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Abstract

From our experience with several organizations that employ software product families, we have learned that, contrary to popular

belief, deriving individual products from shared software assets is a time-consuming and expensive activity. In this paper we

therefore present a study that investigated the source of those problems. We provide the reader with a framework of terminology

and concepts regarding product derivation. In addition, we present several problems and issues we identified during a case study at

two large industrial organizations that are relevant to other, for example, comparable or less mature organizations.
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1. Introduction

Since the 1960s, reuse has been the long standing
notion to solve the cost, quality and time-to-market is-

sues associated with development of software applica-

tions. A major addition to existing reuse approaches

since the 1990s are software product families (Bosch,

2000; Clements and Northrop, 2001; Jazayeri et al.,

2000; Weiss and Lai, 1999). The basic philosophy of

software product families is intra-organizational reuse

through the explicitly planned exploitation of similari-
ties between related products. This philosophy has been

adopted by a wide variety of organizations and has

proved to substantially decrease costs and time-to-

market, and increase the quality of their software

products (Linden, 2002).

In a software product family context, software prod-

ucts are developed in a two-stage process, i.e. a domain

engineering stage and a concurrently running application
engineering stage (Linden, 2002). Domain engineering

involves, amongst others, identifying commonalities and

differences between product family members and imple-
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menting a set of shared software artifacts (e.g. compo-

nents or classes) in such a way that the commonalities

can be exploited economically, while at the same time the
ability to vary the products is preserved. During appli-

cation engineering individual products are derived from

the product family, viz. constructed using a subset of the

shared software artifacts.

The idea behind this approach to product engineering

is that the investments required to develop the reusable

artifacts during domain engineering, are outweighed by

the benefits in deriving the individual products dur-
ing application engineering. A fundamental reason for

researching and investing in sophisticated technologies for

product families is to obtain the maximum benefit out of

this upfront investment, in other words, to minimize the

proportion of application engineering costs (see Fig. 1).

Over the past few years, domain engineering has re-

ceived substantial attention from the software engineer-

ing community. Most of those research efforts are
focused on methodological support for designing and

implementing shared software artifacts in such a way

that application engineers should be able to derive

applications more easily. Most of the approaches, how-

ever, fail to provide substantial supportive evidence. The

result is a lack of methodological support for application

engineering and, consequently, organizations fail to ex-

ploit the full benefits of software product families.
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Fig. 1. Domain vs. application engineering. This figure presents the

fundamental reason for researching and investing in more sophisti-

cated technology such as product families, i.e. decreasing the propor-

tion of application engineering costs.
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Rather than adopting the same top-down approach,
where solutions that are focused on methodological

support for domain engineering imply benefits during

application engineering, we adopt a bottom-up ap-

proach in our research. By studying product derivation

issues we believe we will be better able to provide and

validate industrially practicable solutions for applica-

tion engineering. This paper is the first step of the bot-

tom-up approach: it provides an overview of problems
and issues we identified at two industrial case studies,

Robert Bosch GmbH and Thales Nederland B.V.

The case studies were part of first phase of ConIPF

(Configuration in Industrial Product Families), a re-

search project sponsored by the IST-programme (Co-

nIPF, 2003). Robert Bosch GmbH and Thales

Nederland B.V. are industrial partners in this project.

Both companies are large and relatively mature orga-
nizations that develop complex software systems. They

face challenges during product derivation that do or

eventually will arise in other, e.g. comparable or less

mature organizations. The identified issues are therefore

relevant outside the context of the respective companies.

The main contributions of this paper are a framework

of terminology and concepts regarding product deriva-

tion as presented in Section 2, and a set of identified
problems and issues associated with product derivation

as presented in Section 4.

The remainder of this paper is organized as follows.

In Section 2, we describe the product derivation

framework as a basis for our discussion. In Section 3, we

provide a description of the industrial case studies. In

Section 4, we discuss the identified problems and issues.

Related work is presented in Section 5 and the paper is
concluded in Section 6.
2. Product derivation framework

In this section, we present a product derivation

framework that is based on the results of case studies of

the aforementioned and other organizations. To avoid
confusion, we start with a subsection containing defini-

tions of a number of terms used throughout this paper.

We continue by presenting a classification for product

families, as well as a generic software derivation process.
We conclude this section by discussing the relation be-

tween product family classification and several aspects

of product derivation. Combined, these subsections

build up the product derivation framework that is used

to discuss a number of product derivation problems in

subsequent parts of this paper.

2.1. Terminology

We use the following terminology in this document.
Product derivation. A product is said to be derived

from a product family if it is developed using shared

product family artifacts. The term product derivation

therefore refers to the complete process of constructing a

product from product family software assets.

Architecture. A product family architecture is the

higher level structure that is shared by the product

family members. It denotes the ‘‘fundamental organiza-

tion of a system embodied in its components, their rela-

tionships to each other and to the environment, and the

principles guiding its design and evolution’’ (IEEE1471,

2000). Each product family member derives its archi-

tecture from this overall structure.

Component. A unit of composition with explicitly

specified provided, required and configuration interfaces

and quality attributes (Bosch, 2000).
Variation point. Places in the design or implementa-

tion that identify locations at which variation will occur

(Jacobson et al., 1997). Two important aspects related to

variation points are binding time and realization

mechanism. The term �binding time’ refers to the point

in a product’s lifecycle at which a particular alternative

for a variation point is bound to the system, e.g. pre- or

post-deployment. The term �mechanism’ refers to the
technique that is used to realize the variation point

(from an implementation point of view). Several of these

realization techniques have been identified in the recent

years, such as aggregation, inheritance, parameteriza-

tion, conditional compilation (see e.g. Jacobson et al.,

1997; Anastasopoulos and Gacek, 2001).

Configuration. A configuration is an arrangement of

components and associated options and settings that
partially or completely implements a software product.

A partial configuration partially implements a software

product in the sense that not all variants are selected yet

or some variation points are not yet (completely) dealt

with. Likewise, a complete configuration is able to fully

implement the product requirements, i.e. all necessary

variants are selected. In a complete configuration not all

variation points have to be bound yet, however. There
may still be variation points that are bound at runtime

for example.

Knowledge types. We distinct three types of know-

ledge that are used during product derivation, i.e. tacit,

documented, and formalized knowledge. Tacit know-

ledge (Nonaka and Takeuchi, 1995) is implicit know-
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ledge that only exists in expert minds. Documented

knowledge is explicit knowledge that is expressed in

informal models and descriptions. Formalized knowl-

edge is explicit knowledge that is written down in a

formal language, such as the UML (UML, 2000), and

can be used and interpreted by computer applications.

2.2. Product family classification

As illustrated in the introduction, product families

are a successful form of intra-organizational reuse that

is based on exploiting common characteristics of related

products. In this section, we present a classification of

the different types of product families that captures most
product families we encountered in practice. This clas-

sification consists of two dimensions of scope, i.e. scope

of reuse and domain scope.

The first dimension, scope of reuse, denotes to which

extent the commonalities between related products are

exploited. We identify four levels of scope of reuse,

ranging from standardized infrastructure to configura-

ble product base.

• Standardized infrastructure. Starting from indepen-

dent development of each product, the first step to

exploit commonalities between products is to reuse

the way products are built. Reuse of development

methodologies is achieved by standardizing the

infrastructure with which the individual applications

are built. The infrastructure consists of typical as-
pects such as the operating system, components such

as database management and graphical user inter-

face, as well as other aspects of the development

environment, such as the use of specific development

tools.

• Platform. With a standardized infrastructure in place,

the next increase in scope of reuse is when the organi-

zation maintains a platform on top of which the
products are built. A platform consists of the infra-

structure discussed above, as well as artifacts that

capture the domain specific functionality that is com-

mon to all products. These artifacts are usually con-

structed during domain engineering. Any other

functionality is implemented in product specific arti-

facts during application engineering. Typically, a

platform is treated as if it was an externally bought
infrastructure.

• Software product line. The next scope of reuse is when

not only the functionality common to all products is

reusable, but also the functionality that is shared by a

sufficiently large subset of product family members.

As a consequence, individual products may sacrifice

aspects such as resource efficiency or development

effort in order to benefit from being part of the prod-
uct family, or in order to provide benefits to others.

Functionality specific to one or a few products is still
developed in product specific artifacts. All other func-

tionality is designed and implemented in such a way

that it may be used in more than one product. Vari-

ation points are added to accommodate the different

needs of the various products.

• Configurable product family. Finally, the configurable
product family is the situation where the organization

possesses a collection of shared artifacts that captures

almost all common and different characteristics of the

product family members, i.e. a configurable asset

base. In general, new products are constructed from

a subset of those artifacts and require no product spe-

cific deviations. Therefore, product derivation is typ-

ically automated once this level is reached (i.e.
application engineers specify a configuration of the

shared assets, which is subsequently transformed into

an application).

