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Preface

Dramatic progress in the fields of embedded microdevices, mobile communica-
tion, software and computing power have not only changed our daily life but will
rapidly reshape industrial products, engineering processes and organizational
structures. “Industry 4.0”, “Cyber-Physical Systems”, “Ubiquitous Computing”
and “Internet of Things” are only a few examples of buzzwords trying to reflect
these revolutionary changes which will lead to a convergence of the real physical
world and the permanently growing digital world.

Smart Product Engineering — the topic of this conference — attempts to address
these tremendous changes of both industrial products and engineering processes.
In the context of product creation“smart”is not only a new fashionable word but
refers to the following meanings:“clever”, “intelligent“, “ingenious“ and “agile®.
Smart products are a new generation of products equipped with microsen-
sors, computing power and mobile communication capabilities i.e. smartphones.
However, not only consumer goods but also industrial products can become
“smart”if embedded intelligence is applied.Then they are able to react instantly
to environmental changes and to communicate with IT infrastructures or with
other products. Smart Product Engineering describes processes, methods
and tools for the creation of these smart products. Engineering processes could
also exploit the newest I'T developments in order to reduce and better integrate
the increasing task complexity. In the last five years, a wave of research ini-
tiatives, start-up companies and marketing campaigns have addressed the new
“smart” topic.

These “smart” developments offer huge opportunities to enhance task ef-
ficiency and to create more sustainable products. In orderto exploit these
opportunities it is necessary to provide new, highly interdisciplinary meth-
ods,organization concepts and IT tools. The papers included in this book give
an overview of the main research activities and the industrial practice towards
Smart Product Engineering.

The 23rd CIRP Design Conference continuesa long tradition ofprestigious
design conferences organized under the aegis of the International Academy for
Production Engineering (CIRP). The conference was jointly organized by Ruhr-
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Universitidt Bochum (RUB) and byTechnischeUniversitét Berlin (TU Berlin). For
over 40 years, both organizing universities have been worldwide pioneers in the
development of product design methods and tools. The conference was organized
in cooperation with the German Academic Society for Product Development -
WiGeP.

Over 160 proposals were submitted for the conference. The international sci-
entific program committee selected 98 academic and industrial papers from over
20 countries for presentation during the conference and for publication in these
proceedings.

We would like to express our gratitude to all paper authors, keynote speakers,
session’s chairs and all participants for their contribution to the success of the
conference. Our grateful thanks also goto all supporting industrial partners who
made this conference possible. We also thank the conference organizing commit-
tee, especially the chief organizers Mr. Akamitl Quezada (RUB) and Mr. Maik
Auricht (TU Berlin). Finally, we thank the publisher as well as the typesetting
team for their support throughout the publication process.

We hope that the content of this book will offer useful andvaluable input for
research, teaching and industry.

Bochum and Berlin, January 2013 Michael Abramovici (RUB)
Rainer Stark (TU Berlin)
Chairmen of the 23rd CIRP Design Conference Bochum 2013
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Smart Engineering for Smart Products

Reiner Anderl, André Picard, and Katharina Albrecht

Technische Universitidt Darmstadt, Department of Computer Integrated Design,
Petersenstrae 30, Darmstadt, Hessen, Germany
{anderl,picard,albrecht}@dik.tu-darmstadt.de

Abstract. Smart Engineering aims at a new approach for describing, designing
and dimensioning Smart Products. Design methodology is far advanced and
provides both a systematic approach to develop new products as well as appro-
priate methods to support development tasks in specific development phases.
Within this development process the communication capabilities of Smart
Products, the structure of communication among Smart Products as well as ex-
ecuting functional operations triggered by communicated messages is not de-
scribed yet.

This new approach for the description of Smart Products introduces prod-
ucts’ states specification to derive the description of functional behavior as well
as the execution of working procedures. In this contribution a basic systematic
analysis of both sensors for communication and internet based communication
protocols is presented to enable appropriate products’ states. Based on this
analysis a framework approach for processing events will be presented. The
Smart Engineering approach will be demonstrated finally within an application
scenario.

Keywords: Smart Engineering, Smart Products, Cross-Product Communication.

1 Introduction

Smart Engineering comprises a new procedural paradigm for describing, designing
and dimensioning Smart Products. The new innovative approach of Smart Products
results from the concept of Cyber-Physical Systems which requires products being
equipped with embedded systems, sensors and actuators as well as the ability to
communicate with other Smart Products. These new features challenge engineering as
product engineering and development has to take into account consistent and reliable
product behavior as well as product states in a products’ application context using a
Cyber-Physical Systems environment.

The concept of Cyber-Physical Systems is considered as a fundamental approach
to enable the development of Smart Products. The main features of Cyber-Physical
Systems are sensors, actuators and embedded intelligence as known from mechatronic
and adaptronic systems. The basic difference to existing approaches is the intersection
of theories of computation and dynamical systems theories [1]. Lee describes two
complementary approaches called “cyberizing the physical” for specifying physical
subsystems with computational abstractions and interfaces and “physicalizing the

M. Abramovici and R. Stark (Eds.): Smart Product Engineering, LNPE, pp. 1-]iol
DOI: 10.1007/978-3-642-30817-8_1 © Springer-Verlag Berlin Heidelberg 2013



2 R. Anderl, A. Picard, and K. Albrecht

cyber” for expressing abstractions and interfaces of software and network components
to represent physical systems’ dynamics in time [1]. Furthermore Cyber-Physical
Systems are considered as a breakthrough technology to develop the “Internet of
Things” [2, 3]. A major approach for developing Cyber-Physical Systems is the de-
sign of a logical level, where both, the functionality of the physical systems and the
system states, are to be specified. Brooks et. al. have studied model engineering using
multimodeling techniques showing benefits of the augmented state chart model [4].
Own experiments using a LEGO Mindstorms environment confirm the increasing
importance of specifying the logical state occurrence and the logical level of Cyber-
Physical Systems [5].

While Cyber-Physical Systems are considered as a fundamental basis of Smart
Products, their features are even more advanced due to their embedded intelligence.
Smart Products are aiming at embedded intelligence enabling products reacting auto-
nomously due to their communication with other Smart Products in a predefined
environment e. g. a production environment. Due to the high industrial potential the
German Ministry of Education and Research has identified Smart Products and Smart
Factories as a key element of their initiative called “Industry 4.0” [6, 7].

To enable the development of Smart Products an advanced approach for engineer-
ing is required. This approach is called Smart Engineering and its target is to describe,
to design and to engineer Smart Products. The importance of Smart Engineering has
been discussed and clearly identified by acatech [8]. The main requirements comprise
advanced methods for multidisciplinary product development, awareness for human
acceptance and advanced engineering education [8]. Furthermore a major task in
Smart Engineering is the precise and quantified definition of the products’ states,
functionality and behavior. For Smart Engineering a profound knowledge of sensor
technologies, actuator technologies, control logics and communication protocols is
required. Therefore, a basic analysis of sensor and actuator technologies as well as an
analysis of communication protocols is provided.

Within this paper a new approach for describing, designing and dimensioning
Smart Products is presented. Smart Engineering is based on the products’ states speci-
fication to derive the description of the functional behavior and the execution of
working procedures due to the received messages. Received messages are sent after
being triggered by both, internal and external events. In this paper externally triggered
events using internet based communication protocols are of major interest. Further-
more the integration of this approach into the product development process is
described.

2 Smart Engineering

Virtual Product Development is far advanced. Appropriate product development and
design methodologies have been developed and extended continuously. Pahl and
Beitz [10], VDI guideline 2221 [11] and the so-called V-model (VDI guideline 2206)
[12] are considered as state of the art. New approaches are aiming to integrate the
challenging innovation of Smart Products into a product development and design
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methodology as proposed by Nattermann and Anderl [13]. The latter is a consequent
extension of the V-model to the so-called W-model. Major progress is the integration
of systems engineering approaches into the design methodology enabling cross-
discipline product development and design.

Smart Engineering even extends systems engineering by enlarging system borders
to the environment where Smart Products communicate and operate. Communication
between Smart Products and their situative operation is a fundamentally new feature
and a challenge for engineering. To meet this challenge a profound understanding of
products’ states is necessary which requires appropriate sensors, actuators and com-
munication protocols. Furthermore it is strongly required to understand the Smart
Products’ states as states dedicated to the single products as well as to corresponding
states of multiple Smart Products in an application environment.

2.1 Smart Products

Smart Products are mechatronic products equipped additionally with embedded sys-
tems enabling communication with other Smart Products using in particular existing
internet technologies. An innovative approach is the application of Cyber-Physical
systems in mechatronic products. Smart Products are enabled to know about their
operational states, to monitor and to control their physical processes. They obtain
awareness about their environment and their operational states, they interact with their
environment by sending messages and triggering events, they are designed to draw
decisions due to situation analysis and they are enabled to act autonomously.

Classification of Smart Sensors. Smart Products are created by the application of
Cyber-Physical systems to mechatronic products. They add communication capabili-
ties to Cyber-Physical mechatronic components. The communicating devices of such
Smart Products consist of sensor systems, actuator systems and modules with embed-
ded control software for data processing.

Such actuator systems consist of an active element and a sensor element which
measures the current states of the active element. In the traditional understanding
both, sensor and actuator systems are typically able to communicate internally con-
trolled by their embedded systems.

Fraden, Isermann, Nordmann and White therefore developed classifications,
grouping e.g. sensors, mainly regarding the measurement category or the power
source [16, 17, 18, 19]. Other classification exists like Isermann who classified sen-
sors as thermal, mechanical, electrical, chemical or physical sensors [17].

The existing classifications of Fraden, Isermann Nordmann and White are not
sufficiently specified for the description of sensors for Smart Products. A new classi-
fication is needed which considers different criteria. To explain these criteria it is
necessary to clarify the overall definition of sensors and their impact. Sensors will not
only be used within the entire Smart Products, but for the communication between
Smart Products. Extending the traditional understanding of Smart Sensors including
only communication using message exchange via Bus systems [20], within this paper
the understanding of Smart Sensors explicitly includes the communication via
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potential bus systems and internet connections. The major progress is that future
Smart Sensors will be identifiable through an IP address (internet protocol address).
Consequently communication between Smart Sensors is performed based on digitally
represented messages. Mechanisms for avoiding measurement uncertainties and ob-
servational errors are provided by the sensors themselves. The mechanisms are not
taken into account within the classification, but must be considered in the require-
ments of the product development process.

The main difference between Smart Sensors and Smart Products is the higher com-
plexity resulting from the integration of embedded control software in Smart Prod-
ucts. Thus Smart Sensors can only react on predefined states and Smart Products are
able to handle complex operations. Smart Sensors as well as Smart Products interact
within their communication network. Both are treated to be smart, located however in
different categories shown in the metric in the following chapter 2.2. In order to re-
flect the new understanding the traditional sensor classification of Nordmann, Fraden
and Isermann is used and extended additionally.

Communication between Smart Products. Smart Products are enhanced by com-
munication capabilities. In comparison to mechatronic products communication is no
longer restricted between components within one product. Smart Products instead are
able to additionally exchange information with other Smart Products and trigger
events on each other in order to transform their corresponding internal states. Thus
they send messages including specific information. Information and events both can
contain sensors states, but in comparison events additionally envelop a request for a
specific action [14].

To communicate with other Smart Products, a Smart Product uses its embedded
control software as an active sender. Thus every time the Smart Products reaches a
phase to act and to communicate, it is able to send data which another Smart Product
is able to receive. There are three possibilities of communication between Smart
Products: synchronous - the system reacts on the other system immediately, asyn-
chronous - the system takes time to react on the other system and quasi-synchronous.
Cyber-Physical systems aim to communicate synchronously, but in reality communi-
cation is mostly quasi-synchronous using online connections based on internet proto-
cols. A physical and a logical connection as well as standardized communication
protocols for a fast communication of Smart Products are requested.

Smart Products’ communication is differentiated into different grades of mobility:
wired, wireless or a mixed form of both. Wired communication uses physical wired
connections like the modular connector RJ-45 or USB cables. They are physically
connected; sometimes using multiple, additional hops like repeater, bridges and hubs.
Using wireless communication instead Smart Products are not physical connected.
They are linked using wireless telecommunication technologies like radio frequency
communication, microwave communication or infrared communication. Due to alter-
able infrastructure for communication, a mixed form of wired and wireless communi-
cation exists. It uses both types, but only one form exclusively at one time.



Smart Engineering for Smart Products 5

Connecting and arranging multiple Smart Product results in different communica-
tion networks. Within these networks various protocols for communication are used.
The analysis of commonly used internet protocols [21] like FTP, OSCAR or XMPP,
shows that the selection of the protocol is not restricted. Theoretically every open or
propriety format can be chosen allowing quasi-synchronous or synchronous
communication.

For engineering Smart Products the understanding of joint dynamics of software,
networks and physical processes is required. A classification of Smart Products’
communication within an appropriate metric for the different combinations of Smart
Products’ communication is discussed below.

2.2  Methods for the Development of Smart Products

For describing, designing and dimensioning Smart Products, a framework for
processing the communication addressing these communication combinations is
needed. Although design methodology for mechatronic products is far advanced a
framework for developing Smart Products does not exist. Approaches like the V-
Model [12] do not provide systematic approaches to develop Smart Products’ com-
munication. The framework presented in this paper introduces a systematic approach
based on the W-Model to treat triggered events and received messages. Capabilities to
fully integrate this framework are given in order to support development tasks in the
specific development phase.

Metric of Smart Products’ Communication. Concerning the given classification of
Smart Products’ interaction states four combinations of different communication
configurations can occur: passive-passive, active-passive/passive-active and active-
active. During the functional analysis of Smart Products within the product develop-
ment process a combination of Smart Products can be ranked using this metric (see
Fig. 1):

— Passive-passive: Case 1 represents two Smart Products, sender and receiver. Both
can only send their states and do not trigger events.

— Passive-active/active-passive: In case 2 and 3 one of the Smart Products, either
sender or receiver, acts active and is sending its states and events. The other Smart
Products may send its states and will process the received events with predefined
actions.

— Active-active: Case 4 describes the active interaction of two Smart Products. There
exists a toggle of sending and receiving states and events. The processing of events
may be the execution of predefined operations or the receiver is able to ask actively
for states of the Sender. The states and events sending and processing can be ex-
ecuted in parallel.

Interaction States of Smart Products. Smart Products’ interaction is based on the
exchange of messages. Triggering events and processing information transform the
internal states and impact the relation between Smart Products. In order to understand
and describe the Smart Products’ communication, this approach defines seven differ-
ent Smart Products” interaction states (see Fig. 2):
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Sender

passive active

Receiver

Fig. 1. Metric for Classification of Communication of Smart Products

— Pending: Initially Smart Products are in pending states. No knowledge and hence,
no connection between any Smart Products exists.

— Paired: A pairing operation is performed by coupling two devices together. No
exchange of information or events has been executed yet.

— Exchanging: During the process of sending or receiving Smart Products start ex-
changing messages.

In case of processing events:

— Processing: After exchanging messages, information is processed within the Smart
Product. Any form of internal processing or external interaction like new events or
message exchanges can be initiated.

— (Paired): The sender of messages falls back to the paired states described above.

Pending
L Paired Blocked
H !
. o
Processing (_> Exchanging (_) Executing
A
Waiting ="

Fig. 2. Interaction States of Smart Products
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In case of triggering events:

— Waiting: The events’ sender stays on hold waiting for a response. Control mechan-
isms in case of failure e. g. after a timeout can be executed.

— Executing: The receiving Smart Product proceeds to the executing state.
Processing received messages and received requests, the Smart Product initiates an
operation or a response message. The Smart Product has to respond based on the
received request.

— Blocking: If needed, the Smart Products’ interaction state is transformed to
“blocked”.

SP1 SP2 SP1 Sp2
paired 1 paired paired paired

Trigger Receive Send ) Receive )
Event Information, Information,

blocking for
exclusive process

Block

Product
Execute
Action

Process
Information,

Unblock
Product

paired paired dﬂ,ed paired
B

() (b)

Fig. 3. Scheme for processing simple logics: (a) processing events and (b) messages

Exchanging messages and triggering events during Smart Products’ communication
involves not only the transformation of the internal state, but also the transformation
of the above presented interaction states. A Smart Product passes through its states.
Therefore, transformation logics to transform between appropriate states have to be
provided. In Fig. 3 two examples for processing information and triggering an event
are given. Complex interactions can be described by combining these logic examples.
Further extension of the logic examples is possible.

Integration into the Functional Design Phase. To support the development process
of Smart Products the approach described is used as a first step in the functional
design phase.
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Based on predefined requirements in earlier phases of product development the
communication is categorized using the introduced classification and then is further
detailed by the application of the given metric. Sending of information, triggering of
events and controlling of executed procedures is then modeled resulting in different
interaction states. Using these product states’ and the traditional understanding, the
required sensors for each Smart Product can be chosen. The approach therefore fits
into the W-Model [13].

3 A Smart Engineering Scenario with LEGO Mindstorms

Based on the presented framework a representative scenario built with LEGO
Mindstorms has been developed. The scenario consists of two Smart Products: a robot
and a bottle. The bottle will be opened by the robot. The bottle is equipped with a
display showing the states of the bottle top. All scenarios illustrated in the metric
description shown in Fig. 1 are covered by this application.

To clarify the application of the given framework an active/passive combination of
Smart Products is described further. The bottle actively searches for a robot to open
its bottle top. It can trigger two events: gathering information about the robot’s cur-
rent states e.g. if it is in blocked state and triggering the opening process. The robot is
only able to react on two simple predefined tasks: send a message enveloping its in-
formation and open a bottle at a specific requested location. It is able to navigate
independently, but self-controlled by detecting objects and calculating an appropriate
path to a destination.

Fig. 4. LEGO Mindstorms robots as Smart Product

Performing the functional design description this state based approach helps to cla-
rify the collaboration between the two Smart Products, also classifying it as an active-
passive combination. Thus, based on the given metric this Smart Engineering task is a
combination of a Smart Product which is able to processes complex events and a
Smart Product which is only able to process elementary events. Elementary events
correspond directly to the framework approach introduced in chapter 2.2.
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4 Conclusion

The development of mechatronic products is far advanced, but does not yet provide
methods to engineer and develop Smart Products. The Smart Engineering approach
introduced in this paper introduces a method to describe, to design and to dimension
Smart Products based on a specification of products’ states embedded in the function-
al phase of the product development process.

Based on a classification of Smart Products’ communication new products are de-
veloped using this metric. By the application of this metric development of Smart
Products and their communication can be identified in order to describe and to design
the exchange of messages between Smart Products, including information and trigger-
ing events.

The described approach of this paper is currently further evaluated. The improve-
ment of the used methods and the technical support tools are subject of this
evaluation.
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Abstract. In an increasingly competitive business world, engineering compa-
nies need to improve their capability in developing products that offer high
value to customers. In this connection, the Toyota Product Development Sys-
tem—commonly referred to as ‘Lean Product Development—is a benchmark
for effective, new practices across industries. Lean contains many of the same
elements as traditional engineering design methodologies, developed in the
1970-80s, which describe systematic design and engineering processes. How-
ever, the former differs through its philosophical nature—rather than being a
methodology or tool—as well as its focus on increasing effectiveness through
waste reduction.

In this paper, a literature review of the traditional, systematic product engi-
neering/development methodologies and the more recent lean concept is con-
ducted. Both approaches are analyzed, providing a discussion as to what extent
traditional methodologies include elements of lean-thinking and to what extent
the associated product engineering processes are lean.

Keywords: product development, lean, design methods research.

1 Introduction

Nowadays, engineering companies operate more and more globally in increasingly
competitive markets. Outsourcing of production and algorithmic engineering tasks to
so-called low-cost countries is an obvious countermeasure to increase company bene-
fits in terms of cost reduction; however, this does not guarantee long-term competi-
tiveness. The only permanent solution is to improve a firm’s capability in inventing,
developing, and producing innovative, new products that provide high value to cus-
tomers. In addition, companies need to launch new products earlier than their compet-
itors—before new technology emerges or the market changes. These challenges raise
the need for more effective engineering design methodologies for developing and
bringing valid, new products to the market place. To establish a basis for effective and
efficient new-product development (NPD) strategies, it is necessary to understand
their origin and evolution by considering the history and the context in which these
methodologies have been developed.

M. Abramovici and R. Stark (Eds.): Smart Product Engineering, LNPE, pp. 11-R1]
DOI: 10.1007/978-3-642-30817-8_2  © Springer-Verlag Berlin Heidelberg 2013
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Traditional methodologies, developed in 1970-80s, describe processes to systemat-
ically design and engineer a product [5-7], [14], [19-20], [23]. More recently, in the
context of effectiveness in manufacturing and product development, Toyota’s way of
solving engineering problems is often referred to as the benchmark. Multiple re-
searchers have studied Toyota’s Product Development System (TPDS), commonly
denoted Lean Product Development (LPD), concluding that Toyota’s practices are
superior to any other firm with regard to productivity in NPD [8-10], [21]. The lean
concept—whose primary goals are to reduce waste, time-to-market, and cost while
improving quality—has more recently been applied to the process of solving design
and engineering problems in product development (PD). It seems that many of the
elements found in traditional PD are applied under a new terminology in LPD, but
with a somewhat different focus. While traditional PD provides specific, detailed
step-by-step guidance to designers and engineers, LPD represents more a mind-set
with basis in a set of principles, focusing on the entire system and its practices.

In the following, a literature review of the traditional, systematic PD methodolo-
gies and the more recent LPD concept is conducted. Both approaches will be syste-
matically analyzed at detail level, providing a discussion as to what extent traditional
methodologies include lean-thinking and to what extent the processes are lean. In this
context, the main research questions are: What is new about lean? What does the lean
notion bring to NPD—and what is the origin of the methods employed? What is lean
about traditional product engineering—and what are the differences, the commonali-
ties and the complementary attributes of traditional and lean methodologies?

2 Traditional Product Development Methodology

Renowned researchers as Rodenacker [19], Pahl and Beitz [14], Hubka [7], Roth [20],
and several others, describe methodologies for PD and engineering, developed in the
1970s and 80s, guiding designers and engineers to systematically find solutions to
technical problems. Their aim is to provide a methodology to design, engineer and
develop desirable solutions that satisfy a set of requirements. However, these metho-
dologies are not the first approaches for systematic engineering and PD. The origin of
systematic engineering methods is back in the 1940s [15], [17], and are developed
from system theory, machine elements, and product specific approaches. In the devel-
opment to follow, the PD research community was concerned with increasing the
number of engineering principles within the framework of an increasingly structured
engineering process, which was divided into different phases (e.g. VDI 2221 [25]).
The classical approaches mentioned in the beginning of this section are benchmarks
in this context, representing the so-called traditional PD methodology. These metho-
dologies have been adapted to trends and state-of-the-art during the last few decades,
for example axiomatic designs [16], [22], product structuring in modules, platforms,
and architectures [15], [25], or stronger focus on customization and the whole product
life-cycle, while the PD-phases remained essentially the same.

All the above-mentioned authors more or less describe a holistic approach to engi-
neering design; each one providing an individual contribution. In addition, everyone
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uses the same main structure to develop a product, which can be summarized through
the following phases: At first, the main task has to be defined, including in-depth
understanding of the problem, which is defined in a requirement list. Then the prob-
lem is abstracted into ‘black-boxes’ [7] or functions, which are decomposed to more
abstract sub-functions. In the next phase, different principal solutions are combined to
establish (several) concepts. After an evaluation the most promising concepts are
chosen for further work. Then, the preliminary layout or the basic product structure is
defined, followed by elaboration of the detailed solution, which includes all design
features, bill of materials, production methods, etc. All the examined approaches in-
troduced a well-defined engineering methodology, guiding product engineers through
the process step by step. The primary emphasis is on tasks required to find solutions
to technical problems at design and engineering levels; ones that are driven by engi-
neering excellence rather than process efficiency and cost.

3 Lean Product Development

The TPDS is the main source to what many, right or wrong, consider synonymous
with so-called LPD. The concept emerged in the mid-1990s and has its origin in lean
manufacturing, starting with the Lean Automotive Factory and evolving into the Lean
Factory with emphasis on cost reduction, quality improvement, and delivery [8-10],
[12], [24], using a system perspective. Based on an excessive study of TPDS, Morgan
and Liker [13] introduced 13 lean principles within the dimensions of process, tech-
nology and people. The process-principles are the most interesting ones in terms of
the contents of this paper, since the two other dimensions touch more on factors in
execution environments outside product engineering. The primary objectives of LPD
are to minimize waste, improve quality, reduce time-to-market and cost, all driven by
the desire to create value to the customer. Here value may be characterized as any
activity that transforms a new product design in a way that the customer is both aware
of it and willing to pay for [10]. While waste is easy to detect in manufacturing (visi-
ble, physical objects), separating value from waste is more difficult in PD since the
work-product is information and there are no physical objects to which value can be
assigned. In general, waste can be divided into two categories. Type 1 waste includes
activities that do not create value that the customer is aware of, but is still necessary to
enable value generation (e.g. administration, coordination, testing, validation, checks,
etc.). Type 2 waste is pure waste that does not create any value (e.g. defects, waiting,
underutilization of people, etc.).

An important part of the lean philosophy is learning and continuous improve-
ment [13]. Based on the Deming-Cycle [11] improvements and iterations are done
continuously in small steps, aiming to reach the ultimate goal of a perfect solution by
following a learning-spiral with each cycle closer to the target than the previous one.
Although these iterations could be considered waste (type 1) at micro-process level,
they are necessary to maximize the value of the overall outcome seen in a system
perspective. In addition, by capturing knowledge for later reuse the learning cycle is a
source of organizational learning, providing strategic value for the company. In the
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lean literature, the learning cycle is called PDCA-cycle (Plan, Do, Check, Act) [21] or
LAMDA-cycle (Look, Ask, Model, Discuss, Act) [22]. In the first step (Look) the
problem is observed and data are collected. Then, it has to be checked what is known
about the problem and why this problem exists. Following, a model (prototype,
sketch, etc.) to support articulate thinking is established. As the fourth step (Discuss),
the problem and possible solutions are discussed with experts, and finally the solution
is implemented (Act). In the quest for perfection, the cycle does not stop here but
restarts from the first step again; this time at a higher level of knowledge. In the LPD
philosophy, knowledge is effectively captured and communicated using ‘knowledge-
briefs’ [8], or so-called A3 reports [21] named by the paper size format used, aiming
to visualize problem, goal, process, and solution, and risk elements in a standardized
form, depending on the application and problem formulation.

One methodology, often referred in the context of LPD is the so-called set-based
concurrent engineering (SBCE) [10], [12]. In contrast to a single (point-based) ap-
proach, multiple alternatives are explored in parallel and systematically narrowed
down through analysis and testing. Within the set of concepts, one is a proven no-risk
alternative concept that can be selected as a fall-back in case the others do not suc-
ceed. The weaker concepts are successively ‘killed” on the way, following a ‘survival-
of-the- fittest’ strategy. Lastly, only the best and most robust solution that fulfills all
requirements remains, hence increasing the opportunity for innovation while reducing
risk and development time. SBCE is a method aimed at frontloading resources to
reduce late and expensive design iterations.

In summary, LPD it is not just a methodology for engineers, it is a way of working,
organizing, and making the PD processes more effective, considering both engineer-
ing and product management (PM) problems at engineering and management levels.

4 Comparison of Traditional Product Development and Lean
Product Development

It appears that traditional PD and LPD cannot be directly compared to each other,
since their overall goals are different. Traditional PD describes a systematic approach
of well-defined steps, explaining engineers what to do to create a product that solves a
given (technical) problem. LPD, on the other hand, introduces a way to make engi-
neering processes more effective to improve the outcome for a company with value
being the driver. It describes how processes have to be done to make a company more
competitive by pulling value from customers and up the value chain. Lean is more a
philosophy and a mind-set, rather than a detailed methodology to solve engineering
problems [27]. Hence, traditional PD explains which steps have to be conducted and
what has to be done in these steps, whereas LPD describes the working philosophy
around the PD process. However, LPD and traditional PD are not contradictory in any
respect. It is possible to apply the lean principles to (all) known engineering methods
defined in traditional PD. Lean complements traditional methods by including mana-
gerial factors such as effectiveness (e.g. short time-to-market) and waste reduction
(e.g. people, money, rework). Table 1 summarizes some key characteristics of both.
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Table 1. Characteristics of Traditional Product Development and Lean Product Development

Goals of Traditional Product Development

Goals of Lean Product Development

Gives specific ‘work instructions’ to mainly engineers at
detail level

Methodology that provides engineers with tools for
solving a wide range of technical problems, and develop-
ing and designing products

Focusing on developing the best technical solution (high

quality) with basis in engineering excellence

Use of knowledge and ideas to create solutions for
technical problems

Can solve unknown problems and improve existing
products; i.e., offering methodologies for both

Follows parallel or sequential processes, aiming to solve
the task as well as possible

Gives visionary and directional strategies for the entire
company at system level with PD being the core compo-
nent

A company-wide PD system aimed at maximizing value
to the customer or user, within the constraints of value to
other stakeholders [1]

Focusing on using an effective process to develop an
overall optimal (customer) solution from a system pers-
pective, including operational and strategic management

Effective capturing and reuse of knowledge and ideas for
increased learning, and to develop solutions with highest
possible value in the eyes of the customer

Strong basis in known processes with predictable out-
come (continuous improvement), minimizing technical
risk within PD, i.e. after program definition

Follows parallel processes, aiming to solve the task fast
with effective use of resources

In the following, traditional PD will be examined with regard to lean elements in
order to answer the following question: In which way are traditional PD approaches
lean? Six different approaches in the category of traditional PD methodologies and
one approach of integrated PD—ones that are commonly referred as benchmarks in
traditional PD—are analyzed in the context of lean. The findings are summarized in
Table 2, which relates a set of lean principles to the reviewed approaches of tradition-
al PD. The lean ‘principles’ chosen here represent a broad selection of lean compo-
nents, which are based on the ones introduced by Morgan and Liker [13] and adapted
to the scope of this paper. Notice that if a lean component is indicated with an ‘X’ it is
a part of the traditional PD approach, and vice-versa.

Rodenacker’s [19] approach is one of the early ones in systematic engineering de-
sign, with the basic approach still being applied in methodologies today. Rodenacker
aims to find solutions for the cause-effect relations stepwise through logical, physical,
and structural working principles. He uses a learning cycle similar to PDCA with the
steps: information retrieval, information processing, information output, and check-
ing. Capture, reuse and extension of knowledge all are part of Rodenacker’s approach,
which are important for continuous improvement.

Tjalve’s [23] contribution to the design methodology is mainly form variation.
Product solutions and alternatives are developed by systematically varying size, num-
ber, structure and shape of the design elements. Tjalve uses a learning cycle, called
‘product synthesis’, similar to lean. He proposes that the criteria vary from phase to
phase and have an increasing number of details, based on details from the former step.
This reflects the lean principles continuous learning and improvement.

Pahl and Beitz [14] provide a linear, holistic, systematic engineering design
process to help design engineers find solutions for products by the use of different
tools. They suggest that a PD methodology should save time, reduce work load,
speed-up understanding and help maintain active interest. Further, they want the
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different functions concerned with development of a product to collaborate early.
Problems should be detected early and clearly defined in the requirement list together
with customer needs. Pahl and Beitz refer to a learning cycle, similar to the LAMDA
cycle: confrontation, information, definition, creation, evaluation, decision, solution.
They interpret the design process as a dynamic control process that continues until the
information (content) has reached a level for optimum solution. Here it should be
noted that many lean approaches follow the same strategy.

Roth [20] introduces design catalogs for engineers. ‘Effects’, ‘effect owners’, ma-
terials, etc. are systematically structured in catalogs, which make knowledge capture
and reuse simple, providing the design engineers a set of standard solutions and rec-
ommendations. Roth states that it is important to define the correct problem statement
early and to attack problems at the root cause. He does not explicitly use expressions
such customer or customer value, which are important drivers within LPD. However,
customer (value) may still be considered as part of his approach since customer satis-
faction is mandatory for the success of a product. Roth applies engineering catalogs,
which is essentially similar to the knowledge-brief approach [8], [21] within lean.
Experiences, standards, and former product solutions can be documented in a visual
engineering-friendly way by both approaches. The catalogs, which give fast and clear
overview of alternatives, represent a knowledge-based approach to product develop-
ment. Catalogs can be adapted to the design process of a certain company, and can
also be extended. An additional core component of lean is the use of standardization
and checklists. For instance, standard tables (and check lists) are used for the gather-
ing of requirements, and these can be adjusted and extended to meet new challenges.
In LPD a similar approach is employed by alternative concepts such as house of
quality and quality function deployment (QFD).

Ehrlenspiel [5] discusses the influence of engineering design on product costs, in-
cluding life-cycle costs. He proposes a number of opportunities to reduce product cost
by correct selection of design features, production methods, materials, and good col-
laboration between different departments inside a company. Cost reduction opportuni-
ties lie in standardization of products, which is lean, by for instance using modular
product concepts with standard parts or assemblies and customer-specific adaption of
parts and assemblies. Ehrlenspiel uses value analysis to identify unnecessary costs,
aiming to determine which product functions are absolutely necessary to accommo-
date the task that has to be accommodated to satisfy the customer, which can be
associated with reduction of waste, meaning lean design. This methodology is also
consistent with value engineering, which was developed during World War II [27].
Further, Ehrlenspiel encourages close communication between teams and short lines
of communication, which supports the pull concept in lean. However, his approach is
a more specific approach, guiding engineers to use cost reduction methods in detail,
whereas LPD to a more extent approaches system problems.

Hubka et. al. [7] introduce a theory for technical systems, which needs to have
transformations (functions), organs (e.g. functional interfaces) and parts (compo-
nents), where the organs represent the link between two components or one compo-
nent and the user. Hubka proposes a kind of SBCE; several concepts, which are
determined after each design phase, are developed in parallel up to a certain detail
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level and evaluated. Concepts that are strong enough are carried forward. The evalua-
tion at the end of each phase is based on the status, the experience and learning of
previous work, and the customer specifications. This resembles the lean principles of
continuous learning, reuse of knowledge, and focus on customer value.

Hein et al. [6] introduce one approach that considers PD in a broader perspective,
so-called integrated product development (IPD). This is a more holistic approach that
includes engineering design, production, marketing, and organization. IPD seeks to
integrate methodologies used in different departments of a company toward common
goals, procedures, and attitudes. The customer is of key importance, since s/he
ultimately decides if the product becomes a success or not. Hein points out that the
market is getting more competitive, which requires shorter development time, less
production costs, and fast and continuous implementation of new technology for ac-
tive adaption and renewal of today’s products. Focus is not just on the product itself,
but the entire execution environment, which is necessary to make the product success-
ful in the market place. Hence, IPD makes a step forward from pure engineering de-
sign methodology in the direction of LPD and product management (PM).

Table 2. Lean Elements in Traditional Product Development Methodology (Legend: - not
mentioned; (x) implicitly mentioned; x mentioned)

Lean Principle Ro- Tjalve Pahl, Roth Ehr- Hubka Hein
den- Beitz len-
acker spiel
Continuous control of requirements - X X X (x) X X
Front load of the PD process - - X X X - X
- x) X - X X X

Understanding the customer

Integrate customer and supplier in com- - - - - - - -
plete development

Parallel processes - X - - (x) X X
Increase standardization, reduce variation - X X X X X (x)
Continuous improvement of product X (x) X X X X X
Continuous improvement of process (x) - X - - - X
S:get:il:;fe and reuse of knowledge and X ® X X ®) ® X
Capturing past knowledge in checklists (x) - - X X (x) -
Short and precise knowledge capture - - - X - - (x)
Early include all different departments - - (x) (x) X - X
Learning Cycle X X X (x) X X X
Set-based concurrent engineering - - - (x) - X -
Solving the roots of problems (X) - X X X - X

This literature review shows that many elements of the LPD concept have been de-
veloped under different headings many years before the term lean was coined in the
Western PD vocabulary. Learning cycles, knowledge capture and reuse, continuous
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improvements, and customer value all have been elements of the product engineering
literature for several decades. What is new, associated with lean, however, is its
strong focus on effectiveness and waste elimination. Hence, traditional PD methodol-
ogy delivers engineering tools for development of high-quality products, whereas
LPD in addition targets effectiveness.

