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Abstract

Design processes in chemical engineering are hard to support. In particular, this applies to conceptual design and basic
engineering, in which the fundamental decisions concerning the plant design are performed. The design process is highly creative,
many design alternatives are explored, and both unexpected and planned feedback occurs frequently. As a consequence, it is
inherently difficult to manage design processes, i.e. to coordinate the effort of experts working on tasks such as creation of flow
diagrams, steady-state and dynamic simulations, etc. On the other hand, proper management is crucial because of the large
economic impact of the performed design decisions. We present a management system which takes the difficulties mentioned above
into account by supporting the coordination of dynamic design processes. The management system equally covers products,
activities, and resources, and their mutual relationships. With respect to coverage and integration, and with respect to the dynamics
of design processes, the functionality of the management system goes considerably beyond commercial project, document, and

workflow management systems.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction and motivation

Design processes in engineering disciplines, like che-
mical engineering, often deliver good results, but some-
times perform less effective than they could. Reasons,
among others, are that neither the process is explicitly
and clearly structured nor its complex result. Especially,
the experience of designers is not explicitly gathered and,
therefore, cannot be used, the many mutual relation-
ships between parts of the design product are neither
explicitly stored nor maintained, designers may interpret
the design in different ways, and the management of a
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project is not given a clear view about the state of the
project at a certain time.

Correspondingly, there is a lack of semantic support
by current tools for collaborative design processes,
carried out by different persons, with different roles,
on different sites, eventually in different companies,
which altogether build up or maintain the complex
product of a design process. Moreover, there are lot of
gaps with respect to tool support in a collaborative
design process. As a consequence, the vision of an
integrated design environment providing high-level tools
has been realized only to a limited extent.

The Collaborative Research Center 476 IMPROVE
(Nagl & Westfechtel, 1998; Marquardt & Nagl, 1999), is
an integrated project staffed by chemical engineers,
plastic engineers, ergonomics researchers, and different
groups from computer science (software engineering,
information systems, communication systems) with the
aim of solving the problems described above. The
project concentrates on the early phases of process
engineering, namely conceptual process design and basic
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engineering, the tasks of which are to structure, to
simulate, and to evaluate a plant design under different
perspectives. This part of the overall design process is
especially challenging from a research perspective (many
creative decisions, permanent changes, study of variants
etc.).

With respect to the development of an integrated
design environment, IMPROVE follows a mixed top—
downlbottom—up approach (Fig. 1). Bottom—up means
that existing tools and platforms are re-used as far as
possible (grey regions). For example, we make use of
existing tools for performing steady-state or dynamic
simulations. To further improve the functionality of-
fered to the designers, new tools and services are added.
The tools are designed in such a way that they fit into
the overall architecture (top—down approach).

Within the IMPROVE project, there are four sub-
projects which address improved tool support in differ-
ent functional areas. Within these subprojects, tool
services are developed which may be used for the
implementation of design tools with innovative func-
tionality (Fig. 1(a)—(d)):

(a) Fine-grained process support tools (Pohl et al.,
1999) aim at supporting designers in their interaction
with design tools by process fragments which (partly)
automate sequences of command invocations.

(b) Incremental integration tools (Becker, Haase,
Westfechtel, & Wilhelms, 2002) assist designers in
keeping inter-dependent design data consistent with
each other (e.g., flow diagrams and simulation models).

(c) Using multi-media communication tools (Schiippen,
Trossen, & Wallbaum, 2002), designers may discuss and
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Fig. 1. Mixed tool integration approach (coarse architectural sketch).

resolve design problems in joint working sessions
(conferences).

(d) Reactive management tools Westfechtel, 1999
assist in managing design processes at a more coarse-
grained level than the process support tools mentioned
above.

These new functionalities work synergetically together.
To take one example, let us regard the change of a flow
diagram, for which process support (a) can be used. The
dependent tasks are determined by reactive management
(d). For changing the dependent documents (e.g., a
simulator input description), integration tools (b) are
applied. During the change subprocess spontaneous
multimedia communication is used as well as a multi-
media conference (c) at the end of the subprocess.

In this paper we concentrate on tool support for the
management of design processes in chemical engineering
(i.e. (d) in Fig. 1). Management, thereby, is restricted to
the coordination of a design project. So, no strategic or
psychological aspects are discussed. However, all as-
pects of coordination (products, activities, and re-
sources) are seen as being tightly integrated. Since the
design process changes permanently, coordination has
to react accordingly (dynamics). Management is sup-
ported by a collection of tools which constitute a
reactive management system. This system is called
Adaptable and Human-Centered Environment for the
MAnagement of Development Processes (AHEAD
Jager, Schleicher, & Westfechtel, 1999a; Westfechtel,
1999).

