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Conceptual Development of Industrial

Product-Service Systems

A model-based Approach

The increasing competitiveness of today’s globalised economies and changing customer requirements prompt

manufacturers to provide integrated product and service solutions, referred to as Industrial Product-Service

Systems (IPS2). An IPS2 constitutes a customised solution, whereas providing performance is set above the

purchase of a mere technical product. It can comprise any combination of product and service shares. Once

such an offer is planned, the IPS2 concept development phase generates principle solutions that meet customer-

specific requirements. This article presents a model-based methodology to support an IPS2 designer during

the process of generating IPS2 concepts in the early phase of IPS2 development. This methodical framework

and the modelling approach for conceptual IPS2 development has been implemented as a computer-aided tool

and has been evaluated by solving a typical IPS2 issue.

1 Introduction

The combination of globalisation effects and tech-

nological advances has led to long-term, cooper-

ative customer-supplier relationships and to a de-

cline in the supplier’s differentiation solely based

on technical products. Today, industrial services

have evolved from being peripheral add-ons for

technology to become a complementary part of

an integral solution.

As the importance of long-term customer-sup-

plier relationships, especially concerning the in-

vestment goods industry is growing, the sale of

pure technical products has been replaced by new

business models. However, the implementation

of these business models requires the integration

of technical products and industrial services to

form product service bundles (Oliva and Kallen-

berg 2003). In academia these types of solution

are called ‘Industrial Product-Service Systems’

(IPS2).

To meet customer requirements and to properly

develop solution elements as well as relations

between them, it is important to consider inter-

dependencies between products and services at

an early phase of development (Welp et al. 2008a).

There are currently no suitable integrated, model-

based approaches available that support IPS2 de-

signers generating IPS2 concepts systematically.

In order to satisfy this demand, a methodology

for the development of IPS2 concepts is proposed

in this article. It is based on a novel modelling

approach, so called ‘heterogeneous IPS2 concept

modelling’.

To establish a common comprehension of the sys-

tem to be developed, basics of Industrial Product-

Service Systems are addressed in this contribu-

tion first. After that, basic aspects of the heter-

ogeneous IPS2 concept modelling approach and

of the design methodology for conceptual IPS2

development are explained. Furthermore, the

implementation of the proposed approach as a

computer-aided tool is presented. The conceptual

IPS2 development methodology is evaluated us-

ing an IPS2 specific issue in micro manufacturing

industry. The article concludes with a summary

and an outlook.

2 Basic Understanding of IPS2

From a supplier’s point of view an Industrial

Product-Service System (IPS2) is a long-term in-
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dividual problem solution solving business-to-

business market issues. During its long-term de-

livery and use an IPS2 allows dynamic adaptation

to changing restrictions or influencing factors.

This specific feature of an IPS2 is to be considered

as ‘changeability’.

An IPS2 meets individual customer requirements

by integrating multidisciplinary, technical prod-

uct components and industrial services. Thus,

mechatronic subsystems are immanent constitu-

ents of an IPS2 (Welp and Sadek 2008). They don’t

only form the technical product needed for man-

ufacturing processes, but are also the basis for

automating industrial services.

The aspired change from selling merely technical

products or industrial services to a performance-

based sale of IPS2 aims at increasing customer’s

and supplier’s benefits alike. This leads to chan-

ging business models as well as to novel customer-

supplier relationships. To coordinate business

relationships, business contracts are used. Con-

cerning IPS2, contracts that coordinate a long-

term cooperation between contractual parties

are particularly important. Basically two aspects

of such contracts need to be considered in IPS2

concept development. On the one hand, an IPS2

concept is explicitly determined by the assign-

ment of property rights. On the other hand, the

choice and design of the revenue model is crucial.

As a purchaser of an IPS2 is no longer necessarily

the owner of its material components, a wide

range of different possibilities to design revenue

models are conceivable.

A revenue model is an heuristic model which ad-

dresses the measurable performance parameters

for pricing as well as the value proposition of a

business relationship and is therefore decisive for

pricing (Hünerberg and Hüttmann 2003). Accord-

ing to Burianek and Reichenwald (2009) tradi-

tional and innovative revenue models can be dis-

tinguished from each other. Traditional revenue

models that are based on the transactional sale

of technical products or the offer of pure services

(e.g., cost plus or fixed price) are cost-based and

their price is measured by the expenses involved

in manufacturing products or delivering services

respectively. Unlike traditional revenue models,

innovative revenue models are no longer charac-

terised by incurred costs. Instead, their basis for

pricing is determined by the realised customer

benefit (a performance level or a performance

result etc.). According to Burianek and Reichen-

wald (2009) three different types of innovative

revenue models can be distinguished: i) usage-

based, ii) performance-based and iii) value-based.

These revenue models are planned to provide

a more efficient risk distribution between con-

tractual parties. This leads to new incentives

for suppliers and customers alike. Thus, all this

needs to be considered in the development of an

IPS2 concept.

2.1 Component Parts: The IPS2 artefact

It is necessary to specify elementary constituents

of an IPS2. Rather than a standard comparison

of product and service that is often inconsistent

due to fuzzy distinctions between the both, a new

construct is defined, the so called ‘IPS2 artefact’.