In addition to the scope of reuse as described above,

we identify a second dimension, domain scope. The do-

main scope denotes the extent of the domain or domains

in which the product family is applied.

• Single product family. The first domain scope is the

individual product family, where a single product

family is used to derive several related products. In

this paper we focus on this domain scope.

• Programme of product families. In case of a pro-

gramme of product families, several product families

together form a complete system. A shared architec-
ture defines the overall structure of the software sys-

tems. The individual components of the system are

developed according to an individual product family

approach as described above. The programme of

product families is especially applicable for very large

software systems.

• Hierarchical product families. An hierarchical product

family consists of several layers of product families.
The top-level product family denotes functionality

that is shared by all products, while the lower-level

product families specialize the upper levels. This

scope is particularly applicable in situations where

the number and variability of the involved products

is large or very large and a considerable number of

staff members is involved in producing those products

(Bosch, 2000).
• Product population. The product population ap-

proach is concerned with reuse of functionality

across several domains. Each product family has its

own architecture and domain specific components

for the required domain specific functionality. Func-

tionality that is shared between the domains is devel-

oped in shared components that can be used in the

domain specific architectures. For more detailed
information on product populations, see Ommering

(2002).
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2.3. A generic product derivation process

Focusing on the scope of reuse dimension with a

single product family as domain scope, we have gen-

eralized the derivation processes we encountered in

practice to a generic process as illustrated in Fig. 2.
This generic process consists of two phases, i.e. the

initial and the iteration phase. In the initial phase, a first

configuration is created from the product family assets.

During this phase, the application engineer has sub-

stantial freedom in choosing alternative product family

assets. In the iteration phase, the initial configuration is

modified in a number of subsequent iterations until the

product sufficiently implements the imposed require-
ments. The freedom of choice of the application engi-

neer is much more limited during the iteration phase as

all decisions have to be made within the context of the

product configuration at hand.

In addition to the phased selection activities de-

scribed above, in all product families, except for

product families with the largest scope of reuse, typi-

cally some code development is required during prod-
uct derivation. This adaptation aspect is not strictly

bound to one phase in the derivation process. We

therefore provide a more detailed description of both

phases, as well as a separate description of the adap-

tation aspect, below.

2.3.1. Initial phase

The input to the initial phase is a (sub)set of the
requirements that are managed throughout the entire

process of product derivation (see Fig. 2). These

requirements originate from, among others, the cus-

tomers, legislation, the hardware and the product family

organization. In the initial phase, three alternative ap-

proaches towards deriving the initial product configu-

ration exist, i.e. assembly, configuration selection, and a

hybrid of the former two approaches (see Figs. 3 and 4).
The alternative approaches conclude with the initial

validation step.

Assembly. The first approach to initial derivation

involves the assembly of a subset of the shared product

family assets to the initial software product configu-
Requirements Engineering

Iteration PhaseInitial Phase

Fig. 2. The generic two-phased product derivation process. The shaded

boxes denote the two phases of the generic product derivation process.

Requirements engineering manages the requirements throughout the

entire process.
ration. We identify three types of assembly ap-

proaches.

• In the construction approach the initial configuration

is constructed from the product family architecture

and shared components. The first step in the con-
struction process, as far as necessary or allowed, is

to derive the product architecture from the product

family architecture. The next step is, for each archi-

tectural component, to select the closest matching

component implementation from the component

base. Finally, the parameters for each component

are set.

• In case of generation, shared artifacts are modeled in
a modeling language rather then implemented in

source code. From these modeled artifacts, a subset

is selected to construct an overall model. From this

overall model an initial implementation is generated.

• The composition type (see also Fig. 4) is a composite

of the types described above, where the initial config-

uration consists of both generated and implemented

components, as well as components that are partially
generated from the model and extended with source

code.

Configuration selection. The second approach to ini-

tial derivation involves selecting a closest matching

existing configuration. An existing configuration is a

consistent set of components, viz. an arrangement of

components that, provided with the right options and
settings, are able to function together.

• An old configuration is a complete product implemen-

tation that is the result from a previous project. Of-

ten, the selected old configuration is the product

developed during the latest project as it contains the

most recent bug-fixes and functionality.

• A reference configuration is (a subset of) an old con-
figuration that is explicitly designated as basis for

the development of new products. A reference config-

uration may be a partial configuration, for example if

almost all product specific parameter settings are ex-

cluded, or a complete configuration, i.e. the old con-

figuration including all parameter settings.

• A base configuration is a partial configuration that

forms the core of a certain group of products. A base
configuration is not necessarily a result from a previ-

ous product. In general, a base configuration is not

an executable application as many options and set-

tings on all levels of abstraction (e.g. architecture or

component level) are left open. In contrast to a refer-

ence and old configuration, where the focus during

product derivation is on reselecting components, the

focus of product derivation with a base configuration
is on adding components to the set of components in

the base configuration.
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Fig. 3. The generic two-phased product derivation process in detail. During the initial phase of the process, a first product configuration is derived

from the product family assets. Until the product is finished, the initial configuration is modified in a number of subsequent iterations during the

iteration phase. Requirements that cannot be accommodated by existing assets are handled by product specific adaptation or reactive evolution

(denoted by the dashed boxes).
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Fig. 4. Alternatives during the initial phase. This figure portraits the alternative ways to derive an initial configuration. The composite approach

mixes construction and generation, while the hybrid approach mixes assembly and configuration selection.
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The selected configurations are subsequently modified

by rederiving the product architecture, adding, re- and

deselecting components and (re)setting parameters.

The effectiveness of configuration selection in com-

parison to assembly is a function of the benefits in terms

of effort saved in selection and testing, and the costs in

terms of effort required for changing invalidated choices

as a result of new requirements. Configuration selection
is especially viable in case a large system is developed for

repeat customers, i.e. customers who have purchased a
similar type of system before. Typically, repeat custom-

ers desire new functionality on top of the functionality

they ordered for a previous product. In that respect,

configuration selection is basically reuse of choices.

Hybrid. Similar to the composite assembly approach,

a hybrid approach to configuration exists that mixes

assembly and configuration selection. This hybrid ap-

proach involves selecting a number of partial configu-
rations (pre-assembled components or subsystems) that

are integrated to a larger assembly.
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Initial validation. The initial validation step is the

first step that is concerned with determining to what

extent the initial configuration adheres to the require-

ments. In the rare case that the initially assembled or

selected configuration does not provide a sufficient

basis for further development, all choices are invali-
dated and the process goes back to start all over again.

In case the initial configuration sufficiently adheres to

the requirements, the product is finished. Otherwise,

the product derivation process enters the iteration

phase.

2.3.2. Iteration phase

The initial validation step marks the entrance of the
iteration phase (illustrated in Fig. 3). In some cases, an

initial configuration sufficiently implements the desired

product. In most cases, however, one or more cycles

through the iteration phase are required, for a number

of reasons.

First, the requirements set may change or expand

during product derivation, for example, if the organi-

zation uses a subset of the collected requirements to
derive the initial configuration, or if the customer has

new wishes for the product. Second, the configuration

may not completely provide the required functionality,

or some of the selected components simply do not

work together at all. This particularly applies to

embedded systems, where the initial configuration is

often a first �guess’. This is mainly because the exact

physics of the controlled mechanics is not always fully
known at the start of the project, and because the

software performs differently on different hardware,

e.g. due to production tolerances and approximated

polynomial relationships. Finally, the product family

assets used to derive the configuration may have

changed during product derivation, for example, due to

bug fixes.

During the iteration phase, the product configuration
is therefore modified and validated until the product is

deemed ready.

Modification. A configuration can be modified on

three levels of abstraction, i.e. architecture, compo-

nent and parameter level. Modification is accom-

plished by selecting different architectural component

variants, selecting different component implementation

variants or changing the parameter settings, respec-
tively.

Validation. The validation step in this phase concerns

validating the system with respect to adherence to

requirements and checking the consistency and cor-

rectness of the component configuration.

Orthogonal to the two phases of the derivation pro-

cess is the aspect of accommodating requirements that

cannot be handled by as-is reuse, i.e. reuse without
adaptation, of existing assets. We refer to this activity as

adaptation.
2.3.3. Adaptation

Although Macala et al. (1996) suggested a five year

prediction window for functionality in software product

families, in general, products do not precisely adhere to

any designed or planned path (Svahnberg and Bosch,

1999). As a result, new product family members may
present requirements during product derivation that are

not accounted for in the shared product family artifacts.

Rather then selecting different artifact variants during

the phases described above, these unsupported require-

ments can only be accommodated by adaptation (de-

noted by the dashed boxes in Fig. 3). Adaptation

involves adapting the product (family) architecture and

adapting or creating component implementations. We
identify three levels of artifact adaptation, i.e. product

specific adaptation, reactive evolution and proactive

evolution (see Fig. 5).