Management in the sense of this paper is closely
related to major design decisions of a chief designer. So,
e.g., choosing one of different variants for a part of the
plant induces a specific form of the design result (how
many and which documents), design process (which
design tasks) and corresponding required resources.
Conversely, a limit in the design process’ costs influences
how intensively design variants can be studied. So, both
levels, major design decisions on the technical level and
coordination of the design process on the managerial
level, are mutually dependent.

The rest of this paper is structured as follows: In
Section 2, we elaborate on the features of design
processes in chemical engineering. We also introduce a
case study, namely the design of a plant for polyamide6.
In Section 3, we discuss the management of design
processes and the current state of the art of tool support.
We demonstrate that commercial tools for workflow,
project, or document management suffer from several
shortcomings, e.g., limited support for dynamically
evolving design processes. In Section 4, we present our
management system (AHEAD) and explain in what
respects it goes beyond the functionality of current
commercial systems. In Section 5, we demonstrate its
use by applying it to the case study introduced in Section
2. While the management system incorporates novel
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functionality, it is a research prototype which cannot be
immediately applied to industrial practice. Therefore, we
indicate different ways of technology transfer in Section
6. Finally, we summarize our contributions and describe
current and future work in Section 7.

2. Design processes in chemical engineering

From an economic point of view the early phases of
design processes, namely conceptual process design and
basic engineering, are worth considering. The decisions
made in these phases have a great impact on the later
ones. McGuire and Jones (1989) report that up to 80%
of the capital costs of a plant are determined in
conceptual process design. The importance of design
processes in (chemical) engineering and the need for
improving and modeling them has been stated in the
literature by several authors (e.g., Mostow, 1985;
Badares-Alcantara, 1995; Ponton, 1995; Westerberg,
Subrahmanian, Reich, Konda, & n-dim group, 1997).
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Fig. 2. Life cycle of a chemical design process.

2.1. Characteristics of design processes

The life cycle of a chemical design process ranges from
the definition of a design objective to the construction of
the plant as shown in Fig. 2 (developed within the
Global CAPE-OPEN project Braunschweig & Gani,
2002). Besides the performed activities (e.g., basic
engineering), which are assigned to roles or departments
(resources), the needed and produced information
(products) characterize the design process and are
represented in the figure. The temporal order of the
activities is given by the control flow (solid lines), the
flow of information by the dashed lines.

Our management system aims at supporting the
engineering design process (namely the activities from
the start of the project to the ones including the detailed
process design) with special consideration for the
characteristics of a (chemical) engineering design pro-
cess:

o Designers: The designers have different backgrounds
and work together in a relatively small, but inter-
disciplinary team (up to 10 people), lead by one
technical project manager.

e Location: The design team can be located in different
departments and enterprises, distributed across dif-
ferent sites all over the world.

e Duration: Chemical engineering design projects differ
in their duration, depending on the goal of the design
project (e.g., design of a complete new plant, or just a
retrofit). They last from several months up to many
years.

o Creativity: Design processes include highly creative
work processes. They are ill-defined and very com-
plex, therefore very difficult to plan in advance.

o [terations: There are a lot of iterations in a design
process. Many activities have to be performed several
times at different levels of detail (granularity) depend-
ing on the available information.

e Feedback: The activities performed during a design
process are highly interconnected. Therefore changes
made in a later phase of the design process can lead to
unwanted feedback to activities already performed
earlier during process design.

o Documentation: The exchange of information be-
tween the designers is mainly done during project
meetings and by the exchange of email and paper.
There is almost no reuse of successful problem
solutions of previous design projects due to the
difficulties in exchanging and using consistent infor-
mation as well as missing or bad documentation.

e Alternatives: During a design process many different
alternatives are created. The detailed investigation of
each alternative may lead to totally different design
processes.
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e Software tools: A multiplicity of software tools is
used by the designers. These tools often have
incompatible data formats which make the exchange
of information very difficult or even impossible.
Large amounts of data and documents are produced
by the software tools which have to be managed.

e Design product: The product of a design process in
chemical engineering is the plant design. Chemical
plants are unique and no bulk products.

In particular, these characteristics imply that design
processes cannot be planned in detail in advance because
they are dynamically changing due to the highly creative
character of the processes and the interdependencies
between the different activities and products. Effective
support for managing design processes can only be
enabled by the combined consideration of all these
aspects.