To characterise IPS2 artefacts five constitutive

characteristics (specificity, dominant transform-

ation, scale of integration, capability for partial

substitution and connectivity) have been devel-

oped, whose detailed description is presented in

Sadek (2009), Welp et al. (2008b), and Welp and

Sadek (2008).

2.2 Basic structure of IPS2

Next to IPS2 artefacts that define the primary con-

tent of an IPS2, the ‘IPS2 basic structure’ (Sadek

2009) gives an overall view of an IPS2. Further-

more, it serves as a constitutive basis for mod-

elling and developing IPS2 concepts. As shown

in Fig. 1, the basic structure of an IPS2 contains

three essential components: i) influencing fac-

tors/surrounding conditions ii) the IPS2 itself and

iii) a dynamic target system.

The IPS2 takes centre stage. As a transforma-

tion system or a controller respectively (Tan et al.
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Figure 1: Basic structure of IPS2

2008) it should meet a nominal reference given by

the dynamic target system (w or w*). Influencing

factors or surrounding conditions (z or z*) cause

negative effects and need to be compensated by

the control system. The IPS2 is separated from

its system environment by a system boundary.

The IPS2 transforms immaterial input, such as la-

bour or financial resources, in combination with

material input, such as an unmachined part, into

material output, such as a machined compon-

ent. With that, an immaterial output, which

equals performance in general, is also a result

of this transformation process and is, therefore,

part of the IPS2 basic structure. A certain level

of availability of a manufacturing system or a

maintained machine component are examples of

immaterial outputs. Supplier and customer who

interact with each other during the transforma-

tion process are relevant stakeholders of an IPS2.

The transformation process itself is controlled by

the dynamic target system. It contains different

aspects of the business contract, especially all

nominal references. To ensure the changeability

of an IPS2, a portfolio of options (oij) that can be

defined in the business contract is specified in the

dynamic target system. Options imply the right
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but not the obligation for the customer to decide

in favour of future business decisions (Trigeorgis

1996). This implies as well discrete state changes

of an IPS2.

The robust IPS2-basis is the core of an IPS2, which

can be compared to a controller in terms of cy-

bernetics. In view of business-to-business market

solutions, the robust IPS2-basis equals a manufac-

turing system with its related human resources

required to fulfil a certain task. The combination

of IPS2 artefacts, which constitute the robust IPS2-

basis, can be adjusted but cannot be exchanged

completely. The robust IPS2-basis is regarded as

a micro control loop, which reacts to disturbing

effects (z) without external interference. It is also

capable to stabilise or optimise an IPS2 accord-

ing to the nominal references (w). However, due

to economic restrictions the ability to adapt the

robust IPS2-basis to changes is restricted, so that

it is not capable to react to all kinds of changes.

To adapt an IPS2 to extensive changing market

conditions or customer demands an additional

macro control loop, so called ‘dynamic adapta-

tion’, is included. By partially substituting IPS2

artefacts (y*) it is possible to implement alterna-

tive options. To take uncertain future events into

account, options need to be considered already

during the early phase of IPS2 development. The

feasibility of exchanging IPS2 artefacts basically

depends on their capability for partial substitu-

tion and their connectivity to related artefacts.

3 Conceptual Phase of IPS2

Development

The conceptual design of an IPS2 follows up the

phase of strategic planning. Thus, business con-

tracts are the basis for the development of IPS2

concepts. Information about the contracted rev-

enue model or the allocation of property rights

is modelled together with specified requirements

on a functional level. In this regard, using a func-

tional description aims at reducing the complex-

ity of the development task. Furthermore, the

conceptual phase of IPS2 development focuses on

the determination and selection of principle solu-

tions. As a result, the IPS2 concept includes all se-

lected principal solutions and describes the struc-

tural interaction between them as well as their

logical functionality on a medium level of abstrac-

tion. Consequently, the interaction of service and

product components during the value creation

and usage is predetermined in the early phase of

the IPS2 development. An IPS2 concept serves as

a qualitative or quantitative basis to evaluate the

system regarding technical and economic refer-

ence criteria. In addition, an IPS2 concept is the

basis for the subsequent design of IPS2 modules

and components.

4 Review of the state of the art

In a comprehensive study (Sadek 2009) existing

approaches have been analysed, which support

the development of multidisciplinary systems in

general and of Product-Service Systems in partic-

ular. For the subject of multidisciplinary develop-

ment methodologies different evaluation criteria

have been defined (see Tab. 1).

Amongst others the fulfilment degrees with re-

gard to ‘integration of product and service devel-

opment’, ‘systematic multidisciplinary concept

deployment’ or ‘determining product-service in-

terdependencies in the early phase of develop-

ment’ have been considered. A summary and

comparison of the analysed approaches is shown

in Tab. 1.

