary of Validation Results

To mitigate the risks of validity threats during the planning, execution, data collecting,
and reporting phases of the case study and semi-structured interviews, certain tech-
niques were applied, such as data triangulation and member checking, as described in
the planning and execution phases of the two research methodologies, for example
in Section 7.4.2. However, the author could not fully avoid all the validity threats.
Figure 7.8 shows a summary of these validity threats.

Low Validity High Validity

Construct Validity 
Threats

Conclusion Validity
Threats

External Validity
Threats

Internal Validity
Threats

Poor construct definition
(involved experienced researchers)

Researchers‘ bias
(Involved domain engineers)

Mono-operation bias

Hypothesis guessing

Low reliability of measures
 

Low statistical power
(due to resource limitation)

Ramdom heterogeneity of 
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Generalization
(data& perspective triangulation) 

Pre-test effects

Post-test effects

Multiple-treatment 
interferences

Random samole
 

Personal bias
(member-checking)

History

Maturation

Instrument change

Case study relevant Semi-structure interview relevant

Figure 7.8.: Validity Threats

With the validation results, RQ4 can be answered. The approach shows significant
improvement on the software product derivation process for systems in industrial
automation management, where different variability types are concerned in different
derivation stages. The analysis of the results also shows the potential risks, limitation,
and future work for full adoption of the approach in practice.
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8
Conclusions and Further Research

Directions

”Success is not final, failure is not fatal:”

it is the courage to continue that counts.”

–Winston S. Churchill

This thesis has presented the MADE approach, which integrates the configuration of
feature, process and topology variability into a semi-automated derivation process for
IAM systems. This chapter provides the summary of the contributions of this thesis.
It also provides the outline of future research directions based on the lessons learned
from the work this thesis.

8.1. Summary of Contributions

The original motivation of conducting the research in this thesis came from the practical
problems during the software development and derivation of industrial automation
management systems. Besides feature variability, process and topology variability
are the two main characteristics of product families in the target domain. They
lead to additional complexity when attempting to use general-purpose variability
modeling techniques to establish a software produce line. Furthermore, requirement
engineers, hardware-oriented engineers, and software developers need to participate
in the development process, in which these stakeholders have particular concerns.
Therefore, a systematic derivation approach is desired to have the capabilities to
support modeling of feature, process and topology variability; automating the derivation
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in terms of model-level reuse, the staged derivation and the integration of the multi-
variability configuration.

This thesis has included a systematic literature review aiming at collecting the latest
advances of derivation approaches in the state of the art. Based on the analysis of
the prior approaches, this thesis has reported the limitations as: lack of modeling
support of the two domain-specific variability types, lack of support on model-level
reuse, and lack of support on integrating the configuration of multiple variability during
derivation.

Approach. As illustrated in Figure 8.1, this thesis has presented an approach, which
consists of three major parts:

Core
Assets

Derived 
Product
Derived 
Product

Derived 
Artifacts

Feature 
Model

Topology 
Meta-Model

Process 
Meta-Model

Multi-Variability 
Modeling

Configuration

Derivation Process 

Multi-Variability 
Realization

Model Process Artifact Relation SupportingRepository Manual (Semi-)Automated

Preparation Generation

(Chapter 4)

(Chapter 5) (Chapter 6)

· Principles, and development guidance
· The IAM topology meta-model and the configuration editor
· The IAM process meta-model and the configuration editor
· The hierarchical multi-variability associations

· The taxonomy of multi-
variability realization 
during code derivation

A semi-automated derivation approach:
· Integrates feature, process, topology configurations
· Defines Input/output data structure, roles, examples
· Provides algorithms for automated activities and 

execution procedures for manual activities

Figure 8.1.: Summary of Main Contributions of the Thesis

Multi-variability modeling. For feature, topology and process variability, the prin-
ciples and development guidance are presented at the first place, with which the
meta-models of modeling topology and processes in IAM systems are proposed. Fur-
thermore, these multiple variability types are hierarchically interrelated for representing
the variability in the core assets, in particular the components in the reusable software
product line architecture.