2.2. Polyamide6 case study

The case study given here serves different purposes.
First of all, we want to understand the workflow of
industrial design processes in order to identify weak
points and define requirements for the development of
new tool functionalities respectively new tools. This case
study can therefore be seen as a guideline for our tool
design process. It is a common basis for our work in the
IMPROVE project. All tools developed in IMPROVE
are tested in the context of the case study. Furthermore,
these tools are integrated in a common prototype
demonstrating the interactions between the different
tools and their support functionalities. Following this
working procedure it is possible to evaluate whether the
tools really fulfill the defined requirements and con-
tribute significantly to an improvement of design
processes in chemical engineering.

In order to demonstrate and evaluate the functional-
ities of the management system, a realistic case study is
needed. Since such a case study is not available in the
literature, we developed one by ourselves.

First of all we tried to record and structure design
processes in chemical engineering at a very coarse level
(independently from a concrete example) based on
literature (Rudd, Powers, & Siirola, 1973; Douglas,
1988; Biegler, Grossmann, & Westerberg, 1997; Blass,
1997), the PIEBASE activity model PIEBASE Working
Group 2, (1998), and own experiences. Furthermore, we
developed a process for the production of polyamide6
(nylon6) fulfilling a specified design task. During this
development we observed ourselves and recorded our
activities in the form of activity diagrams. In parallel to
this we conducted five interviews with project managers
of an industrial partner. In these interviews the inter-
viewee had to remember in the sense of a case study
approach (Yin, 1984) a past design process. These three

elements (literature, self observation, and interviews)
form the basis on which our case study is built.

The case study describes the design process of a
chemical plant for the production of polyamide6
including the polymer compounding and post-proces-
sing. It focuses on the workflow, the people involved
and the tools used together with their interactions. The
task given in this case study is to design a plant for
producing 40 000 tons polyamide6 per year with a given
product quality. Polyamide6 is produced by the poly-
merization of e-caprolactam. There are two possible
reaction mechanisms, the hydrolytic and the anionic
polymerization (Kohan, 1995). Since the anionic poly-
merization is mainly used for special polymers, this case
study focuses on the hydrolytic polymerization, which is
also more often applied industrially. This polymeriza-
tion consists of three single reaction steps: ring opening
of e-caprolactam, poly-condensation, and poly-addi-
tion. The case study covers the design of the reaction
and separation system as well as the extrusion. A block
flow diagram representing the continuous polymeriza-
tion of polyamide6 is shown in Fig. 3.

There are different kinds of reactors that can be used
for the polymerization: sequences of two or more tank
reactors or plug flow reactors (Gerrens, 1981) and a
special reactor developed for the polyamide6 produc-
tion, the VK-tube (Deutsches Patentamt, 1969). The
polymer melt at the outlet of the reactor contains
monomer, oligomers, and water, which must be re-
moved in order to meet the required product quality.
Therefore, a separation is needed. Two separation
mechanisms can be used here: evaporation in a wiped-
film-evaporator or extraction with water to remove e-
caprolactam with a successive drying step (Kohan,
1995). Polymer post-processing is done within an
extruder: additives, fillers, and fibers are added in order
to meet the specified product qualities. Within the
extruder, an additional polymerization of the melt and
the degassing of volatile components are possible.

For all process units, mathematical models are devel-
oped and used for simulation within different simula-
tors. Because the design of each distinct process unit
requires very specific knowledge, each block is studied in
detail by different experts in our case study.

The different alternatives for reaction, separation, and
extrusion lead to several alternative processes for the
polyamide6 production. In Fig. 4, a flow diagram of one
process alternative is given: the reaction takes place

caprolactam, waterI additives,
dimer fibers, fillers
capro-
IactamI Y
nylon6,
water reaction —®| separation [—¥compoundingr——»
—»

Fig. 3. Block flow diagram of polyamides6 process.
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Fig. 4. Flow diagram for polyamide6 production.

within two reactors, separation is done by leaching and
drying of polymer pellets. The cleaned pellets are re-
melted in the extruder so that additives can be added.
More detailed descriptions of the case study can be
found in Bayer, Eggersmann, Gani, and Schneider
(2002) and Eggersmann, Hackenberg, Marquardt, and
Cameron (2002).