Despite an existing multitude of methodologies,

this study unfolds that designers are only insuffi-

ciently supported by computer aided tools in the

early phase of multidisciplinary system develop-

ment. In terms of conceptual IPS2 development,

methods are missing for i) mutually determin-

ing IPS2 artefacts, ii) integrating stakeholder’s

preferences and iii) considering changeability of

IPS2. Nevertheless, some methodical approaches

contain aspects that are significant for a model-

based IPS2 concept development approach. But

currently no comprehensive integrated approach

does exist.
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Table 1: Review of approaches of multidisciplinary development

5 Heterogeneous IPS2 concept
modelling

To support the development of IPS2 concepts, a

novel modelling principle has been developed,

the so called ‘heterogeneous IPS2 concept mod-

elling’. It is particularly suitable for integrated

product and service modelling, but it is also trans-

ferable to other multidisciplinary development

issues. The integration ranges from the combina-

tion of various types of IPS2 artefacts to linking

model elements on arbitrary levels of detailing,

abstraction and formalisation to form an IPS2

concept model. A systematic and detailed de-

duction of this approach is described in Sadek

(2009).

5.1 Theoretical Framework

As already mentioned in Welp et al. (2008a) and

Welp and Sadek (2008), the definition of a gen-

erally applicable modelling space that is defined

by three modelling dimensions (detailing, form-

alisation and abstraction) aids to constitute a har-

monised comprehension of IPS2 modelling (cf.

Fig. 2). It is also used as a fundamental basis

to decompose the heterogeneous modelling ap-

proach of mechatronics (Jansen 2007; Jansen and

Welp 2007). This is necessary to partially extend

the existing approach and to combine it with a

new paradigm for integrated product and service

modelling which is based on the definition of the

IPS2 artefact (see Sect. 2.1).
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According to Sadek (2009), an IPS2 is basically

composed of a combination of IPS2 artefacts that

fulfill the required functions. Thus, the existen-

tial origin of an IPS2 artefact is a function. Ac-

cording to Pahl et al. (2007) such a function is

defined by a combination of ‘noun’ and ‘verb’ (cf.

Fig. 2). In this context a noun represents the oper-

and and a verb the operator of a solution element.

According to mathematics an operand represents

the structural basis of a function which can be

transformed by an operator. Hence, an operand

is determined by its possible state, whereas the

operator is characterised by its ability to change

operator’s states.

The distinction between operand and operator is

generally applicable to all types of functions. To

use this as a generic principle for integrating dif-

ferent types of elements on a medium and lower

level of abstraction rather than just as a func-

tional description, the terms ‘noun’ and ‘verb’ are

extended to the terms ‘IPS2 object’ and ‘IPS2 proc-

ess’. Whereas ‘noun’ and ‘verb’ constitute a func-

tion, the combination of ‘IPS2 object’ and ‘IPS2

process’ constitute an IPS2 artefact. Thus, a func-

tional, an object-related and a process-related

development perspective can be distinguished.

An IPS2 object equals the material or immater-

ial operand of an IPS2 artefact that possesses

definable states. IPS2 processes complement IPS2

objects. On the one hand, they can be regarded

as operators that effect IPS2 objects and their re-

spective states (intra). On the other hand, IPS2

processes are regarded as operators able to co-

ordinate and to control the interaction of IPS2

objects (inter). However, only the combination

of IPS2 objects and IPS2 processes can generate a

functional behaviour.

5.2 System coherent modelling planes

Based on the definition of IPS2 object and IPS2

process, a functional, an object-related and a

process-related development perspective can be

distinguished in order to fully grasp the com-

plexity of heterogeneous IPS2 concept model-

ling. This leads to the definition of three system-

coherent modelling planes (cf. Fig. 2). A de-

tailed characterisation of the modelling planes as

well as the description of corresponding model-

ling elements and relations is described in Sadek

(2009).

The transfer from planning an IPS2 to its system-

atic conceptual development is carried out on the

so-called IPS2 function plane. An IPS2 problem

solution can be modelled abstractly and solution-

neutral by defining and linking IPS2 functions.

A graphical, 2D representation is used to sup-

port intuitive modelling. Apart from modelling

IPS2 functions this plane is used to specify and

model the distribution of risk that needs to be

shared between customer and supplier regarding

a business contract (Oliva and Kallenberg 2003).

Therefore, the IPS2 function plane is divided into

the supplier and customer modelling zone. By

placing an IPS2 function in one of these zones,

its related risk can be clearly assigned to supplier

or customer. Both modelling zones are logically

connected via a supplier-customer relationship.

Content of the underlying business contract with

relevance for IPS2 concept development is de-

fined in this meta-relation. This includes the

distribution of property rights, the definition of

the underlying revenue model as well as a certain

portfolio of options, for instance.

The deliberately omitted concretisation of an IPS2

problem solution on that plane is transferred

to adjoining modelling planes. The IPS2 object

plane is intended for modelling a material or im-

material operand of an IPS2 artefact. To model

IPS2 object structures effectively the IPS2 object

plane is represented by a three-dimensional mod-

elling space. 3D modelling mainly results from

modelling technical IPS2 objects. Visualising IPS2

objects by 3D elements improves the comprehen-

sion of IPS2 object structures especially for in-

terdisciplinary design teams. Furthermore, the

model transfer from heterogeneous IPS2 concept

modelling to 3D-CAD design has been taken into
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Figure 2: The theoretical framework for IPS2 concept modelling

account. In contrast, the IPS2 process plane has

been defined to model intra- and inter operations

that effect IPS2 objects. IPS2 processes are mainly

graphically modelled using an IPS2 specific ac-

tivity diagram. The IPS2 process plane is also

used to model interactions between supplier and

external factor (customer). Therefore, two mod-

elling zones are defined and separated by a ‘line

of interaction’. In this case the line of interac-

tion is equivalent to the correspondent line in

Service Blueprints, according to Shostack (1984).