5 Product Development, Product Management and Lean
Product Development in a Historical Perspective

In the section above it has been shown that many elements of LPD have their origin
from the traditional product design and engineering research community. LPD does
reuse traditional approaches to a great extent, applying a different terminology in
many cases. Moreover, basic engineering methodology is not part of the lean litera-
ture, which rather represents a holistic approach to improve the PD productivity.
Some of this may be explained by the historical development of PD or LPD. Figure 1
shows a principal interpretation of historical progress of PD, PM and LPD literature,
illustrating the development of the three fields and an increased overlap towards right.

Lean Product Development

Product Management

Product Developmen

-
>

time

I T T T T
1970 1980 1990 2000 2010

Fig. 1. Development of traditional PD, PM and LPD literature

First, traditional PD started out as a research field in the 1970s, describing
methodologies to systematically solve engineering problems and develop advanced
products.

Later, throughout the 1980s and 1990s, the amount of PM research increased
gradually. In PM, approaches to improve financial performance, innovation, differen-
tiation and new-products’ success in the market are introduced as well a holistic busi-
ness view of marked, product and production in integrated PD [6]. Cooper [2-3], for
instance, introduced strategies for successfully driving products to market, like prod-
uct and technology strategies, portfolio management, and stage gate processes. PM
and PD complement each other, since both are important to successfully create and
deliver the right product but from different perspectives. This may be illustrated by
the two approaches increasingly overlapping each other.
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In the late 1990s, yet another approach, namely LPD, emerged from (US automo-
tive) companies’ need of being competitive in a global market. Supplementary to the
other two approaches, lean puts emphasis on customer, value, waste reduction, and
increased effectiveness primarily with basis in the engineering perspective. Lean me-
thods can be applied to—and are becoming increasingly part of—both PM and PD, as
symbolized by the overlapping shaded areas. For instance, Cooper [4] realized several
of the problems associated with the PM perspective that forms the basis for the clas-
sical stage-gate process, and updated his view towards a more process-driven organi-
zation, introducing 5-6 concepts directly from LPD.

Today’s strong focus on lean methods can be explained through increasing market
pressure, forcing companies to reduce time-to-marked and cost while improving in-
novation. This means that the competitive frontiers drift from, say, engineering
excellence and workmanship towards efficiency of process, multi-disciplinary teams,
collaboration, supplier integration, networks, knowledge management, organizational
learning etc. In this respect, LPD seems to be an important strategy for bridging the
gap between traditional engineering-oriented PD and more business-oriented PM.

6 Conclusions

This review and discussion helps to better understand the differences of PD approach-
es and their historical development. The results show that many of the core elements
in LPD have their roots in traditional PD, but under different names and headings. It
appears that several classical methods have been reborn under a new common termi-
nology called lean. Lean has its origin—or should we say rebirth—in Japan, and was
brought into the context of product development by US researchers [8-10], [12-13],
[24], [26]; in many cases—purposely or accidentally—not fully considering the me-
thods’ original references in the design and engineering community. The good thing
about this is that the new ‘wrapping’ helps bring the methods out to a greater commu-
nity outside the academic world, including practical engineers, managers and CEOs,
boosted by popularization of an approach to an outermost important challenge for
many of today’s companies: NPD performance.

Nevertheless there are new elements in LPD. LPD adds effectiveness, waste reduc-
tion and competiveness to the traditional approaches and makes them evolve and
adapt them to today’s competitive challenges. It is also demonstrated that the lean
concept, when applied to PD, to some extent fills the gap between traditional product
engineering (in the engineering community) focusing on micro-processes, and
product innovation management (in business-economics community) focusing on
macro-processes. To be successful in the marketplace, a combination of both tradi-
tional, PM, and LPD appears to be a good approach, applying both the engineering
guidance of traditional PD and making processes effective by LPD.

Some very interesting questions in this context are: How did Toyota develop a lean
culture and from whom did they adopt their methodology; and how did US and Euro-
pean companies develop the revolutionary products and technologies that have served
as a fundamental pillar of productivity growth in the 20" century, decades before the
notions ‘lean’ and ‘lean product development’ were coined?
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Abstract. There are many methods for the development of new products. One
of them is model-based design. This article is dedicated to the usage of this de-
sign method for the reduction of the time required for the commissioning of
manufacturing plants. For this purpose, the method of virtual commissioning is
combined with the model-based design which makes it possible to create a pro-
cedural model. The presented approach assists the developer in order to save
time during the actual commissioning and thus reduce costs. The presented ap-
proach is validated on an application example.

Keywords: virtual commissioning, production system development, model-
based design, systems engineering.

1 Introduction

Growing competitive pressure requires the commissioning of manufacturing plants to
be done in shorter time. However, this is restrictedby the increasing complexity of
such plants. Today the achievement of modern mechanical products (like these plants)
is affected by the close interaction of mechanics, electrics/electronics, control engi-
neering and software engineering. This circumstance is expressed by the term “me-
chatronics”. Advanced mechatronic systems lead to a considerably increased system
complexity due to their functionality and internal interaction. In addition, the in-
volvement of different domains requires an effective and continuous cooperation and
communication between all developers during the whole development process. The
conceivable development of information technology opens up fascinating perspec-
tives for the design of future technical systems, which go far beyond current
standards.

To analyze the system behavior as early as possible models are increasingly used.
There are many possibilities for the design of mechatronic systems such as the
"Design Methodology for Mechatronic Systems" [1] or the "Design of Intelligent
Mechatronics (ENTIME)" [2]. The foundation for these development methods is a
model-based approach. During the model-based design both the functions and the
behavior of a mechatronic system are considered. Models that are created in this
manner can be used for several analysis purposes [1].

M. Abramovici and R. Stark (Eds.): Smart Product Engineering, LNPE, pp. 23-B2]
DOI: 10.1007/978-3-642-30817-8_3  © Springer-Verlag Berlin Heidelberg 2013
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The foundations which are formed in the design phases turn into real plants which
have to be commissioned. During the commissioning of a plant often different topics
merge: the clarification of the functionality of components and plants, the continua-
tion of software development, the functional test of the software, the parameterization
and optimization of the automation software and the acceptance test. Those work
contents are temporally rather undefined. They are cost extensive because they take
place during the installation process. Hence they are fraught with risks and can delay
the planned commissioning drastically [3].

An approach to reduce the time until start of production is virtual commissioning,
which is a commissioning of the real control system and the original software in com-
bination with a virtual plant. For the control system the behavior of the virtual plant is
adequate for starting up and running both. The simulation model for the virtual com-
missioning consists of the behavior model, reproducing the logical behavior of the
machine and the kinematics model visualizing the movement behavior of the machine
in all relevant degrees of freedom. Research has already shown that thereby the time
for the commissioning decreases and the quality of the control program of the produc-
tion system increases [4-5]. However, the effort for the modeling is very high and
often compensates the time advantage which leads to the fact that the cumulated time
required until start of production of the plant is not reduced [6].

The basic proceeding of the virtual commissioning in the presented approach is
similar to the procedure suggested in [4]. In [4] new models are created for each
commissioning process. Our approach is to adapt and simultaneously use the models
created during the model-based design also for the virtual commissioning. In this way
time is saved and hence the overall costs are reduced.

By this integrative approach, synergy effects can be utilized. Both the functions
and the behavior of a production system are modeled. Such models can subsequently
be used for analyses, which make it possible to reduce the costs and the development
time of new production systems. A further advantage results from the use of solution
patterns'. They allow the use of existing solutions for specific system elements or
system components, in particular the simulation models.

This contribution focusses the procedural model, in which the virtual commission-
ing is integrated in the model-based design process. For this purpose, we point out in
section 2 the model-based design adapted for the planning of engineering plants. We
consider also the choice of the modeling depth for the behavior models in the model-
based design. In section 3 we present the procedural model itself. The procedural
model is validated on an example in section 4. Finally the major points are summa-
rized in section 5.

2 Model-Based Production System Design

The following section treats the adaption of the model-based production system de-
sign described in [7] for the purposes of virtual commissioning. First a general over-
view is given followed by a detailed explanation of the main design phases.

! A solution pattern is an abstract representation of a class of solution elements and describes
[...] its structure and behavior in a generalized form (see [7]).
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The life cycle of manufacturing plants comprises the phases conceptual design, de-
tail design, manufacturing and assembly, operational phase and finally redistribution.
The procedural model of virtual commissioning on the basis of model-based design
presented in this paper focuses on the first three phases (Fig. 1). It is modeled in the
style of the VDI 2206 guideline [1]. The phases conceptual design as well as detail
design are each divided into the tasks of the basic cycle of system design determina-
tion of objectives, synthesis and analysis [8].

detail design

electric/electronical engineering

control and software engineering

conceptual design mechanical engineering

e

principle
solution

concrete
solution

manufacturing and assembly

start of
production

Fig. 1. Production of Engineering Plants

The process images are displayed in an abstract way. Iterations may occur at any
time. As seen in Fig. 1 the conceptual design phase ends with the principle solution.
This is the starting point for the detail design in which the concrete solution is devel-
oped in the particular specialized disciplines (e. g. mechanical engineering or control
engineering). The manufacturing and assembly starts with the concrete solution and
ends with the start of production. In the following are describe the three phases in
detail.

2.1  Conceptual Design

The conceptual design phase starts with the determination of objectives. Fig. 2 illu-
strates the certain steps of this phase. First of all an analysis of tasks and environmen-
tal boundary conditions is conducted. As soon as the application scenarios have been
defined and the description of the requirements is established the function hierarchy
can be drawn up, which is the last step of the completion of the determination of ob-
jectives of the conceptual design.

The phases run through during the process of synthesis are presented in Fig. 3. It
starts with the building of active structures and the system modularization. The mod-
ularization should be carried out under the aspect of a modular product concept being
focused on the recovery of components. It is structured under a design-oriented and
functional view. Subsequently, the solution patterns for the single module are
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conceptual design

determination : .
>ofobjectives>> synthesis >> analysis >
perform task - enviroment ap:ﬁzi:telon description of f::\e;im:n
analysis analysis ST requirements hierarchy

enviroment application requirement function
modell scenarios ificati hierarchy

task setting

Fig. 2. Process steps of the determination of objectives as part of the conceptual design [7]

examined and selected. Solution patterns in plant construction are such modules being
previously built or being purchased by third parties. It is especially identified whether
a solution pattern already exists or whether a new development is required. In the
following the behavioral model and the first approximate shaping are being estab-
lished. Afterwards, the selected modules are detailed. This phase is necessary, if a
superior machine control is to be used. It should be specified, for example, to which
module the sensors and actuators have to be assigned, or whether they are indepen-
dent modules. Finally, the modules have to be integrated into the entire system. The
modularized entire system represents the completion of the synthesis phase.

conceptual design

determination "
of objectives > Crntitn analysis
build active system s::;::nrl":: d module module
structure ‘modularization patterns conception integration

active structure decomposed selected solution system behavior

entire system patterns

modules modularized
entire system

build
approximate
shaping

approximate
shaping

Fig. 3. Process steps of the synthesis as part of the conceptual design (see [7])

The last step of the conceptual design is the analysis (Fig. 4). At first the object of
analyzing is defined. This is done by comparison with the task settings from the de-
termination of objectives phase. The established system design has to fulfill the re-
quirements. Then, the analysis is performed. Finally, analysis results are evaluated,
which leads to a principle solution. This depicts the completion of the analysis phase
and the whole conceptual design simultaneously. In the principle solution it is stated
of which line components the plant consists and which manufacturing technologies
are applied.
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conceptual design
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object analysis analysis results

analysis task analysis results principle
solution

Fig. 4. Process steps of the analysis as part of the conceptual design [7]

2.2 Detail Design

The detail design phase starts with the principle solution that has been developed in
the conceptual design. The detail design also comprises three steps: determination of
objectives, synthesis and analysis. These are carried out in the different domains
(Fig. 5). As they are not relevant for the virtual commissioning, they are only shortly
described, see [7] for more detailed information. Important for the detail design is the
selection of solution elements” for the beforehand used solution patterns in the first
step. In the course of the process the results are being matched. For this purpose be-
havioral models are applied to make sure that the individual modules are compatible.
The results of the individual domains are integrated into an entire solution (Fig. 5). At
the end of this phase a concrete solution is available.
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Fig. 5. Concretization of the principle solution [7]

2.3  Manufacturing and Assembly

The manufacturing and assembly phase consists of four steps (Fig. 6). These are the
mechanical and electrical manufacturing as well as the assembly planning, which are
performed in parallel. Subsequently, the assembly takes place. First of all the mechan-
ical structure is arranged and then the electric installation is executed. This phase is
terminated by the commissioning process. Here the plant is transferred to the expected
state. As the case may be, assembly and commissioning process can be repeated,
when the plant has to be set up at the manufacturer’s site already. At the end of this

2 Solution elements are implemented and proven solutions - assemblies, modules, software
libraries, etc. - to meet a function of the entire system (see [7]).
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process the integration into the consisting production street and the acceptance of the
plant is conducted. The phase is accomplished with the transition into regular opera-
tion, the start of production.

manufacturing and assembly

electrical and

manufacturing
4?* assembly commissioning
concrete start of
solution production

Fig. 6. Process steps of the manufacturing and assembly

2.4  Modeling Depth

For many of the previously described phases behavioral models are needed. The de-
veloper of these models has to decide individually what level of detail (modeling
depth) he indicates. In general, models should be as detailed as necessary but as ab-
stract as possible. This decision is very subjective and needs a high level of system
understanding and experience [9]. For this reason, in [10], a methodology for select-
ing the modeling depth was defined. This is also of utmost importance for the virtual
commissioning. Therefore, it is explained shortly at this place.

Central point of the methodology is the definition of different modeling depths. For
the virtual commissioning three levels are necessary. These are the idealized function,
the basic feasibility and the system-specific behavior. In the following the three levels
are shortly defined (for detailed information and examples see [10]).

Level 1 — idealized function

The models are logically and not physically modeled. It means that these models con-
tain time-discrete state machines. This level does not allow the representation of the
dynamic behavior. Only time-discrete values can be reproduced.

Level 2 — basic feasibility

These models also comprise time behavior and can be modeled physically. The mod-
els are strongly idealized without consideration of side effects (e.g. friction). At this
level, solution patterns are employed for modeling.

Level 3 — system-specific behavior

This level contains models that are physically modeled and side effects are considered
in a simple manner (e.g. linear friction). The solution patterns at this level are re-
placed by solution elements.

3 Procedural Model

The procedural model correlates the previously defined phases with the levels of
modeling depth. Basically all system components can be modeled in different levels
of modeling depth. Each modeling depth represents the time from which it can be
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used. For those modules which can be modeled in an abstract level of detail, the mod-
eling process is completed at an earlier stage. It specifies what information must be
available to proceed with a more detailed modeling depth. The advantage of the
procedural model is the well-planned approach in which the level of detail increases
continuously.

In Fig. 7 the process model with the integrated virtual commissioning is presented.
The virtual commissioning consists of the phases modeling, realization and analyzing.
In the modeling phase, the behavioral models of the individual modules are set up.
The virtual commissioning is performed parallel with the model-based design.

conceptual design detail design
determination determination " .
y b N

_ / principle concrete
modularized interaction interaction  solution interaction solution

entire system \‘ / \L /

virtual commissioning: modeling

idealized basic

function feasibility system specific behavior

manufacturing and assembly

electrical and

manufacturing

assembly
planning

virtual commissioning

assembly commissioning

interaction

realization analysis

Fig. 7. Procedural model for the virtual commissioning on the basis of model-based design

The modeling at the level of idealized function can already begin in the conceptual
design phase in particular if the entire system is modularized. At this time, the phases
of module conception and integration of the conceptual design are run through and the
entire system is divided into subsystems. Now the modeling depth for each module
can be defined considering the certain requirements (see [10]). If the module consists
of already existent solution patterns, the existing behavioral models can be used. Oth-
erwise new models must be created. The models that arise in model-based design in
the conceptual design phase are adjusted for the virtual commissioning to provide it
with information (such as mass, length, etc.). They are applied in the analysis phase of
the conceptual design. The analysis results can also be used in the model-based design
to expedite the development. For the analysis phase at least modules of the idealized
function of each module are required. Afterwards the module integration is evaluated
and the principle solution is created. If modules need to be modeled in a more detailed
modeling depth, the modeling process can be started after the synthesis of the concep-
tual design. All the information will lead to the already described principle solution.
Parallel to the detail design the models of level 3, the system-specific behavior can be
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modeled. These are feasible from the time when the solution elements are selected.
After selecting a solution element, the decision has been made which element should
be used in this case. Now the component dependent information is available which is
necessary for the detailed behavior models of the system-specific behavior. Not every
system element has to go through all the modeling steps. For some it may be useful to
stop after the models which represent the idealized function. For example the storage
in a sorting system is not needed very detailed (see [10]). In the detail design inter alia
also the software engineering is performed. Once the concrete solution is created the
control program for the plant exists. From this time, the controlling can be simulated
on the generated models. In the virtual commissioning even the change from a higher
level to a lower level can be reasonable to increase the simulation speed. Virtual
commissioning allows an early test of the control program. It takes place parallel to
the manufacturing and assembly phase. Thus, errors of the control program can be
eliminated in advance. In this manner, the time of plant shut down is shortened.
Moreover, even an integration of the manufacturing system can be simulated. Besides
the verification of software the training of operating personnel is possible. The virtual
commissioning is finished with the putting into operation of the plant.

4 Application Example: Dough Production System
The above described procedural model is now applied to a dough production system

(Fig. 8) to demonstrate its usage. At first, the structure and function of the system are
explained.

carrier

mixer

bowl

safety fence

Fig. 8. Dough production system [2]

The dough production system consists of modular processing stations. These are a
dosing station, filling the ingredients, a mixer to mix the ingredients and a dump tip-
per, to tip out the finished dough for further production. Further there are bowls in
which the dough is mixed and transported. For the transport of the bowls the so called
carrier is used, which carries the bowls from one station to the next. The production
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process is basically always the same. At first the ingredients are filled into an empty
bowl at the dosing station. Then the carrier moves the bowl to the mixer. After the
ingredients were mixed the dough has to rest, which is done on a resting. After rest-
ing, the dough is finished, and is tipped out for the further production process by
means of the dump tipper. The system has two controllers. Firstly, the carrier control-
ler, which controls the movements of the carrier, secondly, the central controller,
which supervises and controls the entire system [2].

Below, a short overview of the model-based design of the dough production sys-
tem is given. Afterwards the interaction with the virtual commissioning is pointed out.
In the conceptual design phase as well as in the requirement analysis a functional
hierarchy was created. At the highest level, the system had to fulfill the function of
making dough. This function was divided into the sub-functions dose ingredients,
transport, mix, rest and tip out. In addition, the operator security had to be considered.
Then an active structure was built. This was functionally structured and modularized.
From the above described production system modules were formed: carrier, bowl,
dosing station, mixer and dump tipper as well as control and safety fence. Solution
patterns could be found for the individual modules because the modules had already
been used as processing stations in the past. These modules were part of the same
type of the dough production system, and as the number and arrangement of the sta-
tions depend on the requirements of the dough production system and the available
space they could be reused. For all modules also behavioral models existed because
known processing stations could be used. The analysis phase of the design process
had shown that the carrier did not meet the requirements. The carrier did not allow
enough bowl changes and this module needed to be newly developed. For the new
development the behavioral models of the other processing stations already existed,
so in the conceptual design phase the integration into the entire system could be
checked. This means that the correct interaction of the various models had already
been ensured. In the detail design phase, the individual modules were concretized. In
this case some adjustments to the existing structure were made. System integration of
the individual models is possible at any time. So after the development of a new carri-
er the old one could be replaced.

During the detail design the control programs were developed. They could also be
made of existing software modules. For the control of the new carrier also new pro-
grams were developed.

After the concretization of the entire solution, the virtual commissioning could be
performed. Here, both the control of the dough production system and the carrier
control were tested and the compatibility was checked. Parallel to this, the plant as-
sembly took place. The virtual commissioning provided an early integration testing
and a reduction of the commissioning time. The benefit of behavioral models in-
creased, as they could be used for the design of new components and for the commis-
sioning simultaneously.

5 Summary

In this paper the benefits of the integration of the virtual commissioning into the mod-
el-based design have been shown. The individual phases, which are passed through,
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have been described in detail. From this context, a procedural model has been
developed which supports the developer in the virtual commissioning process. The
different modeling depths which occur in the virtual commissioning were also briefly
discussed. This classification helps the developer to create the models of the plant
suitable. Finally, the procedure has been explained on a short industrial example.
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Abstract. Design for eXcellence (DfX) entails a wide range of goal specific de-
sign methods targeting different phases of a product’s lifecycle. These methods
are often not standardized and sometimes even have contradicting rules among
them. As a consequence, design processes experience an increase in organiza-
tional entropy. This paper presents a template for DfX methods. The goal is to
assist the industry in setting up lean design processes. The results of this re-
search are threefold: (1) standardization of DfX design tasks and information
flows, (2) facilitating the implementation of DfX methods and (3) enable ben-
chmarking of DfX methods to purify design processes.

Keywords: Design method, Knowledge management, Design for eXcellence
(DfX).

1 Introduction

Design for eXcellence (DfX) entails a wide range of goal specific design methods.
The first DfX methods targeted the manufacturability of products and were developed
after the 2nd world war with the aim of aiding the emerging concurrent design prac-
tices. The three most popular types of methods during this period were Design for
Manufacturing (DfM), Design for Assembly (DfA) and Design for Disassembly
(DfD) (all three the topic of the CIRP Dn keynote in 1992 [1]). Since then, most of
the lifecycle phases of products have been the target of such methods; for instance,
Design for Maintainability (DfMa), Design for Sustainability (DfS), Design for Obso-
lescence (DfO), Design for Supply Chain (DfSC), Design for Logistics (DfL), Design
for Network (DfN), Design for Recycling (DfR) and many more. Characteristic to
DfX methods is that the target is not the functional related performance of the product
itself, but rather the product development aspects aiming to realize more competitive
products. DfX methods are often based on designers’ expertise. Its implementation
depends on the company’s strategies, product design philosophy and available re-
sources (i.e. energy availability, raw materials disposition, staff education level, pro-
duction system characteristics, consumer preferences, etc.). Although DfX methods
are popular and widely spread in industry, their structure is highly variant as pointed
out by Chiu and Okudan [2]. Furthermore, the efficiency of DfX methods as a
benchmark has neither been studied nor addressed, leading to design suggestions with
unknown consequences for the product lifecycle.
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DOI: 10.1007/978-3-642-30817-8_4  © Springer-Verlag Berlin Heidelberg 2013
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Presently, established product development procedures in industry are populated
with large numbers of DfX methods. Most of these methods are in fact developed in
an industrial setting to support company-specific issues of Product Development
Processes (PDP) or as protocols for standardizing design approaches and improving
production parameters. As also concluded by Meerkamm et al. [3], such (industrial)
methods are not presented in uniform structures and often do not target all steps of the
design process. This potentially leads to complex concurrent design processes and
increases a company’s organizational entropy. The core problem is the lack of stan-
dardization of DfX methods in terms of structure and completeness such that tasks
and information flows are clearly defined. As an answer to this problem, this paper
presents a template for structuring DfX methods. The template is based on well ac-
cepted design theories. The end goal is to assist industry in setting up lean Product
Development Processes. By providing a clear DfX structure, we strive for: (1) the
standardization of DfX procedures and information flows, (2) the integration of DfX
methods in a systematic and structured manner, and (3) the presentation of criteria for
benchmarking DfX methods such that companies can purify their DfX procedures.
All these results target the goal of leaning up design processes.

The template is the result of an extensive literature review in the fields of DfX
(Section 2) and the application of design theory and methodology (Section 3). On the
one hand, DfX related literature misses formal and concise descriptions of the design
tasks and information types to be included into a DfX method. On the other hand,
design theory and methodology literature endorses different frameworks that describe
the basic building blocks of design methods from both an information flow point-of-
view and from a design procedures point-of-view. To fine-tune the template, specific
DfX methods have been evaluated against the developed template (Section 4). Papers
are selected from the fields of Design for Manufacturing (DfM) [4-10] and Design for
Sustainability (DfS) [11-17]. According to Chiu and Okudan [2], DfM and DfS are
the most mature fields within DfX. The assessment concluded that the template in-
deed captures the required design rationales DfX methods have to contemplate.

2 DfX Structure in Literature

Given the vast amount of literature on this topic, this literature overview presents a
summarized analysis of DfX review papers. The objective of this overview is to un-
derline how other DfX researchers have addressed the issues of structure and organi-
zation in DfX methods.

Chiu and Okudan [2] have performed an extensive review of DfX methods. Their
review includes a mapping between DfX concepts and methods onto the different
design process phases (i.e. requirements, conceptual design, detail design and evalua-
tion). Also, the interrelation between different DfX methods and the calculation of a
maturity index that represents the level of development of the different DfX fields
was studied by them. Regarding the structure, DfX methods are classified into 5 cate-
gories based on the nature of the presented tools. Organized in increasing levels of
detail, these categories are: guidelines, checklists, metrics, mathematical models and
overall methods. Guidelines provide directions to be followed; checklists prescribe
the items that should be taken into account during certain design processes; metrics
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are used to quantitatively evaluate how good a product is in relation to its design goal
(the X in DfX); mathematical models involve validated equations and formulas that
are used to calculate system performance; finally, overall methods describe clear and
systematic procedures involving several of the previous categories. This categoriza-
tion describes the type of structures in a DfX method; however it does not express
which design tasks are addressed by each of the methods nor the order in which the
tasks should be fulfilled.

Meerkamm et al. [3] treat the structure of DfX in two ways. The first is as the rela-
tion between different DfX methods within the concurrent design philosophy. The
second is in relation to the form of the DfX method. For example, if the method is
made out of guidelines or in the form of checklists. There is however no statement
about the design procedures and information flow within the method, nor how this
flow is organized within a concurrent design.

Kuo and Zhang [18] present a review of concepts, applications and perspectives in
DfX. A large number of methods is reviewed and best practices are summarized.
However, there is no unified structure for framing the different procedures and infor-
mation flows that each method entails.

Huang [19] proposes a framework (the DfX shell) that can be used to develop DfX
tools quickly and with consistent quality. The framework consists of 7 steps that take
the method developer from analysing the method’s requirements through documenta-
tion and method verification. Tichem [20] developed a tool to support DfM, DfA and
DfD during the conceptual design phase. The tool supports three main design func-
tions, namely, product and lifecycle modelling, decision making and design coordina-
tion. From all reviewed literature, both cited references (i.e. 19 & 20) are the closest
to presenting a structure for DfX methods. However, neither of both addresses the
required design procedures and information flows in a systematic way.

3 Design Tasks and Information Flow

In general, the design process can be divided into 4 main phases [21]: (1) planning
and clarifying the task; (2) conceptual design; (3) embodiment design; and (4) detail
design. The first phase regards the problem statement, while the last phase aims at
planning the manufacturing. Both are organizational processes. It is in the conceptual
and embodiment design phases where the artefact is actually designed. Both phases
are accomplished by following 4 basic design tasks: synthesis, analysis, evaluation
and adjustment [22]. These 4 tasks are recursively invoked during design and the
order in which they are organized defines the design strategy that is used. The synthe-
sis task transforms a set of input requirements into a candidate solution. The analysis
task calculates (either quantitatively or qualitatively) the solution’s performance. The
resulting performances and solutions are evaluated in order to decide whether to mod-
ify, reject or accept the candidate solution. The adjustment task is applied when the
quality of a candidate solution can be improved by small alterations.

The types of information flowing among design tasks can also be categorized into
3 groups according to their role within the design process, namely embodiment, sce-
nario and performance [22]. Embodiment regards the set of parameters describing the
design object; for instance, its topology or its (material) properties. Scenario is related
to the set of entities describing the flow of energy, mass or information the
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embodiment is exposed to. Finally, performance determines how the embodiment
behaves under a certain (group of) scenario(s). Several design frameworks in acade-
mia (e.g. McMahon [23] and Webber [24]) have classified design information in these
3 groups as the information per group is used distinctly different during design.

Under this view, analysis tasks quantify and/or qualify the performance of an em-
bodiment undergoing a given scenario. Vice versa, synthesis tasks are the process of
specifying embodiment parameters such that they meet certain performance values for
a given scenario. Both process flows are shown in Figure 1.

/ Embodiment /
f Embodiment ; y'y
~ S i Synthesi
/ Scenario ;Lbl Analysis | / caliano /L’ YEESIS

A

A4

f Performance ; / Performance /

Fig. 1. Information flow for analysis and synthesis processes

Standardization of design tasks and information flow has been studied especially in
the field of computational synthesis as this is fundamental for design automation (e.g.
the work of [25] and [26]). A template for DfX must have methods to support each
design task (i.e. synthesis, analysis, evaluation and adjustment) and a classification of
the information type (i.e. embodiment, scenario and performance). Together they
guarantee the structure and completeness of the DfX method. The structure describes
which method to use for which task together with the information flow of each me-
thod. Completeness describes whether all design tasks are supported by the DfX
method. The latter is not required; however, designers should be aware of the com-
pleteness of the methods they use.

4 The Design for X Template

The developed DfX template consists of 3 main parts: the strategy declaration, the
information type declaration and the design task support method. As shown in the
taxonomy of the DfX template in Figure 2, the information declaration is further clas-
sified into 3 groups: embodiment, scenario and performance; while the design task
support method is classified into 4 groups: synthesis, analysis, evaluation and adjust-
ment.

The flow of information according to their type can be integrated with the 4 design
task support methods, as shown in Fig. 3. As the figure shows, the DfX template also
distinguishes between known initial information and design emergent information.
The following subsections elaborate on this DfX template and present examples from
existing DfX methods in literature to demonstrate the use and viability of this
template.
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DfX Template
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Fig. 2. Taxonomy of the DfX template
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Fig. 3. Information flow and design task support in DfX template

4.1

Strategy Declaration

DfX methods are inspired and developed by taking into account company specific
strategies. These strategies serve as general goals that drive company rules and guide-
lines. Examples of such strategies are, for instance, to save energy, to save resources,
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to minimize manufacturing process types or to minimize complexity. Strategies
emerge from a company’s strategic plan. For example, one strategy could be DfM
with the goal of reusing as many existing production machinery as possible, while for
another company DfM entails outsourcing as many processes as possible. Das et al.
[27] present a strategy where DfX is defined as an approach for designing a product
quickly, with low manufacturing cost, a minimum number of processes and handling
requirements, and attains its designed level of quality.

4.2  Information Declaration

Information declaration aims to obtain a map of the parameters that play a role in the
DfX method and help designers determine if the method suits their problem. The
declaration, according to the template, is done by defining both the parameter names
and their type. Next, the 3 information types are discussed.

Embodiment. In DfX, embodiment parameters are the properties of the artefact being
designed upon which a design decision has to be made. Depending on the scope of the
method, embodiment parameters describe the geometry, topology and material cha-
racteristics of the artefact. For DfX, the embodiment information declaration does not
change compared to the original declarations.

Scenario. Within the scope of DfX, scenario parameters describe the boundary condi-
tions for which the method is developed. For instance, in the case of a DfM method,
manufacturing conditions would give input to the scenario parameters. As such, sce-
nario parameters describe, among others, the characteristics of the available machine
processes in a given industrial setting.

Performance. In DfX, performance is directly related to either a maximization or
minimization of the X in the method. Performance has different levels of perception:
product, system and eco-system [2]. For DfX, performances are related to measure-
ments of material resources usage, energy usage or time usage. For instance, the “uni-
versal virtue” areas described by Fabricius [4]: cost, quality, flexibility, risk, lead
time, efficiency and environment.

4.3  Design Task Support Method

Design task support methods for DfX consist of knowledge rules, procedures and
information flows. The first are expressed in different forms; for example, equations,
guidelines and checklists. Procedures determine the way in which knowledge rules
are used and when and in what order a method should be executed. The information
flow is discussed for each design task hereafter.

Synthesis Design Task. According to the template, the synthesis design task support
method aims at aiding the designer in developing high quality solutions at low design
efforts. The synthesis task is supported by design procedures and knowledge rules. As
shown in Figure 3, the input information of the synthesis task is a set of known scena-
rio specifications and desired performance requirements.
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Design procedures determine the logical order in which knowledge rules should be
applied. This has the aim of avoiding inconsistencies and improving design
efficiency.

Knowledge rules of a synthesis support method are termed as design rules. They
serve as shortcuts that determine the embodiment of a design given a certain scenario
while aiming at sufficient performance. Design rules are often the result of (past)
design experience.

Design rules need to be treated carefully as they impose restrictions to the solution
space and have the ability to constrain more creative solutions. This can be managed
by properly documenting its rationales such that modifications can be easily carried
out when new insights are developed. Design rules in DfX methods are typically ex-
pressed in the form of guidelines.

Examples of such rules from the field of DfM are “minimize the variety of parts”,
“simplify the structure” and “use standard parts” [5]; typical from the field of DfS are
“reduce use of energy”, “reduce emissions” and “Increase amount of recyclable mate-
rials” [11].

Analysis Design Task. Also in the DfX template, the analysis design task support
method has an inverted effect compared to the synthesis method where scenario and
performance parameters help define the embodiment variables. The analysis support
method enables the designer to calculate the performances of a designed embodiment
within the scope of the DfX target scenario. Contrary to the synthesis task, analysis is
based on models (e.g. factual, analytical, numerical, etc.) and the analysis results
represent reality (either qualitatively or quantitatively). As DfX focuses on issues that
are related to the product lifecycle rather than the product functionality itself, analysis
methods tend to be qualitative and the synthesis support method tends to be based on
guidelines.

Knowledge rules in analysis support methods are termed design equations. Design
equations can be represented using different mathematical models (e.g. logic models,
fuzzy models, algebraic models or look-up table models). Analogue to synthesis,
analysis procedures determine how analysis equations are used to determine the per-
formance of an embodiment. As analysis methods do not embed complex decision
making processes, they can be automated by computer software.

Analysis equation can in the field of DfM, for instance, be formulated using histor-
ical records of manufacturing companies including figures for material, tooling, set up
and labour cost as it is described by Goncalves-Coelho and Mourao [7]; in the field of
DIfS equations are often based on Life Cycle Analyses. Also, the eco-functional ma-
trix presented by Short and Lynch in [15] is an exemplary analysis method.

Evaluation Design Task. The goal of the evaluation support method is to offer the
designer a clear path to determine whether an obtained design solution should be ac-
cepted, adjusted or dismissed. Evaluation is often delegated to the designer’s judge-
ment. However, for the aim of using DfX as a tool for standardization, it is important
to have uniform evaluation criteria that guarantee corporate quality standards. There-
fore, it is important to include evaluation design tasks into the template as a formal
sub-method.
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Knowledge rules in evaluation support methods are termed evaluation criteria.
Evaluation criteria are presented in the form of logic relations and, in DfX, they are
often found as checklists.

Evaluation procedures define the order in which the criteria have to be evaluated.
In case the evaluation process determines to continue with an adjustment task to bring
about improvements to the obtained solution, protocols have to prescribe how the
target embodiment variables are identified and what their goal is during the adjust-
ment task.

For instance, Van Vliet and Van Luttervelt [10] constructed a clear procedure us-
ing IF-THEN statements for their DfM method. Performance parameters are eva-
luated and the design is subsequently steered in the appropriate direction.