Multi-variability realization. To implement the process and topology variability, this
thesis presents an extension of variability realization taxonomy. The taxonomy consists
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of template-based derivation techniques, including parameterization, assembly, value
and type traversing.

The semi-automated derivation process. As presented in Figure 8.1, the proposed
MADE approach consists of three main derivation activities. (1) The Preparation
Activity is a semi-automated activity. By configuration of features, the derivation
infrastructure instantiates the corresponding process and topology models with model
templates or model fragments. (2) The Configuration Activity is a manual activity
supported by editors to allow derivation stakeholders to configure the process, topology
models and their relations. (3) The Generation Activity is an automated activity. The
first sub-activity uses feature configuration as input and decides the inclusion of code
generation templates. The second sub-activity finally uses the included code templates
to derive the application-specific code. The MADE approach defines also the input
and output data of these activities. For automated activities, the approach provides
pseudo-algorithms. For manual activities, the approach provides guidelines to support
configuration procedures.

Validation. At the research validation level, the thesis has presented a case study to
apply the proposed approach in an industrial-grade complex component from the target
domain. The case study demonstrates the feasibility of the approach. The results of the
case study show also that using the process and topology models significantly improves
the expression and representation of variability. Within the settings of this case study,
the automated generated code could replace more than 60% of the hand-written code
in the chosen complex component. As the practical validation, the thesis has presented
semi-structure interviews with experienced engineers to evaluate the users’ perceived
efficiency, satisfaction, learnability, understandability, flexibility and correctness. The
results show high potential on improving efficiency and user satisfaction, whereas the
flexibility and correctness may still rely on a better maturity of tooling.

8.2. Open Issues and Further Research Directions

Re-engineering with automation support during family engineering. Developing
the reusable software product line architecture and core assets is non-trivial. Up
to now, only limited numbers of state-of-the-art approaches address this issue. For
example, Lopez et al. propose feature-oriented refactoring patterns [LHMME11]. As
one direction of future work, manual procedures of re-engineering and refactoring
can be potentially supported by automated tooling, for example, to combine with
information retrieval techniques [NE08, ASBZ16], or variability-aware code refactoring
[LJG+15].

Support of manual configuration tasks. Improving the manual configuration sup-
port, in particular the second derivation activity “Configuration”, is not the main goal
of this thesis. As already pointed out in Chapter 2, there is a space to further improve
the configuration efficiency with existing techniques. There are approaches aiming
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at optimizing configuration, such as automating selection [GWW+11], or prioritizing
variability to be configured [CE11]. Adding mechanisms to perform error detection, to
diagnose constraint violations or to ensure consistency can improve the confidence of
configured multiple variability models [TBG13, AHH11]. Integrating such functions
into the derivation tooling can be a part of future work of this thesis, especially when
applying the approach in practice.
Extension of the approach to early derivation phases. During the semi-structured
interviews, the interviewees have pointed out a potential usage of the approach, which
is to use it in the pre-sales phase. The potential benefits are tow-fold. On the one hand,
during the pre-sales phase, domain-specific models can ease the communication among
different stakeholders. The customers of a manufacturing factory have completely
different backgrounds. The tailored and customized modeling languages enhance the
expression of the requirements. On the other hand, such an approach may help the
development team to better estimate the complexity of customer-specific development,
in terms of effort and resources of the whole project life cycle. It helps the derivation
stakeholders to foresee what can be reused and what must be newly developed already
during the negotiation with customers. To fulfill this goal, the derivation infrastructure
should be more presentable and attractive, especially for non-technical users. With
reasonable effort, this is possible to achieve as future work.
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A
Appendix: The Studies in Systematic

Literature Review

In Chapter 3, the systematic literature review resulted in 109 studies. With inclusion
criteria, exclusion criteria, quality assessment, and snowball-searching, 43 studies
published between 2008 and 2015 become the outcome of the literature review,
including the one of the author’s own work [FLE+15]. This appendix collects these
studies in Table A.1, with the information about the approach name, the year of
publication, the title, the first author and the publisher.