The definition of these modelling planes enables

an IPS2 designer to develop IPS2 concepts in a

successive way. Step-by-step IPS2 functions, IPS2

objects and complementing IPS2 processes can

be developed. In doing so, interdependencies

between IPS2 artefacts can be determined in an

early phase of development. The combination

of all three modelling planes constitutes a het-

erogeneous IPS2 concept model. Heterogeneous

IPS2 concept modelling aims at supporting IPS2

designers to effectively represent different states

of knowledge during the IPS2 concept develop-

ment.
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6 Methodology for a model based
development of IPS2 concepts

In order to develop IPS2 concepts in a systematic

and efficient manner, it is necessary to elabo-

rate an appropriate development methodology,

which takes particular IPS2 characteristics into

account. Based on heterogeneous IPS2 concept

modelling, which enables an integrated descrip-

tion of IPS2 concepts, a flexible process model

will be introduced in the following paragraphs.

On the one hand it comprises a problem solv-

ing cycle (micro-logic). It can be applied in all

sub-steps during the development of IPS2 con-

cepts due to its generic logic. On the other hand,

a superior guideline (macro-logic), permitting

the temporal and logical structuring of the IPS2

concept development process, will be introduced.

Furthermore the proposal of rules, strategies and

guidelines shall support the IPS2 designer to elab-

orate process steps of the macro-logic.

6.1 Problem solving cycle (micro-logic)

The problem solving cycle for the development

of IPS2 concepts, displayed in Fig. 3, is based

upon elementary mechanisms for problem solv-

ing. These are especially examined in connection

with research in the field of systems-engineering

(Ehrlenspiel 2007) and their principal validity is

widely documented.

In order to incorporate the particular character-

istics of IPS2 and to adjust the micro-logic to IPS2

concept modelling, certain modifications regard-

ing the general problem solving cycle known

from systems engineering (Haberfellner 2002)

have to be made. The centre of the modified

problem solving cycle consists of the in-teraction

between functions, objects and processes relat-

ing to IPS2 concepts. The internal dependency

of their respective three modelling planes serves

as a basis for a successive problem solving proc-

ess, in which, based on a distinct problem, ele-

ments of the solution are identified and after-

wards combined to a verifiable and assessable

overall solution. Due to the causality between

abstract IPS2 functions as well as concrete IPS2

objects and IPS2 processes, the modified problem

solving cycle especially supports the interplay of

analysis and synthesis.
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Figure 3: Problem solving cycle (micro-logic)

If a problem consists of the concretisation and de-

tailing of a targeted performance, IPS2 functions

serve as an introduction to the synthesis of IPS2

objects and IPS2 processes. Their combination

leads to IPS2 artefacts. In a reverse way, the prob-

lem solving cycle can also be used for the analysis

of an IPS2 artefact. To do so, at first the IPS2 arte-

fact will be divided into IPS2 objects and IPS2

processes and afterwards abstracted and aggreg-

ated to an IPS2 function, in order to identify the

accompanying targeted performance. In respects

of a flexible conceptual IPS2 development proc-

ess, modified problem solving cycles referring to

the synthesis and analysis can be combined with

or interlaced with each other in various ways to

be suited to a particular problem.

6.2 Superior guideline (macro-logic)

The superior guideline proposed by Sadek (2009)

is shown in Fig. 4. The macro-logic includes gen-

erally described sub-steps, which can be executed

in the presented order to develop an IPS2 con-

cept.

The guideline should not be understood as a ri-

gid ‘development-corset’ needed to be fulfilled,

but rather as a flexible framework, adaptable to

individual problems. Consequently, it is possible
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Figure 4: Superior guideline (macro logic)

to vary the order of the process steps, shown in

Fig. 4, to emphasise certain aspects of the concept

development or to neglect sub-steps, depending

on the problem. After all, the introduction of

this guideline aims at coordinating the develop-

ment process of IPS2 concepts more efficiently,

reducing needless iterations as well as decreas-

ing time involved with that. The sub-steps, de-

scribed in the guideline address solely the phase

called ‘conceptual design’, which is in turn an im-

manent element of the entire IPS2 development

process. Furthermore, the structural constitution

of the guideline is based on the IPS2 basic struc-

ture already being presented (see Sect. 2.2). Thus,

there are primarily four elements: the IPS2 sys-

tem input/output, the dynamic target system, the

robust IPS2 basis and the dynamic adaptation.

In order to develop an IPS2 concept, the system

input that has to be transformed into the desired

system output has to be identified at first. More-

over, the contractual terms concerning the IPS2

have to be defined within the dynamic target

system. At this point, not only the basic configu-

ration of the IPS2 has to be regarded, but also the

portfolio of options agreed upon within the con-

tract. Based on that, the next step of the guideline

consists of the definition of the IPS2 system func-

tion. It marks the beginning of the conceptual

development of the robust IPS2 basis. The com-

plexity of the entire developmental task should

initially be reduced and a stable situation for the
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consideration of system adaptations concerning

the life cycle should be created. Especially, when

developing a new IPS2 concept, a ‘TopDown’ de-

velopment strategy is to be recommended. Here,

the determination of the solution is conducted

from a holistic point of view, in order to propose

solutions for the sub-systems and components as

well as to educe sub-processes and process steps.