Product specific adaptation. The first level of evolu-

tion is where, during product derivation, new function-

ality is implemented in product specific artifacts (e.g.

product architecture and product specific component

implementations). To this purpose, application engi-
neers can use the shared artifacts as basis for further

development, or develop new artifacts from scratch. As

functionality implemented through product specific

adaptation is not incorporated in the shared artifacts, it

cannot be reused in subsequent products unless an old

configuration is selected for those products.

Reactive evolution. Reactive evolution involves

adapting shared artifacts in such a way that they are
able to handle the requirements that emerge during

product derivation, and can also be shared with other

product family members. As reactively evolving shared

artifacts has consequences with respect to the other

family members, those effects have to be analyzed prior

to making any changes.

Proactive evolution. The third level, proactive evolu-

tion, is actually not a product derivation activity, but a
domain engineering activity. It involves adapting the
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shared artifacts in such a way that the product family is

capable of accommodating the needs of the various

family members in the future as opposed to evolution as

a reaction to requirements that emerge during product

derivation. Proactive evolution requires both analysis of

the effects with respect to current product family mem-
bers, as well as analysis of the predicted future of the

domain and the product family scope. Domain and

scope prediction is accomplished in combination with

technology roadmapping (Kostoff and Schaller, 2001).

Independent of the evolution type chosen, the scope

of adjustment required on architecture or component

level varies in four different ways.

Scope of adjustment

1. Add variation points. A new variation point has to be

constructed if functionality needs to be implemented

as variant or optional behavior, and no suitable vari-

ation point is available. In this, we recognize two dis-

tinct situations. In the first situation, the new

functionality is needed as option or alternative to al-

ready implemented stable behavior. This situation
mostly occurs if the need for variance was not recog-

nized before or when a change in market conditions

forces the organization to support more than one

alternative in parallel. In the second situation, the

existing system behavior is only extended with the

new functionality. In both the situations that the con-

ceptual variant functionality did and did not exist as

stable behavior, an interface has to be defined between
the variable behavior and the rest of the system. Fur-

thermore, an appropriate mechanism and associated

binding time have to be selected and the mechanisms

and variant functionality have to be implemented. In

addition, in the situation where existing functionality

is involved, the implemented functionality has to be

clearly separated from the rest of the system and re-

implemented as a variant that adheres to the variation
point interface. In case the binding time is in the post-

deployment stage, software for managing the variants

and binding needs to be constructed.

2. Change the realization of existing variation points.

Changes to a variation point may be required for a

number of reasons. Changes to a variation point

interface, for example, may be required to access

additional variable behavior. Furthermore, mecha-
nism changes may be required to move the point at

which the variant set is closed to a later stage, while

a change to the binding time may be required to in-

crease flexibility or decrease resource consumption.

In addition, variation point dependencies and con-

straints may need to be alleviated. In any case,

changes to a variation point may affect all existing

variants of the variant set in the sense that they have
to be changed accordingly in order to be accessible.
3. Add or change variant. When the functionality fits

within the existing set of variation points, it means

that the functionality at a point of variation can be

incorporated by adding a variant to the variant set.

This can be achieved by extending or changing an

existing variant, or developing a new variant from
scratch. These new or changed variants have to ad-

here to the variation point interface, as well as exist-

ing dependencies and constraints.

4. Remove a variant or variation point. A typical trend in

software systems is that functionality specific to some

products becomes part of the core functionality of all

product family members, e.g. due to market domi-

nance, or that functionality becomes obsolete. The
need to support different alternatives, and therefore

variation points and variants for this functionality,

may disappear. As a response, all but one variant

can be removed from the asset base, or the variation

point can be removed entirely. If in the latter case one

variant is still needed, it has to be re-implemented as

stable behavior.

Now that we have established a framework of con-

cepts regarding the derivation process with the two

phases and the adaptation aspect, the next question is

how these concepts relate to the scope of reuse classifi-

cation discussed in Section 2.2.
2.4. Relating scope of reuse and product derivation

In the previous section, we stated that products were

derived according to a generic process, independent of

the scope of reuse. However, there are differences for

each of the scopes in the realization of several aspects

during product derivation. In this section we discuss

those differences.
2.4.1. Standardized infrastructure

Although it provides a first step towards sharing

software assets, a standardized infrastructure provides

relatively generic behavior. The infrastructure is typi-

cally very stable, and very little domain engineering ef-

fort is required. Except for creating and maintaining

proprietary glue code, almost all effort is directed to-

wards application engineering (see Fig. 6). Therefore,

adaptation during product derivation in this type of
product family usually only concerns product specific

adaptation (see Section 2.3.3).

As the infrastructure contains no domain specific

functionality, it cannot fully specify a family architec-

ture, let alone fully document and formalize knowledge

to derive a product architecture. It furthermore only

documents those parts of component interfaces that

are concerned with functionality provided by the
infrastructure. Although components may contain
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variations, variability can be managed as in traditional

software development.
2.4.2. Platform

A platform requires a certain amount of domain
engineering to create and maintain the assets that

implement the common functionality. The main effort,

however, is still assigned to application engineering (see

Fig. 6), and adaptation during product derivation is still

mainly concerned with product specific adaptation (see

Section 2.3.3).

A platform usually lacks the information about spe-

cific products constructed on top of the platform.
However, products within a platform based product

family require more conformance in terms of architec-

tural rules and constraints that have to be followed.

These rules and constraints should be explicitly docu-

mented. The component interfaces should also be doc-

umented, or at least partially.

Since the platform only captures common function-

ality, the number of variation points is relatively low.
The only variation points available are related to vari-

ability that cross-cuts all products. Such variations that

are common to all products can be captured and man-

aged explicitly.
2.4.3. Software product line

The amount of effort spent in domain and application

engineering is roughly equal in the case of a software
product line scope of reuse (see Fig. 6). Adaptation

during product derivation is concerned with both

product specific adaptation and reactive evolution (as

described in Section 2.3.3), but the amount of adapta-

tion required highly depends on the stability of the do-

main and the maturity of the organization.

A software product line provides a product family

architecture that specifies both commonalities and dif-
ferences of the products. For each architectural com-

ponent, one or more component implementations are

provided. For more stable and well understood com-

ponents, one configurable component implementation

exists.
Depending on domain stability and maturity of the

organization, for some variation points, the binding

time, dependencies and set of variants change fre-

quently, while other variation points are quite stable.

Frequent changes make it uneconomical to formalize all
knowledge necessary to derive the products. A solution

in those situations is to at least partially formalize the

specification of the component interfaces for automated

consistency checks. The remaining part can remain ei-

ther documented or tacit.

2.4.4. Configurable product family

A configurable product family typically captures all
commonalities and differences in the product base. Most

effort in the product family is therefore directed towards

proactive evolution. In the occasional event that changes

are required they are handled through reactive evolution

(see also Section 2.3.3).

The product family architecture is enforced in the

sense that no product can or needs to deviate from the

commonalities and differences specified in the architec-
ture. The components are often stabilized when this

scope of reuse has been reached, and consequently, most

components have one configurable component configu-

ration. The return on investment for formalizing

knowledge in deriving products using these stable

components is therefore substantially higher then in a

software product line.
3. Case descriptions

This section details the case studies conducted at

Thales Nederland B.V. and Robert Bosch GmbH.

3.1. Thales Nederland B.V.

Thales Nederland B.V., the Netherlands, is a sub-

sidiary of Thales S.A. in France and mainly develops

Ground Based and Naval Systems in the defense area.

Thales Naval Netherlands (TNNL), the Dutch division

of the business group Naval, is organized in four Busi-

ness Units, i.e. Radars & Sensors, Combat Systems,
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Integration & Logistic Support, and Operations. Our

case study focused on software parts of the TACTICOS

naval combat systems family produced by the Business

Unit Combat Systems, more specifically, the Combat

Management Systems.

3.1.1. The Combat Management Systems product family

A Combat Management System (CMS) is the prime

subsystem of a TACTICOS (TACTical Information and

COmmand System) Naval Combat System. Its main

purpose is to integrate all weapons and sensors on naval

vessels that range from fast patrol boats to frigates. The

Combat Management System provides Command and

Control and Combat Execution capabilities in the real
world, as well as training in simulated worlds.

The asset base that is used to build Combat Man-

agement Systems, also referred to as the infrastructure,

was first established in the 1990s. It provides a virtual

machine (referred to as SigMA) as well as a publish/

subscribe communication mechanism through a real

time distributed database system (referred to as

SPLICE). The common functionality is mainly con-
cerned with handling the real time storage and trans-

portation of message instances, the creation of virtual

�worlds’ for training, replay of loggings and tests, as well

as handling a duplicated LAN and dynamic reallocation

of applications for battle damage resistance.