In Fig. 5, a simplified overview on the polyamide6
case study is given from a workflow perspective.
Regarding the above mentioned applications of our
case study it was important to choose a suitable
notation, in the sense that engineers as well as computer
scientists are able to understand the modeled content
and that all necessary information is included in such a
workflow model. The notation used is the C3 formalism
(Foltz, Killich, Wolf, Schmidt, & Luczak, 2001), a
modeling language for the notation of work processes,
based on the Unified Modeling Language (umL)
(Booch, Rumbaugh, & Jacobson, 1999). The abbrevia-
tion C3 stands for the three aspects of workflow
modeling which are represented in this formalism:
cooperation, coordination, and communication. The
elements of C3 are roles (e.g., simulation expert),
activities (e.g., design reaction alternatives), input/out-
put information (not shown in this figure), control flows
(solid lines including forks and joins represented by

bars), information flows (also not shown), and synchro-
nous communication (represented by a filled square).

After the start of the project, different alternatives are
evaluated on the basis of block flow diagrams. Reaction,
separation, and extrusion are investigated in parallel
within different simulation tools. The simulation results
are compared with experimental results leading to an
improvement and refinement of the used mathematical
models. After the completion of these activities a plant
concept is determined. The case study in its actual form
represents one part of an industrial design process,
namely the early phases of basic engineering.

On the basis of this case study (with about one
hundred activities) the management system has been
developed and tested. For reasons of clarity only a small
part of the case study is presented and used for
demonstration in the following sections.

3. Management of the design process

3.1. Basic notions

In the previous section, we have introduced our
domain of discourse—design processes in chemical
engineering—and a case study (design of a plant for
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producing polyamide6) which serves as a reference
scenario within the IMPROVE project. In this paper,
we are specifically concerned with the management of
design processes. In Section 2.1, we have described
several features of design processes which challenge the
capabilities of management. In particular, design pro-
cesses are highly creative, many iterations are necessary,
the tasks to be solved are not known beforehand, design
processes last for a long time span, experts from
different disciplines have to cooperate smoothly, these
experts use heterogeneous tools, and they have to
document the results of their work in a traceable way.

Before we discuss solutions to these problems, we
have to introduce a set of basic notions which we will
use throughout the rest of this paper. In general terms,
management can be defined as ‘all the activities and
tasks undertaken by one or more persons for the
purpose of planning and controlling the activities of
others in order to achieve an objective or complete an
activity that could not be achieved by the others acting
alone’ (Thayer, 1988). This definition stresses coordina-
tion as the essential function of management.

More specifically, we focus on the management of
design processes by coordinating the technical work of
designers. We do not target senior managers who work
at a strategic level and are not concerned with the details
of enterprise operation. Rather, we intend to support
project managers who collaborate closely with the

designers performing the technical work. Such man-
agers, who are deeply involved in the operational
business, need to have not only managerial but also
technical skills (‘chief designers’).

The distinction between persons and roles is essential:
when referring to a ‘manager’ or a ‘designer’, we are
denoting a role, i.e. a collection of authorities and
responsibilities. However, there need not be a 1:1
mapping between roles and persons playing roles. In
particular, each person may play multiple roles. For
example, in chemical engineering it is quite common
that the same person acts both as a manager coordinat-
ing the project and as a (chief) designer who is
concerned with technical engineering tasks.

In order to support managers in their coordination
tasks, design processes have to be dealt with at an
appropriate level of detail. We may roughly distinguish
between three levels of granularity:

o At a coarse-grained level, design processes are divided
into phases (or working areas) according to some life
cycle model (Fig. 2).

o At a medium-grained level, design processes are
decomposed further down to the level of documents
or tasks, i.e. units of work distribution.

o At a fine-grained level, the specific details of design
subprocesses are considered. For example, a simula-
tion expert may build up a simulation model from
mathematical equations.
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Given our understanding of management as explained
above, the coarse-grained level does not suffice; rather,
decomposition has to be extended to the medium-
grained level. On the other hand, management is usually
not interested in the technical details of how documents
are structured or how the corresponding personal
subprocess is performed. Thus, the managerial level,
which defines how management views design processes,
comprises both coarse- and medium-grained representa-
tions.

In order to support managers in their coordination
tasks, they must be supplied with appropriate views
(abstractions) of design processes. Such views must be
comprehensive inasmuch as they include products,
activities, and resources (and their mutual relation-
ships):

(1) The term product denotes the results of design
subprocesses (e.g., flow diagrams, simulation models,
simulation results, cost estimates, etc.)l. These may be
organized into documents, i.e. logical units which are
also used for work distribution or version control.

(2) The term activity denotes an action performing a
certain function in a design process. At the managerial
level, we are concerned with tasks, i.e. descriptions of
activities assigned to designers by managers.

(3) Finally, the term resource denotes any asset
needed by an activity to be performed. This comprises
both human and computer resources (i.e. the designers
and managers participating in the design process as well
as the computers and the tools they are using).