Consequently, the overall system’s function of

the IPS2 has to be defined and successively de-

tailed in manufacturing related functions. Using

heterogeneous IPS2 concept modelling, the de-

veloper is not restricted to extracting all of their

ideas from the system’s function. Rather, a mix-

ture of generally required IPS2 functions, IPS2

objects and IPS2 processes serves as a basis for

the successive concretisation and detailing of the

entire solution.

Heterogeneous IPS2 concept modelling includes

the possibility of characterising the supplier and

customer in terms of their risk preference. Ad-

ditionally, main aspects of the business contract

can be modelled. Regarding the revenue model,

functions are allocated to the supplier or to the

customer according to their corresponding risk

preference (see Sect. 5.2). The usage of the prob-

lem solving cycle allows the successive concret-

isation, or rather, the detailing of IPS2 functions

into IPS2 objects and processes.

The ‘robustness’ of the IPS2 basis is the focus

in the following sub-steps of the guideline. For

this, the endogenous and exogenous negative

parameters affecting the IPS2 have to be iden-

tified via appropriate methods. In the case of

technical systems, the negative effects of human

actors are often only of secondary importance

and the physical effects on the system are prior-

itised. On the contrary, the conceptual develop-

ment of the robust IPS2 basis observes physical

and non-physical effects equally. Thus, a close

interdisciplinary cooperation is required in this

sub-step in order to overcome notional obstacles.

The heterogeneous IPS2 concept modelling ap-

proach makes it possible to consider negative

effects by using disturbance elements on all three

modelling planes. They can be connected to the

affected IPS2 functions, objects and processes.

This enables an effective search and removal of

weak spots.

For economic reasons, not all changes of con-

straints, influencing factors and environmental

conditions can be compensated by the robust

basis of the IPS2. Therefore, the development

of a concept for the dynamic adaptation has to

be conducted, which takes results of the previ-

ous process steps into account. Main restrictions

are defined in the business contract. It contains

references to required options defined by the cus-

tomer. An option defines the possible reaction

to certain changes with specified adaptations of

the IPS2. Depending on the information’s dis-

persions between supplier and customer as well

as the present knowledge about trends of the

market and technology, options can be related

to probabilities of occurrence. The probability

that an option is chosen has to be determined.

Therefore, risk analysis has to be conducted. Aim-

ing at an overall maximisation of customer’s and

supplier’s benefit, the strategic leadership of the

conceptual IPS2 development is faced with the

decision to either fully consider the portfolio of

options agreed upon in the contract or to take the

risk of implementing an option in the provided

IPS2 during the delivery and use phase. This can

result in higher costs. In order to make it possible

for the IPS2 to be changed, elements of the model

have to be identified or defined, which are able

to adapt the system.

In order to reach an overall optimum, solution

elements or relations of an IPS2 concept can be

varied iteratively. Therefore, the last sub-step in-

cludes an evaluation of developed IPS2 concepts.

To introduce findings from subsequent sub-steps

into the current IPS2 development process, it may

be necessary to incorporate iterations.

6.3 Rules, strategies and guidelines for
the conceptual IPS2 development

This paragraph proposes rules, strategies and

guidelines to support the developer in generating



Enterprise Modelling and Information Systems Architectures

Vol. 6, No. 2, May 2011

Conceptual Development of Industrial Product-Service Systems 45

and varying IPS2 concepts. In addition to the ex-

emplary elements shown in Fig. 5, Sadek gives an

extensive view concerning essential rules, strate-

gies and procedural guidelines (Sadek 2009).

example of a rule

The design of the revenue model as well as the allocation of 
property rights and risk determines the action of both contractual parties.

R8

Consideration of IPS² artefacts regarding the control of actions

example of a strategy
Focusing the IPS² processes regarding
- maximal involvement of the external factor
- minimal involvement of the external factor

example of a strategy

S7
a o e e t o t e e te a acto

Reduction of the influence of environmental conditions and
customer preferences

Increase/ decrease the number of equal IPS² artefacts or scale their

example of a guideline

H11 Increase/ decrease the number of equal IPS  artefacts or scale their
characteristics to increase/ decrease the adaptability or agility of the IPS²

Adaptation of a IPS² regarding the production volume within

H11

the delivery and use phase

Figure 5: Examples of rules, strategies & guidelines

These rely mainly on the consideration of IPS2

specific characteristics and on the special prop-

erties regarding the novel modelling approach.

Due to their fundamental character, rules pos-

sess general validity during the development of

IPS2. In order to guarantee their general applic-

ability, rules are described in a rather abstract

way and can be interpreted by the developer

depending on particular problems. In addition

to rules, strategies can support the IPS2 devel-

opment process by defining essential targets in

the heterogeneous concept modelling as well as

render suggestions for the generation and vari-

ation of model relations. In this context, it is

helpful to use contrary pairs of strategies, which

provide extreme value parameters, due to their

opposed aims. That enables an IPS2 designer to

solve certain development tasks systematically

and to search for adequate solution compromises

within the boundaries of the development scope.