The asset base is now fairly stable, consists of

approximately 1500 kLOC and contains both in-house

developed and COTS (Commercial Off The Shelf)
components. Each component version consists of the

source, the binaries, and a fixed documentation associ-

ated with it. The descriptions of the components are

stored in a hierarchical component repository, where the
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top-level denotes the functional component and the

leaves the small-sized (10–120 kLOC) individual execu-

tables. This component repository and surrounding

management tasks play a supportive role within the

organization. It mainly provides information and con-

sultancy regarding the use of the components towards
several primary processes, handles COTS purchase,

component change and maintenance, as well as accep-

tance of new components to the repository.

Although the Business Unit Combat Systems is in the

process of extending the scope of reuse for the Combat

Management Systems product family to a software

product line, the asset base captures functionality com-

mon to all Combat Management Systems and is treated
as if it was an externally bought infrastructure. We

therefore classify the Combat Management System

family as a single product family with a platform as the

scope of reuse.

The products built on top of the infrastructure, i.e.

the Combat Management Systems, are large and com-

plex technical software systems. An average configura-

tion (including the infrastructure) consists of
approximately 37 main components and several MLOC.

The infrastructure alone already requires setting several

thousand lines of parameters, which often contain

multiple parameter settings per line. In the next sub-

section, we discuss how the process of deriving the

products is organized at TNNL Combat Systems.

3.1.2. Derivation process

The derivation process at the Business Unit Combat

Systems is highlighted in Fig. 7 and discussed below.

Initial phase. Due to the size of the Combat Man-

agement Systems, and the large amount of similarities
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between configurations for similar types of ships, con-

figuration selection is used to derive the initial product

configurations (the thin arrow in Fig. 7). To this pur-

pose, the collected requirements are mapped onto an old

configuration, whose characteristics best resemble the

requirements at hand. In practice, this configuration is
usually the most recently completed configuration of

the Combat Management System for the same type of

ship.

Using this old configuration, a complete specification

of the software product is compiled. This specification is

used in the rest of the product derivation process. First,

the old configuration is modified to comply with the

specification. To this purpose, the configuration is
modified by re- and de-selecting components, adapting

components and changing existing parameter settings.

The architecture is not changed explicitly, but implicitly

modified by the selection and adaptation activities.

When all components and parameters are selected,

adapted and set, the system is packaged and installed in

a complete environment for the initial validation. If the

configuration does not pass the initial validation, the
derivation process enters the iteration phase.

Iteration phase. Until the product sufficiently adheres

to the requirements, the configuration is modified in a

number of iterations (the thick arrow in Fig. 7), by re-

and de-selecting components, adapting components and

changing existing parameter settings.

Adaptation. During the (re)selection of components,

both reactive evolution and product specific changes are
applied when components are adapted. The decision

whether component development or change will result in

product-specific code or development that concerns the

entire product family, is determined through so called

Change Control Boards (CCB). Each product develop-

ment project (which is an application engineering pro-

ject) has its own CCB that determines whether a request

for development for the product family will go to the
component CCB (which is part of domain engineering).

The component CCB synchronizes the requests of dif-

ferent projects and decides whether and which of the

requests will be honored. The changes are financed and

performed by domain engineering. Components are also

adapted through proactive evolution.

Although all components were well documented at

the moment they were initially developed, some of the
documentation was not maintained completely when the

components were changed. As a result, the derivation

process at Combat Systems strongly depends on tacit

knowledge. No formal descriptions are used during the

derivation process.

When we relate the description of the product deri-

vation process of TNNL Combat Systems to Section

2.3, evidently, the process at Combat Systems is an in-
stance of the generic derivation process depicted in

Fig. 3.
3.2. Robert Bosch GmbH

Robert Bosch GmbH, Germany, was founded in

1886. Currently, it is a world-wide operating company

that is active in the Automotive, Industrial, Consumer

Electronics and Building Technology areas. Our case
study focused on two business units, which, for reasons

of confidentiality, we refer to as business unit A and B,

respectively.

3.2.1. The product families

The systems produced by the business units consist of

both hardware, i.e. sensors and actuators, and software.

The main requirements for originate from regulations at
various parts of the world, and different market seg-

ments (e.g. low-cost, mid-range or high-end).

Product family A captures both common and vari-

able functionality of the product family members.

Product family A is therefore classified as a family with

the software product line as scope of reuse. The asset

base of the product family B includes functionality that

is common to many products in the family. It has a
heartbeat of two months, which means every two

months the set of shared artifacts is updated with cus-

tomer specific functionality that is deemed useful for

most other product family members. The scope of reuse

for the product family of business unit B is therefore

classified as a platform (see also Section 2.2).

While TNNL Combat Systems develops a few in-

stances of the large and complex Combat Management
Systems per year, the business units derive thousands of

instances of systems per year. In the following subsec-

tions, we discuss the derivation process of both business

units.

3.2.2. Derivation process for business unit A

A system that is derived at business unit A, on

average contains approximately 50 components, a few
hundreds of compiler-switches and several thousands of

runtime parameters. The process that is used for deriv-

ing these products is highlighted in Fig. 8 and discussed

below.

Initial phase. Starting from requirements engineering,

business unit A uses two approaches in deriving an

initial configuration of the product, i.e. one for lead

products and one for secondary products:

• Lead products. For lead products, the first configura-

tion of the product is constructed using the assembly

approach (upper thin arrow in Fig. 8). First, the

architecture is derived from the product family archi-

tecture. In the next step, the closest matching compo-

nent implementations are selected from the repository

and subsequently the parameters are set. If, during
the selection of the components, no suitable compo-

nent implementation can be found in the repository,
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the most suitable component is copied and adapted

where necessary. If the required change involves a

completely new concept, the component is developed

from scratch (denoted by the dashed box around
Component Selection in Fig. 8).

• Secondary products. In case a similar product has

been built before, the first version of the product is

developed by using reference configurations (lower

thin arrow in Fig. 8). These reference configurations

are lists of components for consistent configurations,

and are typically configurations resulting from previ-

ous projects that are explicitly designated as reference
point. The components from the reference configura-

tion are replaced with more appropriate ones where

necessary. As the reference configurations are lists

of components, all parameters are still open and have

to be set before the iteration step. Knowledge about

valid parameter settings is available however, which

restricts the range of variability for the parameter set-

tings.

After the initial configuration is ready, the software

product is packaged and installed on a test bench for

calibration and validating the product with respect to

completeness, correctness and consistency of the con-

figuration. If the configuration passes the validation test,

the product is deemed ready. If new customer require-

ments come in, or when the configuration does not pass
validation, the derivation process enters the iteration

phase.

Iteration phase. In the iteration phase, the initial

configuration is modified in a number of iterations

by reselecting components, adapting components, or
changing parameters (the thick arrow in Fig. 8). At

business unit A, up to half of the time spent in deriving a

product is consumed by this phase.

Adaptation. If the inconsistencies or new require-
ments cannot be solved by selecting a different compo-

nent implementation, a new product family component

implementation is developed through reactive evolution.

This is achieved by copying and adapting an existing

implementation, or developing one from scratch.

The component documentation for individual prod-

ucts often comprise thousands of pages, which are quite

up-to-date. Furthermore, formal descriptions are avail-
able of the component interfaces. All other knowledge

about the artifacts is available as tacit knowledge. The

engineers indicate this tacit knowledge is still vital for

the product derivation process.

When we relate the description of the product deri-

vation process of this business unit to Section 2.3, evi-

dently, the process of unit A is an instance of the generic

derivation process depicted in Fig. 3.

3.2.3. Derivation process of business unit B

The product derivation process at business unit B is

highlighted in Fig. 9 and discussed below.

Initial phase. Each time a product needs to be derived

from the product family, a project team is formed. This

project team derives a product by assembly (the thin

arrows in Fig. 9). It copies the latest version of the
shared components and selects the appropriate compo-

nents from this copy. Thereafter, all parameters of the

components are set to their initial values.

The configuration is then packaged and installed on a

test bench for initial validation. If the configuration
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passes validation, it is deemed ready. Otherwise, the

derivation process enters the iteration phase.

Iteration phase. When new requirements come in, or

when inconsistencies arise during the validation process,

components and parameters are reselected and changed

in the iteration phase (the thick arrow in Fig. 9), until

the product is deemed finished. Similar to the situation
at business unit A, the iteration phase at business unit B

consumes up to half of the time spent in deriving a

product.

Adaptation. When during the initial and the iteration

phase the requirements for a product configuration

cannot be handled by the existing product family assets,

the changes are applied to the selected component

copies, in other words, by product specific adaptation.
These changes can therefore not be reused unless the

new functionality is integrated into the shared artifacts

at the heartbeat.