Thus, an overall management configuration consists of
multiple parts representing products, activities, and
resources. An example is given in Fig. 6. Here, we refer
to the polyamide6 design process introduced earlier. On
the left, the figure displays the roles in the design team as
well as the designers filling these roles®. The top region
on the right shows design activities connected by control
and data flows. Finally, the (versioned) products of
these activities are located in the bottom—right region.

Below, we give a more detailed description of Fig. 6:

(1) Products. The results of design processes such as
process flow diagrams (PFDs), steady-state and dy-
namic simulations, etc. are represented by documents
(ellipses). Documents are interdependent, e.g., a simula-
tion model depends on the PFD to which it refers
(arrows between ellipses). The evolution of documents is
captured by version control (each box within an ellipsis
represents a version of some document).

! Here we do not refer to the product of the chemical process such
as e.g. polyamide6. Thus, the reader should be aware of the context in
which this notion is used. This remark applies equally to the notion of
process, which may refer to both the design process and the chemical
process.

2 For the time being, we ignore computer resources, see Fig. 8.

(2) Activities. The overall design process is decom-
posed into tasks (rectangular boxes) which have inputs
and outputs (white and black circles, respectively). The
order of tasks is defined by control flows (thick arrows);
e.g., reaction alternatives must have been inserted into
the flow diagram before they can be simulated. Finally,
data flows (arrows connecting circles) are used to
transmit document versions from one task to the next.

(3) Resources. Employees (icons on the left) such as
Schneider, Bayer, etc. are organized into project teams
which are represented by organization charts. Each box
represents a position, lines reflect the organizational
hierarchy. Employees are assigned to positions (or
roles). Within a project, an employee may play multiple
roles. e.g., Mrs Bayer acts both as a designer and as a
simulation expert in the polyamide6 team.

(4) Integration. There are several relationships be-
tween products, activities, and resources. In particular,
tasks are assigned to positions (and thus indirectly to
employees). Furthermore, document versions are cre-
ated as outputs and used as inputs of tasks.

It is crucial to understand the scope of the term
‘management’ as it is used in this paper. As already
stated briefly above, management requires a certain
amount of abstraction. This means that the details of the
technical level are not represented at the managerial
level. This is illustrated in Fig. 7, whose upper part
shows a small cutout of the management configuration
of Fig. 6. On the managerial level, the design process is
decomposed into activities such as creation of reaction
alternatives and simulation of these alternatives. Activ-
ities generate results which are stored in document
versions. At the managerial level, these versions are
basically considered black boxes, i.e. they are repre-
sented by a set of descriptive attributes (author, creation
date, etc.) and by references to the actual contents, e.g.,
PFDs and simulation models. How a PFD or a
simulation model is structured internally (and how their
contents are related to each other), goes beyond the
scope of the managerial level. Likewise, the managerial
level is not concerned with the detail personal process
which is executed by some human to create a PFD, a
simulation model, etc.

This does not imply that technical details are ignored.
Rather, it must be ensured that the managerial level
actually constitutes a correct abstraction of the fine-
grained information at the technical level—and also
controls technical activities. In fact, the management
system described in this paper is part of an integrated
environment for supporting design processes in chemical
engineering (see also Fig. 1). As such, it is integrated
with tools providing fine-grained product and process
support (Bayer et al., 2002; Becker et al., 2002). The
interplay of the tools of the overall environment is
sketched only briefly in this paper; see (Nagl, Schneider,
& Westfechtel, in press).
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Particular attention has to be paid to the dynamics of
design processes (called evolution in (Smithers &

Troxell,

1990)). As we have demonstrated in the

previous section, the design process is not known in
advance. Rather, it continuously evolves during execu-
tion. Often, the term ‘dynamics’ is interpreted in a rather
restricted way, referring only to the execution of a
known process with a static definition. In addition, we
have to take care of evolving definitions, i.e. the
activities to be executed as well as their relationships
are defined only at runtime.

As a consequence, all parts of a management config-
uration evolve continuously:

(1) Products. The product structure is determined
only during the design process. It depends on the flow
diagram which is continuously extended and modified.
Other documents such as simulation models and simu-
lation results depend on the flow diagram. Moreover,
different variants of the chemical process are elaborated,
and selections among them are performed according to
feedback gained by simulation and experiments.