Furthermore, the expressed strategies should in-

spire the developer’s creativity and present vital

incentives for the development of alternative pro-

posals. Unlike the rules and strategies, guidelines

do not possess general validity. In fact, they tar-

get the stimulation of the creativity process and

give the developer specific impulses for the dif-

ferentiation of the dynamic target system, for

the conceptual development of the robust IPS2

basis and for the conceptualisation of dynamic

adaptations.

7 IPS2 concept development tool

Considering the IPS2 development process, in-

cluding the IPS2 concept modelling approach

with its associated development methodology

and strategies, an adequate software tool is neces-

sary to support an IPS2 designer. Therefore, an

integrated software tool has to provide functions

for modelling as well as for methodical support.

Both aspects are integrated in the architecture

of the IPS2 concept development tool, which is

illustrated in Fig. 6.

Knowledgebase forg
IPS² concept development

OWL ontologyOWL ontology

OWL OWL

ep
t 

r
S²

 c
on

ce
m

od
el

le
r

IP requirements 
interpreter dialog

concept 
modelling tool

IPS² concept model

xml/db xml/db

tree based view plane based view

Figure 6: Architecture of the development tool

The software tool is divided into three major

parts. The first part is the IPS2 concept mod-

eller, which provides a graphical user interface

and a programming framework for plug-ins. The

second part is the embedded methodical plug-in,

which has access to the concept model data via
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an integrated database (db) and an XML inter-

face. The plug-in also has access to an ontological

knowledgebase. The knowledgebase itself is the

third part of the IPS2 concept development tool

and is needed to describe basic knowledge for

IPS2 concept modelling and further knowledge

for IPS2 concept development.

7.1 IPS2 concept modeller

The IPS2 concept modelling tool offers two differ-

ent types of model representations, a tree-based

and a plane-based view. Figure 7 contains the so-

called IPS2 requirements interpreter dialog, used

to derive an initial IPS2 concept from informally

described requirements, e.g., in the form of a text

document.

Figure 7: The IPS2 requirements interpreter dialog

To derive an initial IPS2 concept out of informal

described requirements, the text document is

loaded into the interpreter and is displayed in

window 1. After assessing the document, single

sentences of higher importance are displayed in

window 2. By using the knowledgebase, the in-

terpreter can automatically identify IPS2 concept

elements as well as their properties and relations.

The results are displayed in window 3. The user

can modify the initial IPS2 concept by adding,

removing or changing properties.

Tests with the IPS2 concept modeller indicate that

a tree based representation of the IPS2 concept

model is suitable to derive and modify single IPS2

concept elements with their properties. Never-

theless, further research to improve the usability

has to be conducted.

Figure 8 shows the graphical user interface for

modelling on the IPS2 concept modelling planes.

The plane based representation of an IPS2 con-

cept is recommended for the further and more

detailed development of an IPS2 concept, because

it allows a faster and intuitive modelling of new

IPS2 concept elements and relations on all three

modelling planes. Therefore, the IPS2 concept

modelling tool provides a dedicated screen for

each of the IPS2 concept modelling planes.

The upper part of the IPS2 concept modeller in

Fig. 8 shows the IPS2 function plane, with model-

led IPS2 functions as well as their relations. In the

middle part, the screen represents the IPS2 object

plane. On this modelling plane a full 3D based

modelling of IPS2 objects is possible. The lower

part of the screenshot shows the IPS2 process

modelling.

7.2 Knowledge-based assistance for
conceptual IPS2 development

In order to realise a knowledge-based assistance

for conceptual IPS2 development, the IPS2 con-

cept modelling tool is connected to an ontolo-

gical knowledgebase. Using the knowledgebase

enables the integration of the following three

functions into the IPS2 concept development tool:

• Identification of IPS2 concept elements, prop-

erties and relations out of informally described

requirements

• Suggestion of missing IPS2 concept elements,

properties and relations

• Verification of modelled relations between

IPS2 concept elements

These functions are achieved by speech recogni-

tion, which is used to incorporate different gram-

matical forms. The identification is performed in

2 steps. First, the interpreter dialog analyses each

sentence in the text and identifies IPS2 concept

elements and properties through a comparison
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IPS² function

Popup window
to specify a

relation between
t dsystem and 

disturbance elementdisturbance element

human IPS² object
Popup window to

specify an IPS² object

t h i l

superordinate
IPS² object

Popup window
to specify a

context element

disturbance element

IPS² process

Context element

technical
IPS² object

Figure 8: IPS2 concept modelling tool

of the current model with the contents of the

knowledgebase. In the second step the inter-

preter estimates all possible relations between

IPS2 concept elements and their properties as

well as probably missing properties.