When we relate the description of the product deri-

vation process above to Section 2.3, evidently, the pro-

cess at business unit B is an instance of the generic

derivation process depicted in Fig. 3.
4. Problems and issues

In the previous section, we described the derivation

processes of business units at Robert Bosch GmbH and

Thales Nederland B.V. In this section, we present sev-

eral challenges that these business units face in deriving

products from their shared product family assets. Based
on a series of interviews and documentation provided by

the organizations, we have categorized several problems

into three areas. These three areas are knowledge
externalization (Section 4.1), variability management

(Section 4.2), and scoping and evolution (Section 4.3).

We discuss the problems in each section by using a

structure that consists of a set of observed problems,

examples of a number of those problems, and a dis-

cussion involving the causes and forces that are related

to the problems.

4.1. Knowledge externalization

In Section 2, we discussed several product family

classes in terms of scope of reuse. Organizations within

those classes use tacit, documented, and formalized

knowledge to derive individual product family members.

The process of converting tacit knowledge to docu-
mented or formalized knowledge is referred to as

externalization (Nonaka and Takeuchi, 1995). Below,

we discuss the problems, issues and forces that are

associated with tacit knowledge and knowledge exter-

nalization from a product derivation perspective.

4.1.1. Observed problems

We identified the following problems in the context of
knowledge externalization.

Very high workload of experts. As experts are in-

volved in virtually all steps of the product derivation

process (see Fig. 3), they tend to experience a very high

workload. On the one hand, the pressure on experts is

sometimes experienced as negative by the experts

themselves. On the other hand, other staff often men-

tioned the lack of accessibility of these experts.
False positives of compatibility check during compo-

nent selection. During product derivation, application

engineers select components for addition to or replace-
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ment of components in the (partial) configuration at

hand. Whether a component fits in the configuration

depends on the fact whether the component correctly

interacts with the other components in the configuration

and whether no dependencies or constraints are vio-

lated. The interaction of a component with its environ-
ment is contractually specified through the provided and

required component interface. Thus, the consistency of

the cooperation with the other components can be val-

idated by checking the correctness of the use of the

provided interfaces, the satisfaction of the required

interfaces of the selected component, the constraints,

and the dependencies. The problem we identified is the

situation in which the consistency check does not find
any violations, while in later stages (e.g. testing) it turns

out some of the selected components are not compatible.

This is due to the fact that not all compatibility aspects

have been externalized.

Large number of errors in parameter settings due to

large amount of parameters with implicit dependencies. A

substantial amount of effort in the derivation process of

the interviewed business units is associated with cor-
recting errors in the iteration phase. Staff indicates that

the error-proneness of the stage at which the parameters

are set is caused by the large amount of parameters and

implicit dependencies between them.

Identical errors in successive projects due to lack of

externalizing important implicit dependencies. Related to

the previous problem is the occurrence of identical

errors in successive projects. One of the reasons indi-
cated for this problem was the apparent lack of exter-

nalizing important tacit knowledge, e.g. the fact that a

certain error occurred as a result of a particular implicit

dependency, during the derivation of previous products.

Over-explicit documentation decreases traceability of

relevant information. Problems with documentation are

usually associated with the lack of it. However, over-

explicit documentation was identified as a problem as
well, as large amounts of documentation for a compo-

nent decrease the traceability of information that is of

particular interest for deriving a specific product. In

short, besides good structuring, documentation requires

an acceptable quality to quantity ratio in order to be

effective.

4.1.2. Examples

Business unit CS. The software engineers at Combat

Systems indicate that the documentation of some com-

ponents contain obsolete parts and inconsistencies. The

actual properties of these components are partly known

by experts that need to be involved in the derivation

process each time such a component is used. In addition,

the interviewees indicated that as a result of the eroded

documentation, variation points existed from which
even the experts did not know what their function was

and how they should be used. Such a situation was
handled by choosing the same variant each time a new

product was derived, e.g. by using a default parameter.

In those cases the software configuration seemed to

work properly, but was it unknown whether the choice

was really the optimal choice.

Business unit CS. Parameter settings at TNNL
Combat Systems account for approximately 50 percent

of product derivation costs. The engineers indicated that

most of the effort for this step results from correcting

unintended side-effects introduced by previous parame-

ter setting steps in the iteration phase.

Business unit A. Part of the compatibility check of

components during component selection is performed

by tooling at business unit A. This automated check is
based on the syntactical interface specification, i.e.

function calls with their parameter types. One of the

causes for iterations is that although the interface check

indicates a positive match for components in the con-

figuration during earlier phases, frequently, some of the

components turn out to be incompatible during valida-

tion on the test bench.

Business unit A. In addition to the automated check,
component compatibility is performed manually by

inspecting the component documentation. The software

engineers indicated that the component documentation

for individual products often comprise thousands of

pages. On the one hand this amount makes it hard to

find aspects relevant for a particular configuration. On

the other hand, the software engineers also indicate that,

at times, even this amount seems not enough to deter-
mine the compatibility.
4.1.3. Causes and forces

The desire of many organizations is to shift towards a

situation in which all tacit derivation knowledge is

externalized to formal knowledge. In this subsection we

discuss why this approach is not feasible for all scopes of

reuse.

Tacit vs. explicit

A number of drivers for the desire to shift to docu-

mented or formalized derivation knowledge have been

identified below.

• Avoiding knowledge starvation. A frequently ex-

pressed concern by organizations is the increasing

dependency on experts during product derivation.

Drawbacks are that the organization is vulnerable

to knowledge starvation, i.e. losing knowledge if ex-

perts leave the organization. Although those risks

can be minimized by offering adequate conditions of

employment and dividing tacit knowledge over multi-
ple experts, these approaches are expensive and/or

time consuming (deriving products in a complex tech-

nical environment typically requires several years of

training).
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• Avoiding known errors as a result of implicit dependen-

cies. In addition, tacit knowledge increases the chance

that unexpected difficulties arise during product deri-

vation, e.g. due to component incompatibility as a re-

sult of implicit and forgotten dependencies. Good

documentation and description of dependencies and
relations can avoid introducing known faults during

the derivation process.

• Enabling tool support. Besides managing the variabil-

ity information of a system, the actual selection and

binding of variants in a large and complex system

can be a tedious and error-prone task. All tasks that

can be automated may therefore significantly reduce

costs and increase product derivation efficiency.

Externalization also has some disadvantages, how-

ever.

• Externalization process intervenes with every day busi-

ness. One problem is that the externalization process

requires participation of a number of experts. These

experts are also involved in several customer projects.
Spending effort on formalizing tasks thus reduces the

availability for other �every day’ business.

• Externalization expensive and time consuming. In

addition, tacit knowledge is described as something

not easy visible and expressible, and therefore diffi-

cult to communicate and share with others (Nonaka

and Takeuchi, 1995). In general, experts tend to be

unaware of all dependencies they use. Documenting
and formalizing these dependencies therefore requires

thorough analysis during the externalization process.

As a result, the externalization process is an expensive

and time consuming task.

• Investment in infrastructure. Specifically related to

automating the steps of the derivation process is the

upfront investment required for tool development,

setting up the tool environment and training of per-
sonnel.

• Maintenance. Externalized knowledge has to be ac-

tively maintained in order to keep it useful. At the

original development of software artifacts the specifi-

cation can be correct, or at least intended to be cor-

rect. If in a later stage an artifact is changed, the

specification should also be changed accordingly.

Quite often however, investigating all consequences
of changes and updating the documentation accord-

ingly is not a priority, resulting in situations where

documentation is out-dated and rendered almost use-

less.

• Semantics. Formal component interface specifica-

tions often consist of a set of provided and required

operations in terms of argument and return types.

One of the reasons for the false positive problem as
discussed in the previous subsection, is the lack of

specification of semantics and behavior in such inter-
face specification. This is a problem as different oper-

ations can have different meanings (a temperature

delta parameter may indicate a positive or negative

delta for example) or are not accessible at all times

(e.g. in case of fast producers and slow consumers).

A drawback of formal specifications is furthermore
that they often do not specify the semantics of depen-

dencies or constraints, viz. they specify that compo-

nents are incompatible rather then why they are

incompatible. From the point of view from an engi-

neer that has to consider selecting a closely matching

component, however, it is also very important to

know why certain components exclude or depend

on other components, or whether certain constraints
are weak or strong, then just the fact that certain

components cannot be selected as-is. One reason for

this is that it helps in assessing the effort required

for adapting components. The lack of semantics fur-

thermore makes it much harder to maintain docu-

mented and formalized knowledge.

Related to the first four disadvantages is the fact that
the externalization process suffers from the law of

diminishing returns (Spillman and Lang, 1924), i.e. that

the return on investment in externalization effort de-

creases as the amount of potentially useful externalized

knowledge increases. This particularly applies to situa-

tions that involve frequent changes, or changes that are

handled by product specific adaptation, as the chance of

not being needed in other products is almost certain or
at least rather high. In other words, especially in scopes

of reuse other then a configurable product family, at

some point, the process of externalizing knowledge will

be unprofitable with respect to the costs and risks of

leaving information tacit. In such a situation it is

therefore much more viable to externalize the frequently

accessed knowledge and externalize knowledge in a

more reactive manner, i.e. through a knowledge man-
agement process that ensures documentation of implicit

dependencies that frequently result in mistakes.