Adjustment Design Task. Adjustment support methods support designers in bringing
improvements to existing solutions. The input to an improvement process is a set of
embodiment parameters. Knowledge rules are termed as adjustment rules. Similar to
design rules, they specify the embodiment as a function of scenario and performance
parameters. The adjustment procedures determine which adjustment rules apply de-
pending on the targeted embodiment parameters.

Typical examples of adjustment rules for DfM are “Wrong” and “Right” represen-
tations of a designed component, for instance for casting components [8].

5 Summary

This paper presents a DfX template as the result of researching the structure of DfX
methods. The research was motivated by the need to standardize DfX information
flow and design support methods. The template strives for both structure and com-
pleteness. This would avoid a further increase in design process entropy. First, a lite-
rature review was carried out to search for existing frameworks within DfX literature.
As no formal frameworks were identified, a literature study of existing design frame-
works in the field of design theory and methodology was performed. The results were
used to propose a template that incorporates all relevant rationales of DfX. To finish,
DfX methods in literature were assessed and projected onto the template to determine
its feasibility.

Acknowledgements. The authors like to acknowledge the support Dr. Tim Short for
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Abstract. Fulfilling customer requirements significantly influences product
success. Improving the quality of documentation is a primary objective of
requirements engineering and management. Despite properly outlined require-
ments however, it is very common that mistakes emerge throughout the product
development lifecycle due to diverging interpretations. Because if this enhanc-
ing the quality of requirements documentation to ensure a common understand-
ing is increasingly the focus of quality improvement considerations. In response
to this need, an approach was developed which uses Secure Information Trans-
formation from Input to Output (SITIO) as an aspect of PLM integrated
requirements management to provide a sustainable enhancement of interpreta-
tion-quality through linguistic pragmatics.

Keywords: Requirements Management, Quality, PLM, Product Lifecycle
Management, SITIO.

1 Prerequisites for Product Success

Sustainable customer satisfaction is only achievable if customer requirements are
fulfilled. Therefore, the success of a product critically depends on conformity to de-
fined and fulfilled requirements. Companies are now realizing that, due to the increas-
ing complexity of their products, the inevitable integration of different domains (e.g.
mechanics, electrics and electronics) as well as necessary global collaboration, an
exact design can only be achieved by superior quality of requirements documentation
throughout the entire product development process.

In order to completely and correctly implement design requirements, these re-
quirements must be clearly identifiable, easily and completely understood as well as
correctly interpreted by the product developer responsible for realization. The process
of ensuring consistent requirements interpretation is becoming increasingly compli-
cated due to the growing trend of decentralized product creation. Because of this,
current requirements definition methods are no longer sufficient.
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Therefore, new methods and IT tools, which offer adequate support for the
processes of defining requirements, their distribution within and between companies
and implementation of requirements are imperative for product success.

2 Transformation of Requirements in the Course of the
Product Development Process

A compilation of all requirements for a new product is the first result in the develop-
ment and construction process according to VDI-Richtlinie 2221 and 2222. Usually,
requirements are verbally formulated up to this point. Kramer [1] proposes to divide
the specification of requirements into three levels of granularity: stage 1 (statement),
stage 2 (consolidation) and stage 3 (detailed definition).

Kramer‘s proposal also broadly matches the actions of the automotive industry.
Within the automotive industry, customer requirements — typically requirements from
a marketing perspective — are at first derived into specific properties and functions. In
automotive engineering, requirements on fuel consumption, safety or spacing would
be represented on a vehicle level. Subsequently, properties and functions are then
detailed through different levels of granularity down to the level of an individual
component (fig. 1, right side of pyramid).

The process of refinement thereby occurs across different departments and even
companies — due to globally distributed suppliers. It cannot be assumed that commu-
nication between departments and suppliers refers only to a single defined level of
granularity (fig. 1, total).
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: border

Marketing

[~ company border
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Fig. 1. Typical levels of granularity of the automobile industry
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Until a detailed and final definition of a product through requirements is achieved,
several steps of transforming information across the dimensions “granularity” and
“department or company boarders”, during which requirements are verbally formu-
lated, explained, discussed and subsequently detailed, are necessary. Within each of
those transformational steps there is a risk that requirements are misinterpreted, fun-
damental elements are missing, or some context is lost.

If requirements quality cannot be ensured between each transformational step, a
high degree of customer satisfaction is hardly achieved.

3 Quality of Requirements

Consequently, it is necessary to question the meaning of “quality of requirements”. In
general, quality is the degree to which a sum of inherent characteristics fulfills the
stipulations that are postulated for an object [2]. Today, requirements management
essentially focuses on completeness and formal correctness of requirements. ISO
9000:2005 constitutes that high-quality requirements are achieved through adequacy,
completeness, unambiguousness and consistency as well as through the ability to
verify them. The VDA-standard with a proposal for a structure for component
requirement specifications takes this one step further. The VDA-standard [3] lists
unambiguousness, identifiability, traceability, necessity, non-redundancy, comprehen-
sibility, completeness and consistency as significant criteria.

The aforementioned requirement characteristics often results in a demand to for-
mulate more extensively detailed requirements than previously practiced. This can
lead to higher levels of effort and therefore, to an increasing need for resources during
requirements documentation. In order to counter-balance this, another approach for
automatic test requirements would be necessary. Technically, this is done by checking
requirements on so-called “weak” and “stop” words. Thereby, the primary goal is to
ensure unambiguity by avoiding fuzzy wording like could, should, or would for
example.

The described procedure to ensure high-quality requirements is not sufficient since
a significant weakness still exists. This can be recognized by considering the commu-
nication model (fig. 2 ).

Previous approaches focus on the sending end (fig. 2, detail A). These approaches
are formulated on the idea that it is only necessary to stipulate complete and correct
requirements and that the receiving end will automatically interpret them correctly.
However, practice shows that correct interpretation of formulated requirements is an
essential problem in requirements management (fig. 2, detail B).

An additional problem results from the existing mindset: compilation and interpre-
tation of detailed requirements costs resources and time. In most cases, especially in
well-rehearsed development teams, experience shows that it is not necessary, perhaps
even cumbersome, to formulate requirements in every detail. While interpreting such
requirements, employees are losing time by evaluating information that is already
known.
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Hence, the goal must be to find approaches for requirements management which
succeed in dramatically enhancing interpretation-quality of requirements while flexi-
bly adjusting the level of detail for formulation of requirements on the receiving end.

| So far considered (A) 1 Usually not considered (B)

T B 1T Al T "
] [}
. source 9f ] Sender »  Receiver [ Dgstnnatno_n of 1
L information | | : information |,
--------- o TS TS oo SEEEEEEEE e EE R
Source of
interference

Fig. 2. Communication Model according to Shannon & Weaver [4]

4 Aspects of Linguistic Pragmatics in Requirements
Management

This problem focuses on linguistic pragmatics. In essence, the context of a person that
interprets or encodes information also has to be considered in requirements manage-
ment. This context can be embraced with the personal frame of reference of a person.
The personal frame of reference describes how a person views and interpretes the
world and the information he consumes. This is partly dependent on the learned
schema in which information is internally filed. It also depends on one‘s point of
view, which results from the role in which the person is acting within the interpreta-
tion [5]. Based on the employees in the product development process, the relevant
frame of reference is basically illustrated in the aspects represented in figure 3. Alter-
nately, it is contingent on aspects of the learned scheme, which includes one’s native
language, cultural context, and accumulated work experience (fig. 3, point A). It can
also be driven by aspects of the role that a person occupies in a company (fig. 3, point
B). The personal frame of reference is mainly influenced by the professional domain
(mechanical, electrical / electronics, mechatronics), the role and the associated tech-
nical issue. The analysis and classification of influences of the frame of reference is a
complex issue that necessitates further research in the context of requirement man-
agement. However, it can be stated that people who exchange requirements must
match their frames of reference in order to interpret them correctly (for example
through conversation and documentation). The design of the previously described
SITIO method raised the question: how can this aspect be easily implemented in re-
quirements management? The aim is to adjust and anchor the frame of reference in
the methodology as well as take advantage of existing highly matching frames of
references of persons in the process chain so that in such cases, the effort in formulat-
ing requirements decreases with a simultaneous increase in quality.
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Personal frame of reference

Aspect (A) Aspect (B)
From learned schema From role in company
Native language Enterprise philosophy
Cultural context Domain/Department
Qualification Role
Accumulated work Associated technical issue
experience

Fig. 3. Relevant aspects of the personal frame of reference under considerations of the product
development process

5 Secure Information Transformation from Input to Output

In the context of industrial research, the authors have developed a methodical ap-
proach, which incorporates an all-supported integration of requirements management
into an open PLM platform, such as a Teamcenter. A particular overvalue of such
integration is the system supported reproducibility of the dependencies of require-
ments among themselves and their practical implementation in a component design or
an actual construction. This allows a quick and inexpensive handling of changes of
the product without delay and interference of the system or break in communication.
One aspect of this methodology is SITIO (Secure Information Transformation from
Input to Output). It focuses on ensuring the quality of requirements transformation on
the dimensions of "granularity" and "departmental or enterprise boundaries". Through
the use of SITIO, it can be ensured that the participants in the process chain maintain
a common understanding during all transformation steps of requirements.

Figure 4 shows the process of a transformation of a formulated requirement. Per-
son A formulates the document of requirements. This input document is passed to
person B for further detailing. Person B transforms the requirements to a more de-
tailed level of granularity. Then, person B passes the resulting output document to the
successor in the process chain (comp. in figure 4, person C) who, for example, ac-
complishes the construction task. In recent requirements management, the quality is
essentially ensured by tests, which by SITIO are considered by realizing the process
step "Craftsmanship". In this process step, (fig. 4, @) [6] a responsible person from
the department of person B tests the output document on formal compliance with
agreed quality standards and compliance with the established process flow. The focus
is on reviewing on non-redundancy and consistency of the by person B prepared in-
formation. SITIO adds two other elements to the process: "Fitness-for-use" (fig. 4, @
& @) and "Conformance" (fig. 4, ®). The step "Fitness-for-use" (fig. 4, @) focuses
on the correct interpretation of the input document by person B. This person confirms
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which points of the document are in his view fully understandable and reflects his
understanding in an outcome document or in a work meeting with person A. Person A
contrasts his original intention with the understanding of person B. If Person A be-
lieves that person B has understood all requirements of the input unambiguously,
completely and understandably; person A releases the information for actual
processing by person B. If the input document displays any weaknesses, the input has
to be reviewed by the respective author of the information until all weaknesses are
eliminated.

In succession, person B conducts the actual transformation process, by, for exam-
ple, specifying the requirements of the input document to a finer level of granularity
and by recording the results in an output document. The first step to release the so-
created document, as described above, is the step "Craftsmanship". To ensure that the
output document properly reflects all requirements that are specified in the input
document, the step "Conformance" (fig. 4, @) follows. Here, person A examines the
output document accordingly. Only then, the output-document is released and trans-
mitted to the follow-up activity and the procedure described begins again. By the two
elements "Fitness-for-use" (fig. 4, ® & @) and "Conformance" (fig. 4, @), a review
of the requirements on the receiver side is realized. Moreover a benefit is the precise
assignment of the organizational responsibility for the process steps. Thus, person A
cannot withdraw on having described all necessary information in the input
document. She also has to take the responsibility that person B has understood the
statements correctly.

Fitness-for-use Craftmanship Fitness-for-use

Output-
Docu- — —

Person C

9\ » —
¥

Person A

Person B

/
Conformance

Fig. 4. Basic concept of SITIO

6 IT-Supported SITIO Process and the Use of Personal Frame
of Reference

At the first glance, the introduction of additional steps in requirements management
through SITIO appears to be more time consuming, especially in the context of the
currently prevailing tendency to demand more detailed definition of requirements.
However, upon closer inspection, it becomes apparent that an additional expense is
already justified by ensuring requirements are of high quality and by avoiding subse-
quent errors. The two process steps "Fitness-for-use" and "Conformance" are already
used in the industry because an adjustment to match the frame of reference of the
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participants is essential for a proper understanding of the requirements. However,
these are implicit processes which are only conducted by sheer necessity and driven
by the participants themselves. If the transformation of requirements is implemented
on a IT basis by means of SITIO, the formerly implicit communication processes are
then explicit. This results in the organizational systemization of communication
processes being based on defined workflows, which are handled by the PLM platform
and are traceable and transparent.

In addition, effects of decreased effort by matching frames of references could be
used and anchored in the company by implementing SITIO. Such an implementation
could lead to a cost and effort reduction when compared to the previous process.

The implementation is realized, for example, with the open PLM platform Team-
center. The demonstrated process flow in figure 4 is modeled by Teamcenter through
the "workflow engine". Thus, the communication, the document exchange and release
of documents are realized directly through the system. It is thereby possible to main-
tain auditable traceability (i.e. the link and Traceability) between input and output
documents at subchapter and paragraph level on the level of revisions.

The steps "Fitness-for-use" and "Conformance" account for the effect of effort
reduction from already existing common frames of references. Teamcenter allows
mapping roles and organizational classification together with the qualifications of the
participants in requirements management, so that during the procedure of transforma-
tion an analysis of participants can be conducted and subsequently the degree of
commonality of the frames of references can be analyzed.

Because of the analyzed overlap of the frames of reference, it is possible to provide
different documentation templates based on the existing frames of reference. The
various documentation templates require a contextual detail of the requirement docu-
mentation so that unnecessary, because already known, information can be omitted. In
this way, the communication effort between the parties of process chain at elevated
quality of the information transformation could be reduced accordingly. As a result,
the processes accelerate and therefore, reduce costs while increasing quality.

7 Summary

Through the use of SITIO information loss and distortion of information in the
process of requirement transformation can be minimized.

Currently used criteria to maintain quality were expanded through integration of
"Conformance" and "Fitness-for-use", the process will be systematized and embedded
in the organization.

The transformation of requirements is bundled and can be system-based imple-
mented by means of open PLM platform, such as Teamcenter.

The work effort for the preparation of requirements can be reduced by the utiliza-
tion of the effects of the personal frame of reference while the quality of requirements
increases. Therefore, SITIO provides a methodological tool for requirements
management, which improves the process.
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Abstract. Within the last decades the position of customers has changed from a
passive recipient to an active co-designer in the value creation. Successful in-
novators use competence within an extended network which particularly in-
cludes the competence of customers. Therefore the ability to allow information
about customers and their needs to flow into the process of product creation is
decisive. But todays methods and IT-Tools often do not achieve the desired
results in innovation projects. In order to improve the active virtual customer in-
tegration into the process of product creation; this paper presents a Product Li-
fecycle Management (PLM)-centered research environment with a ubiquitous
mobile frontend. A process outline for the provision of product descriptive data
from a PLM system to a mobile device and the information return, back into the
product creation process is included.

Keywords: Virtual customer integration, Open innovation, Product Life Cycle
Management, Mobile computing, Research environment.

1 Introduction

Due to the ongoing globalization and the shortening of the product life cycles, the
pressure increases on companies to improve their innovation processes. Technological
change has reduced both, the development time of products and their life massively,
which is very clearly seen in products from consumer technology and the automotive
industry. Due to the dynamics of global trade high-wage countries, post-industrial
societies need to compensate for the disadvantages of location compared to low-wage
countries through knowledge and innovation. Gary Hamel summarizes this difficulty:

“We’ve reached the end of incrementalism. Only those companies that are capable of
creating industry revolutions will prosper in the new economy."

The focus in innovation research, therefore, no longer fails to occupy the role of inno-
vation as a driver of growth and profitability. This was clearly proven by the science,
e.g. Thomke [1]. Now it is important to explain how innovation occurs and how inno-
vation processes can be optimized. A key approach is based on the paradigm shift to
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open the innovation process and to integrate external perspectives and participants.
For this purpose, the term open innovation was formed by Chesbrough [2], [3].

Within the last decades the position of customers has changed from a passive reci-
pient to an active co-designer in the creation of value. Successful innovators use com-
petence within an extended network which particularly includes the competence of
customers [4], [5]. Numerous studies have shown that early integration of customers
in the development process can increase the success of innovations clearly. In many
industries, it is the customers who are responsible for the most successful develop-
ments [6]. Therefore, the ability to allow information about customers and their needs
to flow into the process of product creation is decisive [4].

In this context, numerous methods (e.g. lead user) and tools (e.g. user toolkits, vir-
tual customer integration platforms (VCI) and virtual customer environments (VCE))
have been developed to integrate both, in-house and external customers in the innova-
tion process, respectively the product development process. But as Schroll [7] points
out those methods and IT-Tools often do not achieve the desired results in innovation
projects. So it is necessary to reconsider existing approaches.

This paper describes the current state of ongoing research work which has set itself
the goal to establish a link between the so far singular considered innovation and
product creation processes and to reduce the existing deficits of customer integration
tools. For this purpose the development of a ubiquitous active customer integration
environment which is directly integrated with the product creation IT-Backbone, the
Product Life Cycle Management (PLM) system is presented.

After a general introduction in chapter 1, chapter 2 gives an overview of existing
relevant solutions and the roles of customers in the customer integration. In chapter 3,
the research environment is presented. Chapter 4 provides a summary and an outlook.

1.1  Challenges

The aim of the so-called virtual customer integration (VCI) platforms is the collection
of need information and implicit and explicit solution knowledge in all innovation
process phases. This is achieved by the digital implementation of the methods of cus-
tomer integration in a fully virtual environment like an internet platform. As Rohr-
beck et. al. [4] showed, in the year 2010 thirteen out of the Euro Stoxx 50 companies
had established a VCI platform. The state of the art (see chapter 2), however, has
many shortcomings concerning methodical, organizational and technical aspects as
well, both from a customer perspective and from a business perspective.

Nowadays for a potential co-designer there are many barriers to cross before par-
ticipating in the innovation process. On the basis of an already existing product the
customer first needs to identify the product (e.g. Golf V). If it’s the case that different
configurations and/or variants of the product exist, a bijective identification is the best
case (e.g. Golf V, station wagon, edition Rolling Stone, build year 2007, manufac-
tured by Volkswagen AG) to ensure that the customer feedback or contribution can be
associate with the right product data. But now, the customer needs to look-up a com-
pany-specific and adequate feedback channel (e.g. feedback formula on website)
which is in best-case a VCI platform that supports the innovation process phase the
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customer wants to contribute to (e.g. idea generation for a next generation infotain-
ment system), not knowing if such channel exists. In a last step the customer de-
scribes his idea or feedback, in best-case using structured input fields or toolsets that
offer certain degrees of freedom to virtually design ideas.

In the described case, customer-generated data is largely unstructured, leaves room
for interpretation, and is not consolidated and not assessed. Customer's innovation
potential remains untapped because the customer has only a few additional inputs
obtained for its innovating activities. For example interdisciplinary discourse and the
provision of technical background information e.g. drawings are missing in this
process. According to studies, these are particularly useful for the generation of ideas
[8].

If large groups of people shall be involved virtually and active in the product
creation process, the challenges for companies are summarized as follows.

e Providing a technical solution that enables ubiquitous active customer integration.

e Providing a technical solution that supports innovative customers with background
information from the product development process, allowing self-assessment and
refinement of contributions.

e Establishing a process that supports customers with qualified feedback and assis-
tance from the product creation perspective to enable independent further devel-
opment.

e Establishing a process that supports the collaborative aggregation, exploration and
assessment of customer generated inputs in a customer community.

e Providing a technical and procedural solution enabling the direct usage of customer
generated inputs in the product creation process.

1.2 Object of Research and Approach

The research concentrates on developing a holistic approach that addresses the above
mentioned challenges. A modular research environment is in development that
enables active virtual customer integration by using a ubiquitous innovation frontend
on a mobile device with interface to a PLM system. This test environment serves the
purpose to answer the research questions:

e Which data from the product creation process supports customers to innovate?
Which data helps the product creation engineers to innovate?

e How must a technical solution be designed to integrate innovation related activities
of customer and product creation engineers in a continuous process?

e How can this process be integrated with existing product creation processes?

To achieve the goal and answer the research questions, existing procedural and tech-
nical solutions have been analyzed in terms of their deficits and reusability. In a next
step, test scenarios must be developed and realized in the research environment using
the results of qualitative and quantitative studies concerning investment goods. Final-
ly the developed solution needs to be evaluated and optimized for the integration with
product creation processes.
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The presented considerations and results are based on the results of the joint re-
search projects BMBF-ISYPROM [9]' and BMBF-INNOPEP?, started in 2012.

2 State of the Art

The chapter gives a brief overview of existing approaches for active virtual customer
integration. In this paper, virtual customer integration is accordingly understood as a
type of intensive interaction between manufacturers and customers, which is more
than market research. In other words, customers adopt the role of active co-designers
of the process of innovation [6]. Active customer integration goes one step further.
The manufacturer is not only opening a direct channel to collect the need informa-
tion’s of the customers directly and systematically, but it allows the customers to
innovate themselves constantly in cooperation with the companies. As Reichwald et.
al. points out, this approach is based on the recognition that customers are not only in
possession of solution information. In fact, many customers have comprehensive and
detailed knowledge of how their unfulfilled desires can be realized [6]

2.1  Roles of Customers in Product Creation Process

The term customer can be interpreted and defined very diverse [4], [5], [6], [7]. From
an engineering perspective the differentiation of customers following the concept of
Design for Innovation is applicable. The concept can be separated in four core com-
ponents defined as “Design for Purchasing” (by buyers), “Design for Adoption” (by
user), “Design for Impact” (on the beneficiary) and “Design for Externalities” (on
outsiders) [10].

For the development of the research environment solution it is important to define
the roles those customers can take up in the product creation process. A good orienta-
tion provides Nambisan (Table 1.) [11]. In his research Nambisan refers to a virtual
customer environment (VCE). Concerning the mobile frontend of the PLM-centered
research environment his role definition is suitable because VCEs combine
lightweight virtual product creation technologies with a physical space.

2.2 Methods of Customer Integration

In the literature, a distinction between methods and technologies for customer integra-
tion is made only rarely. Bretschneider et. al. [12] offers a good stocktaking. This
paper only presents essential and to a large extent technology-driven methods.

Virtual Customer Integration Platforms. VCI platforms using the internet as a uni-
or bidirectional communication channel between customer and companies e.g. the
customer can post ideas for new products, or discussions with a development

U www . isyprom.de
2 www . innopep.de
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Table 1. Roles of customers in accordance to Nambisan [11]

Product Product Product Product Product
Concep- Designer Tester Support Marketer
tualizer Specialist
Nature of Suggestions | Specifica- | Identifica- | Delivery of | Diffusion
Customer and ideas tion of new | tion of product of new
Contribu- for new product product support product
tions product design; design services to | informa-
and/or for inputs on flaws; input | peer cus- tion; shap-
product product on product | tomers ing peer
improve- features and | prototypes customer’s
ment design purchase
trade-offs behavior
Dominant Customer — | Customer - | Customer - | Customer — | Customer —
Nature of Customer Tool Tool Customer Customer
Customer Customer - | Customer — | Customer - | Customer — | Customer —
Interactions | Company Company Company Customer Tool
Typical Discussion | Virtual Virtual Discussion | Discussion
VCE Tech- | forums product product forums forums
nologies Knowledge | design and | simulation | Knowledge | Virtual
centers prototyping | tools centers product
Blogs, wi- | tools Messaging simulation
kis Messaging | tools tools
tools

engineer. The level of richness can vary from text communication to multi-modal
interfaces or user-innovation toolkits, where the customer can manipulate the final
product [4]. VCI tools can address customers individually or via online communities
allowing to in-source creativity by enabling users to create and evaluate products,
bypassing intermediaries such as market-research firms [4], [6], [12], [13].

Virtual Customer Environment. The term virtual customer environment (VCE)
strongly overlaps with VCI platforms. Different to VCI platforms VCEs can offer
virtual product creation technologies in a physical space enabling direct interaction
between customers and engineers. Some examples for VCEs are BMW s Customer
Innovation Lab, Volvo’s Concept Lab or Ducati’s Tech Café [11].

PLM-Based Customer Integration. The idea of using PLM systems for customer
integration so far has only little observance in literature. Schulte [14] developed an
approach offering a frontend collecting customer feedback for virtual prototypes
which is link as requirements to product structure elements in the PLM system. A
similar approach was presented by Stark et. al. [9]. In the joint research project
ISYPROM a model-based integration of a collaborative idea management tool and the
requirements engineering component of a PLM system was realized. Table 2 shows
the delta of presented methods and the desired PLM-centered solution.
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Table 2. Delta between characteristics of existing and desired solution

VCI VCE | PLM | PLM-centered
Product identification - - - X
Mobile frontend partially - X X
Ubiquity partially - - X
PLM integration - partially | n.a. X
Integration type: passive/active x/X X/X x/- X/xX

Fundamentally new within this approach is the automated access to an innovation
environment via product identification. Hence, in comparison barriers for customer
contributions to the product creation process are reduce drastically. While other cus-
tomer integration solutions have different drawbacks especially concerning the PLM-
integration, the PLM-centered virtual active customer integration approach offers a
seamless integration between company-internal and external innovation and product
creation activities and a vivid collaboration between the involved roles.

3 PLM-Centered Research Environment

Chapter 3 presents the alignment of the proposed solutions to the PLM process, a
detailed description of the technical process and the current state of development.

3.1  Alignment in the PLM Process

Figure 1 depicts the alignment of the proposed research environment in the PLM
process and the information flows between OEM and customer.

OEM Customer

Support processes

Marketing Supply Chain Sales Real product life
Product creation Production
Disposal
Devel Real toge & Recycli
X eve opmgnt Production Operative Product ey
Planning (Construction, lannin Al
Testing) p! g production

Active virtual customer |ntegratlon

I T Information flows

Fig. 1. Alignment of research environment and information flows in the PLM process
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The bi-directional exchange of information between the customer and OEM takes
place in the phases Usage and Disposal & Recycling, so in the real product life, and
the phases planning and development in the product creation process. The Section 3.2
describes the technical details of the process active customer integration with refer-
ence to a scenario.

3.2  Technical Process Outline

The process, as depicted in figure 2, consists of six phases, descripted below.

Data Release and Preparation. As pointed out technical background information
about existing or planed products can support self-imitated and autonomous customer
innovation activities. Hence, in this process phase relevant product descriptive data in
the PLM system is selected for release and prepared, in a sense of automated file for-
mat transformation, detail level reduction and information aggregation, for use in the
downstream process stages. As well the addressed customer community (company
internal, extend or global) needs to be selected. This process phase has to be tailored
concerning different aspect due to company specific interpretations of openness (e.g.
compliance to intellectual property guidelines).

Data Provision. Depending on the addressed community the released and prepared
data needs to be made accessible for the customer using a suitable IT-Infrastructure
(e.g. Intranet, Internet). This process phase can be fully automated using the defined
parameters from process phase one. It must be ensured that the data provided remains
still associated with the initial data respectively its product. This guaranties the tra-
ceability between the source and target of customer-generated information.

J : Data Manipulation
Data Release and Bata Provision Product Identification Ny
Preparation and Data Retrieval " —
Data Consolidation

Product creation \\ Real Product life \

T > Data Retransistiob |

Fig. 2. Technical process for PLM-centered customer integration

Product Identification and Data Retrieval. To meet the requirements of a ubiquit-
ous customer integration environment data retrieval needs to be designed barrier-free
(see chapter Challenges). Therefore in this process phase the access to the environ-
ment is enabled by a bijective product identification. By pointing a mobile device on a
product relevant data the customer likes to contribute to is retrieved.
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Data Manipulation. Using a suitable communication and interaction interface the
customer is enabled to initiate or contribute to existing innovation projects. Such con-
tributions can be unidirectional, e.g. the customer can post ideas for new products or
incremental innovations, vote for innovation ideas, or bidirectional, allowing discus-
sions between the customers and engineers (see process phase data consolidation).

Data Consolidation. In this phase the customer-generated information is made ac-
cessible to a wider community for further development. In a sense of active customer
integration during this phase customers and engineers can take up different roles us-
ing a web-based platform for design activities. The phase data consolidation and data
manipulation are running iteratively.

Data Retransistion. Using company-specific metrics, the consolidated data are
evaluated in terms of maturity. When a certain maturity level is reached data will be
return into the PLM system for further development activities executed by product
planer or development engineers.

33 Current State of Technical Realization

The current research and development activities are focused on the implementation of
a ubiquitous mobile customer integration frontend respectively the process phase
“Product Identification and Data Retrieval” and “Data Manipulation”. For that, a
model-based tracking was implemented on an Android device. This allows using
tracking models generated from geometric data in the PLM system to identify real
products, without using special marking approaches e.g. QR-Codes, markers, RFID
etc., and tracking. Thus a translation and rotation stable overlaying of a product and
its geometry was realized.

Customer-modified
product data

Real products Mobile access to
product data

@ N I Data manipulation and consolidation

k/ by commumty members

—

\/

Engineering department PLM system Product creation and innovation community

Fig. 3. PLM-centered roundtrip
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The developed application so far offers opportunities to leave annotations and to
document own “real world” modifications with snapshots. In both cases the customer-
generated data is associated with the initial data in the PLM system e.g. drawings in
the product structure. Figure 3 depicts the mobile frontend in the context of the re-
search environment.

As seen in the figure, geometric data from the engineering department and a so
called tracking model are made accessible via a PLM system. In this case Siemens
Teamcenter PLM 9.0 was used. The provisioned data can be accessed by pointing the
camera of the Android device at the corresponding product. After modifications have
been made by the customer, data is published in a web-community for further devel-
opment and assessment. After passing the innovation funnel, community-hedged in-
novation ideas and corresponding data is transitioned to the PLM system, respectively
to the engineering department, for realization.

4 Summary and Outlook

The paper presents a new approach for the virtual active customer integration into the
product creation process using a mobile device. In addition to the notion of the inte-
gration process results from the technical implementation are explained. The major
befits compared to existing solutions are the drastic reduction of barriers for the par-
ticipation of customers in the product creation process and the seamless integration
with the PLM system on data level. Beyond that, the presented solution is capable to
function as a unified cross-company access to innovation platforms.

While proof of concept has been provided for the usage of product descriptive data
as basis for a ubiquitous identification of real products using a mobile device, various
research needs to be conducted concerning procedural, technical and particular soci-
ocultural aspects as well. Hence, the presented technical solution serves as a research
environment for further investigations.

The design of the PLM system frontend components in development will be ad-
justed to the existing results and yet to be performed qualitative and quantitative sur-
veys within investment goods manufacturers. This relates primarily to the aspects:

e mapping of customer contributions to requirements
e visualization of customer contributions in mock-ups
e feature integration for seamless community-interaction

For this purpose the project partners will be interviewed in a first stage. Based on the
results a scenario will be developed and implemented which enables further assess-
ment concerning the quality and quantity of customer generated contributions to the
product creation process and refinement of the research environment itself as well.
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an Immersive Decision Making Environment
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Abstract. This paper describes High-Definition PLM (HD-PLM), Siemens
PLM Software’s vision for supporting companies make smarter decisions that
result in better products. Working from the knowledge that companies in all in-
dustries are faced with increased complexity in both products and processes,
HD-PLM vision builds on three core concepts: intelligently integrated informa-
tion, a future-proof architecture, and a high-definition user experience. The
High-Definition PLM vision enables decision makers throughout the product li-
fecycle to make better informed decisions more efficiently and with a higher
level of confidence. This paper explains the network of technologies and capa-
bilities to achieve a defined set of strategic objectives and the technology foun-
dation of the core HD-PLM concept. The basics and environment are described
and how HD-PLM supports a cross-domain decision making by uniting users
with the people, tools and precise product-related information they need to in-
telligently evaluate decision alternatives.

Keywords: HD-PLM, immersive decision making environment, complexity,
product lifecycle management.

1 Introduction

All industrial sectors must deal with multiple challenges and issues in bringing new
products to the market and maintaining market presence once they establish a niche.
This objective has grown complicated by the increased complexity of the products
themselves as well as their development processes. The sheer volume of information
being driven into and around the product is so great that some companies have opted
to remove content rather than attempt to manage the complexity. Product develop-
ment has become complicated by environmental, safety, and government regulations;
worldwide development practices; and diverse global market requirements. This re-
quires hundreds or even thousands of critical decisions to be made throughout the
entire product lifecycle by different individuals from different disciplines all along the
value chain. The quality and speed of these decisions can have a profound impact on
the market success of a product. Yet each decision may be based on a vast and
constantly expanding universe of distributed digital data stored in a wide variety of
formats and originating from multiple disparate sources. Compounding this
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overwhelming challenge is the fact that many product related decisions rely on mul-
tiple areas of expertise that may be distributed across the globe.

In all of the processes a company goes through to produce a product, thousands, if
not tens or hundreds of thousands, of decisions must be made, from start all the way
to the end of the product’s lifecycle. The faster decisions are made, the faster the
process goes. The more accurately decisions are made, the fewer the problems that
occur downstream. Fast, accurate decision-making is no easy feat, given all of the
information that must be considered, as well as the fact that information and know-
ledge are spread throughout a company, its supply base, its joint venture partners, and
of course, its customers.

It is no longer enough to capture, manage and integrate information. Information
must be given intelligence. It must understand what it is, how and why it relates to
other information, and how and where it should be used so that people don’t have to
hunt for it. In this approach, information is proactive, not reactive. It’s there at exactly
the right time, in the right context, and in the precise level of detail so that this deci-
sion — the one being considered right now — can be made as quickly and accurately as
possible. The critical question for today’s companies is: “Will this complexity sink
you, or can you turn it into a competitive advantage?” This question offers two very
real possibilities.

The HD-PLM vision can turn this massive, widely distributed and heterogeneous
collection of data into knowledge, through a tightly integrated set of solutions that
will permeate Siemens PLM Software’s entire suite of enterprise applications. HD-
PLM provides a comprehensive inter-disciplinary source of information across all
product lifecycle domains and represents a virtual 3D repository of information that
includes design models, simulation, manufacturing processes, and all data stakehold-
ers need in the product development lifecycle to make the right decisions in the
development process. The idea is to enable users to move through the planning, de-
velopment, manufacturing, and support stages for the product lifecycle with all infor-
mation necessary and accessible to accomplish each stage. HD-PLM is designed to
allow and achieve the latter, thriving in the current environment by turning complexi-
ty’s challenges into opportunities for customer satisfaction to provide intelligent in-
formation at exactly the right time, in the correct context, and at the precise level of
detail that each person needs.

These solutions will significantly enhance decision making throughout the product
lifecycle by taking users into the realm of advanced data interaction that actively applies
meaning to data and intuitively presents rich information in a way that facilitates under-
standing. The aim of the vision is to reduce costs through more optimal engineering
trade-off and engineering change decisions, by reducing unforeseen downstream negative
effects.

HD-PLM Vision: Everyone in the product lifecycle makes decisions appropriate to
their work, but too often it”s difficult to access the information they need from differ-
ent disciplines in order to make the best decisions. Organizations can improve
decision-making capacity by intensifying the use of pervasive visual information. By
enabling access to product information from multiple visual and non-visual and struc-
tured and unstructured sources, and synthesizing it into a highly usable visual
information, organizations can create a more complete and exploitable context for
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effective decision making. HD-PLM based solutions will personalize the perspective
to the users' role to enable decision makers to more quickly access and understand
information that used to take hours or even days to assemble and digest. Product-
related information, presented in a visual context and shared across widely accessible
and easily usable collaborative interfaces, helps level the playing field for collabora-
tion across business functions, technologies, and enterprises and can contribute to
manufacturers making more effective product-related decisions throughout the com-
plete product life cycle [1]. These decisions additional will be captured for future
reference when similar criteria are encountered by others. The accumulation of best
practices and experiential knowledge will enable users to validate that their decisions
are the best choice to increase confidence in each decision [2].

These HD-PLM advancements also have a significant impact on innovation and
product competitiveness. Most product innovations are born out of market need
and design creativity. By exposing deeper levels of product data to design teams and
greatly facilitating its understanding, those teams have more knowledge available to
fuel creativity and more time to implement it. The technology framework will help to
eliminate decisions with unforeseen impacts on product quality, reliability and prod-
uct performance. All phases of process workflows can be streamlined with everyone
having rich information personalized to their task.