7.3 Knowledgebase for conceptual IPS2

development

The ontological knowledgebase is modelled by

using the Ontology Web Language (OWL) (Hitz-

ler et al. 2008). The knowledgebase contains two

major parts. The first part describes elements

and relations of the IPS2 concept model on a high

level of abstraction. In accordance to Sect. 5 the

basis for IPS2 concept development is constituted

by IPS2 functions. For each IPS2 function a cer-

tain number of requirements and restrictions as

well as material and immaterial input and output

can be assigned. The IPS2 functions are associ-

ated with their respective IPS2 objects and IPS2

processes, which can be detailed and connected

through appropriate relations.

The second part of the knowledgebase includes

an element library. The element library is de-

rived from this generic IPS2 model description

by defining subclasses of IPS2 functions, objects

and processes supplemented with restrictions on

their relations. For example, a service technician

is a subclass of the IPS2 object ‘human’ and can

only be connected to technical IPS2 objects, e.g., a

production system via a socio-technical relation.
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An additional restriction could be the limitation

on a specific type of production system. The

knowledgebase is accessed by a common reason-

ing interface.

8 Evaluation example

To evaluate the computer-aided IPS2 concept de-

velopment approach, an IPS2 specific issue which

targets micro manufacturing systems has been

chosen. In the following paragraph a suitable

conceptual solution has been developed via the

IPS2 concept development methodology and the

software tool to meet requirements and restric-

tions which have been elaborated to specify the

problem of performance-based manufacturing

of rotationally symmetric μm-parts. A process

to meet the particular requirements of manufac-

turing rotationally symmetric μm-parts is Wire

Electrical Discharge Grinding (WEDG) with ro-

tating workpieces. The WEDG process is based

on spark erosion, using wires as electrodes. To

rotate the μm-parts relatively to the electrode, a

conventional EDM-machine (electrical discharge

machining) has to be supplemented with an ad-

ditional spindle, which is integrated into the ma-

chine’s workspace. The spindle also provides a

workholding device for μm-parts.

8.1 Scenario description

A customer, who tries to enter niche markets by

offering rotationally symmetric μm-parts, e.g.,

shafts in mechanical watches defines the follow-

ing requirements:

• Req. 1: Rotationally symmetric μm-parts have

to be machined on the customer’s EDM-ma-

chine.

• Req. 2: Machining has to be performed by sup-

plier’s personnel.

• Req. 3: Demanded manufacturing volume can

vary.

• Req. 4: Defined manufacturing time per part

has to be observed (Maximising productivity).

Based on these requirements, the IPS2 supplier

defines the following restrictions:

• Res. 1: WEDG process is used for manufactur-

ing rotationally symmetric μm-parts.

• Res. 2: Machine operator has got a certain

qualification.

• Res. 3: Additional (material) IPS2 artefacts, ne-

cessary to manufacture μm-parts, remain in

IPS2 supplier’s ownership.

• Res. 4: Local and temporal availability is guar-

anteed.

• Res. 5: Technical availability is guaranteed.

Considering the abovementioned requirements

and restrictions, a fictitious IPS2 contract has

been defined. It specifies the assignment of prop-

erty rights for material IPS2 artefacts as well as

the revenue model. The IPS2 supplier is owner of

all additional IPS2 artefacts, which are required

for manufacturing rotationally symmetric μm-

parts using the WEDG process. Thus, a prob-

lem solution in terms of classical product sales

is basically not applicable (Res. 3). Not being

the owner of the EDM-machine (Req. 1), the

IPS2 supplier disclaims the acceptance of risk for

manufacturing defects resulting from the EDM-

machine itself. By employing his own qualified

personnel, the IPS2 supplier is responsible for the

quality of the manufactured output. Furthermore,

it can be deduced from Req. 3 that the customer’s

benefit can be increased by a local and temporal

provision of additionally required IPS2 artefacts.

By guaranteeing local and temporal availability

of x% the IPS2 supplier takes the associated risks,

e.g., costs resulting from downtime. To maxim-

ise manufacturing productivity the IPS2 supplier

tries to prevent downtimes of the provided tech-

nical equipment by him to the customer. To share

the risk he defines a technical availability of x%

for the provided means of production (see Res. 5).

In consequence, a ‘performance based revenue

model’ is defined.

8.2 Identification of IPS2 system
input/output

An entry to the conceptual development of the

IPS2 is formed by specifying the IPS2 system’s in-

put and output (cf. Fig. 9). A cylindrical raw part,
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Figure 9: IPS2 system inputs and system outputs

attributed by diameter, length, material etc., is

defined as material input. The result of the manu-

facturing process, the ‘finished part’, is specified

in the modelling element ‘material output’. In

addition to geometrical attributes, manufactur-

ing related properties are defined in this model

element. Immaterial input for the transforma-

tion of raw parts into finished parts is provided

in form of financial resources, electrical power

and labour. Besides the material output, the IPS2

also generates an immaterial output. In the des-

ignated modelling element ‘immaterial output’

local, temporal and technical availability as well

as the mechanical performance are specified.

8.3 Conceptual development of the
dynamic target system

The target values which are defined as IPS2 sys-

tem outputs are also an inherent part of the dy-

namic target system. Moreover, the portfolio of

options agreed upon within the contract is de-

fined within the dynamic target system.

To limit the complexity of the evaluation exam-

ple, only one option will be considered. With

this option the customer gets the possibility of

replacing the machine operator within the deliv-

ery and use phase. Thus, the machining could

be performed by the customer himself instead by

the supplier’s personnel.