4.2. Variability management

The ability to derive various products from the

product family is referred to as variability. Variability in

software systems is realized through variation points,
which are introduced at various stages of the lifecycle of

a software artifact, both during domain engineering

(reactive and proactive evolution) and application

engineering (product specific adaptation). During each

of the product derivation steps (see Fig. 3) variants are

selected which are bound to variation points in the code,

compilation, linking, or runtime lifecycle phase. Man-

aging the ability to handle the differences between
products at the various phases of the lifecycle is

regarded as a key success factor in software product
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families. In the following, we discuss the problems and

issues that are associated with managing variability

during product derivation.

4.2.1. Observed problems

We identified the following problems in the context of
variability management in software product families.

Unmanageable number of variation points and vari-

ants. One of the problems identified by the organiza-

tions is the complexity of the product family in terms of

number of variation points and variants. This cognitive

complexity causes the process of setting and select-

ing variants to become almost unmanageable by indi-

viduals.
Variation points not organized hierarchically. One of

the causes to the first problem is the fact that neither

product family explicitly organized variation points. As

a consequence, during product derivation, software

engineers are required to deal with many variation

points that are either not at all relevant for the product

that is currently being derived, or that refer to the

selection of the same higher level variant.
Consequences of variant selection unclear. At times, in

later phases of product derivation, earlier selected

variants proved to complicate development as the ear-

lier choice had negative consequences. This problem is

slightly different from the compatibility problem dis-

cussed in Section 4.1.1, as this problem specifically

refers to the qualitative aspects of a consistent config-

uration.
Limited resources for realizing variability. A typical

trend in software system development is for example

that the binding of variation points is required to evolve

towards later stages in the product lifecycle. Mecha-

nisms that bind late in the lifecycle typically require

extra resources, however. This poses a problem in

environments with limited resources, such as embedded

systems, as this limits the flexibility of the involved
software assets.

Variability negatively affects testability. Late binding,

combined with the large amount of variation points and

variants, makes it virtually impossible to test all com-

binations during development.

No uniform treatment of variation points over the

lifecycle. At the companies, experts dealing with vari-

ability were assigned to lifecycle phases, rather than to
different parts of the system. As a consequence, related

variation points for the same subsystem but bound at

different phases were managed by different experts that

had limited interaction. Software variability manage-

ment aims to treat variation points uniformly over the

lifecycle. However, as different variability management

experts are responsible for different phases in the life-

cycle, and those experts have limited interaction, varia-
tion points are treated only in the context of the

respective lifecycle phases.
4.2.2. Examples

Business unit CS. The instantiation of components

consists of setting parameters for each of the contained

executables. Not all of these parameters settings in fact

apply to a single executable, but to multiple. In other

words, there are parameters that should have the exact
same value since they indicate the exact same informa-

tion, such as the number of operator consoles on a ship.

Nevertheless, the parameter has to be set for every single

executable.

Business unit CS. A Combat Management System is

derived by different software engineers in subsequent

steps. The interviewees indicated that, although some

information is passed between each of the steps, not all
rationale behind earlier choices is available in later

stages of derivation. This leads to misinterpretation and

local optimizations.

Business unit A and B. An example of the limited re-

source problem was found in business units A and B,

which have strict resource requirements. On the one

hand, the engineers identify the increasing need to

handle more differences between the family members
with single flexible component implementations at run-

time, but on the other hand suffer from the ever

increasing number of component implementations and

parameters, as these differences can only be handled by

different variants that are bound earlier.

4.2.3. Causes and forces

Many of the problems associated with managing
variability are related to the realization of variation

points and their usage. In this subsection we describe

these forces in more detail and provide the underlying

causes.

Variability realization. Over the past few years, sev-

eral variability realization techniques have been identi-

fied (Jacobson et al., 1997; Svahnberg et al., 2002).

Variability realization mechanisms typically have a large
impact on the performance and flexibility of the soft-

ware system. Therefore, a well-considered choice should

be made when selecting a mechanism, based on aspects

such as the size of the involved software entities, when

the variation should be introduced, when it should be

possible to add new variants, and when it needs to be

bound to a particular variant. In practice, however, the

number of variability realization techniques used is
often very limited and not always best suited for the

problem at hand. We identify a number of causes.

• Especially embedded systems have tight constraints

on memory consumption and timing. As variation

points typically require extra computational re-

sources such as memory or CPU-cycles, often mech-

anisms are chosen that minimize the extra overhead.
• The number of variability mechanism used is further

limited by the technology, e.g. the programming
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language or the infrastructure, used. Programming

languages such as C for example, do not include tech-

niques such as inheritance and reflection.

• Software architects typically lack the awareness with

respect to the advantages and disadvantages of cer-

tain mechanisms and often only map variation to
the mechanisms they know (Bosch et al., 2001).

• As development time often is limited, variability is

implemented in an ad hoc manner, not having consid-

ered whether the characteristics of the mechanism

used, e.g. resource consumption, meet the required

characteristics.

• The customer requirements may require a certain

mechanism to be used, whereas this mechanism is
not recommended from a technology point of view.

An example of such a situation is when run-time

binding is prohibited, as the code for certain variants

is restricted to be shipped to one customer only.

Although choosing only a few mechanisms simplifies

design and implementation of variation points, the

drawbacks of disregarding the other mechanisms are not
always understood (Bosch et al., 2001). We therefore

identify the need for a comparative study of different

variability realization mechanisms that investigates the

different advantages and disadvantages. In addition,

software engineers and software architects should be

made aware of the different realization techniques and

associated characteristics.

Managing combinatorial explosion. The number of
variation points and variants tends to explode in com-

panies that derive either large or many related software

systems per year. The ability to manage these vast

amounts of variability is key to the success of software

product families. Methodologies are therefore needed

that not only ensure the minimum number of necessary

variation points in the total asset base, but also that

minimize the number of variation points that are shown
to or needed to be handled by a product developer. One

approach in minimizing the choices that have to be

made by product developers is by configuration selec-

tion as discussed in Section 2. Other approaches include

using hierarchy to hide variation points. A more rigor-

ous approach to hide variation points is by moving from

a single product family to a hierarchical product family

domain scope. A hierarchical product family basically
groups variation points and variants to a specific group

of products in several layers, thus reducing the number

of variation points visible, to those of the group where

the product belongs to.

4.3. Scoping and evolution

Several product family approaches, such as described
in Clements and Northrop (2001) and Bayer et al.

(1999), comprehend periodic scoping, i.e. periodical
identification of the assets that should be made reusable,

in order to deal with the continuous evolution of a

product family. From a product derivation perspective,

a distinction between reactive and proactive product

family evolution has been identified in Section 2. In the

following subsections, we discuss the ramifications of
the existence of these types of evolution in relation to

product family scoping. In particular, we discuss the

resulting problems and issues that were identified in the

industrial organizations.

4.3.1. Observed problems

We identified the following problems in the context of

scoping and evolution of product family assets:
Repetition of development. In addition to unmanage-

ability as a result of cognitive complexity (Section 4.2.1),

the organizations identify that over subsequent deriva-

tion processes, development effort is spent on imple-

menting functionality that highly resembles

functionality implemented in previous projects.

Scoping of features. During product derivation, it

often becomes clear that new features are required for
the resulting product. The interviews showed that it

frequently turned out difficult to decide whether a fea-

ture was product specific or that it should be part of the

shared artifacts. In the latter case it was often difficult to

decide whether the application or domain engineers

should implement the new feature. Practical arguments

such as time to market and short term cost frequently

caused solutions to be selected that were neither optimal
for the product itself nor for the product family as a

whole from an engineering perspective.

Road mapping. A problem related to the previous was

concerned with the incorporation of new features in the

iterative domain engineering process. During the road

mapping activity features were under-prioritized and

consequently delayed for later releases that turned out

to be needed earlier than scheduled. This causes prob-
lems as repeatedly common features were implemented

as product specific as the domain engineers were unable

to quickly enough provide an implementation.

Obsolete variation points not removed. Changes in the

solution domain may cause variation points to become

obsolete, see also Section 2.3.3. Often these obsolete

variation points are not removed and keep being visible

within the derivation process. These obsolete variation
points contribute to the problem of the cognitive com-

plexity as presented in Section 4.2.1.

Derivation costs higher then expected due to required

adaptations. The organizations observed that, fre-

quently, the use of functionality provided by certain

shared software assets turns out to require more effort

than just setting parameters. Instead, in order to reuse

or implement those variants, often some form of adap-
tation is required. The number of adaptations and its

associated costs are hard to estimate beforehand. The
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organizations observe that as a result, the derivation

process costs often become higher than expected.