Approach Year Title First Author Publisher
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B
Appendix: Interview Scripts

The answers collected in the ten semi-structured interviews during the evaluation of
the proposed approach in this thesis are in the format of raw scripts. Figure B.1
presents the questionnaire, which has been already introduced in Chapter 7. This
appendix reports on these data.
Interview 1:

• Current role of the interviewee: Requirement Engineer
• Location of the interview: Shenyang, China
• Organization: BMW
• Years of working experience: 1-5
• Number of project experience: 3-5
• Interview date: February 16, 2015
• Interview duration: 50 minutes
• Answer of Question 1: Yes. It is very easy to understand the modeling
notations. The understandability depends (also) on the quality of the tooling.
The meta-elements may still need to be further tailored to specific product
families.

• Answer of Question 2: Yes. For me, an individual person, it is easy to learn.
The adoption of the approach in the team requires support from management.

• Answer of Question 3: Yes, for both requirement engineers and software
developers. The most important benefit is to ease the communication between
them.

• Answer of Question 4: Yes. When the adoption is successful, the approach
provides each role of stakeholders a shared understanding to the problem.
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Figure B.1.: The Questionnaire Used in the Semi-Structured Interviews

• Answer of Question 5: The flexibility should be balanced.
• Answer of Question 6: It is very necessary to have correctness checking. It

should be applied before the submission of requirement specification. This would
further lead to the extraction of business rules within processes.

• Answer of Question 7: The topology and process editors standardize the
requirement documentation. The standardization improves the communication
efficiency and work efficiency.

• Answer of Question 8: (The answer to this question has be included in the
answers to the previous questions.)

• Answer of Question 9: It would be nice to have the approach implemented in
Visio. Using MagicDraw could be difficult for the adoption.
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• Answer of Question 10: The knowledge transform is a risk. Training should be
performed regularly to synchronize the understanding of standardized notations,
especially when new people join the team, or after new "meta-elements" are
added. Otherwise, people turn to revert to their previous working style.

Interview 2:
• Current role of the interviewee: Architect
• Location of the interview: Erlangen, Germany
• Organization: Siemens
• Years of working experience: 6-10
• Number of project experience: 3-5
• Interview date: February 11, 2015
• Interview duration: 57 minutes
• Answer of Question 1: Before, they (the stakeholders) have only textual

specification for the processes; the graphical notations are easier to understand
compared to before. The graphical notations give better overview of the function-
ality of the “processes”, the topology are not for understanding but as linkages
to hardware devices or controllers. Other standard notations, e.g. Business
Process Modeling Notations, or Unified Modeling Languages, don’t have the
material flow. Therefore, tailoring is important to the domain. Otherwise the
notations are not understandable.

• Answer of Question 2: In the topology model, the “Transport To/Transport
From” are bad for learning. Other parts are easy to learn. The risks could be,
for example, the projects used the SPL family engineering are not enough, more
notations may be needed, when enlarging the scope. But currently it is okay.

• Answer of Question 3: Yes. The reason is also related to self-confidence
about the result. The code generator can be used at the starting phase of
development to derive the architecture and the structure of the code for the
complex components. It make my job easier. Synchronization of model and code
would make the change faster. The approach creates common understanding
between requirement engineers and software developers. The graphical notation
gives customers a better chance to understand systems during pre-sale phase.
Topology model helps the hardware development to communicate to software
team easier.