(2) Activities. The activities to be performed depend
on the product structure, feedback may require the re-
execution of terminated activities, concurrent/simulta-
neous engineering calls for sophisticated coordination of
related activities, etc.
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Table 1
Comparison of AHEAD with commercial management systems

AHEAD

Project management
systems

Workflow management Product management sys-
systems tems

Granularity of representation Medium-grained

Integration with technical level Tool integration, document

storage
Support for dynamic design Full support of process evo- Evolving project plans
processes lution
Adaptability UML models

Coarse-grained
Coverage at the managerial level Products, activities, resources Activities, resources
Not supported

Not supported

Medium- and fine-grained Medium-grained
Activities, resources Products, (activities)
Tool integration Document storage

Limited (fixed workflows) Version control for docu-
ments

Workflow definitions Database schema

(3) Resources. Resource evolution occurs likewise:
new tools arrive, old tool versions are replaced with new
ones, the project team may shrink due to budget
constraints, or it may be extended to meet a crucial
deadline, etc.

However, a management configuration should not
evolve in arbitrary ways. There are domain-specific
constraints which have to be met. In particular, activities
can be classified into types such as requirements
definition, design, simulation, etc. (likewise for products
and resources). Furthermore, the way how activities are
connected is constrained as well. For example, a flow
diagram can be designed only after the requirements
have been defined. Such domain-specific constraints
should be taken into account such that they restrict
the freedom of evolution.

3.2. Management systems: state of the art

Above, we have discussed design processes and their
management on a conceptual level. In the following, we
will be concerned with fool support for managing design
processes. From the previous discussion, we derive a set
of crucial requirements for management tools for design
processes’:

(1) Medium-grained representation. The management
of design processes has to be supported at an appro-
priate level of detail. As we have argued before, this
requires a medium-grained representation of the design
process.

(2) Coverage and integration at the managerial level.
Management tools have to deal equally with products,
activities, and resources. In addition, the relationships
among them have to be taken into account.

(3) Integration between managerial and technical level.
Managerial activities have to be coupled with technical
activities. Practically speaking, this implies e.g., that
designers have to be supplied with the documents they

3 Of course, the list given below is not complete. Rather, we focus
on (important) requirements which we have satisfactorily addressed in
our work and which are not satisfactorily addressed by the commercial
systems to be discussed below.

are going to manipulate, as well as with the tools they
are going to use.

(4) Dynamics of design processes. Design processes
evolve continuously during execution. Thus, a manage-
ment system must support dynamic changes so that
product evolution, feedback, simultaneous and concur-
rent engineering etc. can be expressed.

(5) Adaptability. Management tools have to be
adapted to a specific application domain. For example,
they must be aware of the types of activities performed
in design processes in chemical engineering, and they
must provide domain-specific operations to their users.

In industry, a large variety of commercial systems are
being used for the management of design processes.
These include systems for project management, work-
flow management, and product management, which are
discussed in turn below. All of these systems meet the
requirements stated above only partially (Table 1%).

Project management systems (Kerzner, 1998) such as
e.g., Microsoft Project support management functions
such as planning, organizing, monitoring, and control-
ling. The project plan acts as the central document
which may be represented in different ways, e.g., as a
PERT or GANTT chart. It defines the milestones to be
accomplished and provides the foundation for schedul-
ing of resource utilization as well as for cost estimation
and control. Project management systems are widely
used in practice, but they still suffer from several
limitations: project plans are often too coarse-grained,
products (documents) are not considered, project plans
are not integrated with the actual work performed by
engineers, and there is no way to define domain-specific
types of project plans.

Workflow management systems (Jablonski & BubBler,
1996; Lawrence, 1997), e.g., Staffware, FlowMark, or
COSA, have been applied in banks, insurance compa-
nies, administrations, etc. A workflow management
system manages the flow of work between participants,
according to a defined procedure consisting of a number

4 The AHEAD column refers to our own and will be discussed in
the next section.
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of tasks (McCarthy & Bluestein, 1991). It coordinates
user and system participants to achieve defined objec-
tives by set deadlines. To this end, tasks and documents
are passed from participant to participant in a correct
order. Moreover, a workflow management system may
offer an interface to invoke a tool on a document either
interactively or automatically. Their most important
restriction is limited support for the dynamics of design
processes. Many workflow management systems assume
a statically defined workflow that cannot be changed
during execution. In this way, dynamic design processes
can be supported only to a limited extent (i.e. the
statically known fractions can be handled by the work-
flow management system). Recently, this problem has
been addressed in a few university prototypes (see e.g.,
Derniame, Baba, & Wastell, 1998; Georgakopoulos,
Prinz, & Wolf, 1999).