2 High Definition Product Lifecycle Management an Immersive
Decision Making Environment

Over the years, methodologies and practices have evolved for organizing and under-
standing the information that drives decision making. The vision of HD-PLM is that
all information is delivered to the user in the context of his or her current task, intui-
tively, without having to search. HD-PLM requires an architecture that doesn’t need
re-invention but instead adapts and grows with every IT innovation and change in the
business environment. Siemens PLM Software is delivering on the HD-PLM vision
by focusing on three core concepts [3]:

. An intelligent integrated information to delivering the right information
to the right people. Understanding the semantics of the relationship between
the product-life cycle data to understand why a relationship exists. take more
insightful action than by just knowing that a relationship exists. By under-
standing and breaking down customer requirements, the user can assign them
to the functional groups that develop a product feature, while maintaining vi-
sibility of the product as a whole. In this way, the user can engage with the
specific users who are impacted by a change, instead of updating everyone
every time a change is made.

. Future-proof architecture to making sure that the information user
receives is in a form he can use. What good is a PLM system that is only
available in a single deployment scheme, locks into a certain set of authoring
tools, or is only available on one or two devices? The focus on future-proof
architecture should deploy to suit the user particular needs, whether it is a sin-
gle desktop or a globally distributed supply chain. Future-proof architecture
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must also allows to use the devices, tools and data that the user or the partners
already have, while keeping the options open for what the user do next.

. A high-definition user experience to making decisions effectively. This is
where the value of intelligently integrated information and future-proof ar-
chitecture is most evident to the average user. The user get only the informa-
tion that a user particular needs to make a decision—based on their role and
the decision at hand—cutting down on information overload and the time it
takes to find relevant data. That means the user is always in the right context
to do his work, accomplish his tasks, presenting the information intuitively,
validate the use decision rationale.

2.1 Intelligently Integrated Information Architecture

An intelligently integrated information architecture should bring plant and production
information into planning and product development. This allows a much higher rate
of production success — in terms of items such as cost, quality, and throughput — be-
cause what actually happens at the plant level is fed back into product development
and manufacturing planning. The virtual actions of defining product and processes
become much more predictive of what will happen in manufacturing. This eliminates
the need for adjustments, prove outs and other time and labor-intensive remedies that
were previously required when virtual planning wasn’t able to address real-world
plant conditions. By connecting the physical devices in the plant and the software
used to plan and manage plant operations within the PLM backbone, much more
knowledge of what actually happens in manufacturing can be captured and driven into
the early planning stages of product and process development. To create an environ-
ment for fast and accurate decisions PLM must support:

= Systems engineering to provide a consistent process framework across mechani-
cal, electrical, software and electronic domains

= Integration of all BOMs and BOPs to provide a comprehensive definition of the
product and processes

= Integration of product development with production to provide closed-loop feed-
back from production to product development and manufacturing
engineering

Systems engineering supports companies to capture, manage and organize informa-
tion and knowledge, beginning with the voice of the customer and continuing through
to service, support, and end of life. By modeling requirements and allocating them
through functional and logical decompositions to physical implementation, they
achieve a significant level of traceability throughout the product. They also gain a
thorough understanding of the dependencies within the model. Another significant
benefit is that systems modeling help drive alignment between engineering domains
(mechanical, electrical, software, electronics). When coupled with configuration and
change management, systems engineering can serve as a consistent process frame-
work that drives efficiency and accuracy during development and validation
processes. Synchronized, cross-domain product development is realized through a
systems engineering process that leverages a comprehensive understanding of
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Understanding Semantics is Key to Realizing the HD-PLM Vision

e ——

Key Development Initiatives
to Intelligently Integrate Information

Systems Engineering BOM and BOM/BOP Integrated Product
. ; Integration and Production

Fig. 1. Intelligently Integrated Information — Three Key Technologies

functional behavior and enables knowledge capture and re-use on the systems level.
This same systems engineering process can also be applied to production, where there
are four additional instantiations of the physical representation. These include: part,
process, plant and the actual physical object that is produced. Incorporating produc-
tion into the systems model provides a comprehensive systems view including prod-
uct, process and plant.

Today’s design world is dominated by solids and constraints while the business
perspective is dominated by parts, features, quantity and cost. There is limited con-
nectivity between the virtual design and business worlds where actual configuration
and change happen. This prevents early virtual validation (on geometry data as well
as electric and electronic simulations and other CAE-based validations). It also makes
it impossible to validate saleable product configurations. As a result, it is critical to
unite the different product BOMs and BOPs, and even more importantly, to align the
semantics of these different views (usage versus product structure, for example). The
integrated product definition, combined with the consistent process framework that
systems engineering provides, delivers a number of benefits. For example, aligning
the business BOM with the bill of design and manufacturing processes provides the
ability to virtually validate the product by applying the configuration rules in the
business BOM across all engineering domains. Now entire mechatronic systems
can be virtually validated in the exact configuration in which they’ll be sold. Also, the
process for building those saleable different configurations can be validated in the
exact ways the different plants will build them. For the first time, companies will be
able to virtually validate exactly what they’ll produce at a specific plant. This will
dramatically reduce the amount of physical validation required while also improving
first time quality.

To make intelligently integrated information happen, it is necessary to understand
the meaning, or the semantics, of all the information to generate to plan, develop,
build and support the product. For example: Systems engineering is getting a lot of
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visibility today, especially in the discrete industries. The complexity of the products
and the dependencies between systems in the product has become so great that com-
panies are looking for ways to deal with it all. One of the things SE does is to help
people understand how requirements are allocated to functions => how functions are
implemented through the logical architecture. And that is realized in the physical
design — across all disciplines — mechanical, electronic and software. Building these
systems models inside of PLM captures are important of the meaning and intent about
the product. A true semantic model begins to emerge where the way information is
related and the context of the relationship itself is valuable and can start to be leve-
raged. The capability to understand and leverage SE in the tool helps to build intelli-
gently integrated information right into all of the products. Another example is Bill of
Material /Bill of Production integration [4]. At this topic the relation/understanding
how different BOM’s relate to one another, and to build that understanding into the
PLM tools. The entire product, process and production lifecycle can be thoroughly
planned and analyzed in a systems engineering context. The technology can deliver
this intelligently integrated view of product, process and production. By intelligently
organizing and integrating systems engineering, providing an integrated definition of
the product, and closing the loop between product and production, HD-PLM drives
real step-change in product development and production, improving productivity,
time to-market, first-time quality and ultimately helping you build the right product,
and build it in the right way.

HD-PLM has high value and will resonate with everyone in the PLM landscape.
Most PLM professionals make decisions as the primary aspect of their job. Whether it
is deciding what material to specify: who to include in a collaborative meeting; or
how something was done in the past, PLM data is a repository of what customers
need to support their decision-making process [5]. Everyone in the product lifecycle
makes decisions appropriate to their work, but too often it is difficult to access the
information they need from different disciplines in order to make the best decisions.
The technology framework based solutions will personalize the perspective to the
users’ role to enable decision makers to more quickly access and understand informa-
tion that used to take hours or even days to assemble and digest. Decisions will then
be captured for future reference when similar criteria are encountered by others. The
accumulation of best practices and experiential knowledge will enable users to vali-
date that their decisions are the best choice to increase confidence in each decision.
The primary purpose of information is to support decision making. The faster an
organization can deliver people the right information to make the right decisions,
earlier, the more efficient their processes will be - and the lower their risk of product
mistakes and costly delays. Providing this level of decision support requires a system
that can bring together scattered information from across the product and production
lifecycles - from planning and development through manufacturing engineering, onto
the factory floor, and even into service and support - and deliver the information in a
visual intuitive way [6].

2.2  Future-Proof Architecture

To provide an effective decision-support environment, an architecture must never
become obsolete. It must be upgradeable and expandable to permit the introduction of
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new technologies and innovations. It must easily integrate with other systems because
not everything is stored directly in the PLM system. It must change and morph to
adapt to the changes in your business. Following core principles must guide in archi-
tecting HD-PLM.

Openness - open technology and open information. Open technology means that
other companies getting actively support to release, publish and use the used technol-
ogy (such as JT™, Parasolid®) to help grow in the PLM market. Open technology
also means open standards, meaning to accepted standards and, if none exist, work to
create standards that improve the entire PLM ecosystem. Open information means
that a customer, having implemented tools to manage all aspects of their product and
process development, has invested in something that is extremely valuable it must be
transparent about what that information is, how it is organized and how they can
access it, import to it, or export from it => to give them full and ultimate control over
their information. Future PLM architecture:

Open

=  Rich API set- SOA, NX Open

=  Toolkits / published formats — PLM, XML, SDK, JT, Parasolid
Scalable

=  Four-tier architecture

=  Transparent adjustment or needs based on demands
Flexible

= Layered platform services

=  Codeless customization

=  Data model extensibility

Preferred device support - people who need to interact with PLM aren’t just sitting
at their workstations anymore. New devices such as smart phones, tablet computers
and other handheld platforms are becoming the main productivity tool for many. With
HD-PLM, field engineers must now visualize a part, mark it up and log issues into the
PLM system from a number of different handheld devices. An issue can proceed
through a review process while the field engineer is still on site, creating the real pos-
sibility for instant analysis and feedback with the customer. Sales personnel could
configure a product while the customer views it on a handheld device, even to the
point of visualizing configuration changes as he or she makes them.

2.3  High Definition User Experience

The topics regarding the architecture and functionality of HD-PLM are complex. The
challenge is to provide a user experience that is not. To accomplish this, the HD-PLM
interface must leverages the same intelligence used to deliver precisely tailored in-
formation to each user, eliminating many of the administrative tasks required to find,
enter and maintain information. To create an HD user experience, four key concepts
should be addressed:

» Put the user in right context for his work
» Help the user accomplish his tasks
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» Present the information intuitively
» Help the user validate decision rationale

Context and Situational Sensitivity - HD-PLM should know who the user is. It
should know what role the user plays and what he worked on last time he were in the
system. It should know who the user collaborate with. All of this information, and
more, can place the user in the right context every time he or she enters the system,
reducing the amount of work he or she must do to get the necessary information on
the screen to do work.

Help Users Accomplish Their Task - Web 3.0 introduces the concept of robots or
agents to help people navigate their way around tasks and functions. HD-PLM adopt
this same concept. Agents in HD-PLM can help the user with a variety of functions.
Agents can be active or proactive depending on the type of task the user want to per-
form them. For example, if the user is working on an issue, an agent could enter all of
the information required to log the issue in the system, simply through its context and
situational sensitivity. Once the information is complete, the agent could then as the
user for approval to submit the issue to a specified process.

Present Information Intuitively -Different users interact with information different-
ly. For some users, 3D is how user wants to view information. Others prefer a spread-
sheet view. Still others prefer graphs or charts. What “intuitive” means is dependent
on the user and the task he’s trying to perform. To present information intuitively, it
must be in the right format, the right context, and at the right level of granularity.
Presenting too much information requires significant work to find what the user want
or need. The system should be able to present just the right amount for the task at
hand, while giving the user the option to get more detail if required.

Validate against decision Rationale - Understanding why the use made a certain
decision is critically important for a variety of reasons, including traceability, issue
resolution and definition of best practices. The ability to capture the rationale the user
used to make any decision — at any point in the product development process — is key
to tracing the root cause of problems. It also allows the user to reapply the same ratio-
nale to arrive at the same decision, thus forming the basis for a best practice.

2.4  First HD-PLM Implementations

The implementation of HD-PLM technology is being delivered in NX™ and Team-
center® via the HD 3D environment which includes Visual Reporting capabilities —
such as color coding based on search results or 3D flags indicating warnings or rule
violations — that provide a deeper, more intuitive understanding about the product to
support effective decision-making. The technology framework based solutions also
will have a very significant impact on innovation and product competitiveness. Most
product innovations are born out of market need and design creativity. By exposing
deeper levels of product data to design teams and greatly facilitating its understand-
ing, those teams have more knowledge available to fuel creativity and more time to
implement it. The technology framework will help to eliminate decisions with unfore-
seen impacts on product quality, reliability and product performance. Speed to market
is a major benefit gained by faster decision-making at all levels. All phases of process
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workflows can be streamlined with everyone having rich information personalized to
their task. HD-PLM Framework based solutions eliminate wasted time getting to the
information needed to perform tasks and makes multi-disciplinary information availa-
ble sooner to make decisions earlier.
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Fig. 2. Continues Improvement in HD-PLM User Interaction

3 Concluding

The question “will complexity sink you, or can you turn it into a competitive advan-
tage?” offers two very real possibilities. The HD-PLM technology vision allows to
achieve the latter, thriving in the current environment by turning complexity’s chal-
lenges into opportunities for customer satisfaction. By providing intelligent informa-
tion that is there at exactly the right time, in the correct context, and at the precise
level of detail that each person needs, can help manufacturers in all industries achieve
a new level of productivity and quality. Intelligently integrated information which
allows users to manage large volumes of data but only use data in context to make the
best decision. It is not the quality or the quantity of, but having the right data at the
right time [7]. The HD-PLM vision builds on Siemens PLM Software’s experience
while expanding on state-of-the-art innovations and leveraging emerging software,
hardware and connectivity technology.

The aim of this vision will be to provide a technology foundation to enable a global
collaborative product development team to produce a common set of integrated soft-
ware tools that will identify, capture and collate the massive amount of information
available both inside and outside of manufacturing enterprises, and then apply mean-
ing to that data using a consistent, compelling and intuitive visual environment. It is a
fundamentally new way to discuss PLM and represents the beginning of a vision and
development of a direction for the next several years to result in a continuous flow of
innovations in products to support decision-making over the course of the next years.
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Abstract. Doing business globally causes the increase of very complex and dy-
namic processes. It demands a high level of flexibility and adaptability from the
companies involved. The aim of companies is to find efficient ways in order to
produce new products and to better meet customer demands. Open Innovation
(OI) approaches contribute to this aim and therefore drive the evolution of fu-
ture Product Lifecycle Management (PLM). Based on four scenarios, developed
using scenario planning method, the implications are shown on different levels
of PLM. A catalogue of requirements for PLM 2020 was drawn up on the basis
of the results of interdisciplinary panels, qualitative and quantitative interviews,
and of a sector-specific use case for the automotive industry. The paper discov-
ers ways in which PLM can be made more successful in future and pinpoint
challenges that PLM will have to meet with regard to OI concepts.

Keywords: PLM, Open Innovation, Scenario Planning Method, Data Manage-
ment, Data Security, Human Factor.

1 Introduction

For manufacturers today, innovation is the engine of growth [1]. In order to produce
new products and better meet customer demands, companies i.e. innovate in produc-
tion, processes and business models. To access a broader creative potential within
innovation processes, external knowledge and ideas have to be taken into account. In
this sense, the term OI determines new approaches to involve people from outside the
borders of the organization in the product innovation process. The key driver here is
the Internet which offers access to a vast supply of resources and workforce. It is
concretized in a variety of possible forms of organization of the innovation process
between companies and the market. However, these relationships do need an overall
organizing principle and this is one aspect that PLM intends to be. Directions of po-
tential PLM evolutions and requirements have been in focus of the research project
“Future PLM”, conducted at VIRTUAL VEHICLE research center in Graz, Austria.
At present the term PLM is used in several different ways, and often it is wrongly
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understood as meaning merely an IT system. Its full definition is as an approach for
managing a product, including the relevant intellectual property, over its entire life
cycle. PLM consists of processes, organizational structures, methods and related IT
systems. Used as an overall approach, PLM has the potential to give companies the
structure and orientation they need to be profitable under competitive conditions. One
particular aspect, which has been considered in the Future PLM project, is the impli-
cation of OI on future PLM. Considering OI in PLM, challenges occur in different
topics, e.g. acquisition and management of customer feedback data, data security and
intellectual property protection, or human factors.

2 Overview of Open Innovation and Research Project
FuturePLM

2.1  Open Innovation

Reichwald and Piller [2] distinguish “requirement information” from “solution infor-
mation” in OI processes. Requirement information is information about the customer
and market needs, i.e. information about the preferences, desires, satisfaction factors
and buying motives of current and potential customers or users of services. Solution
information comprises the information needed to solve specific problems and critical
issues in product development and innovation processes. Management of solution
information is closely related to crowdsourcing which — as stated before - is not ga-
thering support of corporate functions and structures from the supply chain, but from
the intelligence and workforce of a mass of free-time workers on the Internet. Reich-
wald and Piller state that this is necessary to keep the innovation-process as efficient
and effective as needed. Depending on the branch often more than 50% of new devel-
oped products are not able to satisfy user-needs [3]. The development-, production-,
distribution- and advertisement costs are not justified in this case and are simply gone.
Therefore the “how to innovate” is focused to reduce insecurity to market and tech-
nology in an early phase of the innovation process. Innovation has to be an iterative
process between company and market to use the creativity potentials of external
sources. User innovations are often considered to be not radical enough because they
are based on other concepts the user already is used to and therefore incremental, but
this is disproved by surveys. [2]

A different definition from Henry Chesbrough is to open the company-boarders
permanently to gain the necessary potential that is needed to be innovation-leader in a
particular market and to gain the chance to emerge in new markets. “OI is a paradigm
that assumes that firms can and should use external ideas as well as internal ideas, and internal
and external pathways to market, as the firms look to advance their technology. OI combines
internal and external ideas into architectures and systems whose requirements are defined by a
business model.“ [4] Fig. 1 shows H. Chesbrough’s approach. The illustrations depict
the difference between closed- and open innovation:
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Fig. 1. Closed innovation (a) vs. open innovation (b) [4]

Chesbrough’s approach was criticized later by [5] that it does not put enough em-
phasis on the condition of availability of knowledge. Pénin states that access to an
open resource needs not automatically to be free of charge and claims that any posi-
tive price for access to intellectual property potentially restricts access. The suggested
definition of OI by Pénin must encompass three constitutive elements:

1. Voluntary knowledge disclosure from participants,

2. knowledge being open (which is equivalent to say that “spillovers are not controll-
able” [6]), and

3. continuous and dynamic interactions among participants.

2.2  Future PLM

Within the research project Future PLM, the Virtual Vehicle Research Center in Graz
investigated future demands for product life cycle management in terms of the way it
manages roles and participation of people. The project intended to discover ways in
which PLM can be made more successful in future and to pinpoint challenges that
PLM will have to meet. The results presented here have been worked out on the basis
of contributions from all project partners.

First, a common PLM definition had been set up that will be used in the scope of
this paper as well: Product Lifecycle Management is seen as a strategic concept used
for managing intellectual properties of a product over the entire lifecycle [7]. Howev-
er, in order to foster a holistic PLM within a company, the improvement of processes
and methods is a necessity. Challenges in future product development include:

e Managing the entire lifecycle of a product.

e Collaboration between different disciplines and cultures.

¢ Globally distributed development locations.

e Integration of customers and suppliers.

Further a catalogue of requirements for PLM 2020 was drawn up on the basis of
the results of interdisciplinary panels, four derived future scenarios on product
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development in 2020, qualitative and quantitative interviews in automotive industry
[8]. For a better understanding, the catalogue of requirements is inset in a matrix with
specific levels versus topics [9]. In the catalogue of requirements the previously col-
lected ideas and suggested solutions are clarified and documented along with their
chain of effects. In this paper the focus is set on matrix intersections with the topic OI.

3 Analyzed Challenges in the Field of Open Innovation and
PLM

The next subsections pinpoint some challenges in the field of OI that PLM will have
to meet.

3.1 Data Management and Data Security

From the point of view of data which is generated within the innovation process and
has to be managed, two major aspects have to be distinguished: marketing and engi-
neering. Marketing data results from customer feedback and customer requirements.
Customer feedback can be collected in the usage or Mid of Life (MoL) phase of a
product based on the real existing product and customer experiences (usage, mainten-
ance, service). Customer requirements can also be collected based on concepts and
virtual products in early phases of the product development process.

Both can be considered as base to define and fix the requirements set for the devel-
opment of new or refurbishment of existing products. Especially, social media or web
2.0 tools like forums offer a vast supply of different information sources, are develop-
ing fast, and can be utilized to collect marketing data but this data has to be analyzed
and structured in order to be valuable for the definition of requirements. Another op-
tion is to develop special, questionnaire like web tools to collect data at least in a semi
structured form or even enhance products with capabilities to return feedback data
from usage. Another point of distinction is whether feedback data is collected on a
product class in general or a single instance basis (identified product instance) which
would require respective PLM enhancements.

On the other hand the crowd sourcing aspect of OI requires handling and exchange
of various types of typical engineering data though here are conceptual contradictions
between the required structuredness of enterprise information management and the
creativity of the OI processes. The main question is how transparency in decision
making and evaluation of alternatives in the OI process can be ensured and what en-
hancement of PLM functionalities have to be provided to suit the demands outside the
inner circle of the own organization and even outside the outer circle of business part-
ners such as suppliers or contractors. This is predominantly not a challenge with re-
spect to IT issues since all available IT systems in this area support ubiquitous web
technology but essentially with respect to legal aspects (accountability, liability, ex-
port restrictions etc.) and organizational aspects (transparency in processes, definition
of the granularity of tasks and information to be transferred into the crowd sourcing
community, management of the crowd etc.). Resulting data of crowd sourcing
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processes does not only contribute to requirements but to various tasks of engineering
design and product development.

The major issue in the context of data management in crowd sourcing processes is
certainly the security issue. The term Intellectual Property Protection (IPP) represents
the business objective to protect the know-how of a company as part of a supply chain
or engineering network against risk of industrial espionage, patent violation, and pla-
giarism. IPP also comprises Data Leakage Prevention (DLP), i.e. means to prevent
data leakage incidents where sensitive data is disclosed to unauthorized personnel
either by malicious intent or inadvertent mistake [10]. To Implement IPP, different so
called Enterprise Rights Management (ERM) approaches using encryption technology
are available. These control access to corporate documents by selectively granting
access to certain portions of the digital content or certain operations [11] and thereby
enable companies to extend security to third-party partners, suppliers and customers
[12].

ERM is based on identity management (user authentication) and requires a policy
server in which rights are defined, an encryption mechanism that controls access to
the data, and a software or device that enforces the policy. ERM solutions focus on
document exchange security which represents static content, but in typical IT solu-
tions for PLM, content is tied to a business process and dynamically changing, i.e.
rights on a document are not only defined by the identity and role of a user but espe-
cially by its status or maturity. In multiple party crowd sourcing processes, user iden-
tification maintenance of roles with respect to PLM environments will be an intricate
task and prone to failure. Main requirements are that protections stay together with
document wherever the document travels and the owner remains in full control, i.e.
access rights can be modified or revoked at any time. This means that each access to
protected documents requires access to a server as independent authority which stores
access rights and decryption information and raises questions of organizational as-
pects for managing identities, defining roles, or classifying data.

3.2 Process

During the last few years, there has been rapid technological development and new
possibilities have emerged for collaboration, communication and the management of
product lifecycle information and knowledge. Some of the major changes are related
to the novel possibilities offered by the emergence and, in the business sense, the
maturing of web 2.0 and social media—based approaches (e.g. [13]). Social media
integration in PLM has been an important trend of major PLM vendors, allowing e.g.
the use and sharing of non-structured and tacit knowledge, which are problematic in
traditional PDM and PLM systems. According to Stocker and Tochtermann [14] web
2.0 focusses technologies that enable users to communicate, create content and share
it with each other via communities, social networks and virtual worlds - faster and
easier than ever before. They emphasize the power of users to select, filter, publish
and edit information, as well as to participate in the creation of content in social me-
dia [15]. To sum up, web 2.0 and social media provides quite novel and useful ways
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of interacting and collaborating in the innovation process, as well as for creating new
information and knowledge for innovations.

Based on Chesbrough the authors Gassmann and Enkel [16] define three processes
to integrate OI into the development process as shown in Fig. 2. The processes are:

e The outside-in process where ideas generated outside the company are used inside,

e the inside-out process where knowledge or products are exploited outside the cur-
rent market, and

e the coupled-process where outside-in and the inside-out processes are combined.

Outside-In Process

generating ideas outside,
use inside:

Integration af customer exploit knowledge outside

knowledge licencing madels,
O cross industry innovation

Inside-Cut Process

O ~.
© 0
O ) (O Development J—>>
O O -
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O - -’ O
P 6 Coupled Process
O caombination of "outside-in"

and "inside-out" process:
innovation netwarks,
joint ventures

Fig. 2. Core-processes to integrate OI into the development process [16]

Sherhan, Albers and Miller [17] show outside-in and inside-out methods in the au-
tomotive industry where German Original Equipment Manufacturers (OEM) and
supplier in the automotive industry are surveyed and analyzed. The study also rec-
ommended two further steps in the innovation process: An innovation impulse step
for managing internal and external innovation inputs and an innovation transfer step
to maximize the benefit in R&D productivity [17].

3.3 Human Factor

According to Golas [18] a company in its environment represents an open and
targeted social system. Humans in the field of automotive industry are working in
complex socio-technical systems. No matter how much technically dominated this
operational environment is — the creative, social and individual facets of people re-
main very important. Working in complex systems is on the one hand characterized
by routines and on the other hand by exceptional situations or crises. These situations
require e.g. that people make decisions under time pressure and high risk or find new
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innovative solutions within very limited time. Therefore people are the highest poten-
tial in a company and have to get major support in communication and collaboration
to achieve the corporate goals. They need the best possible support by a suitable envi-
ronment - a well-balanced system between human factors, organization and technolo-
gy [19]. In the workplace of the future access to information and technology-related
knowledge will be much more open and flexible. This simultaneously increases the
available range of information. In response, employees are increasingly moving into
information flows and create independent and self-organized individual information
as well as their own system environment. The transparency of knowledge and know-
ledge holders will continually rise in companies. For practitioners, it is often more
important to identify the relevant knowledge holders in the companies than the expli-
cit knowledge itself. [19]

A typical pitfall which has been observed in projects is the NIH syndrome (not in-
vented here) coming from the co-workers within a company. A solution which was
not developed inside of internal R&D is often not considered trustful and is different
from solutions of the company. This often results in resistance from the people who
are working for this company [20].

4 Identified Requirements for Open Innovation in PLM 2020

The perspectives of the scenarios, the statements of the experts and the analyzed chal-
lenges in the field of PLM are combined to perform a requirements catalogue for
future PLM. The requirements catalogue is divided into five classes which are
product, human, organization, process, and IT, taking into account that single re-
quirements can be in one, some or all classes.

e Product: relationship between overall product and product parts (customer wish -
product requirements, complexity).

e Humans/team: individuals and their relationships (team), common understanding
of mission, associations and threads.

e Organization: cross-domain and global communication and collaboration

e Process: interaction of total product development process and sub-processes, trans-
disciplinarity.

e IT: new technology and methods for new information and communication tools
(e.g. Web 2.0).

As a research result the relations of all 317 requirements and classes are shown. This
paper deals with the catalogue entries that include the topic of OI. Some of them are
described in detail below. At each headline, the assignment of classes is listed in pa-
rentheses.

4.1  Strong Cooperation across Domains (Human, Organization, Process, IT)

OI processes are benefited in the case that employees are independent because it
forces them to contact companies and communities to share knowledge with people
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from different areas of interests. OI can be seen as integration of customer-knowledge
into the existing one. Customers all over the world are able to take part in creation or
improvement of the products. Requirements to PLM 2020 are particularly: Support
interaction with the customers in the product development process; integration of
analytical tools; integration of alternative procurement strategies.

4.2  Virtual Work of the Company (Human, Organization, IT)

Virtual work is one of the key trends of the future. Due to “cloud” technology, fast
internet-based information exchange as well as communication channels for interac-
tion between customers, employees and all participants of the supply chain in a prod-
uct development process will become an essential part. Problems can be published to
a community which provides recommendations for the problems and additionally
makes changes and edits solutions. Information synchronization as a key concept of
cloud technology forces interactivity and interdisciplinary working what leads to radi-
cal innovations. Creating social networks inside a company will help to share infor-
mation between different departments, discuss tasks and solutions online with the
required personal of the company. Trust between employees will increase.

4.3 Communication in Product Development (Product, Human, Organization,
Process, IT)

Customers can take direct participation in the development of the products. All com-
ments of the customers have to be implemented or at least labeled to be considered.
Language and cultural barriers have to be solved. Power and quickness of the product
development depends on the interaction between employees and customers. Quick
review of the development process allows a faster development in general. The com-
munication between two or more participants has to be structured.

4.4  Workstation of the Future (Human, Organization, IT)

Due to increasing mobility each employee needs external access to working data.
Specialists in small areas of interest will be available on demand and work for one or
more companies, assisted by virtual assistants. The product service system is inter-
sected with OI as well when the customers give their feedback using different possi-
bilities. One of them is to classify the product in a simple way, e.g. mechanisms as the
“like” button on “Facebook”.

5 Discussion

Ol in the automotive industry is no longer an empty phrase. Sheran, Albers and Miller
[17] state that in the next 10 years the way of creating and profiting from innovation
will change completely in the automotive industry. They also delineate that OI is a
phenomenon that has become increasingly important over the last few years in the
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automotive industry [17]. Gassmann [16] argues that some trends like globalization,
new technologies, or new business models will foster OI concepts in industry. Gass-
mann’s arguments recover most of the aspects in the scenarios which were developed
in the FuturePLM project, especially the mega trend globalization described in the
scenario “Globalization Extreme!” [7].

The scenario “People take center stages” is formed upon the following assump-
tions: (1) Recognition of importance of employees (2) Mutual trust within companies
increases acceptance and understanding of PLM due to deployment of new technolo-
gies, processes and organization forms (3) High cultural diversity in companies (4)
Deep PLM integration, and (5) Flexible infrastructure and working conditions in
complex business environments [7]. In this regard, people working from diverse loca-
tions can use social software such as wikis and blogs [13] as a modern way of disse-
minating information and knowledge within the company and out of company, which
creates a simple form of community. Contained in the general assumption that the
way companies are organized will change dramatically in future is the implication
that the definition of workplaces and working time models will change as well [19].
All shifts recommended above will require equivalent changes in PLM implementa-
tion models, which will affect how goals are defined, how the system is introduced
and how it is used [8].

6 Conclusion and Outlook

Being able to innovate is the key factor of success for companies in high tech
branches. OI on the one hand side means customer integration rather than customer
orientation. On the other hand side, OI approaches leverage the work force and crea-
tivity of the mass of smart and talented people from all around to enable new ways of
idea generation to solve product development problems. Since our society heavily
depends on innovative products, the new approaches of innovation processes have to
be implemented in companies and have to be supported adequately by means such as
PLM.

PLM is a concept of how to manage a product in terms of people, workplace and
organization. The main driver will be the evolution of the concepts of employees as
part of the value creation process and the growing importance of individual human
potentials. To manage this successfully, a wide-ranging dialogue with the people af-
fected will be necessary. A new culture of how information is shared needs to be de-
veloped. The technological systems development must follow the developing needs of
the people and create solutions which meet the needs of both users and tasks in such a
way that people can use them with enthusiasm.

The combination of concepts in the field of OI and PLM needs to change the ad-
justment of the company with regards of openness. New methods in research and
development phases should afford an opportunity to look outside of company
boundaries.
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Abstract. Model-Based Systems Engineering is on everyone’s lips as innova-
tive approach to overcome traditional, error-prone document-based product de-
velopment. The Systems Modeling Language (SysML) is the most popular tool
for model-based development of multidisciplinary systems. Several research
works and industrial pilot projects have applied the OMG-standardized lan-
guage in the last years, but it has still not become widely accepted. Previous ex-
periences of the authors from several research projects with industry underline
this statement and have shown that engineers still have trouble in applying
SysML. This paper investigates possible reasons for this issue and presents re-
sults of a survey regarding term understanding of engineers as well as accep-
tance of SysML.

Keywords: Term understanding, Common Engineering Language, SysML,
Systems Modeling Language, Acceptance.

1 Model-Based Systems Engineering — Potentials and
Challenges

Model-Based Systems Engineering (MBSE) is on everyone’s lips as an innovative
approach to overcome traditional, error-prone, document-based product development.
The advantages of using formal models to specify a complex technical system are
manifold: fewer inconsistencies, less redundancies and concurrently the basis for clear
communication and sustainable documentation. Furthermore, models can help to
force systemic thinking, which is often expressed as holistic and function-based think-
ing [1]. Over the last years, several modeling languages and approaches have been
presented. They all promised to enable their users to model multidisciplinary and
complex technical systems. The most popular modeling language is SysML, which is
based on UML, a widely accepted, object-oriented graphical software modeling lan-
guage. Observations of the authors have shown that software engineers and electron-
ics engineers cope well with the provided diagrams for modeling several system
aspects like structures, sequences or states. Emerging graphical modeling languages
for embedded systems like MARTE, AUTOSAR or EAST-ADL using similar
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principles and technologies like the meta-modeling standard MOF (Meta Object Fa-
cility) seem to underline this observation. On the contrary, mechanical engineers have
much more trouble dealing with such kind of modeling languages. A possible reason
is that technical terminologies between disciplines differ significantly. Furthermore,
there is a huge leap of abstraction from concrete discipline-specific models to abstract
multi-disciplinary system models. An online survey presented in this paper was con-
ducted in order to identify the understanding of some crucial terms in the field of
MBSE and to determine the state of application of SysML. The survey was sent to
selected engineers from different disciplines in industry and academia in Germany,
who are familiar with Systems Engineering (i.e. members of the German Chapter of
INCOSE, the GfSE). Knowing that the answers will not be representative for all engi-
neers, it was rather intended to provide an indication about term understanding and
SysML application among “Systems Engineers” as spearheads in establishing MBSE
in academia and industry. 50 responses (23 from academia, 27 from industry) were
evaluated. Before presenting findings from this survey, the next chapter will give an
overview of adjacent research efforts and their results.

2 State of Research

Several studies and academic or industrial pilot projects aimed to gain insights about
the applicability of MBSE methods and tools. The ProSTEP iViP society conducted a
survey in cooperation with the Fraunhofer IPK called “PEP2015 — Challenges in
modern Product Engineering Processes”, which evaluated needs and visions of indus-
try and tool vendors in terms of Systems Engineering [2]. The results showed that
Systems Engineering methods are applied only occasionally within software engineer-
ing and electrics/electronics engineering. Discipline-specific tools are well-
established; transdisciplinary system architecture interaction is still an unsolved issue
in industrial practice. Bone and Cloutier determined from another study that especial-
ly large companies are widely aware of the benefit of MBSE and increasingly adopt
corresponding programs and projects [3]. Their focus is set on architecture modeling,
requirements traceability and conceptual design of products. Thus, the value for soft-
ware and systems engineers is much more obvious than for hardware engineers or
managers. Existing organizational structures are frequently not compatible with trans-
disciplinary systems engineering [1], which can be substantiated by missing metho-
dologies for the application of existing standards or modeling languages. Therefore,
Estefan conducted a survey on the most prominent MBSE methodologies in 2008,
aiming to mainstream them in industrial application [4]. None of those methodologies
has significantly established over the last years after this survey. Kasser discusses
seven myths of Systems Engineering, due to persistent discussions about possible
reasons for the lacking acceptance and application in industrial product engineering
[5]. He found out, that there is neither a single broad agreement upon systems engi-
neering processes nor on the adequate application of tools and methods to handle
system complexity.
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Several pilot projects have taken place in order to determine best practices or to
evaluate first applications of MBSE tools and methods. Friedenthal presented several
findings from the application of SysML [6]. He stated that MBSE is a cultural change
and requires well-defined methodologies and handling them requires training in lan-
guage, methods and tools. Karban et al. state challenges in using SysML, which have
been figured out in the APE (Active Phasing Experiment) project of the SE~2 chal-
lenge team of the GfSE [7]. They propose several tasks for the advancement of
SysML, which underlines that the language is still under development and will be
further advanced in the future.