• Answer of Question 4: Yes. The current development requires the under-
standing among customers, requirement engineers, and developers. Later on, it
requires the negotiation back with customers. The approach helps on reducing
the number of these loops. The code generator enables the generation of archi-
tecture faster. The abstract topology layout can be linked to components, code
structure, and the setup of the project directly. The process templates save the
time of modeling, and are linked to reusable artifacts.
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• Answer of Question 5: The usage of the editors should be limited to avoid
misconfiguration, and to restrict accessible elements, so that the manual config-
uration is under-controlled.

• Answer of Question 6: Model validation is important during modeling time.
To use the approach in practice, it is necessary to have it.

• Answer of Question 7: The Model Instance Generator is a very good idea,
because it guarantees the generated code structure trustworthy, since the com-
ponent architecture was even variability. The code generator is easy to use.

• Answer of Question 8: Choosing the modeling platform matters. Versioning
and merging of models need to be considered in real industrial settings. The
tooling should be gradually extended. The code generator should be more
powerful, to generator more code.

• Answer of Question 9: For sales, the tool needs to be restricted. The approach
helps on quickly generating a prototype to show to customers. It gives a better
“image” to customers, and makes the requirement easier to understand by
customers. For the modeling part, the development of the models should be
iterative, possibly for different purpose, i.e code generation or communication.

• Answer of Question 10: The business can be limited because of the tool. The
evolution of SPL infrastructure may slow down the evolution of business. The
learning curve to adopt the approach could be high. The people who don’t know
about modeling can be scared away.

Interview 3:

• Current role of the interviewee: Maintenance Engineer

• Location of the interview: Shenyang, China

• Organization: BMW

• Years of working experience: 9

• Number of project experience: >6

• Interview date: February 16, 2015

• Interview duration: 55 minutes

• Answer of Question 1: The approach is very easy to understand. Since the
tool does generation, it is important to improve modularity of the code, and
extract configurable process steps.

• Answer of Question 2: Yes. It is not necessary to give the tool to requirement
people. Project managers are decision makers, but they do not need to understand
it. The tool is important for function designer sand developers. They must
completely understand the tool and each process action.

• Answer of Question 3: Yes, because of the improvement of efficiency.
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• Answer of Question 4: Yes. The idea is good, but it requires to have tool
maturity. The improvement is also at the reuse of SPL architecture. The
generated code must have good quality, so that they can be the replacement of
developers’ own coding.

• Answer of Question 5: The flexibility should be limited, and restricted to the
SPL family. The tooling should be used to communicate with customers and
users. Process commonalities are around 70%-80% among customers. The focus
of the reuse should be at the common parts.

• Answer of Question 6: There is not need to do model validation in the approach.
The refinement and correctness should be done by developers. Testing the code
should also be done by developers, when the reuse of process steps is actually at
the plug-reuse level. When we expect the tool does too many different tasks,
we would not be able to use it at all.

• Answer of Question 7: (The answer to this question has be included in the
answers to the previous questions.)

• Answer of Question 8: (The answer has been included in answers to Question
4, and question 5.

• Answer of Question 9: Considering the commonalities of processes among
customers, the reuse can be quite beneficial.

• Answer of Question 10: It depends on how good the experience of team
members is. The risk is high, but after several iterations, the situation can be
definitely improved.

Interview 4:

• Current role of the interviewee: Solution Manager

• Location of the interview: Shenyang, China

• Organization: BMW

• Years of working experience: >10

• Number of project experience: >6

• Interview date: February 16, 2015

• Interview duration: 60 minutes

• Answer of Question 1: I think the notations, especially the process notations
are easy to understand. I would like to have an additional notation to attach
detailed workflows at certain workstations as the standard manual operation
processes. Process templates are important to extract action instances with
function points and details.

• Answer of Question 2: It is easy for me. The adoption of the approach in
practice requires key users to give training.
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• Answer of Question 3: Yes. It depends on the communication purposes and
targeting people. For ERP systems, customers only have ideas. For MES, it
requires to communicate detailed workflows.

• Answer of Question 4: It is not possible to avoid natural derivation steps, and
it is not possible to replace all manual activities with fully automated derivation.
The approach can speed up the “performance”. The quality of tool support is
critical.