Different provided and required interfaces complicate

component selection. When changes to the shared arti-

facts are applied by reactive evolution and the devel-

opment time is limited, new functionality is often
realized by making a new version of a component and

later adapting it. This adaptation may influence the

dependencies with other components and the provided

and required interfaces. When many of the adaptations

in the derivation process are applied in a reactive man-

ner, many new versions of components with different

interfaces and dependencies are added to the asset base.

This hampers the process of product derivation as, even
when different versions provide the same functionality,

the application engineers have to find out which versions

of the component-variants can be connected based on

their provided and required interfaces and their depen-

dencies.

Variation point and mechanism considered identical.

Software engineers, both domain and application, typi-

cally ignored the difference between a variation point
and its implementation technique. Rather these were

treated as identical, which complicates, among others,

evolution as the techniques that are used to implement

the conceptual variation point are now intertwined with

other functionality provided by the software artifacts.

As a result, the variation points in the artifacts are ra-

ther rigid with respect to changing their properties.

When, for instance, changing the binding time or the
phases during which variants can be added for a varia-

tion point, the variation point has to be reengineered,

the old mechanism has to be removed from the software

artifact(s) (remember that it may be spread out over

several artifacts), the new mechanism incorporated in

the software artifacts and the variants reimplemented to

facilitate change. Although this may be acceptable for

changes with a low likelihood, we have seen that this is a
very typical evolution for a variation point.

4.3.2. Examples

Business unit B. At business unit B, all required

changes during product derivation are handled through

product specific adaptation. Periodically, the function-

ality that is deemed useful for the product family is

incorporated in the family assets. The drawback of this
approach is that during each heartbeat, new function-

ality cannot be reused across products family members.

Combined with the large number of product instances

per year, this leads to cases in which, across product

groups, the same functionality is implemented multiple

times.

Business unit A. In contrast to B, business unit A

handles new functionality by reactively evolving the
product family assets. In practice, almost each derived

product adds one or more component variants or vari-
ation points to the asset repository, thereby increasing

the cognitive complexity of the product family. To give

an example: The asset repository contains several

thousand component-variants and several ten-thou-

sands older versions of these component variants.

Product derivation comprises selecting several hundreds
of components from these component-variants and set-

ting several thousand parameters. This cognitive com-

plexity of the product family, in some cases, leads to

repetition of development. An example of this situation

is when during component selection, the component

variants implementing certain requirements are not

found, while they are present. In addition, the large

number of parameters frequently lead to mistakes that
influence the consistency and correctness of the inter-

mediate product configurations.

Business unit CS. At TNNL Combat Systems, some

components are associated with parameter files that

contain several thousand lines of parameter settings,

with occasionally multiple settings per line. Similar to

business unit A, working in an environment with such

large numbers easily lead to human mistakes and
therefore iterations in the derivation process. The in-

terviewees indicate however, that a number of these

parameters are actually not very useful anymore, as they

have the same value for each derived product. An

example of such a case is the selection of different

operating systems for the Combat Management System.

Formerly, the Combat Management Systems were de-

signed to be able to run on three different operating
systems. Currently, the Combat Management Systems

only run on one of these operating systems. It is still

possible however, to configure some (especially old)

components in such a way that they are able to run on

the other types of operating systems as well.

4.3.3. Causes and forces

The main forces associated with the observed prob-
lems are related to the three types of evolution presented

in Section 2.3.3. We discuss these forces in more detail

below.

Product specific adaptation vs. reactive evolution.

During product derivation, changes can be handled

through product specific adaptation and reactive evo-

lution. Both types of evolution have their advantages

and disadvantages, which we discuss below.

• Product specific adaptation. The first approach, i.e.

handling changes through product specific adapta-

tion, has the advantage that changes that are very

specific to one product do not increase the cognitive

complexity of the product family assets. Second,

product specific changes are generally cheaper and

less time consuming then reactive evolution, at least
in the short term. This makes it easier to meet project

deadlines and budgets. On the other hand, product
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specific changes and variants cannot be reused unless

an old configuration is copied and adapted, and do

not lead to variation points that could be useful for

other product family members.

• Reactive evolution. The second approach, i.e. han-

dling changes through reactive evolution, has the
advantage that new functionality is made available

to other products, thus potentially improving reuse

and decreasing overall cost for implementing com-

mon functionality. A disadvantage is that the change

is potentially more expensive then actually needed in

the product under derivation. Moreover, functional-

ity in the product family assets that will never be re-

used in other products unnecessarily increases the
cognitive complexity of the assets.

A scoping decision regarding these types evolution is

optimal if the benefits of handling the change through

reactive evolution (possible reuse) outweigh the benefits

of product specific adaptation (no unnecessary variation

points and variants). At Bosch, we identified two ex-

tremes in the balance between product specific adaptation
and reactive evolution. On the one extreme, all required

changes for the products were handled through product

specific adaptation (business unit B), while on the other

extreme, all changes were handled through reactive evo-

lution (business unit A). In other words, there was no

explicit asset scoping activity that considered the benefits

and disadvantages each time new functionality emerged

during the derivation of the individual products.
The drawback of such an approach is that for

possibly a considerable amount of functionality, a non-

optimal scoping decision is made. Therefore, the prod-

uct derivation processes should include continuous

interactions with the scoping activities during domain

engineering. The Change Control Boards as employed

by TNNL Combat Systems (see Section 3) provide a

good example in that respect.
Product specific variation points. In addition to the

scoping issue involving product specific adaptation and

reactive evolution, there are two other issues that in-

volve proactive evolution. The first issue involves the

observation that within the derivation process the usage

of certain variation points often requires some form of

change to shared assets. The underlying problem here is

that some variation points handle the selection of
alternatives well for a particular set of family members,

but are rather inflexible with respect to the others. This

problem mainly arises if the evolution of the shared

software assets is often realized by reactive evolution

rather then proactive evolution. One of the reasons for

this is that reactive evolution is mainly concerned with

incorporating the requirements that are specific to a

product in relation to existing product family require-
ments, rather than analyzing how they relate to

requirements in future products.
In addition, product derivation projects often have an

intense focus on time-to-market and project budgets.

This pressure is reflected on the activities during reactive

evolution, since the changes have to be ready within the

time-frame of the project. With this focus, short term

benefits often get a higher priority than long term ben-
efits, which basically means that implementing the

requirement for a specific product is prioritized over

reusability in other products.

Addition vs. removal. The second issue involves the

observation that the cognitive complexity hampers the

derivation process. Although the assumption that vari-

ability improves the ability to select alternative func-

tionality and thus the ease of deriving different product
family members is easily made, the results of our case

study suggest otherwise. At a certain point, each addi-

tional variation point leads to an increase in the cogni-

tive complexity of the product family, and possibly

complicates the derivation process. In addition to han-

dling all changes through reactive evolution, we identify

the existence of obsolete variation points and the lack of

removing these obsolete variation points during �pure’
domain engineering activities, such as proactive evolu-

tion, as a second important case in which the cognitive

complexity is larger then absolutely necessary.

As we briefly discussed in Section 2.3.3, the need to

support different alternatives, and therefore variation

points and variants for this functionality, may disap-

pear. In addition, variation points introduced during

proactive evolution are often not evaluated with respect
to actual use. Both phenomena lead to the existence of

obsolete variation points, i.e. variation points for which

in each derived product the same variant is chosen, or,

in case of optional variants, not used anymore. Often,

these obsolete variation points are left intact, rather then

being removed from the assets. This approach has a

number of advantages and disadvantages.

On the one hand, removing unnecessary variation
points requires effort in many areas. All variation points

related to the previously variable functionality have to

be removed, which may require redesign and reimple-

mentation of the variable functionality. There may be

dependencies and constraints which have to be taken

care of. Also, changing a component may invalidate

existing tests and thus requires retesting. On the other

hand, removing variation points increases the predict-
ability of the behavior of the software, decreases the

cognitive complexity of the software assets, and im-

proves traceability of suitable variants in the asset

repository. We also note that if variability provided by

artifacts is not used for a long time, or removed from the

documentation, engineers may start to forget some

facilities are there. The interviewees, for example, indi-

cate the existence of parameters from which no one
knows what they are for, or what value they should

really have. Furthermore, when incomplete documen-
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tation leads to a situation in which changes to artifacts

lead to the removal of parts of the facilities but not all,

artifacts may suffer from inconsistent behavior.

Concluding, shared software assets have to evolve

continuously in order to keep the economic benefits of a

product family at an optimal level. However, careful
thought has to be given to how assets should actually

evolve. For example, the asset base should not only in-

crease continuously in terms of the amount of provided

functionality, but unused functionality should also be

removed where feasible. In addition, we identify the

need for methodologies and guidelines that assist soft-

ware engineers in making well-founded choices with

respect to the types of evolution.
5. Related work

After being introduced by Parnas (1976), the notion

of software product families has received substantial

attention in the research community since the 1990s.