Other research efforts deal with the definition and understanding of frequently used
terms in engineering disciplines. An example for such a term is “function”, which is
for instance understood in software engineering as a piece of software code that
processes input information towards a certain output. Mechanical engineers on the
contrary have different connotations for “function™: it can either describe, what a
system to develop is intended to do or what a system solution actually does. Moreo-
ver, a function is often distinguished between a desired function and an undesirable
one. Others would name an undesired function an appearing phenomenon, an effect or
a behavior. Several efforts have addressed the understanding of terms, so has Eckert
et al. [8] for instance investigated the different notions of the previously mentioned
example “function” in engineering design. They identified the 5-key-concept of Ver-
maas as the most valuable, but also differentiating definition of this term, meeting
most of the previously mentioned examples [9]. Vermaas concludes that different
meanings are required in different situations instead of pursuing a single definition of
“function” through emphasizing that different meanings are in fact necessary to de-
scribe devices in engineering design.

Literature review has shown that the challenges in application of MBSE are mani-
fold and leads to the awareness, that the “cultural change” from traditional document-
based towards a model-based development approach has still not taken place. The aim
of this paper is to identify the cause for this issue and to point out fundamental actions
to be taken in order to advance MBSE tools and methods.

3 Motivation for Further Research

MBSE aims to improve communication and collaboration between engineers from
different disciplines and management. Communicating efficiently means to easily
gain the desired information, provided in a comprehensible and coherent manner,
which is one basic goal of MBSE. Unified term understanding is crucial for establish-
ing a coherent, formal and coincidentally intelligible modeling language for multidis-
ciplinary systems. Considering all relevant terms and every specialized discipline
would either lead to a very generic solution like SysML or to a very extensive set of
specific languages. Even if the idea to apply a common language for all involved
individuals is promising, none of the existing approaches has established in industrial
development yet. Possible reasons are a persistent lack of common term understand-
ing or insufficient information representation within existing modeling languages.
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The approach at hand concentrates on engineers, who are familiar with Systems Engi-
neering paradigms or concerned with Systems Engineering research. They form the
basis for the harmonization of term understanding and establishing a common lan-
guage in industrial product development. The aim of the survey conducted by the
authors of this paper is to answer two research questions:

e  What is the understanding of the basic terms “function”, “behavior” and “impact
chain” among Systems Engineers?

e To what extent is SysML applied, what is the perception of the added value of
SysML for the daily work today and where is improvement potential?

The results of this survey shall help to harmonize term understanding by clustering
consistent statements and complement previously identified definitions. Furthermore,
the demand for certain modeling aspects shall be identified and the suitability of pro-
vided diagrams in SysML for describing those aspects shall be evaluated. The long-
term goal of this ongoing research work is to advance MBSE languages and coevally
according modeling approaches.

4 An Approach towards a Unified Term Understanding

The presented data in this chapter result from a survey, conducted among German and
Austrian Systems Engineers from academia and industry. Altogether, 50 responses
(23 from academia, 27 from industry) have been evaluated. The academic participants
are PhD-students (14 out of 23), students or postdoctoral researchers. The industrial
participants range from development engineers over trainers and consultants to prod-
uct-, project- and department-managers. The spectrum of the participants’ expertise is
shown in Fig. 1.

Wlﬁmt is your expertise? (multiple choice possible)

® Mechanical engineering - design

Mechanical engi ing - calculation & simulation

H Electrical engineering
* Informatics
# Mechatronics

- Business economist
i Aerospace engineering
H Mathematics

+ Natural sciences (biology, physics, chemics)

74 % Industrial engineer

Fig. 1. Range of expertise of survey participants

The participating Systems Engineers have expertise is numerous disciplines, which
helps to gain information from diverse viewpoints. However, this survey is not in-
tended to meet representative statements with statistical evidence, but rather to point
out tendencies and to collect statements from experts. The survey was divided into
two sections: the first section asked for the personal understanding or definition of the
three terms “function”, “behavior” and “impact chain”. The answers regarding term
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understanding were given as free statements, whereas every participant could state
multiple answers per definition (i.e. to subdivide the definitions into multiple aspects).
Altogether, the participants posed 78 statements for “function”, 70 for “behavior” and
58 for “impact chain”. The answers were characterized by a high degree of diversity.
In the following, frequently made contradictory statements are contrasted:

Table 1. Contrasting pairs of statements towards the term “function‘

Functions describe the purpose of a system

Functions realize functional requirements

Functions describe the role of persons in a
company

Functions describe the transformation of
matter/energy/information inputs into ac-

cording outputs

Functions are solution-neutral

Functions are solution-afflicted

Functions are abstract specifications of
transformations

Functions can be described in mathematical
terms

Functions describe an active behavior Function are an interaction of components to

achieve a certain behavior

Concluding, the interpretation of the term “function” is very heterogeneous, even
among Systems Engineers. The next question asked for the definition of “behavior”
with explicit distinction to “function”. Behavior is often associated with the perfor-
mance of functions, but beyond that the survey identified a very diverse understand-
ing of this term. Many statements differentiate between static functions and dynamic
behavior, regarding the latter as a time-dependent aspect. Where functions only define
the desired behavior, the description of behavior itself can also comprise misconduct
(i.e. system crash) or undesired functions (i.e. noise emission). Behavior is often seen
as system reaction towards environmental input stimuli under certain boundary condi-
tions and (measureable) characteristics, which are differentiated between discrete (i.e.
the event “press button”) and continuous (i.e. transmit torque). Unfortunately, the
opinions occasionally interfere with others and there is a lack of common understand-
ing. For instance, one participant stated that functions are perceivable, another
attributes this to behavior. Several statements contradict others regarding the question
whether “behavior” describes the external view and “function” the internal view on a
system or vice versa. Some participants confine behavior on the transition between
system states, others acknowledge behavior to be component-afflicted; still others
attest behavior to be uncontrollable. Concluding, the statements were highly diverse,
but none of them embraced all mentioned aspects, which indicates a lack of unified
understanding of behavior. Some statements told behavior to be a “chain of func-
tions”. Where functions are often modeled as tree structures or using logical control
flows and the input-processing-output-principle for object flows, “impact chains”
intend to represent a certain sequence of functions. The resulting statements regarding
the understanding of “impact chain” are discussed in the next paragraph.

In contrast to “function” and “behavior”, this term was not known to every partici-
pant. Two of them wrote that they had never heard this term before. The majority of
the statements define an impact chain as a chain of functions, where input values of a
function are the output values of the previous function. Some participants regarded
these chains as high-level linking of systems, others as the internal progress of
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activities within a function which results in a system behavior. Some statements again
contrasted: they described impact chains as synonym to traceability from require-
ments over functions towards implementation and test. Impact chains and active
structure sound similar in German language (“Wirkketten” and “Wirkstrukturen™), but
are fundamentally different. Impact chains deal with functions, active structures or
working structures with components. The appearance of several terms in different
meanings can lead to communication being confusing. This is why the next paragraph
presents a graphical proposal (Fig. 2), illustrating semantic contexts of the important
and frequently reoccurring term “function”. The goal of this graphical representation
is to harmonize the understanding of semantic coherences between frequently reoc-
curring terms in Systems Engineering. The depicted aspects embrace literature re-
search as well as own experiences made in several development projects.

?;?;Z(rs, Effect(s) Impact(s)
excitement] [logical, physical, [result(s)]

chemical etc.]

Engineers
language

<l <l <l
=2 .
£ Activity: yi = f(Xn, Pm)
& Input(s) x, | | (processing of Input x,, relying on effects | Output(s) yy
g \ with parameters p,, to Output y,)
o Simplified cylinder piston function:
E Ignition transform ignition pressure
<] into force T
< [
w plessuio Force [IN] = ignition pressure [ka/(m"s")] * Force [N]

ikgrim's7] piston surface [17]

Fig. 2. Proposal for semantic context of “function”

The definition of function at hand embraces the approach to regard a function as an
activity, which processes input values (information, energy, material) to output val-
ues. An input equals a cause in terms of triggering (discrete, i.e. “button pressed”) or
exciting (continuous, i.e. “torque flows”) a function by certain input values. The
processing of the input values in activities relies on logical (software), physical or
chemical (mechanical and electrical systems) effects, which can be specified by equa-
tions, presuming a comprehensive knowledge about the system. The output flows
have an impact on other functions (they can trigger or excite other functions) or result
in perceivable phenomena (i.e. forces, noise or fields). Additionally, function-relevant
physical parameters are factored into the processing of flows. Therefore, from the
viewpoint of the authors, functions are not completely solution-neutral, but they are
also not component-afflicted. The important awareness is to consider relevant
properties for feasibility of functions, but not to anticipate an entire solution
(i.e. component). This is one of the basic principles of the Contact & Channel — Ap-
proach (C&C2-A) for the integrated analysis and synthesis of functions and form of
technical systems [10]. The graphical representation at hand was part of deriving and
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formalizing extending aspects for a SysML-profile in order to better meet the re-
quirements of engineering designers towards application of MBSE [11], [12]. The
simple example in Fig. 2 intends to make these theoretical coherences more tangible.
A similar graphical representation was presented to the survey participants subse-
quently to the questions regarding term definitions in order not to influence or even to
distort the respective statements. The participants were asked to rate the applicability
of five statements concerning the presented figure. The results are depicted in Fig. 3
and discussed subsequently.

well partly not
Statement in survey to rate: applicable|applicable | applicable | no rating

12% 8% 12%

A cause is an input and coincidentally the trigger of 6 80/
a processing activity. 0

An effect relies on mathematical, physical or logical 5 O(y
principles and can be expressed in equations. 0

38% 4% 8%

An impact is the result or the output of a processing
activity. 76% 12% 4% 8%

A processing applies property parameters of the 0 0 o o
performing component (i.e. cylinder surface). 62 A) 28% 0% 10%

The description of a function comprises input ->

processing -> output as well as applied property 62% 22% 4% 12%
parameters of the performing component.

Fig. 3. Comprehensibility of semantic context of function

All aspects were predominantly rated as well applicable. The participants had the
opportunity to make announcements or proposals for improvement of the graphic
contents. Conspicuous is the second aspect, which is well comprehensible on a very
deep level of detail, where mostly a few or even one equation can express this effect.
However, several participants remarked that this would cause high effort on the one
hand and using equations will not be possible or suffice on low levels of detail on the
other hand. Therefore, the level of accuracy should be limited to the necessary mini-
mum for the applied context. Considering this condition, a kind of relation should
always be possible to be specified between input and output. For instance, the highly
complex system “combustion engine” could be sufficiently modeled by a characteris-
tic map only using load and engine speed as input values and engine torque as output
value, depending on the modeling purpose. Furthermore, the first statement (cf. Fig.
3) was criticized, because not every input triggers an activity. This statement has
therefore been rephrased to “processing activities are triggered or excited by one or
more certain inputs”. The schematic graphic only shows one input, which is trans-
ferred into one output. The meaning behind is not that stringent: an activity can have
multiple inputs and multiple outputs. Moreover, the processing of the inputs may be
conducted in a variety of ways, depending on the characteristics of the input values,
which will become comprehensible through further decomposition of the activity.
One participant stated that processing does not only apply parameters of the perform-
ing component, but also from adjacent systems.
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Concluding, the term definitions as well as the remarks contributed to the ad-
vancements of the definition of a common language and associated semantic connec-
tions. The identified inaccuracies have meanwhile been revised in the specification.
The common language forms the basis for the definition of a model implementation in
SysML using extending profiles. Therefore, the application of SysML as a leading
MBSE tool was assessed as well, combined with the identification of relevant model-
ing aspects for engineering tasks as well as improvement potential regarding SysML.
The results are presented in the next chapter.

5 Application State of SysML and Current Advancement Issues

Firstly, the participants were asked to rate their own SysML experience. Only two out
of 50 responses had no SysML experience and have therefore not answered the ques-
tions concerning SysML. 7 participants claim their selves as SysML experts, 5 as
advanced modelers and 19 as modelers with basic experience. The remaining 16 par-
ticipants have no modeling experience, but know SysML diagrams from literature.

Regarding application of the provided diagram types of SysML, the participants
were asked to evaluate their particular benefit in representing the desired information
of a modeled system. The results are illustrated in Fig. 4. The most frequently applied
diagram type is the Internal Block Diagram for modeling internal system structures.
Its benefit was rated as “crucial” by 40% of all participants. The benefit of Activity
Diagrams was also rated as “crucial” by 40% at a little less application ratio. The
most unknown diagram type is the Constraints Diagram, which is intended to
represent constraints between model entities like parameters or requirements, merely
48% know this diagram type and only 4% rate its benefit as “crucial”.

Which SysML diagrams do you apply in modeling with SysML and how would you evaluate
the benefit in representing the desired information of the modeled system?

*no application 100%
erucial benefit
= high benefit 0% Pe 30% 28% i iy 32% 32%
36%
= moderate benefit 80% | — — o oyl — — —
= minor benefit 70%
m No benefit
oo+ . = 30%
% 0% 2% 30%
50% / 14% 4% 40%
0% 10% ]
) v lm 1
30% 26% ‘
4 %o
2o i 14%.
10%
0%
o o~ o o o o - o o
#e\"“"‘ o uﬁa\*"“ w&a\""“ " R » g
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Fig. 4. Benefit of SysML diagrams for representation of particular modeling aspects
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The next question demanded for the added value of SysML for modeling major
tasks of discipline-crossing systems. In contrast to the provided diagram types, func-
tional modeling has the most added value for users, which could indeed be conducted
by IBD’s, but would presume to apply according methods like the FAS-method
(Functional Architectures for Systems, cf. [13], [14]), which applies this diagram type
for enabling an additional view (containing functional blocks) in order to overcome
the gap between solution-neutral modeling of activities and flows and the performing
(physical) structure with interfaces in IBD’s.

The following question asked for the importance of the previously mentioned as-
pects towards their general importance for the participant’s work tasks. The compari-
son points out that the added value of SysML fits the user’s need pretty well, but the
results have shown that modeling of a system is much more demanded than data ex-
change between tools. Finally, the users had the opportunity to remark improvement
potential regarding SysML in order to facilitate broader application of the modeling
language in academic and industrial product engineering. 24 more or less detailed
remarks were stated. Half of the participants remarked that not SysML itself should
be improved, but rather the provided modeling tools, especially regarding usability
(i.e. navigation through models, support of special views like matrices or special dia-
grams, handling etc.). Furthermore, six participants remarked missing modeling me-
thods or guidelines and a high learning effort, five users missed particular aspects (i.e.
decision tables, chances and risks). Insufficient Model2Model-transformation-support
and variant modeling was also mentioned multiple times.

6 Conclusion and Outlook

The paper at hand has clarified that term understanding even among Systems Engi-
neers in academia and industry is still very heterogeneous, but features tendencies
towards corresponding aspects. This enables the opportunity to harmonize the under-
standing of basic terms like function and behavior in order to provide a basis to for-
malize those terms within modeling languages with according entities, attributes and
relations. A graphical representation has been presented to the survey participants,
which encountered predominantly positive responses. Hence, a formal specification of
modeling elements can be derived incorporating minor advancements. Furthermore,
the survey results have shown that SysML seems to be an adequate modeling lan-
guage to cope with important modeling aspects supporting daily engineering work.
Nevertheless, several advancements of SysML and in particular the modeling tools
are still necessary in order to enable a wide application of Model-Based Systems En-
gineering in product development processes. Therefore, the IPEK conducts continuing
high efforts in development of new, extending modeling aspects realizing the needs of
product designers and managers (i.e. [11], [12]). Furthermore, a SysML extension for
function-based modeling with derivation of dynamic structures through further im-
plementation of the paradigms of the Contact & Channel — Approach (C&C2?-A) [10]
is under development in order to obtain better acceptance among model users [15].
The long-term goal is to achieve more human-centered MBSE tools and methods.
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Abstract. Today, coping with the different workflows, methods and tools of
this inter-disciplinary approach to product development throughout a product’s
life-cycle is the key challenge for a company. There is evidently a need for re-
quirements engineering and management, as well as model-based design and
engineering. More specifically, however, what is required is a unique and inte-
grated methodology for requirements engineering and management, functional
and logical design, as well as physical design in different domains for the multi-
disciplinary development process based on a Systems Engineering approach
early in the design process. In this paper, the RFLP approach (Requirements —
Functional — Logical — Physical) will be presented as the baseline for model-
based design with Systems Engineering that enable close interaction and col-
laboration between the different engineering disciplines render resources and
processes more efficient, enhance quality, and ensure that the target system ul-
timately meets the requirements, while reducing design cycle time and engi-
neering lead time.

Keywords: Systems Engineering, RFLP, Requirements Engineering and Man-
agement, Functional & Logical Design, Mechanical Design, V6.

1 Introduction

In recent times, the term Systems Engineering has increasingly cropped up in the
context of developing, testing and validating technical systems [1-3]. The “Gesell-
schaft fiir Systems Engineering” (GfSE) describes it as a comprehensive engineering
activity necessary for the development of complex products [4]. Besides the tradition-
al fields of application (the aerospace industry), the method is becoming increasingly
important in other areas such as the automobile industry and medical technology.
Here, Systems Engineering serves as a construct for solving complex problems at
system level. This procedural model incorporates methods, procedures and resources
for developing and implementing technically complex systems, from requirements
definition, system analysis and system development all the way to integration of the
finished system. Systems Engineering focuses on the process of problem solving,
which comprises the two components of system design and project management; its
fundamental criterion is “systems thinking”. Hierarchization, in other words the
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process of moving from the general to the particular, is just as fundamental a feature
as the application and creation of models as structuring aids [5]. The model-based
abstracting of complex systems often enables the latter to be broken down into their
component parts and the minimized complexity of the real system to be depicted [6].
Emerging from this development, the systems thinking approach has taken center
stage in product development with the intention of producing innovative and globally
competitive products that meet customer requirements in full [7]. Thanks to the multi-
tude of disciplines (mechanics, electrics/electronics, software) involved in today’s
innovative products in particular, a command of Systems Engineering is increasingly
becoming a genuine competitive advantage for companies which develop and manu-
facture products. For example, implementing a competitive system for developing
mechatronic products would be difficult to achieve with any degree of success with-
out first introducing a method of Systems Engineering and model-based develop-
ment techniques. It is for this reason that VDI Guideline 2206 was modeled on the
Systems Engineering methodology with the aim of ensuring methodical support for
the cross-domain development of mechatronic systems while proposing an end-to-end
development environment for mechatronic systems [8].

2 The RFLP Approach

When it comes to designing and developing complex, multi-disciplinary products, it is
essential that the manifold customer requirements, system functions and operating
principles of the various disciplines are described and integrated within a common
product model. In virtual product development, the various disciplines such as me-
chanical engineering, electrical/electronic engineering and information technology
have access to specific methods and CAx systems which, as a rule, are employed only
at certain stages of the product development cycle (e.g. in design, computation and
simulation). For this reason, integrated development environments are needed to
maintain a holistic view and provide end-to-end support for all systems [9].

2.1  The Systems Engineering Procedural Model

In mechatronic product development, Systems Engineering is divided into three
main phases: system analysis, system development and system integration. In system
analysis, the product being developed is described theoretically in the worksteps re-
quirements definition, functional analysis, logical architecture design and component
specification, and specified further via the resulting product models. The system
development phase creates product development data (including e.g. 3D CAD mod-
els, behavior models). In the system integration phase, the developed components are
simulated and tested, integrated in the system, and subjected to continuous verifica-
tion and validation. In Figure 1, the so-called V model is used to illustrate this
procedure.
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Virtual product development based on Systems Engineering and RFLP

% Requ!reme_nts— 6 : ) Validation
Engineering . Simulation
Requirements
y Results
Design
Logical- \ Engineering , :
Decioh B J Integration

Physical- Component
Design Testing

Product Lifecycle Management 2.0

Fig. 1. Virtual product development based on Systems Engineering and RFLP

2.2 General Description of the RFLP Approach

Previous IT systems used in product development offered only limited support of
Systems Engineering methods and data of the kind detailed e.g. in ISO Standard
10303 AP 233 “Systems Engineering”. This was due to the absence of an integrated
information model spanning all product development phases and disciplines, and
because many of the IT tools used were geared to specific application areas and con-
sequently were unable to be integrated adequately [9]. For the first time, the so-called
RFLP approach for developing mechatronic products could succeed in providing the
called-for holistic support for design and development projects based on Systems
Engineering . The acronym RFLP stands for Requirements engineering, Functional
design, Logical design and Physical design (the 3D CAD model), and describes the
process of systematic product development from system analysis to system develop-
ment, comprising the descending branch of the aforementioned V model based on
VDI Guideline 2206 “Development methodology for mechatronic systems”
(VDI2206).

The RFLP approach was first implemented as a basis for Systems Engineering in
the conventional V6 PLM environment of Dassault Systemes. This approach was
tested with the ENOVIA and CATIA systems, taking this solution as an example.
Figure 1 shows the artifacts R-F-L-P, along with the development phases system
analysis, system development and system integration as supported by the CATIA V6
CAXx system and the PLM platform ENOVIA V6 for Systems Engineering.
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2.3  Requirements Engineering and Management

The first phase of the RFLP approach is called requirements engineering and com-
prises requirements engineering and management of all specified requirements. In line
with VDI Guidelines 2206 and 2221, client requirements with regard to the product in
question are recorded and managed [8, 10]. First, a requirements model is created in
the V6 environment in close synchronicity with ENOVIA V6. The requirements can
be imported directly into ENOVIA from Microsoft Word, for example. Once in the
ENOVIA environment, the requirements are managed and made simultaneously
available to the CATIA CAx platform based on the V6 integrated information model.
Any changes to these specifications are automatically synchronized between system
components and are therefore always up-to-date and globally available within the V6
environment. Figure 2 demonstrates the support of and interaction between Word,
ENOVIA V6 and CATIA V6 systems during requirements engineering.

E—
e —
E—

- S ENOoVvIA

25 CcATIiA

Fig. 2. Requirements engineering and management using Word, ENOVIA and CATIA systems

2.4  Functional Design

At the Functional design stage, the VPM Functional Logical Editor workbench is used
to link the requirements structure to the functional structure and the logical system
structure. The main and sub-functions, and the logical components of the system can
be displayed and structured graphically. The functions are derived from requirements
in terms of specification and design, and thus expand the requirements model. The
main and sub-functions form a basic framework with which to create a functional
structure, whereby sub-functions are linked to form main or general functions. A sub-
function (or part function) is a transaction broken down into its individual elements;
in CATIA V6, these are represented in blocks. Links between individual functions
can comprise one of two types: according to engineering design [11], “data flow”
connections are defined as a flow of energy, materials or signals. In addition, “control
flow” connections can be modeled as so-called activation flows.
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2.5 Logical Design

By integrating the Dymola IT solution in CATIA V6, it is possible to create the logi-
cal model and then generate a dynamic behavior description using the open Modelica
modeling language. Model-based design first involves defining a logical system mod-
el as a 2D graph in CATIA V6, connecting the relationships between the various
components used. On this basis, an architecture concept is created for the system that
describes operating principles as solutions for the defined logical components. With
the aid of what is known as Dynamic Behavior Modeling in V6, a specific system
behavior modeled with Modelica is stored for each logical component, thus gradually
forming a complete, simulation-ready system. Figure 3 shows a sample logical model
resulting from behavior modeling in V6.

Fig. 3. Functional design and schematic diagram for electronic scales

2.6  Physical Design

With RFLP-based design and development, full simulation of a virtual prototype is
facilitated with the aid of a 3D CAD design model (Physical view). To this end, a 3D
CAD model is created using the design tools already available in CATIA V5. The 3D
parts and assemblies generated via the CATIA/Modelica integration process are now
incorporated into the Dymola simulation environment, where they supplement the
logical model — now equipped with the behavior description — with the physical cha-
racteristics set out in the 3D CAD model. Thus, alterations made to the CAD model
directly affect the simulation model and are fully linked to the logical system behavior
description in the integrated information model.
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2.7  Sample Application for Evaluating the RFLP Approach in V6

The RFLP approach in V6 was evaluated using the example of a LEGO Mindstorm
NXT 2.0 robot, and this is discussed below. Modeled on a Segway personal transpor-
ter, the robot in question was a two-wheeled, single-axle, electrically driven vehicle,
able to maintain balance during forward motion with the aid of an electronic drive
control. Management of the robot’s forward motion and rotation about its own axis
for the purpose of turning right or left was by remote control. A LEGO Mindstorm
NXT 2.0 kit comprising two servo-motors with integrated rotary sensor, a gyro sensor
for determining position, data communication lines and a set of LEGO modules were
available to build the robot. The behavior of the NXT robot with CATIA V6 system
was modeled, simulated and optimized, starting with an analysis of the requirements
and creation of a requirements list, followed by the design of the functional structure
and system architecture.

A list of requirements for the sample application was compiled in MS Word, so
that it could be imported into ENOVIA V6 using Microsoft Office Requirements
Management Integration. For this purpose, certain passages in the requirements list
were defined as requirements, comments or chapters and marked in color in the doc-
ument. It was possible to configure these definitions individually during the import
process. In this step, the list of requirements was declared e.g. as a set of system re-
quirement specifications, and a distinction drawn between client/user requirements,
and functional/non-functional requirements. On completion of the import process, the
requirements specifications have been integrated into the ENOVIA platform and are
depicted both as a requirements model in the RFLP structure tree (Requirements
view) and in the form of a 2D graph in CATIA V6 systems (see Figure 4).

RFLP
=B Requirement
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=% RobotDesignerRepresentation17709_CK1311 --- IN_WORK
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Fig. 4. Physical design of the LEGO Mindstorm NXT 2.0 robot
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In the VPM Functional Logical Editor of V6 Systems Workbench, the functional
model was then extrapolated from the requirements model and stored in the RFLP
structure tree (Functional view). The functions of the NXT robot are displayed in the
form of a block diagram, differentiated by main and sub-function and linked together
by means of functional flows .

Fig. 5 shows the robot’s general mode of operation. The robot’s general task of
"maintaining balance while moving" is formulated in the main function and divided
into the three sub-functions "Maintain balance", "Manage movement" and "Generate
electrical energy". These sub-functions are detailed further into sub-functions of lesser
complexity, extending all the way to functions such as "Transform electrical energy
into mechanical energy", "Query motion specification" and "Adapt mechanical ener-
gy". Connecting the individual sub-functions together produces a functional design,
i.e. the robot’s general mode of operation.

B reer

=Bl Requirement

Requirements Lego Seqway
5 Design a Lego Segway 1
HB Desion a Lego Seqway A
=) The segway should be composed of Lego Mindstorm s parts *

§ The segway should be composed of Lego Mindstorms par

5 ) The segway must use electrical power 1
JE The segway must use electrical power A
5D The segway has to keep balance 1
JE The segway has to keep balance A
G The segway has to calculate A

B The segway must retrieve information to make its calculation
=D The segway must move 1
JF1 The segway hss to move forward and backward A
HE cr-oooc01 A
LA The segway has to tum A
& Anforderungsspezifkztion LEGO Mindstorms Segway 1
=L} Functional
+00 Logical
# R Physical

Fig. 5. Requirements for LEGO Mindstorm NXT 2.0 robot

The logical design details the functional architecture via the model-based devel-
opment of a simulation-ready behavior model for the robot based on defined operat-
ing principles and selected technology solutions.

The robot’s logical architecture comprises the elements sensor, controller, actuator
and control loop. For the sensor, a gyro sensor was adapted to measure the robot’s
angle (tilt) and position. Mechanical energy is converted into electrical power (actua-
tor) by two electrical servo-motors, which transmit parameters of the gearbox setting
to the controller via an integrated rotary sensor. The controller (a 32-bit microproces-
sor) evaluates and calculates all recorded signals and commands. The control loop is
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interpreted as an inverted pendulum that establishes contact with the ground via two
wheels and a single axle, and is governed by a PID regulator integrated in the
controller.
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Fig. 6. Functional design of the LEGO Mindstorm NXT 2.0 robot

With the aid of the Dynamic Behavior Modeling workbench and Modelica, beha-
vior descriptions are stored for the functions and logical modules and these are then
calculated and simulated on the basis of Dymola in CATIA V6 systems. Figure 7
shows the Lego Mindstorm NXT 2.0 robot’s electrical drive system created using
Modelica.
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Fig. 7. Dynamic behavioral modeling of the LEGO Mindstorm NXT 2.0 robot
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CAD-based modeling of individual components and assemblies in CATIA, and the
associated definition of a system’s form and mechanical properties have been around
for years. But the integrated CATIA 3D Body Modelica Library now allows the CAD
model to exert a direct influence on the simulation behavior, merging the physical
model with the behavior model. This Modelica library allows parameters such as
mass, inertia and density to be transferred to the simulation environment directly from
the geometry or 3D CAD model. After calculation, the system behavior is described
with the aid of the simulation in the form of diagrams, and the movement of the 3D
model visualized in an animated sequence. The simulation run is recorded via live
plots, which are also used for evaluation and optimization purposes.

3 Systems Engineering and the RFLP Approach in Practice

The development of complex technical products calls for comprehensive, multi-
disciplinary engineering and a holistic approach in the early phases of development.
The RFLP approach facilitates multi-disciplinary, model-based development and
supports the early analysis, evaluation and optimization of the technical system. This
approach was tested using the V6 PLM platform and, specifically, CATIA systems.

The special feature of CATIA V6 systems is that the items of RFLP information
are represented on the basis of an integrated data model, so that links between indi-
vidual development phases and models can be established as and when required.
RFLP partial models are linked to each other via so-called implement relations and
allow the user e.g. to jump from an individual function — whether main or sub-
function — to the implemented requirement or the logical design. In addition, the
transparency and traceability of development steps and results are secured by means
of informative representations (e.g. the traceability report). The links between the
individual RFLP representations mean that data can be validated and verified on a
continuous basis.

With V6, the V model can be used to develop technical products in a process that
extends from requirements engineering and management via the functional analysis
and logical architecture all the way to the physical design of the product in question.
The engineer can therefore see at a glance which requirements led to the implementa-
tion of a certain logical behavior and the effect this had on the 3D geometry. The V6
PLM platform thus provides an end-to-end Systems Engineering solution along with
options for generating and managing the objects that are created during product de-
velopment. To this end, all modeling results and product information, as well as simu-
lation data and results, are stored in the central ENOVIA PLM environment, where
they are available on the database server in an object-oriented, structured format.
Which means that a common product model spanning all disciplines and featuring
neither interfaces nor breaks in the media chain can be used for Systems Engineering.

The model-based development of technical systems requires engineers to have
knowledge of model-based development techniques and of appropriate modeling
languages. Model-based development in an interdisciplinary team of several engi-
neers calls for appropriate modeling methods and techniques (e.g. modeling rules and
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conventions) in order to craft models that are at once transparent, robust and main-
tainable [1]. V6 currently offers a proprietary modeling language for use in the func-
tional and logical design stages of a project. In practice, however, SysML appears to
be prevailing as the standard language. Support for and integration of SysML and
other standards for system development, e.g. AUTOSAR, in the automobile industry
are necessary for enterprise-wide, model-based development.

Today we are seeing other technologies and trends already playing a certain role or
coming to the fore in practical terms — and thereby complementing Systems Engineer-
ing in general and model-based development based on RFLP in particular (e.g. mod-
el-based testing, automatic code generation, co-simulation).

Systems Engineering is a general, procedure-based model that is not geared to
specific development challenges and which provides multi-disciplinary development
teams with a common means of communication [12]. In addition, the RFLP approach
is a successful means of supporting model-based development. The methods and pro-
cedures presented here have been tried and tested successfully in practice in a sample
V6 application. While the selection and implementation of appropriate integrated IT
development tools is necessary when introducing Systems Engineering and the
RFLP method, this is not sufficient by itself. The necessary development and support
processes must be established, and the project team members involved in Systems
Engineering must be well qualified and motivated in order to implement this com-
prehensive methodology successfully in practice.

References

1. Alt, M.: Modellbasierte Systementwicklung mit SysML. Carl Hanser Verlag, Miinchen
(2012)

2. Sendler, U.: http://www.plmportal.org (accessed March 22, 2012)

3. Stark, R., Beier, G., Rothenburg, U., Woll, R.: Modellbasiertes Systems Engineering —
Durchgingige Entwicklung mit erlebbaren Prototypen. Digital Engineering Magazin
(March 2012)

4. Gesellschaft fiir Systems Engineering e.V.: GfSE e.V. und Systems Engineering,
http://www.gfse.de (accessed on April 17, 2012)

5. Daenzer, W. F., Huber, F.: Systems Engineering Methoden und Praxis. Verlag fiir Indu-
strielle Organisation, Ziirich (1997)

6. Cellier, F.E.: Continous System Modeling. Springer, New York (1991)

7. Janschek, K.: Systementwurf mechatronischer Systeme. Springer, Heidelberg (2010)

8. Verein Deutscher Ingenieure: VDI-Richtlinie 2206, Entwicklungsmethodik fiir mechatro-
nische Systeme. VDI-Gesellschaft, Diisseldorf (2003)

9. Kleiner, S.: Foderatives Informationsmodell zur Systemintegration fiir die Entwicklung
mechatronischer Produkte. Shaker Verlag, Aachen (2003)

10. Verein Deutscher Ingenieure: VDI-Richtlinie 2221, Methodik zum Entwickeln und Kon-
struieren technischer Systeme und Produkte. VDI-Gesellschaft, Diisseldorf (1993)

11. Pahl, G., Beitz, W., Feldhusen, J., Grote, K.-H.: Konstruktionslehre, Grundlagen. Springer,
Heidelberg (2012)

12. Ziist, R.: Einstieg ins Systems Engineering. Orell Fiissli Verlag, Ziirich (2004)



Consolidating Product and Process Information
of Connections — A System-Theoretical Approach

Fabian Rusitschkal’z, Efstratia Zafeiriouz, Hansgeorg Binz3, and Daniel Roth®

! Graduate School of Excellence Advanced Manufacturing Engineering (GSaME),
University of Stuttgart, Nobelstr. 12, 70569 Stuttgart, Germany
2 AUDI AG, 85045 Ingolstadt, Germany
? Institute for Engineering Design and Industrial Design (IKTD), University of Stuttgart,
Pfaffenwaldring 9, 70569 Stuttgart, Germany
fabian.rusitschka@{gsame.uni-stuttgart.de,audi.de}

Abstract. The selection of the optimal connection is one of the most crucial
parts in product development as it determines both, product properties and pro-
duction processes. In multi-variant series production, functionality presumed,
process cost is more and more in the focus of the selection. Designers face a big
challenge in evaluating the feasible connections and surveying them holistical-
ly. Main challenge is the consideration of both, product and process related
characteristics as they are documented according to different methodologies and
in different sources. Therefore, a system-theoretical approach for consolidating
product and process information is developed enabling designers effective de-
signing and surveying the possible connections for given parts to be assembled.
A case study evaluates impact on design time and connection quality.

Keywords: product and process documentation, mechanical connection, DFA,
process selection, systems-theory.

1 Connections in Multi-variant Series Production

Mechanical connections strongly influence product properties and production
processes. Studies for the metal working industry indicate that connections determine
up to 50% of the labor time [1] and 70 — 80% of the manufacturing costs [2].

Selecting the connection during concept design determines product characteristics
that occur either in production, during times of product utilization or at the end of the
lifecycle. Influencing those characteristics at a later point in development is either not
possible at all or only with high effort. For this reason, selection of the most appropri-
ate connection is one of the most crucial tasks in product development.

From an OEM perspective two major trends will increase the significance of these
figures: individualization and sustainability. Due to individualization the number of
feature options and consequently the number of different parts to be assembled will
rise further [3]. Each new assembly requires an individual connection that needs to be
designed separately. The second relevant trend - sustainability - currently is fulfilled
in product development either through new sustainable materials (e.g. natural fiber) or
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via lightweight materials (e.g. magnesium, titanium, carbon fiber). Both approaches
depend on new connection techniques as the conventional techniques cannot, or re-
spectively not optimal be applied to the new materials and material mixes.