• Answer of Question 5: The tool should tolerance some configuration mistakes.
It is related to IT reuse, not related to requirements. It also depends on the
“quality” of family engineering results.

• Answer of Question 6: Correctness is not important for requirement reuse,
but important for IT reuse.

• Answer of Question 7: Model templates are very helpful, but the number
of modularized process steps is critical to the configuration. Currently in
practice, software development life-cycle is very long. The budget, time-line
and resources are pre-planned. Customers don’t know what they exactly want;
and stakeholders come from different background. The approach supports
the generation of “presentable” software systems to customers, even before
"payment". The approach simplifies the operations.

• Answer of Question 8: Tool maturity is very important to achieve. The
coverage of core assets from family engineering should be good enough.

• Answer of Question 9: The potential benefit is on “money”, which is basically
saving. It is important to have a decision maker (from the management level)
to support the technology adoption.

• Answer of Question 10: Risks when applying the tool in practice could be,
for example, when facing change, the approach should provide certain flexibility.
Using the tool(s) can improve the efficiency; but, without the tool, the whole
development process should still work. It should not totally depend and rely on
the tool.

Interview 5:

• Current role of the interviewee: Steering Manager

• Location of the interview: Shenyang, China

• Organization: BMW

• Years of working experience: >20

• Number of project experience: >20

• Interview date: February 16, 2015

• Interview duration: 98 minutes
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• Answer of Question 1: To standardize the notations is very helpful on improving
the communication. The development team and the requirement team have
different goals (when using the proposed notations). To ensure the willingness
of using the new approach and notations is probably the first step.

• Answer of Question 2: (Not answered)
• Answer of Question 3: Yes. To achieve it, it is necessary to reconstruct the
SPL to achieve standardization and modularity.

• Answer of Question 4: Yes. But it requires the maturity of the tool chain.
The generated lines of code doesn’t directly reflect to effort saving. Sometimes,
writing 100 lines of critical code can take longer than 1000 lines.

• Answer of Question 5: It depends on the purposes (on the individual profits).
For reuse, the notations should be limited. To react to changes or IT data
processing, it would be nice to give certain “buffers”.

• Answer of Question 6: (Not answered)
• Answer of Question 7: The process templates, but it requires high degree of
process standardization.

• Answer of Question 8: The sub-domains in MES can be different. Not
every of the sub-domains can be standardized. Logistic is difficult to achieve
standardization, because of human participants and manual activities. Machining
is completely possible. Pure warehouse is maybe also possible.

• Answer of Question 9: (Not answered)
• Answer of Question 10: It is difficult to test the logic behind the tool. Un-
derstandability of generated source code can be decreased, when applying the
approach. The approach cannot react to change very well. It is applied only once
at the starting phase. For example, database cannot be removed and recreated
with the current implementation.

Interview 6:
• Current role of the interviewee: Requirement Engineer
• Location of the interview: Shenyang, China
• Organization: BMW
• Years of working experience: 6-10
• Number of project experience: >6
• Interview date: February 16, 2015
• Interview duration: 50 minutes
• Answer of Question 1: The adoption of such an approach would anyway takes
some time. The scalability of the size of the domain-specific process model
can be challenging, if we want to apply it in practice. (Too many actions in
processes.)
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• Answer of Question 2: There should not be any problem to learn it.
• Answer of Question 3: Yes.
• Answer of Question 4: When the number of available process steps increases
to very high, the usability decreases. It is necessary to provide an index of
processes and structure the reusable actions for this purpose.

• Answer of Question 5: (Not answered)
• Answer of Question 6: The tooling should include a correctness checking

function. The more accurate, the better.
• Answer of Question 7: The benefits of using the approach come with the

improved efficiency during process specification and requirement communication.
• Answer of Question 8: (Not answered)
• Answer of Question 9: (Not answered)
• Answer of Question 10: The adoption of the approach requires training,
especially for new team members. The adoption should be initialized by the
management.