In the context of this paper, we use the term product
management system to refer to all kinds of systems for
storing, manipulating, and retrieving the results of
design processes. Depending on the context in which
they are employed, they are called engineering data
management systems, product data management sys-
tems (Harris, 1996), software configuration manage-
ment systems (Tichy, 1994; Whitgift, 1991), or
document management systems. Documentum and
Matrix One are examples of such systems which are
used in chemical engineering. Documents such as flow
diagrams, steady-state and dynamic simulation models,
cost estimations, etc. are stored in a database which
records the evolution of documents (i.e. their versions)
and aggregates them into configurations. In addition,

product management systems may offer simple support
for the management of activities (e.g., change request
processes based on finite state machines), or they may
include workflow components, which suffer from the
restrictions already discussed above. Their primary
focus still lies on the management of products; in
particular, management of human resources is hardly
considered.

All of the approaches cited above are domain-inde-
pendent. For example, workflow management systems
may be applied to arbitrary business processes, and
product management systems may be used in different
engineering disciplines. We are aware of only a few
domain-specific approaches which have been developed
for chemical engineering. For example, n-dim (Levy et
al., 1993; Westerberg et al., 1997) is a distributed and
collaborative computer-aided environment for process
engineering design; KBDS (Bafares-Alcantara & Laba-
bidi, 1995) deals with the management of design
alternatives and design histories. These approaches are
better tailored towards design processes in chemical
engineering. However, they do not provide comprehen-
sive support for the management of products, activities,
and resources. Moreover, they lack the generality of
domain-independent systems which can be used in and
adapted to different domains.

4. A management system for design processes

Since current management systems suffer from several
limitations explained in the previous section, we have
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designed and implemented a new management system
which addresses these limitations. This system is called
AHEAD (Jager, Schleicher, & Westfechtel, 1999b;
Westfechtel, 1999). AHEAD is a research prototype
that goes beyond commercial systems with respect to the
requirements introduced earlier (Table 1):

(1) Medium-grained representation. In contrast to
project management systems, design processes are
represented at a medium-grained level, allowing man-
agers to effectively control the activities of designers.
Management is not performed at the level of milestones,
rather, it is concerned with individual tasks such as
‘simulate the CSTR reactor’.

(2) Coverage and integration at the managerial level.
AHEAD is based on an integrated management model
which equally covers products, activities, and resources.
In contrast, project and workflow management systems
primarily focus on activities and resources, while
product management systems are mainly concerned
with the products of design processes.

(3) Integration between managerial and technical level.
In contrast to project management systems, the
AHEAD system also includes support tools for de-
signers that supply them with the documents to work
on, and the tools that they may use.

(4) Support for the dynamics of design processes. While
many workflow management systems are too inflexible
to allow for dynamic changes of workflows during

execution, AHEAD supports evolving design processes,
allowing for seamless integration of planning, execution,
analysis, and monitoring.

(5) Adaptability. Both the structure of management
configurations and the operations to manipulate them
can be adapted by means of a domain-specific object-
oriented model based on the uML (Booch et al., 1999).

4.1. Functionality and concepts

Fig. 8 gives an overview of the AHEAD system.
AHEAD offers environments for different kinds of
users, which are called modeler, manager, and designer.
In the following, we will focus on the functionality that
the AHEAD system provides to its users. Its technical
realization will be discussed in the next subsection.

The management environment supports project man-
agers in planning, analyzing, monitoring, and control-
ling design processes. It provides graphical tools for
operating on management configurations. These tools
address the management of activities, products, and
resources, respectively (Krapp, Kriippel, Schleicher, &
Westfechtel, 1998):

(1) For activity management, AHEAD offers dynamic
task nets which allow for seamless interleaving of
planning, analyzing, monitoring, and controlling. A
task net consists of tasks that are connected by control
flow and data flow relationships. Furthermore, feedback
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in the design process is represented by feedback relation-
ships. Tasks may be decomposed into subtasks, resulting
in task hierarchies. The manager constructs task nets
with the help of a graphical editor. He may modify task
nets at any time while a design process is being executed.

(2) Product management is concerned with documents
such as flow diagrams, simulation models, cost estima-
tions, etc. AHEAD offers version control for these
documents with the help of version graphs. Relation-
ships (e.g., dependencies) between documents are main-
tained as well. Versions of documents may be composed
into configurations, thereby defining which versions are
consistent with each other. The manager may view the
version histories and configurations with the help of a
graphical tool. In this way, he may keep track of the
work results produced by the designers.

(3) Resource management deals with the organiza-
tional structure of the enterprise as far as it is relevant to
design processes. AHEAD distinguishes between ab-
stract resources (positions or roles) and concrete re-
sources (employees). The manager may define a project
team and then assign employees to the project positions.