Described tendencies increase the complexity of the task of selecting the optimal
connection further, as variety (number of different connection techniques to be consi-
dered) and changes (number of different connections to be designed) increase.

In reference to the product, designers need to keep various requirements in mind
while selecting the connection. These are functional requirements like forces, tight-
ness or positioning accuracy but also process-related aspects like assembly cost. The
result is a multi-criteria problem that needs to be applied to an extensive solution
space, defined by the number of connections, type of connections and specification of
those.

According to an application-oriented approach the context of discovery is de-
scribed (Section 2), existing approaches are surveyed and requirements are derived
(Section 3) before a new approach is developed (Section 4) that is finally evaluated in
a case study of bolted connections in the automotive industry (Section Fehler!
Verweisquelle konnte nicht gefunden werden.).

2 Challenges in the Selection of Connections

The solution space is defined by three dimensions: the number of connection points,
the type of connection used and the dimension of the connections. In order to quantify
the number of solutions, which are part of the solution space and thereby evaluate the
challenge of selecting the optimal connection, a standard assembly (see Fig. 1) is
surveyed: the assembly of a control unit (Fig. 1a) to a metal hold (Fig. 1b).

!

—

(a) control unit (b) metal hold

Fig. 1. Assembly control unit

To estimate the number of different connections, part of the solution space of the
surveyed assembly, each of the solution space’s dimensions is analyzed individually.
An internal study of 3214 bolted connections in a modern medium-class car is the
database for the results described in the following.
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The number of connection points theoretical possible is defined by the size of the
part to be assembled and the minimal distance between the connection points. Even
when smaller than the theoretical possible number of connection points, for further
calculation 15 connection points per part assembled are taken as a reference corres-
ponding to the study (see Fig. 2).

# assemblies

| | I I . . mm WW ___ __ #connection
1 2 3 4 5 6 8

7 10 14 points /assembly

Fig. 2. Number of connection points (authors own study)

For the second dimension of the solutions space, the different connection types are
surveyed. The study describes ten different kinds of bolted connections (see Fig. 3).

# assemblies

connection
technique
a b ¢ d e f g h i ] k 1

a: bolt and weld nut b: nut and weld stud (metric thread)

c: bolt and through hole (metric thread) d: bolt and snap nut

e: bolt and blind hole (coarse thread) f: bolt and blind hole (metric thread)

g: bolt and straddling dowel h: bolt and through hole (coarse thread)

i: bolt and nut and through hole j: nut and integrated bolt (coarse thread)

k: bolt and blind rivet nut I: bolt and punched nut (metric thread)

Fig. 3. Bolted connections (authors own study)
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The variation in dimension of the connection types as third dimension of the solu-
tion spaces is even more versatile than connection points and connection types. The
combination of five different diameters, three different thread types and thirty differ-
ent lengths lead to more than 100 different dimensions - differences in the characteris-
tic of bolt and nut as head geometry not considered.

Combination of the described dimensions demonstrates for the comparatively sim-
ple assembly of a control unit more than ten thousand possible solutions. Necessary
condition for the identification of the optimal connection, due to a given set of re-
quirements, is the derivation of all connections part of the solution space and the abili-
ty to assess those methodologically corresponding to the set of requirements.

Due to the proven large number of theoretical possible connections, designers de-
pend on methodic support and computational help for this task. As the different con-
nections need to be evaluated holistically [4] according to described functional and
nonfunctional criteria like process cost, the derivation of the different connections
needs to include not only product, but also process information.

That calls for a general description of the connection between parts of an assembly,
the ability to variegate the configuration of the connection and the consideration of
both, product and process information. Following existing approaches of product and
process information structure are surveyed towards their ability to solve described
challenges.

3 Approaches towards Product and Process Documentation

Existing approaches towards the integration of product and process information (Sec-
tion 3.1) are analyzed for their applicability to the described challenge of connection
selection (Section 3.1).

3.1 Integrated Product and Process Documentation of Connections

Beside the broad work on product and on process documentation few approaches
towards the integration of the two fields can be found in literature. The most relevant
approaches will be detailed in the following.

Grabowski95. With the integrated product and production data model Grabowski [6]
offers a approach towards the improvement of data management in product develop-
ment. For this purpose a object oriented data model was developed, that describes
information about the entire lifecycle of a product or production tool. With the de-
scription of manufacturing processes, individuals and workplaces linked to the prod-
uct, the integration of process information into the product model is achieved.

Munoz06. Munoz [7] describes an approach for the identification of inconsistencies
in connections and supports thereby design for assembly with a model for the evalua-
tion and analyze of connections. The model consists of a functional and a structural
part. The structural part allows the description of geometrical and physical
characteristics of the assembly, the functional part describes a method for the analysis
of the connections.
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Therefore, elementary attributes (PLUG attributes) are defined for the description
of the parts. Besides geometrical information like the position and characteristics of
the contact surface of the parts to be assembled, also information about the connection
element is documented in the structural model. With the help of multi agent systems
PLUG attributes of the parts to be assembled are compared and analyzed in order to
identify inconsistencies. From this, an expert can determine the according production
processes.

Groll08. Groll [8] offers with interconnection based product and process documenta-
tion a method for the customers related series manufacturers aiming for the optimiza-
tion of data structure and management through an alternative to the existing methods
of hierarchically oriented product structures. Products are therefore configured as a
web of parts and interconnections. An interconnection describes the connection be-
tween two specific parts and holds process specific information like capabilities, time,
instructions, procedures, utilities and tooling.

3.2 Conclusion

Described state of the art presents a broad base in the fields of product and process
information, as well as several approaches towards the integration of those. Especially
the work of Groll [8] offers an important approach towards the described research
question. Even though, as the motivation of the approaches is either the documenta-
tion of product and process [6, 8], or the analyze and checking of the connection
[7], none of the described approaches offers the required level of detail in order to
enable the assisted design of connections regarding economic criteria.

3.3  Requirements to the Consolidation of Product and Process
Documentation

To attain the assisted design of connections, following requirements towards the do-
cumentation of product and process of connection need to be fulfilled:

1. Solution independent description of the assembly (parts to be assembled and con-
nection)

2. Different degrees of detail and different views (manufacturing, assembly)

3. Holistic description of all processes

4. Evaluation of resulting changes due to modification of the parts to be assembled

The requirements result from a survey among a group of 15 persons, involved in the
process of designing, planning and assembling connections in the automotive
industry.

4 Product and Process Information of Connections —
A System-Theoretical Approach

In order to fulfill above defined requirements (Section Fehler! Verweisquelle konnte
nicht gefunden werden.) towards the consolidation of product and process informa-
tion of connections, a system-theoretical approach was developed that describes a
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connection not longer as the relation between the assembled parts (see Fig. 4), but as
an independent element in the system of the assembly.

ptl: part 1
pt2: part 2

¢: connection
Fig. 4. Connection as element of the system assembly

Thereby, the connection element defines an independent subsystem consisting out
of the individual joints. Each of the joints itself defines an individual subsystem, con-
sisting of joining elements and joining process (see Fig. 5). These three layers allow
for the documentation of all information about the connection, including assembly
and manufacturing processes. As of this closed description, the connection can be
evaluated and compared holistically to others.

Following the different layers (4.1) and elements of the models (4.2) are described
in detail.

4.1 Layers of the Connection Model

Corresponding to the systems-theory the system consists of elements and relations
between them. These have functional and structural relations. As the elements can
define (sub-) systems themselves, they can inhere also hierarchical relations:

1* layer

2" Jayer

3" layer

Fig. 5. System-theoretical three layer description of a connection

1st layer. General description of the assembly, consisting of two or more parts and
the connection. The first level defines the parts to be assembled (ptl, pt2), the connec-
tion system (c) as well as the requirements towards the assembly.



Consolidating Product and Process Information of Connections 109

2nd layer. Subsystem of the connection of the 1st level constitutes from the individu-
al connection points c1,...,i and their configuration.

3rd layer. Subsystems of the connection points cl,...,i constitutes from the connec-
tion elements and production processes.

4.2  Elements of the Connection Model

While 1% and 2™ layer represent the structural and hierarchical relations, product and
process information is represented in the 3" layer. Therefore, a detailed description of
the 3" layer’s subsystems:

Each of the systems contains connection elements and related processes. Assump-
tion is the assembly of a product by starting with one part and then successively add-
ing parts until the completion of the product. Thereby, the part closer to the core of
the product (mount) carries index 1, while the part fixed carries index 2 (when con-
necting the door hinge to the a-pillar of car, the a-pillar is closer to the core, takes the
function of a mount and carries index 1, the hinge accordingly index 2. But when
connecting the door to the hinge, the hinge is closer to the core and carries index 1,
the door accordingly index 2). In order to define the single elements, above described
assembly of a control unit, using a bolted connection is surveyed. Each of the bolted
connections is a single 3™ layer subsystem, consisting of four individual elements (see
Fig. 6).

e Connection Element (ce) defines the part of the mechanical connection added to
the assembly in the production process

e Function Element (fe) defines the part of the mechanical connection that is part of
the assembly (mount)

o Assisting Element (ael) defines the modification of part 1 necessary to enable the
application of the connection technique

o Assisting Element (ae2) defines the modification of part 2 necessary to enable the
application of the connection technique

| bolt:
. connection element (ce)

Through hole:
assisting element (ae2)

Through hole:
assisting element (ael)

weldnut:
function element (fe)

Fig. 6. System-theoretical description of a bolted connection with connection elements
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The described elements represent the physical parts of the connection as shown in
Fig. 6 and define the connection sufficient. This representation is completed by the
assignment of the related processes. Therefore, five different processes are defined
and linked to the corresponding elements of the 3rd layer (see Fig. 7). Furthermore,
the related processes are described:

e Production Process Connection (ppc) defines the interaction of connection element
and function element — screwing bolt in weldnut

e Production Process Connection Element (ppce) defines the interaction between the
connection element and partl — inserting bolt in through hole

e Production Process Function Element (ppfe) defines the interaction between the
function element and part 2 — welding the weldnut to part 2

e Production Process Assisting Elementl (ppael) defines the preparation of part 1 —
adding the through hole into part 1

e Production Process Assisting Element2 (ppae2) defines the preparation of part 2 —
adding the through hole into part 2

Fig. 7. Sufficient description of a connection with all corresponding processes

Each of the processes can be further detailed into assembly processes, tools, logistic
processes and informational processes. The production processes can be derived au-
tomatically or manually by the designer, due to the related elements.

For evaluation the initially described assembly of the control unit is redesigned us-
ing the system-theoretical approach towards consolidation of product and process
information.

5 Evaluation

In order to evaluate the developed system-theoretical approach towards the integra-
tion of product and process information, the surveyed connection of the control unit
(Section 2) was redesigned. Therefore in the first step the characteristics (weight, size,
material, etc.) of the parts to be assembled (partl, part2) and requirements towards the
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connection (c) (forces, tightness, position accuracy, etc.) were defined (1Ist layer).
Based on this information, different connection scenarios were created by the varia-
tion of the number of connection points and their orientation (2nd layer). For the sce-
narios, the load on every connection point was calculated and the connection points
were dimensioned according to the requirements (3rd layer). By the allocation of the
production processes to the elements, the connection models were completed, allow-
ing for the derivation of the assembly expenditures using a methodology described in
[5]. Corresponding to this derivation the functional and economic optimal connection
was selected.

With the support of the system-theoretical approach towards the integration of prod-
uct and process information a new connection was designed, that offers the same func-
tionality as the known design but is characterized by less and smaller connection points.
Thus the assembly causes 40 percent less expenditures than the actual connection.

6 Summary and Further Work

Current methods of product description like variant parts list, open/closed variant
parts list, rule based parts list etc., only focus on the parts to be assembled, while me-
thods of process description like assembling planning, variant work plans etc., only
focus on the process of joining the parts. None of the existing methods is capable to
join and structure product and process information sufficiently.

The approach allows the representation of the assembly and production processes
as well as the relations and dependencies between those in a structured model and
expands thereby the state of the art.

Designers and planners benefit from the approach by the ability to survey all suita-
ble connections of a given solution space corresponding to a given set of requirements
quick and comprehensible. Via the application on different automotive assemblies the
approach is evaluated, demonstrating the definition of the entire solution space, as-
sessment of all resulting connections and selection of the optima, demonstrating sig-
nificant improvement during the design process and in the quality of the solution.
Described system-theoretical approach towards the consolidation of product and
process information of connections is a contribution to the field of information and
knowledge management in product development. The approach is limited to produc-
tion processes that are characterized by fixed and standardized manual work cycles as
they can be found in multi variant series production.

Further studies could focus on either the survey of different joining processes or on
the implementation of the approach in a software tool.
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Abstract. The aim of this paper is to introduce the Systems State Flow Diagram
as a structured approach to high level solution-independent function based de-
composition of a complex multi-disciplinary system. The approach is discussed
in the context of existing function modelling frameworks and in relation to cur-
rent practice in industry. A generic case study is used to introduce the approach
and to highlight the salient features, followed by an illustration on its applica-
tion to the analysis of an electric vehicle powertrain. Experience with the prac-
tical application of the approach with engineering teams is discussed.

Keywords: Systems engineering, function decomposition, system state, func-
tion flows, product development.

1 Introduction

The complexity of automotive systems has increased dramatically over the past
couple of decades driven by the accelerated pace of innovation and introduction of
new technologies to enhance customer satisfaction and to mitigate environmental and
safety concerns in a highly competitive marketplace. This escalation in complexity
has brought significant technical challenges, compounded by the increase in sophisti-
cation of the control systems employed to manage the integration of the new technol-
ogies within the system. Managing multi-disciplinary system integration is recognized
as being a very difficult task [1-3], which is not well supported by the existing
frameworks and tools for function decomposition of complex systems [1]. The partic-
ular difficulty with the analysis of multi-disciplinary (i.e. electro-mechanical, elec-
tronic, control, software) complex systems is that system to system interactions are
very difficult to assess or predict early in the systems engineering design process.
Observation of current systems engineering design practice in industry has hig-
hlighted the prevalence of a structural based decomposition of systems, generally
underpinned by clustering analysis on a design structure matrix (DSM) [4-5]. Alloca-
tion of design responsibilities to engineering design teams mirrors the system decom-
position, which means that design teams have responsibility for design units or
chunks, and not for functions, which often means that “system integration” functions
are left to chance. For illustration, taking the example of an exhaust system (based on
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the authors’ observations across a number of OEMs), the design responsibility is typi-
cally split between 4 teams on the basis of the disciplinary grouping of the sub-
systems involved: exhaust pipework, after treatment components, sensors, and control
software. There is no overall responsibility for the integration of the system on the
basis of its main function (to transport and condition exhaust gas), which is ultimately
the root cause for common field issues, e.g. associated with the regeneration of the
exhaust particulate traps (a well-known cross-industry issue). This illustrates that the
conventional approach of structure - function decomposition works well for the inte-
gration of reasonably small electro-mechanical systems, but it does not provide a
good approach for complex mechatronic systems, which is a conclusion similar to
literature findings [1-2].

The aim of this paper is to introduce the Systems State Flow Diagram (SSFD) as a
simple but effective tool to support the high level analysis and function based decom-
position of a complex system. The method will be explained with a generic case
study, followed by an illustration of an industry-based example of an electric vehicle
powertrain, and a discussion of the experience with the application of the method on a
broader basis for complex automotive systems. The organization of the paper is as
follows: section 2 gives an overview of common methods for functional decomposi-
tion of complex systems; section 3 outlines the proposed method, followed by discus-
sion and conclusions in section 4.

2 Overview of Function Modeling Approaches

The function of an engineered system is commonly defined in relation to the trans-
formation of the inputs to the outputs; the inputs and outputs are usually considered in
terms of types of energy (E), material (M) and information (I) [6-7]. Design decom-
position is based on mapping the flows of energy, material and information through
the system [7]; sub-functions are defined as successive operations on flows, with out-
put from one sub-function providing the input to the next. Several graphical dia-
grammatic representations have been developed to visualize the system’s functional
structure and to facilitate the analysis by teams of engineers, e.g. Function Trees,
System Block Diagrams, System Boundary Diagrams, Function Flow Block Diagram,
FAST Diagrams, Integrated Definition for Function Modeling (IDEFO0) [8-9].

The description of the function commonly follows a verb — noun structure [9]. The
“functional basis” approach by Stone and Wood [10] provides a consistent framework
including a taxonomy for functions and a coherent representation of the overall func-
tion in terms of interconnected sub-functions, defined as operations on flows (of E,
M, I). Design development is carried out through successive decompositions of func-
tions and sub-functions into lower level sub-functions. This is usually done iteratively
within the design synthesis, i.e. an iterative decomposition in the functional and the
design solution domains, referred to as zigzagging in the context of axiomatic design
[11]. At any level, system integration is supported through interface analysis, facili-
tated by a design structure matrix (DSM) type approach [4-5], which aims to identify
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the relationships or linkages [12] between components. Clustering analysis on the
DSM is used to group components into structure-function units [4].

Several other methods for defining functions have been proposed (see for example
[13] for a review), aiming to support different phases of the design process, in particu-
lar by enhancing the understanding of the relationship between function (defined in
relation to the utility to the user or customer) and the intended behavior and structure
of the system. The Function — Behavior — State (FBS) [14] framework suggests that
functions are defined in relation to states of the structures (design objects), which are
represented by entities, their attributes, and relations between entities. Within FBS the
functions are defined by the combination of verb-object which relate to the designer
intentions, and behaviors expressed through adjectives, which can instantiate the
function, thus embedding the time dimension into the function definition. While pro-
viding a strong framework for functional modeling which lends itself to useful soft-
ware implementation and automation, the FBS framework has been found rather dif-
ficult to implement in engineering practice [15].

The Object-Attribute-Function framework [16] proposes a similar approach, with
the input and output defined as generic objects thought of as tangible entities that
have attributes (such as mass), or information (expressed as signals that can be de-
tected). Within the OAF framework, the input and output objects are described by
their measurable attributes, with a clear taxonomy developed to describe both.

A generic issue with all frameworks is that they do not support the high level func-
tional analysis / decomposition of a complex system in a solution independent man-
ner. At any level, decomposition tends to be based on brainstorming, i.e. by asking the
question “how is this function achieved”. The Contact and Channel (CC) framework
[17-18] addresses this issue by providing a coherent structure for functional decompo-
sition based on identification of working surface pairs (WSPs) at the system input and
output, as well as the channel that connects the WSPs within the engineered system.
A working surface is described in terms of a state characterized by measurable
attributes, and the system function defined as “transfer of one state into another” [19].
The functional decomposition is carried out by defining surface pairs with the chan-
nel, which correspond to design subsystems. While this framework is structured and
powerful, it uses a taxonomy which is not always conducive to the analysis of multi-
disciplinary systems (e.g. control or software systems engineers are unlikely to adopt
the language of working surface pairs).

3 System State Flow Diagram

A review of current frameworks for function modeling pointed out the need for a
more structured tool to support high level solution-independent function analysis and
decomposition for complex multi-disciplinary systems. Analysis of current methods
and practices in industry, discussed in [20], has also highlighted the need for a struc-
tured tool to address the heavy reliance on less structured approaches (largely based
on brainstorming) in carrying out practical function decomposition analysis. The re-
quirements for such a tool can be summarized as follows:
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e To be integrated with other tools commonly used in industry — such as Boundary
Diagrams and Interface Matrices [8], to encourage broad take-up of the tool;

e To have a graphical (diagram based) representation to facilitate the development of
shared mental models [21] within the engineering team carrying out the analysis;

e To be portable across disciplines (electro-mechanical, control and software) and
domains (design / process);

e To promote axiomatic design principles of domain separation and primacy of func-
tion and solution-neutral thinking in systems engineering design analysis.

The System State Flow Diagram (SSFD) was first outlined in [22], and further
discussed in [20] with a comprehensive example of application to the analysis of an
electric vehicle powertrain. The SSFD has been further applied to the analysis of
automotive systems, giving a rich experience and feedback from many teams of
engineers.

This paper will explain the principle of the approach on the basis of a generic ex-
ample — design analysis of a generic Bread Toasting System (BTS), followed by an
illustration of the application in an industry based context.

3.1  Principles of a State Flow Diagram

Block Diagrams are commonly used to represent an engineered system. At high level,
a system (conceptually thought of in terms of its function and physical structure /
design solution) is represented as a black box, showing the inputs and the outputs to
the system, as shown in Figure 1. Coherent with FBS [14] and OAF [16] function
modeling frameworks, the input and the output can be thought of as generic objects
described by a set of measurable attributes. For the BTS example, the sliced bread
(input) and toast (output) can be thought of as objects characterized by physical and
chemical attributes (e.g. density, humidity, porosity) and geometry (e.g. thickness).

As discussed, a generic system function definition is “the transferring of one state
into another” [19]. The SSFD embeds this definition of the system function in a
graphical representation, shown in Figure 2. The SSFD follows the general principles
of state diagrams (such as state transition diagram or reliability state diagram [23]), in
that by convention the boxes denote the states of the objects and the arrows denote the
functions required to achieve the transfer from one state to another. The important
feature of this representation is that it divorces the consideration of function from the
consideration of the design solution. In the SSFD framework the functions can be
thought and articulated purely in terms of transformation between states of objects, as

Bread Toasting System Function
Bread (BTS) Toast Bread
—_— —>

A 4

Toast

Transform Bread
into Toast

Function: Toast Bread

Fig. 1. BTS System Block Diagram Fig. 2. BTS High level SSFD
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described by their observable and measurable attributes. So the function of the BTS to
“toast bread” can be more clearly expressed as “transform bread into toast”, which
can be defined and assessed in terms of the change in the physical (e.g. humidity,
density, thickness, weight), chemical (e.g. oxidation) and geometrical attributes.

3.2  Function Decomposition Based on State Flow Diagram

The function decomposition using the SSFD is based on identifying intermediate
states between the input state and the output state. The definition of the intermediate
states should follow the same logic and structure as the one used for the input and
output; i.e. consistent with the OAF framework, we need to think of observable states
characterized by the measurable attributes of the objects they relate to. The SSFD
maps the flow of the states through the system and the functions required to achieve
the transitions between the states. Figure 3 illustrates the development of the SSFD
for the BTS system, showing only the main flow through the system, which in this
case is that of bread. The functions defined can be mapped in terms of the object
attribute changes required to transition between states. For example:

e “FI — load bread” and “F3 — remove toast” are associated with changes in the at-
tributes relating to spatial location and orientation;

e “F2 — Toast Bread” relates to the change in physical and chemical attributes of the
bread when it is converted into toast.

Fli: Load F2: Toast F3: Remove
Bread Bread Bread Toast toast
Bread retained in retained in Toast
BTS BTS

Fig. 3. SSFD for the Main Flow in BTS

The box around the system defines the “system boundary”, i.e. the limits of the scope
for responsibility for the design team. Once the main flow is depicted, the engineering
design analysis and synthesis can be carried out to identify the best way in which the
functions can be delivered through the engineered system. Based on the understand-
ing of the science of toasting, the “working principle” of a BTS can summarized as
“reduce bread moisture content and oxidize the surface of the bread”. The BTS engi-
neering design task associated with function F2 is to find a way of delivering the
function; in this case this relates to the delivery of heat energy from a given source to
the “Bread retained in BTS”. Figure 4 shows an updated SSFD which maps the en-
ergy states flow through the BTS system. This shows an “Energy Source” as another
input to the system, an intermediate state of “Heat”, and a function F4 to “Convert
Energy into Heat”. Given that the SSFD delivered a solution independent analysis, the
BTS engineer has the freedom to consider a variety of sources of energy (electrical,
gas, chemical, sunlight), and a range of design concepts as ways of converting
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this energy into heat to achieve the F2- “toast bread” function. Therefore, the attrib-
utes of the 2 new states shown in Figure 4 (i.e. “Energy Source” and “Heat”) cannot
be fully defined until technology and system design decisions have been made.
Function F2 — “Toast Bread” is achieved directly by “Applying Heat to the Bread
retained in the BTS”, i.e. heat will change the physical and chemical attributes of
bread, transforming it into toast. In general, coherent with the OAF framework, an
engineered function is completely defined in terms of the friad of (1) input object
state, (2) output object state and (3) transforming energy or process. The functional
decomposition is complete when functions are fully defined, i.e. specified in terms of
the triad defined above, typically requiring several function decomposition iterations.

F2: Toast Bread

FI: Load — AppivH F3: Remove
Apply Heat to
Bread Bread Bread Toast toast
Bread retained in retained in Toast
BTS BTS

F4: Convert Energy into
Energy heat
Source

Heat

Fig. 4. SSFD for the Bread Toasting System (BTS)

The key feature of the functional representation in Figure 4 is that it is fully in the
functional domain and solution-independent. As such, the SSFD in Figure 4 could
provide an adequate representation for a range of BTS designs, e.g. a common house-
hold electric bread toaster (which holds the bread in a case), a hotel type bread toaster
which uses a conveyor belt, or an ecological bread toaster where focused sunlight heat
is used to toast the bread. The SSFD diagram in Figure 4 could equally represent a
process of toasting bread under a gas grill or over a barbeque, if all the transportation
functions on the main flow are performed by the user.

From this SSFD representation we can directly extract a high level BTS Function
Tree, Figure 5. This has been derived from a structured decomposition of the system
in a solution neutral way, and not based on directed brainstorming (How-Why) which
is the typical approach in practice [9].

Transform

Bread into

Toast
Convert Remove
Heat BTS

Fig. 5. High Level Function Tree for the BTS



A Structured Approach for Function Based Decomposition 119

3.3  Design Analysis of System Control Features Using SSFD

Most modern systems are required to have a control system in place to support the
robust achievement of the consumer requirements. Consumer requirements are gener-
ally directed at the attributes of the output object state. For example, the “browning”
level of the toast is a critical attribute that can be related to the customer requirement
of “consistent good toast”. The browning level as an attribute of the output state, de-
pends on the attributes of the input state and the functions (transformations) in the
system. Figure 6 illustrates an attribute transformation matrix for the BTS system that
supports the identification of the functions which can influence the browning level of
bread. As discussed, functions F1 and F3 are associated with a change in the location
and orientation attributes, and do not affect the browning level. However, the input
state (in terms of the physical and chemical properties of the bread — such as moisture
content, density, structure, chemical composition), and function F2 (in terms of the
heat rate and overall heat exchanged) have a clear influence onto the browning level.
The designer has little control over the attributes of the input state (arbitrary choice by
the user), hence the control strategy must be directed at function F2, i.e. control the
heat rate and the overall heat applied to the bread. The way in which a control feature
is designed and implemented depends on the design solution adopted and the required
level of control. For example, on a common domestic toaster the heat control can be
based on time or heat rate setting, whereas for a hotel type bread toasting system the
control is based on the belt speed and / or heat rate settings. The BTS control system

Critical output Input | F1: Load Bread | F2: Apply Heatto | F3: Remove
state attribute State in BTS Bread in BTS Toast
Browning level X X

Fig. 6. Attribute Transformation Matrix

F2: Toast Bread = F3: Remove
F1: Load Bread Apply Heat 1 toast
Bread P ‘,;‘e:; “ Toast oas
Bread retained in retained in Toast
BTS BTS
F4: ‘,C‘afj;r;i: P'5.'A(‘om'er'r EE i F7.1: Sense Toast
Mains / EE| | S“PPY O EE into Heat . i Browning Level
Source (controlled) Radiated Heat :
Switched | . Heat = T}r—n\fni_ng o1
connector ! Converter : Information :
' ===T===
:““““‘_"""""". : E7.2: Convert
User input: F6.2: Control F7.3: Control ! V' sensed browning
. [P " |
Desired Switch ["Control Signal | SWitch Vcgngrol Signal |, ! i level into Control
Browning || F6.1: Convert (timing) L _(browning) 1 Signal
level UI to Control
Signal

Fig. 7. SSFD for a BTS with Control System
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can be manual (i.e. adjusted by the user), or automated if based on in process mea-
surements (e.g. sensing the “browning” level). For illustration, Figure 7 shows a
SSFD “customized” for a common household electric bread toaster, showing two
options of control system.

The function “Convert energy into heat” has been further decomposed into “F4:
Control supply of EE ” and “F5: Convert EE into Heat”, reflecting the design choices
made — i.e. to use mains electrical energy (EE) as energy source, which is converted
into radiated heat (applied to the bread, function F2) through a heat converter. The
design elements that achieve functions F4 and F5 (i.e. the switched connector and the
heat converter) have also been indicated on the SSFD. Figure 7 illustrates 2 control
strategies:

(1) Manual control based on timing, where the user selected setting for the
browning level is converted to a timing control signal (F6.1), which controls
the switch connector (F6.2);

(2) Automatic control, based on sensing the toast browning level (F7.1), the
conversion of the sensed browning level into a control signal (F7.2), which
controls the switch connector (F7.3).

It is important to note that the control functions are still solution independent; e.g.
sensing the toast browning level can be achieved in a number of different ways which
can be considered by the design engineers. Fundamentally, the only design decisions
that have been made relate to the use of mains electric energy to power the BTS. The
function tree can be updated to include the control functions derived from the SSFD,
as sub-functions to “convert energy into heat” function on the high level BTS function
tree shown in Figure 5.

3.4  SSFD Illustration for an Electric Vehicle Powertrain System

Figure 8 illustrates the application of the SSFD to the analysis of an electric vehicle
powertrain (EVP) for a small truck application [20]. In an EVP system there are 3
main flows, i.e. (i) to charge and store energy; (ii) to deliver controlled torque to the
rear axle; (iii) to provide power for vehicle consumer units. The SSFD analysis shown
in Figure 8 integrates these 3 flows into a compact functional representation of the

Convert
EE/AC to Store DC to the Convert HV/DC into
Mains , battery pack Stored LV/DC DC at
Energy EEDC *'1 EE/DC '| i EE/DC Fuse
EE/AC Charger Battery (HV) DC-DC Converter Box
Pack
Convert driver
demand to control Convert EE
Driver signal Control DC Controller Controlled 1o torque Controlled
Demand z Signal EE/DC @ - Torque at
Driver Interface Supply controlled Electric Motor Rear Axle
EE/DC to electric Motor
motor

Fig. 8. SSFD for an Electric Vehicle Powertrain
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EVP system. This analysis was conducted by a multi-disciplinary team of engineers,
and used to define the functional breakdown of the system and the allocation of asso-
ciated design responsibilities on a functional basis. The subsequent analysis of the
functional integration of the EVP system, at the system level, was developed through
an enhanced interface analysis, described in [20].

4 Discussion and Conclusions

The main aim of this paper was to introduce the Systems State Flow Diagram as a
structured approach to high level solution-independent function based decomposition
of a complex multi-disciplinary system. The review of current frameworks and tools
for functional modelling as well as the discussion of current industrial practice
pointed out the need for the development of such a tool. The SSFD draws on the FBS
and OAF frameworks for function modelling, and introduces a state transition based
graphical representation, which is intuitive to use, yet powerful in terms of maintain-
ing the discipline of solution-independent thinking in the analysis of system decom-
position on a function basis. The reasoning structure underpinning SSFD is similar in
principle with the Contact and Channel framework [17-19], but it has the advantage
that it offers a more straightforward graphical representation, it is more portable
across multiple engineering disciplines (including mechatronics and control systems),
and easier to integrate with other tools commonly used in industrial practice.

The Bread Toasting System case study illustrated the development of the SSFD
and showed that the requirements outlined in section 3 are met. The integration with
other tools was illustrated in terms of the development of the Function Tree (Figure 5)
— which is a common basis for engineering design deployment and analysis. The
broader integration with other engineering tools (including interface analysis and
Failure Modes and Effects Analysis) was discussed in [20]. The SSFD provides a
system representation that is easy to understand, thus supporting the achievement
within an engineering team of a common understanding of the functional decomposi-
tion of the system in a fundamental, solution independent way. Figure 7 clearly illus-
trates the ability of the SSFD to support multi-disciplinary analysis, by showing that
control features can be accommodated in a seamless way within a SSFD.

The SSFD has been rolled out with two major automotive OEMs, and feedback
from the engineering teams has been extremely positive, in that it is a clear and easy
to use tool, supporting a thorough and objective analysis of the system. It supports a
better understanding of the functions that need to be delivered by the engineered sys-
tem, and the way in which engineering design tasks can be allocated to teams to en-
sure a better integration of the system, focused on the customer required functions. A
strong feature of the SSFD is that it improves communication between disciplines in
the sense that it is a tool that can be equally used by engine component design engi-
neers and engine calibration engineers, responsible for control feature development.
The SSFD can be applied at all levels of the systems engineering cascade, and pro-
motes a seamless integration between product and process engineering design on the
basis that the SSFD is a similar representation to a process flow map.



122 F. Campean et al.

The authors’ experience of using the SSFD discussed in this paper has been mainly
in conjunction with complex automotive systems. However, the SSFD framework and
tool can be applied to any complex system.
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Abstract. The development and design of mechatronic systems require detailed
knowledge in mechanical, electrical and software engineering. In order to face
challenges, like reduced time-to-market, reduced costs and increased variability,
complex systems should be modularized and the identified mechatronic
modules reused for the development of new variants or versions. This paper
focuses on the identification of adaptive reusable modules with an appropriate
level of granularity and the representation of the deduced modules to support
the development. Based on the collection of deduced modules, with defined
functions and structure, new systems can be designed through a combination of
the appropriate modules.In this contribution, the methodology will be presented
through a use case. This example shows how appropriate modules are identified
in a first step. In the second step, the impact on the engineering process is
shown by the support of the selection and design of the modules.

Keywords: Modularization, Development and Design, Automated Production
Systems, Engineering tool.

1 Introduction

Automated production systems nowadays are complex mechatronic systems and de-
mand engineering solutions tailored to the customers’ needs and commissioned within
a restricted time. In order to stay competitive the innovation cycle, the time-to-market,
and the costs have to be decreased, while the quality has to stay on a high level.
Interviews with companies in the machine and plant manufacturing industry
showed that modularization is an important innovation factor to face the described
challenges, while missing solutions for module management act as an innovation
inhibitor. However, the benefits of a reuse of modules are not capitalized, because the
reuse of the modules is limited to discipline specific tools, module searching mechan-
isms are not developed efficiently, and interdisciplinary modules are not clearly
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defined [1]. A literature study on the integration of knowledge in the engineering
process has shown that the automatic combination of components and modules to
complex production systems is a recent development trend [2]. A prerequisite for an
automatic combination is identifying adaptable reusable modules. This contribution
focuses on interdisciplinary modules in the field of automated production systems.
The researched aspects comprise the modularization of existing systems, the identifi-
cation of the right module-granularity, and the modeling of the identified modules.