The adoption of software product families has resulted
in a number books, amongst others, Clements and

Northrop (2001), Jacobson et al. (1997), Jazayeri et al.

(2000), Weiss and Lai (1999) and our co-author’s book

(Bosch, 2000), as well as workshops (PFE 1-4), confer-

ences (SPLC 1 and 2), and several large European

projects (ARES, PRAISE, ESAPS and CAF�E).
Several articles that were published through these

channels are related to this paper. Schmid (2000) and
Kishi et al. (2002) discuss the scoping activity from the

perspective of adopting a product family rather then as

something that is a continuously running activity that

highly interacts with the product derivation process.

The notion of a variation point was introduced by

Jacobson et al. (1997). The notion of variability has also

been discussed in earlier work of our research group,

amongst others, by presenting three recurring patterns
of variability and suggesting a method for managing

variability in software product families (van Gurp et al.,

2001), discussing variability issues that are related to

problems presented in Section 4.2 (Bosch et al., 2001),

and presenting a taxonomy of variability realization

mechanisms (Svahnberg et al., 2002). Several variability

realization techniques have further been identified by

Jacobson et al. (1997), Jazayeri et al. (2000) and Anas-
tasopoulos and Gacek (2001), while Bachmann and Bass

(2001) specifically discuss design and realization of

variability in software architectures.

Geyer and Becker (2002) and Salicki and Farcet

(2001) present the influence of expressing variability on

the application engineering process. They assume a

more na€ıve unidirectional process flow, however, rather

then a phased process model with iterations for re-
evaluating the choice for variants. Process models that

are more concerned with the development of individual
software products have emerged over the years as well.

The first known published process model is Royce’s

waterfall model (Royce, 1970), which is often also used

to model the abstraction levels or, alternatively, the

lifecycle phases of a software product. Other well known

iterative development process models are the spiral
model (Boehm, 1988), the Rational Unified Process

(Kruchten, 2000), and the incremental model (Mills

et al., 1980).

The two-dimensional maturity classification of

product families presented in this paper is an extension

and refinement of the one-dimensional maturity classi-

fication presented in earlier work (Bosch, 2002). This

one-dimensional classification consisted of the following
levels: standardized infrastructure, platform, software

product line, configurable product base, programme of

product lines, and product populations. The configura-

ble product family relates to the approaches presented

by Weiss and Lai (1999) and Czarnecki (1997), who

employ generative techniques to derive individual

products, and to the Model Driven Architecture ap-

proach proposed by the OMG (OMG, 2003). This
relationship between product derivation and MDA has

furthermore been identified by, for example, Monestel

et al. (2002) and Deelstra et al. (2003).

Several industrial case studies have been performed

inside our group, e.g. on product instantiation (Bosch

and H€ogstr€om, 2000) and evolution in software product

families (Svahnberg and Bosch, 1999). Also outside our

group, several case studies have been presented over the
years, such as from the SEI (Brownsword and Clements,

1996; Clements et al., 2001) and others (Ardis et al.,

2000). The contribution of this paper is that it specifi-

cally identifies and addresses issues and problems in

product derivation, whereas earlier case studies pri-

marily focused on domain engineering.
6. Conclusions

The work presented in this paper is motivated by the

impression that despite the substantial attention in the

software product family research community to

designing reusable software assets, deriving individual

products from shared software assets is still rather time-

consuming and expensive for a large number of orga-
nizations. We studied the product derivation process for

the product families at two large and relatively mature

industrial organizations, i.e. Robert Bosch GmbH,

Germany, and Thales Nederland B.V., The Nether-

lands, to investigate the source of those problems.

The aforementioned and other product families we

encountered in practice can be classified according to

two dimensions of scope. The first dimension, scope of

reuse, denotes to which extent the commonalities be-

tween related products are exploited. The first scope of
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reuse is the standardized infrastructure,which involves

reusing the way products are built. The platform consists

of the standardized infrastructure, as well as artifacts

that capture the domain specific functionality that is

common to all products. In a software product line not

only the functionality common to all products is reus-
able, but also the functionality that is shared by a suf-

ficiently large subset of product family members. As a

consequence, individual products may sacrifice aspects

such as resource efficiency or development effort in order

to benefit from being part of the product family, or in

order to provide benefits to others. Finally, the config-

urable product family is the situation where the organi-

zation possesses a collection of shared artifacts that
captures almost all common and different characteristics

of the product family members, i.e. a configurable asset

base.

The second dimension, domain scope, denotes the

extent of the domain or domains in which the product

family is applied. The first domain scope is the single

product family, where a single product family is used to

derive several related products. In a programme of

product families several product families together form a

complete system. A hierarchical product family consists

of several layers of product families, and a product

population approach is concerned with reuse of func-

tionality across several domains.

Focusing on the scope of reuse dimension in a single

product family domain scope, the derivation process

that we generalized from practice consists of two main
phases, i.e. the initial and the iteration phase (see Fig. 3).

In the initial phase, a first configuration is created from

the product family assets by assembling a subset of

shared artifacts or by selecting a closest matching

existing configuration. The initial configuration is then

validated to determine to what extent the configuration

adheres to the requirements imposed by, amongst oth-

ers, the customer and organization. If the configuration
is not deemed finished, the derivation process enters the

iteration phase. In the iteration phase, the initial con-

figuration is modified in a number of subsequent itera-

tions until the product sufficiently implements the

imposed requirements.

Requirements not accounted for in the shared arti-

facts are handled by adapting those artifacts. We have

identified three levels of adaptation. The first level is
product specific adaptation, where new functionality is
Table 1

Case study characteristics

Product family Scope of reuse Initial deriv

TNNL Combat Systems Platform Old configu

Bosch A Product line Reference c

Bosch B Platform Assembly

The main characteristics of the product families at Combat Systems, Thales
implemented in product specific artifacts. The second

level, reactive evolution, involves reactively adapting

shared artifacts in such a way that they are able to

handle the new functionality, and can still be shared

with other product family members. The third level,

proactive evolution, is actually not a product derivation
activity, but a domain engineering activity that we ad-

ded for completeness sake. It involves adapting the

shared artifacts in such a way that the product family is

capable of accommodating the needs of the various

family members in the future.

The derivation process discussed above builds up our

product derivation framework. The main distinct char-

acteristics of the product families from our case study
are summarized in Table 1. As shown, the derivation

processes at both organizations represent a subset of the

generic process we discussed above.

Both organizations from our case study face several

challenges during product derivation. We have catego-

rized these challenges in knowledge externalization,

variability management, and asset scoping and evolu-

tion.
Related to knowledge externalization, i.e. the process

of converting tacit to documented or formalized

knowledge, we identified the very high workload of ex-

perts, false positives of the compatibility check during

component selection, the large number of errors in

parameter settings due to large amount of parameters

with implicit dependencies, the identical errors in succes-

sive projects due to lack of externalizing important im-

plicit dependencies, and the decreased traceability of

relevant information due to over-explicit documentation

as the main problems. In addition, we discussed forces

particularly related to problems as a result of implicit

knowledge, and the difficulties and economics of the

knowledge externalization process.

For variability management, we identified the

unmanageable number of variation points and variants,

the lack of hierarchy in the organization of variation

points, the unpredictable consequences of variant selec-

tion, the limited resources for realizing variability, the

negative effect of variability on testability, and that var-

iation points are not treated uniformly over the lifecycle as

the main problems. In the forces discussion we discussed

the lack of awareness with respect to variability reali-

zation techniques and their associated drawbacks and
advantages. In addition, we briefly discussed how the
ation phase Adaptation

ration Reactive and product specific

onfiguration and assembly Reactive

Product specific

Nederland B.V., and two business units at Robert Bosch GmbH.
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number of variation points and variants shown to an

application engineer can be minimized in order to

manage combinatorial explosion.

Related to scoping and evolution we identified repe-

tition of development, scoping of features, road mapping,

lack of removing obsolete variation points, unexpected

derivation costs due to required adaptations different

provided and required interfaces complicate component

selection, and the fact that variation points and mecha-

nisms are considered identical by software engineers as

the main problems. In the forces discussion we presented

how aspects related to the three types of evolution

contribute to many of those problems.

The main contributions of this paper are the product
derivation framework presented in Section 2, and the

identified problems and issues associated with product

derivation as presented in Section 4. The problems and

issues are relevant outside the scope of the aforemen-

tioned case studies as they do, or eventually will, arise at

other, e.g. comparable or less mature organizations.

They show that, although software product families

have been successfully applied in industry, there is room
for improvement in the current practice. Future work of

the ConIPF project (ConIPF, 2003) aims to define and

validate methodologies that are practicable in industrial

application and that address the problems discussed in

this paper.
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