Interview 7:
• Current role of the interviewee: Requirement Manager
• Location of the interview: Shenyang, China
• Organization: BMW
• Years of working experience: 6-10
• Number of project experience: >6
• Interview date: February 16, 2015
• Interview duration: 40 minutes
• Answer of Question 1: Topology is not important, should be removed from

the approach. And it is important to formulate the interaction of material flow
and information flow, the interchange points.

• Answer of Question 2: The development of derivation infrastructure should
involve domain experts more.

• Answer of Question 3: (Not answered)
• Answer of Question 4: Efficiency can be improved, but it is not the most
important consideration. Spending longer time on requirements may finally
speed up the projects and avoid problems later on.

• Answer of Question 5: (Not answered)
• Answer of Question 6: (Not answered)
• Answer of Question 7: (Not answered)
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• Answer of Question 8: The prototype of processes and workflows would be
better to allow the description of graphical user interface. It would be nice
to add an interaction diagram, e.g. UML sequence diagram, to describe data
exchange between client and server. Furthermore, the integration to project
management, for example, to assign specification tasks to team members or
monitor work progress, can be very helpful, when using such a tool in practice.

• Answer of Question 9: (Not answered)
• Answer of Question 10: To understand and define process actions is critical
to the success of the development of such derivation infrastructure and tool
support.

Interview 8:
• Current role of the interviewee: Architect
• Location of the interview: Munich, Germany
• Organization: Siemens
• Years of working experience: >10
• Number of project experience: 1-2
• Interview date: January 7, 2016
• Interview duration: 107 minutes
• Answer of Question 1: The approach can be understand with some software
product line engineering experiences. It is not so easy to understand from
completely scratch.

• Answer of Question 2: It is easy to learn for technical people, but not easy
for non-technical people.

• Answer of Question 3: Yes, it is possible to improve the satisfaction.
• Answer of Question 4: It is skeptical. It needs a very mature product line.
Maybe the value brought by such an approach is more on communication
efficiency. Improvement sometimes is not the core of solution to customers.

• Answer of Question 5: The idea of approach is flexible. I can imagine
integrating other domain-specific models, for example to be used in rail and
train domain.

• Answer of Question 6: For the narrow domain, yes. Adding DSMLs is helpful
on improving the accuracy and correctness, compared to the models in other
modeling tools, such as Visio, I am not sure.

• Answer of Question 7: The approach enables the creation of high-level models
early. The expectation of an early requirement tooling is different from the
development tooling at later phase. These should be clearly separated.

• Answer of Question 8: (It has been mentioned in the answer to Question 4.)
SPLE approaches usually cannot pay-off.
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• Answer of Question 9: (Not directly answered. It has been mentioned in the
previous questions.)

• Answer of Question 10: To find the proper domain scope, the shown DSMLs
are domain-specific for warehouse domain. If the scope is too small, the approach
is not reusable to other MES sub-domains. And if the scope is too big, investment
(to the family engineering) is too high. It is important to make a careful decision
to invest on such SPLE solution. Saving effort is generally too difficult to tell.
Return on investment is usually difficult to get (based on the past SPLE projects).
Every user should feel like beneficial. Developing code generation tooling is very
expensive.

Interview 9:

• Current role of the interviewee: Architect

• Location of the interview: Munich, Germany

• Organization: Siemens

• Years of working experience: 6-10

• Number of project experience: 3-5

• Interview date: January 7, 2016

• Interview duration: 90 minutes

• Answer of Question 1: Yes. It is very clear to understand the need of having
such an approach. Understanding the impact of a particular configuration is not
easy. This approach can improve on this situation.

• Answer of Question 2: It is not easy for non-technical users to learn the
meta-models. Both domain and language experts are often needed to develop
the DSMLs.