2 State of the Art

Despite ongoing efforts in the field of research and in industry to implement reuses
systematically, there are still many aspects which are strongly dependent on the expe-
rience of the particular developer. One such aspect is determining the appropriate
granularity of a reusable module in order to reuse it successfully [3,4]. The difficulty
is to decide which level of granularity the module must have in order to function ap-
propriately in a future project. The term granularity stands for the number of subsets
of an element. In software architecture granularity differentiates between fine, me-
dium and coarse-grained levels. In the case of reusable modules we speak of fine-
grained, medium-grained and coarse-grained modules [5]. A fine-grained module is
mostly passive and has a short processing time. In contrast, a medium-grained module
is mostly active or interactive. Finally, coarse-grained modules are active units which
check and control processes units and have a longer processing time as well. Fine-
grained modules can be reused in many projects. Additionally, fine-grained modules
show greater flexibility because only those modules which match a project-specific
application are chosen. However, many adjustments are necessary and mistakes are
possible during integration so that the stability of the whole system can be at risk [6].
On the other hand, if the reusable modules are coarse grained, a major part of the
functionality or structure of the automated systems will be covered. Only few adapta-
tions are then required in order to construct the model of the entire automated system.
However, this greater efficiency comes at the cost of flexibility and the amount of
reusability. The reason for this is the reduced probability that the modeled features at
the coarse-grained level will be appropriate for further automated systems. A module-
based engineering method of automated production systems has been described by
Weyrich et al. [7]. The blue print that results from this method can be verified by
simulation tools with regard to the function, performance or energy consumption [8].
Various approaches have been analyzed to increase the reusability of the identified
modules [9]. Other approaches are pursuing the issue of reuse of very small, mecha-
tronic units [10]. The demand for the adaptability of the modules results primarily
from the aim to modularize production systems, not products. The production volume
and the degree of standardization are benefits that can be used in the design of product
architectures [11], while automated production systems are manufactured for specific
applications in small number. Therefore, the adaptability and reusability are require-
ments for the configuration of production systems in contrast to the configuration of
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products [12]. The modular design of automated manufacturing systems is compara-
ble to a modularization in the process industry [13]. The aim of the module identifica-
tion for configuration systems is to increase the reusability of the modules with high
complexity. In contrast, the modularization for configuration of products aims at im-
proving the manufacturability or suitability of service [14]. The reusability of artifacts
is an aspect of the systematic improvement of the engineering process described by
Fay et al. [15]. Especially the comprehensive reuse of modules in different engineer-
ing phases requires adaptability of the modules. The reuse of adaptive, mechatronic
modules should be implemented as part of integrated engineering tools. An evaluation
of the possibility of cooperation of such tools has been presented in [16]. The devel-
opment of a new system for conceptual design of mechatronic systems has been pre-
sented in [17]. This tool allows specifying systems by reuse of mechatronic modules.
In contrast to the adaptation of mechatronic modules the adaptation of software com-
ponents has been already analyzed [18]. For an efficient development through the
reuse of modules, the derived modules of existing systems have to be modeled with
defined inputs and outputs. In this way an analysis of dependencies of the elements
within a module and between different modules is possible. In order to show discip-
line-specific as well as interdisciplinary dependencies of the elements in a module a
port based approach for the modeling of mechatronic modules and their functions is
proposed in [19]. Each component is defined through its input and output-ports, con-
taining either a flow of a physical quantity or an information flow. A prerequisite for
an application of reusable modules in industry is the compatibility to engineering
tools. Maga et al. [20] identified that currently available engineering tools cannot deal
with the dependencies between software and hardware components. Bassi et al. [21]
propose a hierarchical SysML (Systems Modeling Language) [22] framework for the
machine and plant manufacturing industry. The system is modeled with different
levels of granularity and each level can be mapped onto the other levels. However,
modularity was not the focus.

3 Methodology for Modularization

3.1 Modularization

Existing automated production systems are analyzed for the identification of reusable,
adaptive modules, which consist of several components. The dependence of the com-
ponents of these production systems to one another can be shown in a design structure
matrix (DSM) (Fig. 1).

ial o~ o - w o o il o ~ = (]
component 1 X | component 3 X
component 2 X |x X component 1 X X
component 3 X component 6 X [x |x
component 4 X |x component 2 X [x |x
component 5 X component 4 X |x
component 6 X |x X component 5 X

Fig. 1. Design Structure Matrix (left unstructured, right structured)
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The illustrated relationships between the components emphasize that a component
depends on another component, in order to fulfill its function. The representation in
the DSM allows analyzing the relationships between the components. The compo-
nents which have strong dependencies among each other, can be summarized by sort-
ing of rows and columns. This allows the clustering of components into modules
(marked red in Fig. 1). The resulting modules are assigned to functions in order to
systematize them. This enables the identification and selection of appropriate modules
based on a functional description of the automated production system. This systemati-
zation also allows the interchangeability of modules. Optimization within the
engineering and a conceptual revision of existing systems are further outputs. A
performance evaluation of the modules enables selecting not only modules which
perform a function, but modules that perform the function under certain criteria best.
The reusability of the modules is improved by various adaptations e.g. adapting the
granularity.

3.2 Adequate Granularity

Reusable modules include structure and performance or take into account overlapping
aspects in regard to automated systems. In this way requirements, software compo-
nents, electrical circuit plans, reference architecture, test cases or processes can be
conceived and modeled in a reusable way [23]. However, this requires that the
modules feature an appropriate granularity. Following this approach the creation of
reusable modules takes place independently of a project. These modules can be im-
plemented during the actual realization of a project. The method offers the instruction
on how to determine the level of granularity of the module as well as how to raise the
quality of the reutilization [24]. Thereby the following points should be taken into
account:

Al: Conflicting Requirement

In most cases the domain requirements are competing, since they intend to fulfill a
broad field of different functionalities. The reusable modules should be created as
detailed as possible, in order to offer concrete support during application engineering
[25]. In order to deal with competing requirements, it is necessary to build reusable
modules in a modular manner. The modules should have a similar level of granularity,
in order to be interchangeable.

A2: Different Levels of Granularity necessary for Reuse in separate Disciplines

The different disciplines imply different levels of granularity. Even within one discip-
line, different project phases require different levels of granularity. It is very difficult
to propose a certain level of granularity for a reusable module if this changes depend-
ing on the project phase in which it is instantiated. Therefore, it is reasonable to
provide modules that cover different levels of granularity. This can be achieved by
designing reusable modules in a hierarchical manner. The top-level of such a reusable
module should be coarse-grained, with many configuration and parameterization pos-
sibilities. The bottom-level of a nested module should be fine-grained. This should be
detailed, specific and easy to change. However, it is crucial to ensure consistency
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between nested modules. In addition, the used tool chain should support the stepwise
creation of nested reusable modules [26].

A3: Different Levels of Granularity in Domain and in project development

In advance, it is sometimes unclear which level of granularity is required for a certain
module. In order to mitigate this problem, we propose carefully analyzing the applica-
tion development process. Which modules are required, depends on the concrete
process. Next, the granularity-level necessary for the created reusable modules is
analyzed. Then it should be mentioned whether a reusable module created can provide
the required level of granularity. Combining lower level components and higher level
template guides for the integration of the components is essential for successful reuse.

A4: Mismatch between Reusable Modules

Structure, behavior and crosscutting aspects should be bundled to large blocks, at-
tached to the same module in the reference architecture and finally reused together. If
these aspects are modeled at different levels of granularity, it is very difficult to group
them to a bundle and to reuse them together. The systematic development of reusable
modules could solve this problem. In this case, the different disciplines are obliged to
work together from the very beginning. This increases understanding for adjacent
disciplines. In regard to the granularity level of the modules, it is necessary to enable
connections between reusable modules which have the same level of granularity.

AS5: Thorough documentation

Reusable modules should be well documented, in order to be found in the domain
repository, recognized as appropriate for the specific project and finally to be reused.
Reusable modules should contain the description of their functionality and the de-
scription of how to be reused. Behavior, structure, origin and quality of reusable
modules should be included in the documentation of the model. In the case of coarse-
grained modules, providing a concrete description of configuration and parameteriza-
tion possibilities is indispensable. It should be clear which variants are covered by the
module and where changes are necessary, in order to obtain the variant required by a
specific project. In case of fine-grained modules, a description of functionality and
interfaces should be provided. Also, a mechanism to find reusable modules with an
appropriate level of granularity for a concrete project phase or discipline has to be
realized and links to required, recommended or optional modules should be offered.

3.3  Adaptability

The reusability of modules in the development of new machines or plants requires a
modular structure of the system’s model. The SysML framework offers the possibility
to decompose a system into sub-systems, or modules, which can be modeled separate-
ly. Included in the models are the requirements, the behavior, and the structure of the
system or module. For a representation of the models the SysML offers nine diagram-
types as shown (Fig. 2). The diagrams, which are the most useful to model adaptive
reusable modules, are highlighted in Fig. 2.
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The requirement diagram is used to show the requirements which have to be ful-
filled by the specific module and their relationships. The modeling of requirements
for the reuse of modules is necessary, as the functions executed by the module and the
used components derive from the requirements. The activity diagram represents
the functions or the ‘workflow’ of the module. This diagram is especially important as
the modularization of the system in this methodology is based on the functional de-
pendencies of the elements (see section 3.1). The block definition diagram (bdd) and
the internal block diagram (ibd) show the structure of the system. While the bdd is
used to show which modules form the required system, the ibd illustrates how the
different elements are deployed within a module and which logical relationships exist
between the different elements. An important prerequisite for the reuse of modules is
their adaptability. New requirements as well as forced innovations, e.g. the withdraw-
al of a component, make changes in modules necessary. These can affect the devel-
opment of a new system, but also can have an influence on existing systems. The
identification of change influences is important, as the exchange of an element can
result in a multitude of required changes of other elements, leading to unexpected
costs and time delays. As the influences of an element on others often are interdiscip-
linary, we propose to form interdisciplinary modules, including mechanics, electron-
ics, and software and to integrate all views into the model.

SysML
[ 1 1
Requirement Behavior Structure
Diagram Diagrams Diagrams

Use Case Activity State Machine Sequence
Diagram Diagram Diagram Diagram

T ‘ ‘

H Package MBlock Definition

Internal Block
Diagram Diagram

Parametric
Diagram

Diagram

Fig. 2. SysML diagrams [22]. Diagrams, necessary for reusable modules, are highlighted.

4 Use Case

For the described methodology a bench-scale model of a stamping and sorting plant
serves as a use case. It consists of a stack depot, a crane, a stamp module and a sorting
belt and executes typical steps of a manufacturing process.

4.1 Modularization

The described system is modularized by the method described in section 3.1. An ex-
tract of the DSM and some resulting modules are shown in Fig 3. If they include at
least four relationships, the components are clustered into modules. The relationships
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are expressed by numbers in the following. A one indicates that a relationship exists.
Central components such as control are split for modularization. Therefore, it is as-
sumed that the production systems are distributed and decentralized. In this case, the
sorting of the rows and columns and the definition of the modules was done manually.
The matrix, in which the relationships between the components of the system are
shown, is not symmetrical. Consequently, a component in a row can affect the com-
ponent in a column, but not necessarily vice versa. Thirteen modules result from the
modularization of the exemplary system described. The example shows that the re-
sulting modules map the functions of the example system. These functions are stor-
ing, passing, stamping, passing and sorting. Exemplarily the functions of passing are
described which are realized by a crane. The functions of the crane are the material
transfer from the storage and from the stamp to the conveyor belt. Both functions are
represented by appropriate modules. In addition, control modules have been identified
for these function modules. Other modules are for communication and for data input.

Storage Control Passing material
€ Storage (crane)
\

- N\ IR N L T |
T 0 0NN 0000\ \000000

[Coupler (material storage)
[Coupler (crane)

[Coupler (Stamp)

[storage tower

[Clamping cyinder
Ikapasiiver sensor (switch)

Fig. 3. Extract of the structured Design Structure Matrix

4.2  Granularity

The adaptive reusable approach mentioned above has been concretely deployed in the
case study for the domain of stamping and sorting plants. We created reusable mod-
ules of physical structure and of the behavior of the stamping and sorting plant and
stored them in a repository. Subsequently, we executed the activities of engineering,
in order to simulate the construction of a customer-specific stamping and sorting
plant. The goal of the case study was twofold: first, to evaluate the approach and iden-
tify necessary refinements, changes or completions. Second, to investigate the granu-
larity levels appropriate for the reusable modules. In order to provide an optimal
support for application engineering, adaptive reusable modules shall be created as
detailed as possible. Templates, customizable CAD-drawings, and customizable wir-
ing diagrams shall be created independent of a certain customer order. They should
contain all basic information necessary to accomplish a well-defined engineering step.
This implies first, appropriate activities should be included in engineering to prepare
templates. Second, information regarding required forms of reusable artifacts and
their level of granularity shall be fed back to engineering process. It is difficult to find
the appropriate levels of granularity for adaptive reusable modules. For this purpose
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we should consider both the domain requirements and the intended reuse of the con-
cerned modules. As general recommendation, we suggest to use well-documented,
hierarchical and nested modules, which provide different levels of granularity depend-
ing on the required functionality [27].

4.3 Modeling

A modularization of the stamping and sorting plant through a DSM (see section 4.1)
has shown that the system consists of the interdisciplinary modules storage, crane,
stamp, and sorting system. In a first step the system is divided into this structure in a
bdd (Fig 4). The different modules contain a list of the used parts, however the inter-
nal structure is not depicted. Thus, this representation has a very coarse granularity,
and is used to give an overview of the entire production system and its modules.

«block» Legend Sorting Belt
pingplant work piece
Pneumatic cylinder . Sorting cylinder 2
(Control: 1 Bit) 4 L
Pneumatic cylinder Sorting cylinder 1
1 . 1
! (Control: 2 Bit) ===
i ® ® ®
O «block» «block» >/ «block» =/ «block» Stamp ﬁ Crane @ Stack
i it| |Sortingsystem Storage Crane @ @ I depot
parts parts parts parts Stamp
 Cylinder + Optical Sensor  Cylinder : Cylinder cylinder
: Cylinder control nit | | : Capacitive sensor  Cylinder control unit | | : Cylinder control unit . Stack
: Cylinder + Motor : Capacitive sensor : Motor i Lift .
: Cylinder control unit | | : PLC : Optical Sensor : Motor control unit . cylinder cylinder
: Capacitive sensor : Optical Sensor Clamp cylinder |
Motor corirl unit : : i a—
 Opical Sensor
+ Band-conveyor
 Cylinder
 Cylinder control unit
: Cylinder
: Cylinder control unit

Fig. 4. Extract of the bdd of the stamping and sorting plant

In the next step the modules are modeled in detail. Each module executes certain
activities within the system. The main activity is detailed to sub-activities in an activi-
ty diagram. The sub-activities conducted by the sorting-system would be for example:
Notice workpiece (WP), Move WP (Pos. 0-1), Identify metal WP, Sort out metal WP,
Move plastic WP (Pos. 1-2), Identify white plastic WP, Sort out white plastic WP,
Move black plastic WP (Pos. 2-3). The described activities are conducted through
components of the respective module, whose structure is modeled in the ibd. It
includes mechanical components, e.g. band-conveyors, and electrical/electronic com-
ponents, e.g. sensors. The software steps are excluded to keep the diagram clear.
However, the interfaces between software and other components are included in the
ibd through the integration of input and output ports of the PLC. In this way the out-
put port (e.g of a sensor) can be connected to an input port of the PLC. The software
steps can be modeled in a separate view (as sub diagram). The modules contain next
to the ports of the elements also global ports (ports on the border of the ibd), which
constitute the interfaces to other modules. By modeling the identified modules in the
described way they can be reused in the development of a new production system. As
the influences of each component on other components, discipline-specific as well as
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interdisciplinary, are shown through the connections of the respective input and out-
put ports, the modules stay adaptable and change influences can be analyzed.

5 Results of the Use Case

The employment of the methodology on the use case has shown that adaptive mod-
ules with an appropriate level of granularity can be identified in existing systems and
modeled for a reuse in new systems. However it is difficult to develop detailed arti-
facts, because they have to cover more requirements than a specific product has to.
Many requirements contradict each other, so that they cannot be integrated in one
module. If coarse-grained modules are developed, they can cover the requirements of
an entire production line. Unfortunately, they cannot be utilized/applied for specific
problems. On the other hand, fine-grained modules, although they can be applied for
specific problems, don’t have a high quality level of reusability. The case study has
shown that the modules that cover a wide range in a domain are coarse-grained. How-
ever, for the specific realization of a requirement fine-grained modules are needed.

6 Conclusions and Outlook

In this paper a methodology for the identification and the modeling of adaptive reusa-
ble modules for automated production systems was presented. The methodology is
based on three steps: First an existing system is analyzed on functional dependencies
between its components and is clustered accordingly. Second, the right level of granu-
larity has to be identified. Thereby a tradeoff between reusability and number of
included components has to be made. In the third step the identified modules are
modeled in the SysML framework, to make an effective reuse in new projects possi-
ble. The modules for automated production systems hereby are interdisciplinary
(mechanics, electric/electronic, software) as many dependencies exist between the
different domains. The methodology was applied to a bench-scale model of a stamp-
ing and sorting plant. The steps were carried out thereby manually. Thus, in future
research a suitable tool will be developed, which makes an automatic component
clustering to modules with an appropriate level of granularity possible. This tool
should have an interface to common modeling tools, to import the identified modules
directly. The long-term goal is the support of the design of modularized plants. There-
for the interdisciplinary modules should be stored in a library. Based on the collection
of modules, new machines or plants can be designed by combining different modules.
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Abstract. Today industrial companies are still trying to optimize in terms of
time and cost the re-manufacturing of mechanical components. They need to
directly define a new process planning from 3D information (points cloud,
drawings...). This paper proposes an approach called Reverse Engineering For
Manufacturing (REFM) which allows to directly obtain a CAPP (Computer
Aided Process Planning) model from 3D and knowledge information. Routine
tasks will also be taken into account. In this paper, RE is considered as a specif-
ic domain and concerns parts where no information is available on them. The
system management is based on Design For Manufacturing (DFM) approach
and enables to manage manufacturing information (the number of fixtures, the
kind of milling operations...). Additionally, the future REFM system will have
to propose alternatives for CAPP models. Therefore the main innovative point
of REFM is to develop “manufacturing knowledge extraction” phase which is
the aim of this paper.

Keywords: reverse engineering, manufacturing, knowledge extraction, process
planning, Design For manufacturing.

1 Introduction

Reverse Engineering (RE) is the process that is used in several domains like mechani-
cal engineering, electrical engineering, computer sciences and so on... In this paper,
we focus on reverse engineering of mechanical parts. In this context, RE is used to
create a CAPP model of an existing physical part from 3D information. The 3D in-
formation like 3D points cloud is obtained using 3D scanning technologies. In this
study, the following context is considered: there is no information on the part (no plan
or scheme); only the physical part is available. So to remanufacture this kind of parts,
we propose an approach called Reverse Engineering For Manufacturing (REFM).
REFM will allow to define a method of RE of mechanical parts, supported by a soft-
ware demonstrator. One hypothesis of this research is to consider that the methodolo-
gy developed will be based on DFM approach. Indeed, the re-engineering of a part
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needs to be done through a systematic process that integrates the work of the designer
and the product development team from identification of the problem until the final
design of the product, offering a greater chance of success. REFM consists in provid-
ing a Computer Aided Process Planning (CAPP) model including a new manufactur-
ing tree. This tree must be selected by optimizing the manufacturing sequence and
define alternatives operations which aim to facilitate and optimize the re-
manufacturing. REFM aims to integrate databases that contain all the necessary
information for the construction of the CAPP model. In this context, the system of
Ashby et al. [1] CES4.5 is adapted. The major advantage of this method is to integrate
at the earliest the manufacturing constraints in the product’s lifecycle. In addition, RE
can also be a recursive process; routine tasks will also be taken into account. Nowa-
days, RE approaches including routine tasks begin to be supported by Knowledge
Base Engineering Systems (KBS) [2]. These systems are efficient to quickly obtain
CAD models based on functional features. These CAD models are successful for re-
designing activities and then for defining a process planning. So, these systems are
not adopted to obtain directly a CAPP model in a routine RE context. The main prob-
lematic of this paper is to explore how to adapt DFM to the RE context. The contribu-
tion of the paper is limited here to propose a prospective approach in a milling process
context. This paper is structured as follow: section 2 presents a state of the art of
knowledge based system for RE in order to highlight the way to support routine con-
text, and a state of the art of DFM for RE context; next, section 3 proposes a prospec-
tive approach in a milling process context. A top of reducer is considered in this paper
in order to illustrate our system. This case study will provide the basis of analysis of
the system REFM.

2 The State of the Art

2.1 Knowledge Based System for Reverse Engineering

RE methodologies are able to duplicate complex parts; however they can capture a
very low level semantics. Or, a CAD model is not only a geometrical model. Addi-
tionally in design, functional aspects are often attached to geometric shapes. So today,
it is necessary to integrate in a RE process these semantics to the geometry. Actually,
many researches are discussed the importance of knowledge management of RE. For
example, Mohaghegh et al. [3] propose to involve a pre-knowledge on the part before
performing the reverse engineering activities. The works of Fisher [4] explore the
possibility to extract features even in very noisy data and that by using “knowledge
based” techniques. To select surface types and manufacturing actions, he exploits
engineering knowledge and functional constraints with some user assistance. Or in
their works, the knowledge is implicit and is not driven by a methodology. Thompson
et al. [5] describe a classical geometric features-based reverse engineering system
(Reverse Engineering Feature Based - REFAB). The developed prototype creates
interactively the CAD model of a part where the user selects predefined features in a
list and chooses where these features are located in the 3D points cloud. So,
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manufacturing knowledge extraction is achieved implicitly by the user. Only five
manufacturing features (such as types of pockets and holes) are performed and 2.5 is
considered.

Certain types of knowledge allow extraction of geometrical primitives. As an ex-
ample, the VPERI [6] (Virtual Parts Engineering Research Initiative) project was
created by the US Army Research Office in order to provide the vision, strategy, and
methodology to help solving problems of long life cycle product maintenance. The
knowledge of the geometric shape is necessary but not sufficient to reproduce the
part. Re-engineering and re-design need functional specifications. A design interface
is used to allow the additional of knowledge in the form of algebraic equations that
represent engineering knowledge such as the functional behavior of the components,
the physical laws that govern the behavior, etc.

The KBE for reverse engineering context is a good solution to reverse a part and
obtain a CAD part. It is often based on functional knowledge to reverse the part. So,
the manufacturing knowledge is not really integrated. In the scientific literature, CAD
model is obtained from points cloud. Then, process planning is redefined from this
CAD model. In this case, feature extraction/recognition based approaches are used
and often characterized as knowledge based. For instance, Zhou et al. [7] use feature
recognition/extraction and feature based design to integrate CAD and CAPP systems.
Or, our approach REFM consists in identifying directly the CAPP model from the
points cloud. Hence, KBE is used to extract knowledge on manufacturing. This know-
ledge explores the possibility to adapt the concept of DFM to the RE context.

2.2  Design For Manufacturing for RE Context

As mentioned above, REFM is a RE methodology that aims to directly define a new
process planning of a mechanical part. This approach is based on the combination of
3D and knowledge information. These knowledge should be manage and should be
integrate in the re-design stage to reach an optimal CAPP model and then to achieve a
successful RE process. It is for these reasons that DFM methodologies are more ap-
propriated. In the literature, Kerbrat et al. [8] bring a new DFM approach to multi-
process manufacturing. This research considers that the choice of the manufacturing
processes is based on the determination of the manufacturability complexity and the
time/cost estimation at the design stage. Zhao and Shah [9] proposed a DFM shell for
aid to manufacturing analysis in taking into account technics and economics data.
Other work aims to reduce the manufacturing cost and time, so it turns to optimize the
product form, material selection, and resource selection [10]. Gupta et al. [11] pro-
posed an approach to select processes and materials during embodiment design based
on the cost estimation. CES4.5 (Cambridge Engineering Selector) system of Ashby et
al. [1] includes a database oriented on the triple characteristics: Process, Material and
Geometry. In this database, all numbered characteristics are limited by intervals
which show the manufacturability. For this paper, the DFM approach is limited to the
context where a designer has to define a product in the point of view of manufacturing
process. The manufacturing process view in REFM has to be in the technical data
with accurate details such the fixtures, kind of machines, kind of tools and so on...
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REFM has to integrate databases which include all these information according to the
manufacturing resources of the company. In this context, we utilize a database which
combines the system of Ashby et al. [1] with other information from handbooks such
as [12]. In the following section of this paper, the REFM method will be revealed and
the prospective interfaces will be proposed through a case of study.

3 REFM Methodology

REFM is a methodology which concerns components that are get out of the product
lifecycle. The inputs points of REFM method are the digitized part and the manufac-
tured part. To recall, all precedent capitalizations of the original product lifecycle are
lost. So, Manufacturing knowledge extraction phase will be based on user’s supposi-
tions. The aim of REFM could be considered such as the combination of geometrical
approaches (segmentation) and aided process planning methodologies (manufacturing
knowledge extraction) of design context. The main innovative point of REFM is to
develop “manufacturing knowledge extraction” and to define how it is possible to
adapt to RE context in this contribution. Figure 1 shows the REFM methodology in
details where Manufacturing knowledge extraction phase is developed. The different
modules used in our methodology are described in the following sections.

/ ‘ Material and Surface -
( Manuf:::ttured blank precedence raeﬁ-r:tli‘:;gs
\ P selection graph P

Fixture
planning

Tool selection

Define the order
Standard of machining Machine
Features features & Define selection
set-ups

aum : ) " Primitive 3D 3D / N\ optimized |
<‘ Digitized ParQ—b Segmentation —H\ point cloud)_> identification 4”; CAPP model) ‘; CAPP models

Fig. 1. REFM methodology in details

3.1  Segmentation

To start, according to related works on RE, REFM should import RE files such as 3D
points cloud or STL (STéréo Lithographie) file. As a supposition REFM starts when
treatment operations of cleaning STL or points cloud are previously executed. The
segmentation phase is used here in order to detect surfaces (plan, cylinder, spherical,
and conical surfaces) without geometric parameters. It consists in the division of the
3D points cloud of a given part into a set of n points clouds representing the n surfac-
es that compose this part. In the RE process, this phase can be performed by one of
the following three segmentation techniques: Region-based technique [13], Edge-
based technique, and Hybrid technique.
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If we apply the first technique on the top of reducer, the 3D points cloud will be
divided into 36 surfaces (figure 2). Note that if some surfaces are not recognized, the
user can enter the data for unrecognized surfaces. This aspect of the software enables
the handling of any complicated part. This paper does not deal with the segmentation
phase. It is mainly focusing on Manufacturing knowledge extraction phase.

3.2 Manufacturing Knowledge Extraction

a. Material and blank selection

After the segmentation phase, the DFM process can start. To select the material of the
part to be re-engineered, REFM asks the user to enter its mass. Then, the system cal-
culates the volume of the part from the 3D points cloud file and that to obtain the
density. Once REFM has the density, the system CES4.5 of Ashby et al. [1] is to be
used. The system proposes some materials and according to their needs and their ex-
periences; the user chooses the material that he finds the most appropriate. If the user
did not find the suitable material, he can add additional material.

The following step of DFM analysis is to determine the original blank of the part.
To recall, REFM concerns milled parts. So, the blank comes from a precedent process
step of the part. REFM can propose an original blank from primary processes: the
extraction process of raw (rolling, extrusion...) or the process of shaping (casting,
forging...).

b. Surface precedence graph

The surface precedence graph connects machining surfaces between them by starting
from raw surfaces (figure2). Each surface is represented by a circle containing the
type of the surface (B: raw surface, F or A: machined surface). The arrow starts from
a reference surface and ends at a referenced surface. Geometric and dimensional
tolerances help the user to draw this graph. Hence, references surfaces are to be ma-
chined prior to the machining of the referenced surfaces, or the reference and the refe-
renced surfaces should be machined in one set-up. So, based on the combination of
the Ashby database and using a manufacturing method of analysis: REFM asks the
user to select a machined surface and its reference one, then REFM proposes one or
more tolerances and the user can chooses the tolerances that he finds the most appro-
priate, as we show in figure 2. After that, the user enters by supposition the tolerance
class and the roughness of the surface (the user can measure the roughness by a
roughness meter).

¢. Machining operations

Using the above data and based on a cutting tools database [14], the user searches for
a logical grouping of machined surfaces. Indeed, the accessible surfaces by the same
tool should be grouped to be machined at the same time. For example, selected sur-
faces (F3 and F6i; i = 1 to 8) in figure 3 are combined in a group called GF. In addi-
tion, REFM can propose groups of surfaces in the case of routine tasks.
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Many details affect the selection of machining operations such as: the shape, accu-
racy and surface finish requirement of the surface, the overall structure of the part,
and the workpiece material. In fact, Ashby et al. [1] explain that the best solution of
design for manufacturing is retained if decisions of materials, geometry and processes
are taken into account simultaneously. And based on the surface roughness, the sys-
tem determines the number of operations to reach the final surface finish requirement
(rough, semi-finish, finish). REFM tries to select alternatives routes to machine each
surface or group of surfaces. And thus, the user has the option to choose its appropri-
ate route. Note that the user can change the machining operations according to re-
quirements. After that, standard features can be generated. Indeed, a feature is the
combination of surfaces coupled to an operation.

d. 3D identification

The previous steps allow the user to obtain machining operations, standard features
and so on. Each operation, for example, the contouring of the feature selected in the
figure 4 should be linked to geometry. This geometry will start from the blank and
will decompose to the final part. 3D identification serves to translate operation steps
of manufacturing process in geometry. To make this modeling, REFM uses Skin and
Skeleton concept. In fact, for each skin and Skeleton element [15], an included script
in the database performs an algorithm based on the least squares approximation. This
step is extremely important in our approach; it is already addressed in our previous
work [16]. The output of this module is a primitive CAPP model including machining
operations that are not yet defined in order (figure 4).
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Fig. 4. 3D identification module in REFM
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e. Define the order of machining features & Define set-ups

The order of machining features of the re-engineered part depends on non-geometric
information such as geometric dimensions and tolerances. So to reach feature se-
quencing, REFM returns to the data mentioned in the Surface precedence graph mod-
ule. In addition, REFM will integrate simple rules taken from Handbooks such as [12]
which include constraints on the optimization of cutting conditions to perfect the or-
der of machining features. For instance, if the part to re-engineer contains a hole on an
inclined surface, so it is optimal to machine the hole before the inclined surface since
holes cannot be machined accurately on an inclined surface. Or, if the part contains a
hole on a flat and smooth surface, so we start by the milling operation and that to not
plug the hole as in our case. After that, REFM groups the features into set-ups. Set-up
design should be such that a maximum number of features can be machined with a
minimum number of set-ups. Before proceeding to the next step, REFM asks the user
if he is satisfied with the proposed sequence. If not, he is allowed to change the order,
based on his own experience and knowledge.

Next, fixture planning module will to be achieved. According to 3-2-1 method (lo-
cating method for prismatic parts), the user can select the surfaces of fixtures. Then,
REFM selects for each feature, from the cutting tools database of Sandvik
(www.sandvik.com), 2 or 3 cutting tools based on geometric parameters and surface
finish requirements of the correspondent feature. And then the user can choose the
suitable one according to him. Finally, REFM selects for each operation one or more
machines. To choose the best one, it considers a set of criteria. For example, the most
suitable machine among those that are previously candidate, is the machine that
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realizes the maximum number of operations with the maximum number of set-ups.
Note that the user can enter information on the means of production available in his
enterprise, which allows constraining the suggestions provided by the system.

Thereby, the process plan is generated by REFM system (figure 5). In addition, the
user can show by inspection, the distances between the RE files and the CAPP model
decomposed in machining operation steps.

4 Conclusion

This paper proposes a new method for re-manufacturing mechanical components.
Indeed, industrial companies of the cluster NOGENTECH have to define a new
process planning from 3D information (points cloud, drawings, etc). Or, late commer-
cial solutions, such as GeomagicTM, RapidFormTM and CATIATM are more effi-
cient to obtain a CAD model. Nevertheless, the industrial who needs to define a
CAPP model redefines the process planning from this CAD model. REFM is a me-
thodology based on DFM approaches and focuses on the milling process. According
to the related works, the Ashby et al. [1] classification seems to be a way of resolu-
tion. The future REFM system provides a Computer Aided Process Planning (CAPP)
model including new manufacturing tree. This tree must be selected by optimizing the
manufacturing sequence and define alternatives operations which aim to facilitate and
optimize the re-manufacturing. Each milling operation is a Skin and Skelton feature
which is fitted in the 3D information. The aim of REFM system is really to propose a
prototype software which can be coupled in CATIA V5 and Solidworks. It means that
REFM system is independent but could use the geometrical resources of commercial
softwares. A final version is planned based on PYTHONOCC (OpencasCadeTM)
resources in order to propose a complete independent software. After that, a next way
will to be adding in the future created database: the cost aspect (evaluating the cost
milling), the time consuming (the time of the process milling) and the sustainable
aspect (to produce milling part in respect of environment).
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Abstract. This article proposes a fixturing system consists of a cuboid basep-
late located through a 3-2-1 configuration of locators. The locators are mounted
on machine table/pallet and posses one axial DOF. The workpiece is mounted
on the baseplate and all the elements are assumed to be rigid with zero friction.
The positioning error of the workpiece is calculated and the compensation is
performed by the axial movement of the locators. The proposed analytical mod-
el is verified by the simulation performed in the CAD model.

Keywords: Analytical model, Fixturing system, Part positioning, kinematic
model.

1 Introduction

There is a competition in the manufacturing industry to design and deliver a variety of
high quality products to their customers in the shortest time. Due to rapid change in
production technology and customer demand, the manufacturers need to develop flex-
ible manufacturing practices to achieve a rapid turnaround in product development
[1]. Among other factors, the use of feasible fixtures is one of the factors influencing
the final part’s quality. Fixtures are devices used to support, locate and hold a
workpiece at a desired position and orientation in machine’s workspace during manu-
facturing. The final part’s quality is influenced by the capability of the fixture to pre-
cisely hold and locate it on the machine considering different functional conditions
during fabrication. About 10-20% of total manufacturing cost is associated with the
fixtures in traditional FMS systems [2]. The design of fixtures is important to precise-
ly hold the workpiece and compensate the errors that the workpiece can encounter
during machining or assembling operation, so that higher product’s quality can be
ensured [3].

The need of high quality production, at lower cost, has accelerated the research ef-
forts in fixture design. To cope with current market demand, Ryll et al. [4] emphasize
on the need of “intelligent” fixtures which should be capable of self-configuring;
reducing and compensating dimensional errors; providing stability and adapting
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clamping forces to guarantee optimum performances. This fixture should be generic
and should be able to adapt to different workpiece configurations.

2 Positioning Errors

Dimensional errors of the parts from a part family cause the initial misplacement be-
tween the workpiece and machine tool affecting the final product quality. The possi-
ble causes of the positioning errors between the machine tool and the workpiece are
shown in Figure 1, which are:

Error due to the placement of locators [5-8]
Geometric/form defects of the workpiece [9-12]
Errors due to deformation of locators [13-18]
Kinematic defects/ machine tool errors [19-26]
Misc. errors due to tool wear, heat, NC codes, etc...

Kinematics defects

Deformation
due to forces Tool wear
Effect of heat

NC Code errors

Column

Locators placement |

Geometric/form
| defects

Base

Fig. 1. Errors between the machine tool and the workpiece

Rough workpiece’s dimensions are varied from one part to another, so the machin-
ing allowances have to be added. Even after the addition of allowances, the rough
workpiece may not be completely included in required position, which causes the
wastage of the workpiece due to incomplete machining. To avoid the loss of time and
material, it is necessary to precisely place each new part relative to machine tool. But
this placement needs a mobilization mechanism on the machine. This mechanism
should assure the kinematic transformation to place the workpiece at an optimal posi-
tion by compensating the positioning error between the workpiece and the machine-
tool. A high number of degrees of freedom (DOF) machine would be an easy way to
perform this compensation.

In an existing serial production environment, the global choice of 5-axis machines
in the whole production line is not an economically feasible choice. So a new fixtur-
ing system is proposed. This fixturing system is able to perform a 6 DOF workpiece’s
repositioning on a low DOF production machine through the axial motion of 6 sup-
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porting locators placed at 3-2-1 configuration. The initial and final positions of the
workpiece are given as the input data and an algorithm calculates the positioning error
and the axial displacement of each locator required to compensate this positioning
error.

The proposed system can be used on the existing machines as well as on automatic
production lines where the number of axis is limited for each station. The proposed
system allows better positioning of the workpiece on the fixture and hence limiting
the required allowances. It also insures a prepositioning of complex parts for precise
machining operations. The necessary geometric and kinematic models of the proposed
fixturing system are presented in this article.