8.4 Conceptual development of the
robust IPS2 basis

Following the superior guideline the next sub-

step of the development of the IPS2 concept is

the development of the robust IPS2 basis. The

transformation of input into output requires an

IPS2 system function, which describes the over-

all performance on the lowest level of detailing

(cf. Fig. 10). In the beginning detailing the IPS2

system function is based on the development of

manufacturing related sub-functions. These func-

tions enable the transformation of material input

into material output. After that, functions to gen-

erate the desired immaterial performance level
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IPS² system function

IPS² sub-functionsIPS  sub-functions

Figure 10: IPS2 functions

are developed. To manufacture rotationally sym-

metric μm-parts, the customer’s EDM-machine

will be temporarily supplemented with an addi-

tional spindle, which is portable and integrated

into the machine’s workspace.

Besides the technical IPS2 artefacts and the ma-

chine operator needed for manufacturing μm-

parts, additional human and superordinate IPS2

artefacts are required. To guarantee technical

availability, a service technician is needed for

maintaining the spindle. Furthermore, the main-

tenance has to be coordinated by an adequate

superordinate IPS2 artefact. To guarantee a local

and temporal availability, the superordinate IPS2

artefact logistics is required to coordinate and

accomplish the transportation of the spindle.

8.5 Conceptual development of the
dynamic IPS2 adaptation

The IPS2 has to allow its dynamic adaptation to

changing restriction or influencing factors. In

this evaluation example, the changeability of

the IPS2 has to be considered by the possibil-

ity of replacing the supplier’s personnel through

customer’s personnel during the manufacturing

process. Hereby, the operator’s qualification in-

fluences the manufacturing process significantly.

The change of risk allocation is combined with

the change of the machine operator. The cus-

tomer takes the risk for machine operation. To

integrate less qualified machine operators, addi-

tional IPS2 artefacts have to be added, e.g., an

‘operator training’.

In Fig. 11 the IPS2 object plane and the IPS2 proc-

ess plane are shown.

An increasing spindle wear that is associated

with the replacement of the operator, requires

additional components for condition monitor-

ing. Thus, a condition monitoring equipment

has to be integrated as well as additional sensors

to measure the condition of the spindle. For a
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IPS² processesIPS² objects

Figure 11: IPS2 objects and IPS2 processes

condition-based maintenance the condition mon-

itoring

equipment has to communicate the machine data

to the maintenance organisation.

9 Summary and Outlook

IPS2 is a problem solution for B2B market issues

and targets a long-term customer-supplier rela-

tionship. Taking interdependencies into account

already in the early phase of IPS2 development is

especially important to ensure the synergetic in-

teraction of IPS2 artefacts during their entire life

cycle and to offer an integral customer specific

solution. Thus, based on the heterogeneous mod-

elling approach, a model based methodology for

conceptual IPS2 development has been proposed.

To show its feasibility, it has been implemented

as a software prototype and evaluated based on

an IPS2 specific issue from the field of micro man-

ufacturing.

Future research needs a further development

and optimisation of the software tool and the

design methodology. During conceptual IPS2

development, the IPS2 designer has to make a

lot of initial design decisions. These decisions

affect the entire subsequent design process sig-

nificantly. Especially the desired flexibility of an

IPS2, which is very important in terms of long-

term customer-supplier relationships as focused

in the new business models, causes particular

difficulties in making decisions. To provide flex-

ibility in an uncertain environment the IPS2 has

to allow its dynamic adaptation to changing re-

strictions and influencing factors during its life-

cycle. Therefore, a changeable architecture of

the IPS2 is necessary and hereby connected de-

sign decisions under uncertainty already have to

be made in the early phase of IPS2 development.

Therefore, an adequate methodical framework to

support decision making under uncertainty has

to be developed, which considers economic as

well as engineering properties.

Furthermore the development of a model-based

approach for domain allocation is aspired. Based

on the heterogeneous IPS2 concept modelling

approach, the deliberate and explicit choice of

domains (here technical products and industrial

services) as well as their combination to IPS2

is focused. The aspired methodology should

support a designer to create and vary IPS2 con-

cepts systematically. In this context, IPS2 specific

premises, for example the maximisation of the

overall benefit, as well as specific views on IPS2

concept development, such as the product/proc-

ess-integration, will be considered.
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Considering the IPS2 concept development tool,

improvements of the software prototype can be

separated into three different aspects. First, im-

provements of the graphical user interface are ne-

cessary. The graphical user interface is designed

to provide essential functionality for IPS2 con-

cept modelling ignoring a possible information

and interface overload for the user. A better form

of representation has to be found. The second as-

pect is the improvement of the knowledge-based

assistance. The concept modeller is capable of

providing an adequate support for concept mod-

elling in terms of model verification and com-

pletion but does not provide functions for more

efficient modelling. The improvement of both as-

pects has to consider practical user experiments,

which have to reveal the specific limits of the soft-

ware prototype. The last aspect is the integration

of the concept modeller in a more complex devel-

opment environment. In this regard, a suitable

data exchange with Design for X (DfX) software

and Product Lifecycle Management has to be de-

veloped.
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