• Answer of Question 3: The improvement of satisfaction comes from the “end-
results” as models are directly reusable for down-stream activities. I think the
stakeholders will be more satisfied, compared to other drawing tools, e.g. Visio.

• Answer of Question 4: It is very clear for development and derivation. For
variability representation, the variability modeling is more expressive.

• Answer of Question 5: It is flexible to extend the approach by integrating
other domain-specific variability types.

• Answer of Question 6: Both of the models and code should be checked to
avoid errors during configuration and derivation, which is not included in the
tooling yet.

• Answer of Question 7: The approach helps on improving the traceability from
models to code. It can reduce the number of errors. With the approach it is
possible to control over the configuration and the end products.
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• Answer of Question 8: It is flexible and has quite high potential to generalize
to other domains.

• Answer of Question 9: (It is mentioned already in the answer questions 6.)
• Answer of Question 10: In general, the adoption of the approach is cum-
bersome, because of the underlining tooling,“MagicDraw”. There are other
modeling options, such as Enterprise Architect or Visio. When the targeted
users of the approaches have already other modeling tools, it is difficult to let
them change. It would be helpful to do the adoption "step-by-step". It changes
people’s way of working. Training cost would be high. People should have the
confidence on the generated code.

Interview 10:
• Current role of the interviewee: Architect
• Location of the interview: Erlangen, Germany
• Organization: Siemens
• Years of working experience: >10
• Number of project experience: >6
• Interview date: April 10, 2016
• Interview duration: 120 minutes
• Answer of Question 1: Yes, with SPLE experiences it is easy to understand
the approach. For normal engineers without the experiences, some training is
needed.

• Answer of Question 2: It requires deep learning curve to reach full adoption.
The modeling tasks require certain qualification, not for every one.

• Answer of Question 3: At initial phase, the answer is yes. The satisfaction
could be improved. With the time, more questions and more requirements may
raise to enhance the tooling. The tooling requires incremental development and
improvement.

• Answer of Question 4: For modeling, the answer is “yes”. It is very efficient.
For development, after several iterations, maybe 5 times, till the architecture
gets more mature, the efficiency can be better. The code templates cannot
support debug. In this case, it is very important to have the acceptance and
quality of generated code.

• Answer of Question 5: It depends on the target domain and how mature the
domain is. With the shown one, can be sufficient.

• Answer of Question 6: For the model, yes, the approach helps on improving
the model correctness. The code correctness is not checked and guaranteed by
the current tooling. The approach helps on improving the self-confidence to the
outcome.
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• Answer of Question 7: The approach can be very helpful at the pre-sale phase
during requirement negotiation.

• Answer of Question 8: For the domain-specific modeling, the adoption should
try and start small to model the textual requirements in documents. Make the
approach agile. Fit to the team and stakeholders’ need.

• Answer of Question 9: The approach has high potential to be generalized to
other domains, such as power generation, train, or building automation.

• Answer of Question 10: Using such an approach has the prerequisite to the
flexibility of the domains, maturity of the domains, and experts during domain
engineering. The difficulty of MDD and DSMLs, is also that when to stop
modeling.
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C
Appendix: List of Abbreviations

MADE Multi-vAriability Derivation
SPLE Software Produce Line Engineering
SPL Software Produce Line
IAM Industrial Automation Management
FE Family Engineering
AE Application Engineering
DSML(s) Domain-Specific Modeling Language(s)
DSM Domain-Specific Model(s)
DSL Domain-Specific Language(s)
MOF Meta-Object Facility
UML Unified Modeling Language
BPMN Business Process Modeling Notations
SLR Systematic Literature Review
GQM Goal, Question, Metrics
MDD Model-Driven Development
ERP Enterprise Resource Planning
QA Quality Assessment
SRG Sub-Research Goal
RQ Research Question
WMS Warehouse Management System(s)
BPMN Business process modeling notations
LOC Lines of Code
OCL Object Constraint Language
RFID Radio-frequency identification
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