Fig. 2. Proposed fixturing system principle

3 Proposed Fixturing System

This article proposes a fixturing system consists of a set of six locators whose posi-
tions and orientations are defined through locating holes of the machine table/pallet, a
cuboid baseplate, and a workpiece fixed on the baseplate as shown in Fig. 2. Hip
prosthesis is chosen as the demonstrated workpiece because it requires repetitive ma-
chining operation on expensive material and the dimensions of part change according
to patient need. The baseplate is introduced because when the locators are directly in
contact with the rough workpiece surfaces, it is impossible to attain the precise
positioning of the workpiece through the axial displacement of 6 locators due to un-
certainty of the contacting points caused by the local geometrical defect at rough con-
tacts. The positioning surfaces of the baseplate are considered to be perfectly plane
and orthogonal. This assumption causes the surface normals to always remain parallel
to the contacts’ normals, which enables us to predict the exact location of the work-
piece by the locators’ positions. Thus the addition of intermediate baseplate avoids
this positioning uncertainty: kinematic model will be independent of part geometry.
The locators are assumed to be in a 3-2-1r configuration [27] and possess only one
axial DOF. The lateral position of each locator is chosen by considering the con-
straints of accessibility, stability of the workpiece and manufacturing knowledge. It is
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also assumed that the workpiece is mounted rigidly on the baseplate and no additional
deformation occurs between workpiece and baseplate except those caused during
clamping the workpiece.

3.1  Analytical Formulation

For kinematic analysis, all the elements of the fixturing system are assumed to be
rigid. It is assumed that the positioning error of the baseplate is negligible as com-
pared to the positioning error of the workpiece. Also the unknown initial position of
the workpiece could imply large displacements (LD) during correction phase; the
kinematic model is built using homogeneous transformation matrices (HTM) and LD
formulation. The initial position of the workpiece can be measured through CMM
while its final position is the position according to which the machine tool is pro-
grammed. This position is known by the part program. These positions are compared
and if the difference is more than the allowed tolerance, the algorithm calculates the
unique relative axial position of each locator to relocate the workpiece at the required
position.

90.00 -
80.00 -
70.00
60.00 -
Y

50.00 -
40.00 -

30.00

20.00 -

Min Material (Chebyshev)

10.00

-10.00 10.00 30.00 50.00

70.00 90.00 110.00 130.00

X

Fig. 3. 2D Demonstration of measurement though CMM

The measurement principle of the hip prosthesis though CMM (in 2D) is shown in
Fig. 3. Rough part dimensions are larger than the final product. Random measured
points are generated in MS Excel for stem and neck of the hip prosthesis. RMS and
Chebyshevs’ surface association criteria are presented [28], [29], and theoretical cen-
terlines (for neck and stem) are then deduced. The angle between these centerlines
should be under the tolerance range. Point P denotes the intersection of centerlines. In
3D space, the definition of point P, in machine reference, cancels 3 DOF; the defini-
tion of the XY plane cancels two more DOFs and the last DOF is canceled by defin-
ing the angle of stem axis with XZ plane, completing workpiece placement in the
machine space. Some position variations among the parts of the same part family will
remain. Random measuring points are generated and the point P is calculated for each
set of measuring points. The generated distribution of P is also presented in Fig. 3.
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The HTM of cuboid baseplate position is the function of its surface normals calcu-
lated from the positions of the six locators [12]. This HTM is shown in Eq. (1) where
a, b and c are the unit vector components; 1, 2 and 3 are the unit vectors in Z, Y and X
directions while x,, y, and z, are the coordinates of baseplate origin.

a3 Ay A Xy

by b, b
[POb]= 3 D2 B Yy

€3 G G Zy
0 0 0

ey

Similarly, the HTM of the workpiece position in machine coordinates is defined con-
sidering YPR transformation as shown in Eq. (2) with a, B and y being the rotations
along Z, X and Y axes respectively.

cos o cosy—sinosinBsiny —sinocosP cosasiny+sinasinBcosy xp

sin oLcos Y+ cososin Bsiny  cosccosP  sinasiny—cosasinfcosy yp
— cosPsiny sin B cosPcosy Zp (2)

0 0 0 1

[Pop ] =

Positioning transformation scheme of the proposed fixturing system is shown in Fig. 4
where X represents the position vector of reference i while [Py] represents the trans-
formation matrix from position i to j. The HTM of the baseplate with respect to ma-
chine reference ([Poyp]) is calculated from the locators’ initial positions. The transfor-
mation of the workpiece relative to the machine ([Ppp]) can be measured through
CMM. Thus the required transformation of workpiece with respect to baseplate ([Pyp])
is deduced and HTM of the error compensation ([Poy]) is calculated as shown in Eq.
(3). Final absolute positions of all the six locators, required to compensate the work-
piece positioning error, are shown in Eq. (4).

. Error to be corrected

[Ppr]

[Pb.F]z[PbP] Xo Machine reference = Pallet reference
> Xp Initial measured position of the workpiece
[Pp]  Rigid link X Final position of the workpiece (Objective)
Xy Initial position of baseplate
Xy Final position of baseplate

[P,,]  HTM of baseplate in machine reference
[Pory] HTM of baseplate in machine reference
[P,p] HTM from baseplate to workpiece

[Pyr]  HTM from baseplate to workpiece (Py:=Pyp)

Correction a

Initial [Ppr]  Workpiece positioning error (P, =Ppp )
placement of Calculation path

through baseplate on ©  Rigidlink

locators the locators

Fig. 4. Fixturing system reference transformation
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The resolution of the above equations give the positions of locators which are imposs-
ible to attain because the contacting points of locators on the baseplate change as a
result of rigid body motion of the baseplate on locators. This is shown with a 2D ex-
ample in Fig. 5, where the final calculated positions of the arc centers of locators are
shown by 1* and 2*. Due to the constraint of uniaxial motion, the locators cannot be
advanced to these positions. To overcome this mathematical issue, a line is drawn
between the points 1* and 2* (plane in our case of 3D), and the points of intersections
of this line with the locators’ axes are calculated. Moving the locators at these calcu-
lated positions will enable us to perform the required workpiece transformation. In the
same manner, axial advancements of all the six locators are calculated through the
contacting points of all three contacting surfaces. The final axial position of locator 1

is shown in Eq. (5) with a'1 , bi and c'1 being the unit vector components of the ba-

seplate surface. The advancements of the rest of the locators are deduced similarly.
Di-ax;—biy )

7, =
€

a) drawing line and calculating new axial positions (b) perform advancement

Fig. 5. Calculating the axial advancements of locators

3.2  Case Study

In order to validate the kinematic model, a case study is performed on a hip prosthesis
repositioning through CATIA® simulation. A CPT® 12/14 Hip Prosthesis by Zimmer
[30] is chosen as a demonstrative workpiece. The part is created in CATIA® with
slightly larger dimensions and supports are added. It is supposed that this workpiece
is clamped rigidly on the baseplate which is further located through six rigid locators.
An inverse impression of the workpiece (like a half die) is created with the original
hip prosthesis dimensions and is placed on a fixed position with reference to the ma-
chine origin. This position represents the tool path on the machine as the tool moves
with reference to machine and not with reference to workpiece. Boolean operation is
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performed to simulate the machining operation by subtracting the common material
from the workpiece. Two slots are made in the supports during machining of the first
half part which will help to place the workpiece on two well positioned blocks after
inverting.

The analytical model is implemented in a worksheet directly linked to CATIA®
model which furnishes the initial position ([Pop]) of the workpiece as shown in table
1(a). This position should be obtained by CMM in real environment. The initial posi-
tion of the baseplate ([Pop]) is a function of locators’ positions shown in Table 1(b).
The machining performed on this initially roughly placed workpiece is shown in Fig.
6. The workpiece should be repositioned at the required position ([Pog]) to perform a
precise machining operation. This final position is known by the part program and is
shown in the Table 2.

Table 1. Initial positions of locators and the workpiece

(a) Initial locators’ positions (Axial po-

sitions are highlighted) (b) Initial workpiece position

Locator no | x (mm) y (mm) z (mm)
L 70 100 m Plane Angle | Degree | Point P | mm
2 180 100 15.00 5 0% = 10262
3 120 40 B; -0.06 up 57.23
4 70 10.00 40 Y 0.45 Zp 70.19
5 180 40
6 60 40

Table 2. Required position of the workpiece (Objective)

Plane Angle || Degree | Point P || mm
ay 0 TF 100
I 0 yr 60
f 0 ZF 70

g Gray: Machined surface
Orange: Rough surface

Machining
simulation

Final
Product

Fig. 6. Machining simulation on the workpiece at initial position

The algorithm calculates the final axial positions of all the six locators (Table 3) to
compensate the workpiece positioning error. The locators are moved to these new
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positions and the machining simulation is re-performed. This time the material re-
moval was uniform throughout the workpiece as shown in Figure 7.

Final
Product

achining
simulation

Fig. 7. Machining simulation on the workpiece after repositioning

Table 3. Calculated final position of the six locators (Axial positions are highlighted)

Locator no || x (mm) y (mm) z (mm)
1 70 100
180 100
120 40
70 40
180 40
60 40

o Ul W N

Simple investigation reveals that the workpiece was not at the exact required posi-
tion. The 6 DOF repositioning error of the workpiece is shown in Table 4(a) while the
same for the second side is shown in Table 4(b). This positioning uncertainty is due to
the limited advancement precision (10 um) of locators. This positioning uncertainty
can be expressed as robustness of the proposed model.

Table 4. Workpiece positioning error due to locators' precision

(a) First side of the workpiece (a) Second side of the workpiece
Plane Angle || Degree | Point P | mm [ Plane Angle [ Degree | Point P || mm
«; 0.002 Tp 0.006 ‘ y 0.00 Tp 0.002

B; 0.008 yp -0.004 Bi 0.00 yp 0.00

Vi -0.002 zp 0.001 Yi 0.00 zp 0.00

3.3  Robustness of the Model

The workpiece position uncertainty is calculated from the Plucker coordinates[31] as
the function of precision of locators’ advancements. In our case, using the locators’
input positions (Table 1. Initial positions of locators and the workpiece(a)), the uncer-
tainty at reference point P (Table 2) is deduced as a function of six advancements,
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where, dz;, dz,, dz;, dy,, dys and dxe are uncertainties of the locators’ advancements.
In order to calculate the maximum positioning error, all the term are arranged so that
their effect is added to the positioning error. The right most vector in Eq. (6) is the
maximum positioning error as the function of precision of locators’ advancements &,
in our case, assumed to 10pm.

4 Conclusion

A fixturing system has been proposed which is capable of performing the compensa-
tion of the positioning error of the workpiece through the advancement of six locators.
To allow a repetitive repositioning of irregular parts, a baseplate has been placed in
between the machine table and the workpiece. The baseplate has been located through
a 3-2-1 locating configuration and all the fixturing elements were considered to be
rigid. The kinematic model calculated the locators’ advancements which enabled us to
relocate the workpiece indirectly by baseplate relocation. The kinematic model has
been simulated in CATIA and the results verified the analytical model.
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Abstract. A new perspective on a control architecture, capable to increase the
overall performance of the manufacturing equipment by endowing it with
distributed intelligence, thus providing short ramp-up times, plug-and-play ca-
pability, great integrability and scalability, together with cost reduction, is
presented in this paper. The architecture concept, based on the outcome of ap-
plying specific problem solving methods, shows an intelligent axis equipped
with a network of smart sensors and units controlled and supervised by a master
control unit. The proposed solution is based on both electronic and software de-
signs in order to expand equipment performances and take a step forward in
supporting manufacturing systems towards reconfigurability. An experimental
testing bench has been constructed around a mechanical axis for exploring con-
trol architecture performances and intelligent axis concept feasibility. Results
have shown that the proposed control architecture is functional, highly reconfi-
gurable, cost effective, and the concept of intelligent axis is feasible.

Keywords: intelligent axis, reconfigurable system, control architecture, smart
units, distributed intelligence.

1 Introduction

Starting over a decade ago, manufacturing environment and thus manufacturing sys-
tems became subject to continuous changes due to increased customer needs and
rapid technological developments.

A manufacturing concept called reconfigurable manufacturing system meant to
quickly respond to the forthcoming manufacturing needs is introduced by Koren and
Mehrabi in the late 90s [1-2]. This concept comes with some advantages to the dy-
namically changing product varieties and batches, including lower costs, shorter
ramp-up time and time to the market, easier to debug, reduced risk of becoming obso-
lete, etc. [3].

Modularity, integrability, customization, convertibility and diagnosability are the
core functions of reconfigurable manufacturing systems (RMS). Among enabling
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technologies, modular machine tools and software, open control architecture, plug-
and-play equipments and heterogeneous platforms have been identified [3].

Even if RMS concept it's not new, its core functions and enabling technologies are
considered actual research directions in the Factories-of-the-Future (FoF) initiative
roadmaps [4-5]; some of the research directions to which this paperwork is related
are: open-control architecture, adaptability, reconfigurability, embedded intelligence,
smart and Plug-and-Produce equipments.

This initiative is meant to help European Union (EU) small to medium sized enter-
prises (SMEs) to achieve sustainability and competitiveness in the turbulent global
market [6]. One question that comes up is: What are the costs of implementing such
technological developments that have to be supported by manufacturing SMEs?

Most of the current manufacturing systems of SMEs are characterized by tradition-
al control architectures, built around programmable logic controllers (PLCs), which
are still not able to provide the desired level of reconfigurability, as well as the back-
ground for implementing required functionalities on the go and thus they might not
represent reliable solutions to the future control architectures for manufacturing
systems.

This paperwork introduces the authors’ view of an enhanced control architecture
capable to increase the overall performance of manufacturing equipments by endow-
ing it with distributed intelligence, thus providing short ramp-up times, plug-and-play
capability, great integrability and scalability, extended configurability and control
options, rapid customization, real-time assistance for system building and mainten-
ance, still being cost effective, easy to build and develop.

The proposed solution is based on both electronic and software designs in order to
expand equipment performances and take a step forward in supporting manufacturing
systems towards reconfigurability. Equipment prioritization, system expandability,
self-integration, communication options, short control loops, reporting of events,
analog and digital data processing with respect to chosen configuration options and
decision taking are investigated.

2 The Problem

Considering the current world economic crisis, when the EU manufacturing sector has
experienced the biggest decline in the number of SMEs from all sectors [6], the global
market instability and customer continuous changing requirements, strengthening
manufacturing SMEs with sustainability and competitiveness is a must-target.

Lack of reconfigurability, modular structure of both software and hardware, intero-
perability between equipments, advanced diagnosability and limited functionalities of
which traditional manufacturing systems are characterized, together with the desirable
level of technological progress to be brought by implementing the FoF concept,
represent a big step forward for manufacturing SMEs but also generate inevitable
challenges: lifecycle cost management and effective development of the required
infrastructure.



Control Architecture for Plug-and-Play Intelligent Axes 161

This paperwork presents a simpler concept of control architecture for plug-and-
play intelligent axes that can be used within RMS, which might be less expensive if it
is integrated and developed from the perspective of open-source philosophy.

3 Background

A smart sensor or unit is an embedded solution, built from the sensor or unit itself and
a microcontroller [7-8]. In the microcontroller, distributed intelligence is implemented
by software means. In this configuration, increasing the performance of the embedded
system is a matter of creativity and innovation with respect to sensor capabilities and
embedded hardware design constraints.

Also a similar concept to the one of smart sensors, to which the paper will refer
from now on as smart units (e.g. smart motors, smart circuit breakers, smart contacts),
is going to be introduced in this paperwork. An experimental bench, where an embed-
ded design is employed to boost up the functionalities and control options of an elec-
tro-mechanical axis, is also considered.

The link between the control architecture, smart sensors, smart units and the human
machine interface (HMI) will be done over the I2C communication protocol devel-
oped by Phillips [9]. The major facts that led to this communication protocol are pre-
sented by Murar and Brad in [7]; however, the communication protocol should be
selected in order to better suit the served process.

4 Guidelines towards Innovation

In order to achieve the proposed objectives, innovative problem solving tools have
been considered. The use of CSDT method [10] in combination with TRIZ method
[11] have been used to approach two conflicting generic design problems: increased
capacity of the system from the perspective of reconfiguration while keeping low
costs for development and integration; and increased versatility/adaptability of the
system while keeping low costs for development and integration.

For the first design challenge, the vector towards innovation is to change the con-
centration of functions and modularity. For the second design challenge, three vectors
of innovation have to be integrated: change the concentration of functions, develop-
ment of non-uniform structures and make some characteristics of the system’s com-
ponents to change. The most impacting generic module of the control architecture is
the information management software, followed by the algorithms for equipment
control and the interface with process information. For the smart sensors, the most
impacting module is the interface between the configuration options and the operating
rules, followed by the operating algorithms and the interface with the communication
protocol. The same impacts are reflected in the case of other smart units (e.g. smart
motors). Thus, the focus was on developing sensors, motors, etc. that are independent
in terms of intelligence (building them as self-intelligent units, able to carry their own
past events), ensuring that these intelligent units can change some of their operational
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functions (using software means for resetting), and making them capable to commu-
nicate immediately with other intelligent units for self-reconfiguration in new opera-
tional systems. In-process configuration without losing information is another issue

M. Murar and S. Brad

that should be solved by means of special buffers.

5

A simplified conceptual schematic of the control architecture, based on the design
vectors from the previous section, is illustrated in figure 1. The characteristics and
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functionality of its components are briefly described below.

Debug
protocol

Main Control Unit

Comm. protocol

General purpose input /output pins

Physical nterface

HMI

Comm. protocol

OUT—» IN—» .
Veel
[ [T T Vec?
] o At b GND
—_— P P T T [ ] Py gy
I EEl A FElE i oy Hivot
TIYYI frIY iR T T3 ed]ll |TTT el
i i i i i i
High prionty E E High prionty E i Low prionty E E Low prionty
OUT adapter || || IMNadapter || ! adapter ' ' adapter
A e A
i i i i i i
i i i i i i
[} [} [} | [} [}
i i i i i i
i i i i o i i ;
Smart unit | i| Smart sensor |i | Smartunit || || Smart unit
1 1 1 | orsemsor | | orsensor
i i i i i i

Fig. 1. Simplified conceptual schematic of control architecture

The control unit is an embedded solution built on such hardware and software plat-

forms that allow monitoring and management of information together with the control
of smart equipments that are part of the served process. It is characterized by:
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e Scalability: the number of high priority equipments that can be connected is limited
by the number of general purpose input output pins (GPIOs) available on the used
microcontroller; in this case study, up to twenty five equipments. Theoretically, for
the low priority equipments there is no limit, but process constraints and communi-
cation protocol parameters have to be considered.

e Configurability: is considered with respect to the direction (input or output) of the
direct connection between control unit GPIOs and high priority equipments, which
are not predefined, thus resulting in the ability of having connected either only in-
puts or outputs or both, as well as replacing an output with an input equipment at
any time. This depends of the process needs.

e Plug-and-play: the control unit offers software support for automatic detection and
integration of connected equipments, providing the operator with real-time assis-
tance together with all the information and configuration options that the connected
equipments have. The operator just has to select the desired level of functionality,
in a friendly manner, thus eliminating the need of specialized personnel.

e Diagnosability: checking and identifying of problems or incompatibilities between
equipments or cascade-connected equipments are supported by the information
management algorithms and by the distributed intelligence enclosed in smart
equipments, resulting in a high control level with direct impact on system fitness,
functionality and stability.

Since smart sensors and their characteristics are already presented in [7], still it makes
worth to mention that they have been enhanced in this research work in order to
achieve an extended orientation towards modularity and scalability, the electronic
design allowing to quickly creating new smart sensors solutions for accommodating
more sensors with different or special requirements.

Smart units represent intelligent output manufacturing equipments which make use
of embedded systems, software creativity and microcontrollers in order to boost up
the performances and functionalities of normal output equipments.

Employing both hardware and software designs it was possible to implement the
concept from figure 1 on a electro-mechanical axis driven by a 24 VDC 5 phases
stepper motor with windings in a pentagon connection, resulting in an intelligent elec-
tro-mechanical axis with the following functionalities:

e Distributed intelligence: it was implemented by placing relevant information about
the electro-mechanical axis, controlling algorithms, available functionalities and
options inside microcontrollers’ memories.

e Plug-and-play: it is achieved by exchanging important information about the intel-
ligent axis with the control unit using a communication protocol that makes the in-
tegration and configuration processes of the intelligent axis simpler and quicker.

e Controlling: a broad range of motor control options have been implemented (but
they are not limited to this range): half step, full step, forward, backward, speed
control and all are accessible by software.

e Remote control and learning: once the intelligent axis is integrated, the user has the
full control upon its functionalities and can decide how and where to drive the axis
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and what moves to be learned and introduced in its working sequences in relation
with other connected equipments, if any.

e Short control loops and independent decision taking: they have been obtained via
the level of distributed intelligence implemented inside the microcontroller and via
the information provided from data management algorithms and logic from this
equipment or from others that can influence its functionalities, as specified in the
configuration process by the operator.

e Parameters monitoring: the electronic part is designed such as to allow electric
parameters monitoring and, together with data management algorithms, to identify
possible malfunctions situations, stop the control algorithms on equipment level
and let the control unit and user knowing about these situations.

e Preventive maintenance: simple algorithms are implemented to keep track of work-
ing hours and conditions in order to alert the user when processes similar to:
equipment inspection, greasing, adjustments and re-calibration are needed in order
to prevent faults to occur. Even more advance features could be implemented if
linked with the information from the monitored parameters.

Adapters are additional hardware parts in the system. They are used to prioritize smart
equipments and they can be of two types: high or low priority. By prioritizing the
control unit, special procedures can be quickly triggered on the smart units’ side. As
well, smart sensors can quickly trigger special procedures on the control unit side. A
secondary role of the high priority equipments is to adjust voltage logic levels of the
direct connection between smart equipments 24 VDC and control unit 3.3 VDC.
Human machine interface (HMI) is the connection of the user to the control unit or
smart equipments and it is used for selecting between configuration options, remote
control of smart units and other specific issues or to monitor process parameters.

6 Tests and Results

An experimental testing bench has been constructed in order to test the feasibility of
the developed control architecture and the related intelligent axis concept, as it can be
seen in figure 2.

It consists of one master control unit (1), one power and signal distribution unit (2),
three smart sensor units (one Smart Temperature Measurement Unit (5) for measuring
temperature that can accommodate up to four LM35 or equivalent temperature sen-
sors, one Smart Magnetic Field Measurement Unit (6) for measuring magnetic field
that can accommodate up to four SS49 Honeywell Hall effect sensors or equivalent,
one Smart IR Barriers Unit (7) capable to accommodate up to three pairs of IR emitter
and receptor for realizing IR barriers), one High Priority Smart Axis Unit (4) for me-
chanical-axis control, one human machine interface unit (3) used for configuring the
connected smart equipments, high and low priority adapters (12).

Each smart-equipment has its own microcontroller, where distributed intelligence
and specific test control algorithms have been developed and implemented by soft-
ware means for concept testing purposes.
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Fig. 2. Experimental test bench (without connecting wires)

Current equipment configuration that can be seen in figure 2 could represent a
process in which an electromechanical axis (4) is used to move a part (11), the actual
smart sensors configuration can be interpreted as follows: one smart IR barrier (9) is
used to detect if the part has been pushed over a point so that another equipment to
process it, the second IR barrier is used to detect if the part has exceeded the operating
range of the electro-mechanical axis, the Hall effect smart sensor (10) is used to detect
when the sliding part of the electro-mechanical axis (4) has been brought back to
home position (a small magnet is placed on the bottom of the sliding part), the smart
temperature sensor (8) is placed on the stator of the electromechanical axis’ (4) motor
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and can be used to keep temperature data logging, to detect if high temperature are
experienced and to prevent axis deterioration by shutting down the control.

If sensors are repositioned and additional software is developed, different configu-
rations and functionalities can be achieved for the overall system.

For a better understanding of the concept, the paperwork dives into one smart sen-
sor and smart unit from software point of view and exemplifies the implemented func-
tionalities. The functionalities of the other smart sensors used in this experimental test
bench are left to reader creativity to deal with. Bellow, in figure 3, a list of functional-
ities that can be implemented into specific equipments is introduced.

High Priority Smart IR Barriers I High Priority Intelligent Axis
Configuration options

1. Belect working environment.

1. Specify number of used sensors.  |2. Keep track of working hors?

3. Monitor electric parameters”

Configuration of functionality
. Detect obyject presence? 1. Select default stepping mode.
. Identify direction of movement?  |2. Select default working speed.
. Caleulate speed of movement part? | 3 Drive the device if monitored
. Count parts? parameters are out of specification”

L I v

Configuration of functionality

1. Tngger specific control routine?
2. Listen to communication port for
information from control unit?

1. Trizger alarm if trespassing barner?
2. Report information.

Additional options Maintenance options
1. Use mathematic models to identify
Reserved for additional options to be |equipment aging.

implemented. 2. Alert operator when maintenance
due dates are close?

Fig. 3. Example of functionalities that can be implemented into smart units

|.—h'a.i.1able Units |.—\ctions |Cha.tacten'stic s | Op eratorsl Condition and specific condition options |

|It1te]]igent Ams.Move Forward. Full Stepping. WHILE Smart IR Barrier . Barrier 1. Detect presence = TRUE|
Move Backward Half Stepping IF
Direct Connection n Steps AND
OR

Intellizent Axis . Move Backward. nSteps=10 IF Smart IR Barrier . Barrier 2. Object count =3

Fig. 4. Process programming example related to specified equipments
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After connecting and auto-integrating the equipment, specifying the control algo-
rithm of a unit by the operator using HMI physical interface is inspired from object
oriented programming (OOP) since it is very intuitive. The HMI will real-time actual-
ize and populate the list of available options, based on equipment configuration
options, other connected equipments and their configuration options, operators, spe-
cific actions and options. Thus, a small fracture of the control architecture is presented
in figure 4. Reduced representation regarding the list of available options and what
they imply can be viewed in figure 4, representing a line of the control algorithm.

7 Discussions

Intensive testing on the case study for recognizing specific characteristics has shown
that the proposed control architecture is functional, highly reconfigurable, cost-
effective, and the concept of intelligent axis is feasible. Some of the features of great
importance in dealing with future manufacturing system problems and market needs
can be also found in our experimental test bench: reconfigurability, master control
unit has the capacity to configure on-the-go and at any time the direction of its pins
(i.e. the connection to the external world) with respect to the connected device; the
operator can ask a specific connected equipment to provide its configurability options
and choose between these options a desired way of how an equipment will act with
respect to the implemented software and hardware configuration; plug-and-play, mas-
ter control unit detects when an equipment is disconnected or connected on the com-
munication bus and takes care to integrate and configure the connected part without
corrupting data transfer on the communication bus; real-time assistance, all informa-
tion about a device is inside the memory of the attached microcontroller, thus
connecting two or more incompatible devices will result in alerting the operator and
blocking any attempt of driving or controlling that device; scalability, has been ob-
tained by conferring a priority level to equipments: high or low priority (note: the
number of high priority equipments is restricted to the number of available pins on the
master control unit, thus having a direct connectivity to master control unit for quick
triggering of actions; the number of low priority equipments is restricted by the time
constraints of the deserved process and the bus electric capacitance); independent
decision taking, like preventive actions, in the case of smart units it is based on
process information and data statistics regarding process values. The level of decen-
tralization is another important feature identified in our design. It is obtained from the
symbiosis between the given equipment and a microcontroller connected by a com-
munication network to other equipments and to the higher management level.

Test performed on a communication protocol’s speed of 400 kbit/s has shown that
a time period under 5 seconds is needed by the main control unit to detect and auto-
integrate any connected equipment. Also, an average of 5 minutes is needed by a
skilled operator to configure the connected equipment.
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8 Conclusions

This research introduces a control architecture that enables building up intelligent
axes for fast integration within technical systems. Tests have shown that the proposed
control architecture is suitable for supporting the development of small scale, highly
reconfigurable systems using smart equipments at affordable costs. In comparison
with control architectures build around programmable logic controllers, the proposed
architecture takes a step closer to what reconfigurable manufacturing systems concept
is based on.

One noticeable limitation of the proposed solution is related to the communication
protocol performances where significant propagation delays are experienced over 100
meters at high data rates, as stated by the producers. In has to be considered that this
communication protocol was employed to emphasize the concept of the control archi-
tecture, if data transmissions over larger distances have to be covered, protocols like
CAN and LAN could be used together with the set of hardware and software frame-
work that they require.

The obtained results encourage to further work on this concept for reaching its full
potential. The first envisaged research direction would be on increasing the simplicity
of equipment and process configuration by developing an enhanced HMI that
considers a PC-software together with the USB support of the main control unit mi-
crocontroller. The second research direction is about developing an online open-
source data base with information, control algorithms, drivers, etc. about different
smart equipments.
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Abstract. Process modeling is a set of activities to be followed to create one or
more models of a process for a certain purpose. Some modeling methods are
more suitable for a given purpose than others, an essential fact to remember
when choosing a modeling method. Some literature reviews about product de-
velopment process modeling and their purposes are available on the literature;
however, none of them intend to deplete the subject. Therefore, this research
aims to provide a state of the art about product development process modeling
methods and propose a detailed and comprehensive classification of them based
on their purposes. To this end, a systematic literature review is conducted, fol-
lowed by the elaboration of a matrix that relates modeling methods to their pur-
poses. The resulting matrix can serve as a starting point for the elaboration of a
framework for modeling method selection.

Keywords: product development, process models, process modeling, process
representation, process visualization, models purposes.

1 Introduction

Among basic organizational capabilities, the ability to innovate by developing new
products provides the greatest competitive advantage [1, 2]. Product development
(PD) is the process by which an organization transforms market opportunities and
technical possibilities into valuable information for commercial production [3].
Unlike business processes designed to produce predictable results, PD is intended to
create something new. A business process with distinct characteristics, PD involves
creativity and innovation, is non-linear, and iterative [4, 5].

Process modeling is an activity set to be followed to create one or more models of
a process for a certain purpose, usually the representation, explanation, design,
specification, analysis, or control of a given process [6]. It is essential to choose a
model appropriate to its purpose [5-7]; some process modeling methods are more
suitable for a given purpose than others. For example, a design structured matrix will
show process activity dependencies more clearly than a simple flowchart and will not

M. Abramovici and R. Stark (Eds.): Smart Product Engineering, LNPE, pp. 169-79]
DOI: 10.1007/978-3-642-30817-8_17 © Springer-Verlag Berlin Heidelberg 2013



170 C.R. Amigo et al.

highlight process improvements opportunities as efficiently as a value stream map
can.

As well as other processes, it is possible and useful to build models for product
development processes [8]. For example, process models can help a development
team focus on value-adding activities, provide current situation transparency and
visibility to a workforce, indicate process-related best practices, provide a baseline for
process management, allow process change analyses, and assist the comprehension of
complex processes, among others [5].

The business process modeling literature is extensive. Literature reviews on both
general modeling methods [2, 7, 9] and specific PD process modeling [5, 8, 10-12]
have been conducted. Although these authors do not agree on the definition of the
term “modeling methods” (but instead use terms like “frameworks,” “approach,”
techniques,” “languages,” and “views”), they discuss with varying abstraction levels
and foci a similar set of PD process modeling methods (e.g., event process chain,
design structure matrix, flowcharts).

Some of these reviews describe modeling method types and their typical purposes
[5, 10], group modeling methods in categories regarding their purposes [8], or analyze
the fitness of modeling methods for various purposes [12]. However, none of these
reviews intend to deplete the subject. Methods described in one review are sometimes
not cited in others, and none of the reviews aggregates all of the extant methods. The
current classification based on process purposes is largely generic (as it refers to
modeling method purposes collectively rather than to each method’s individual
purpose) and is often partial. For example, Browning [12] examines the attributes that
a model view is able to represent and that are useful to a given purpose to elaborate a
matrix showing the alignment between model views and their purposes. The matrix is
a very interesting contribution, but, as it relies only on information about attributes,
does not consider other aspects important to a model’s fitness for its purpose, like
intuitiveness and ease of use.

Therefore, this research aims to aggregate, complement, and update the extant
literature reviews in order to provide a current overview of PD process modeling
methods, and propose a more detailed and comprehensive classification of them based
on their purposes.

2 Research Method

2.1  Systematic Literature Review

The following systematic literature review was based on the roadmap proposed by
Conforto et al. [13], adapted from other knowledge areas [14, 15] to guide systematic
literature reviews on operations management. This roadmap’s main characteristics are
its research strings tests and refinements, the iterative processing of its results, and its
references by references search. The roadmap phases will be described, detailing the
methodology employed.
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Phase 1: Inputs. In this phase, the systematic literature review was planned and its
inputs defined. The resulting plan as the inputs defined are shown below.

1. Objective definition: identify the modeling methods used in PD process modeling.

2. Database definition: qualified experts, and ISI Web of Science (Thomson Reuters)
and SciVerse Scopus (Elsevier) authoritative sources. Articles and conference
proceedings available in English, free of charge, and authenticated by the
researchers’ institutions should be considered. Searches should be conducted using
the “title,” “abstract,” and “keywords” fields.

3. Strings definition: the keywords were selected from the list of articles identified by
the experts. Three iterations were then carried out for strings refinement.

4. Inclusion criteria definition: the established criteria for articles including was
“proposition, description or application of modeling frameworks, methods,
techniques or approaches to PD process modeling” and “proposition, description or
application of new PD process models”.

5. Searching: searching the selected databases, eliminating duplicates, and exporting
results to a table for filters application

6. Filters with inclusion criteria application: 1* iteration with article’s title, keywords
and abstract reading; 2™ jteration with article’s introduction, results and conclusion
reading; 3" iteration with article’s full reading.

7. References by references search: should be performed using the references of the
selected articles.

8. Data extracting to synthesis table, obtained from deep reading of selected articles.

9. Articles cataloging and storing in bibliographic reference manager software.

Phase 2: Processing. A systematic literature review search, results analysis, and
documentation were performed. Searching using the chosen string produced 5646
articles (counting both databases). Of this total, 1394 articles were duplicates across
the two databases (a 33% overlap). Thus, 4252 articles were iteratively subjected to
the filters defined in the previous phase. During articles’ full reading, it is normal to
find citations to other relevant articles that did not appear in the references by
references search. In our systematic literature review, 36 articles were found through
the references by references search. Finally, 101 articles were analyzed, 65 from the
filters selection and 36 from the references by references search. Data extraction from
the selected articles to a synthesis table then occurred, listing all the modeling
methods found and their purposes. The only information considered was what could
be retrieved from the analyzed set of articles; no critical analysis occurred at this
point.

Phase 3: Outputs. The literature review’s main output was the synthesis table
(reflecting 52 modeling methods) and the identification of the main authors and
journals about the subject. Most of the selected articles were drawn from the
engineering and computing fields.
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2.2 Elaboration of the Modeling Methods x Purposes Matrix

The raw data collected into the synthesis table after the systematic literature review
enabled the elaboration of the modeling methods x purposes matrix. This data were
submitted to a refining critical analysis consisting of two phases. In the first, the
modeling methods were analyzed; in the second, their purposes were examined. The
critical analysis of the first phase occurred in two steps: duplicates were eliminated
(some authors referred to a single modeling method using different names), and the
selected modeling methods were confirmed to lie within the scope of this research. In
the second phase, the examination of the modeling methods’ purposes was refined in
two steps. First, the purposes assigned to each method according to what could be
found in the literature were examined for duplicates and discrepancies and were then
rewritten in standard format (i.e., using a verb followed by a substantive). These steps
were repeated in three iterations in order to produce a refined set of purposes (see
Figure 1). Finally, a matrix was elaborated based on the refined set of modeling
methods and purposes.

Synthesis table (raw)

Modeling methods Purposes

1 [ i

' . i H
9 | Modeling methods i Purposgs s
=l analysis Pl analysis =N
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B v P ¥ =S
5! ' Eliminate duplicates; ' 8
£ | | Eliminate duplicates | | | nate Cuplicates; | 1 3
2 b discrepancies i g
G i ¥
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Mod