Management of activities, products, and resources is
fully integrated: tasks are assigned to positions, inputs
and outputs of tasks refer to document versions. More-
over, AHEAD manages task-specific workspaces of
documents and supports invocation of design tools
(see below).

AHEAD does not only support managers. In addi-
tion, it offers a work environment which consists of two
major components:

(1) The agenda tool displays the tasks assigned to a
designer in a table containing information about state,
deadline, expected duration, etc. The designer may
perform operations such as starting, suspending, finish-
ing, or aborting a task.

Task Net View
File View Options Layout Main Scenario Edit Dataflow Transitions Evolution Session Resources Assignment Views Test Remote Unmatched
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(2) The work context tool manages the documents and
tools required for executing a certain task. The designer
is supplied with a workspace of versioned documents.
He may work on a document by starting a tool such as
e.g., a flow diagram editor, a simulation tool, etc.

Please note that the scope of support provided by the
work environment is limited. We do not intend to
support design activities in detail at a technical level.
Rather, the work environment is used to couple
technical activities with management. There are other
tools which support design activities at a fine-grained
level. For example, a process-integrated flow diagram
editor (Bayer, Marquardt, Weidenhaupt, and Jarke,
2001) may be activated from the work environment.
‘Process-integrated” means that the designer is sup-
ported by process fragments which correspond to
frequently occurring command sequences. These process
fragments encode the design knowledge which is avail-
able at the technical level. This goes beyond the scope of
the AHEAD system, but it is covered by the overall
environment for supporting design processes to which
AHEAD belongs as a central component.

Both the management environment and the work
environment access a common management database.
However, they access it in different ways, i.e., they
invoke different kinds of functions. The work environ-
ment is restricted to those functions which may be
invoked by a designer. The management environment
provides more comprehensive access to the database.
For example, the manager may modify the structure of a
task net, which is not allowed for a designer.

Before the AHEAD system may be used to carry out a
certain design processes, it must be adapted to the
respective  application domain  Schleicher, 1999.
AHEAD consists of a generic kernel which is domain-
independent. Due to the generality of the underlying
concepts, AHEAD may be applied in different domains
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such as software, mechanical, or chemical engineering.
On the other hand, each domain has its specific
constraints on design processes. The modeling
environment is used to provide AHEAD with domain-
specific knowledge, e.g., by defining task types for flow
diagram design, steady-state and dynamic simulation,
etc. From a domain-specific process model, code is
generated for adapting the management and the work
environment.

4.2. Realization

AHEAD is a research prototype which has been
developed to demonstrate novel functionality. To im-
plement AHEAD, we have used powerful homegrown
tools for rapid prototyping (see below). This was the
fastest way to obtain a demonstrator, which, however,
cannot be immediately employed in industry. In Section
6, we will discuss technology transfer, which can be
achieved by reusing commercial tools for project, work-
flow, and product management.

In the current realization of the AHEAD system,
graph technology plays an important role. All data for
representing management configurations are stored in
the graph-based database management system GRAS
(Kiesel, Schiirr, & Westfechtel, 1995). Graph structures
and operations are formally specified in the high-level
specification language PROGRES (Schiirr, Winter, &
Zundorf, 1999), which is based on programmed graph
transformations. In AHEAD, the specification written
in PROGRES describes how management configurations
are built up and what operations for manipulating them
are offered to end users. From the specification, code is
generated which operates on the management database.

For the user interface, we have developed the
UPGRADE framework (Universal Platform for
GRAph-Based Application DEvelopment (Bohlen, Ja-
ger, Schleicher, & Westfechtel, 2002)). UPGRADE is
implemented in Java, based on standard libraries and
both public-domain and commercial components
(ILOG JViews). It mainly focuses on graphical tools,
but it also supports e.g., tabular and tree representa-
tions. Graphical tools provide external views on the
underlying management graph, hiding all of the techni-
cal details of the internal representation.

From the work environment, external tools may be
started with the help of wrappers. Wrappers constitute
tool envelopes which are responsible for supplying tools
with data (documents checked out from the product
management database), preparing the operating system
environment (e.g., by setting environment variables),
and calling the tools with appropriate parameters.
Wrappers are realized on top of CORBA, an infrastruc-
ture for distributed object-oriented computing. The
realization of wrappers has been performed by another
partner participating in the IMPROVE project (Lipperts
& ThiBen, 1999).

The modeling environment 1is realized with the help of
a commercial CASE tool (Rational Rose), which is
based on the vmr (Booch et al., 1999). umML is a
language that serves as a standard notation for object-
oriented modeling. For the purpose of process model-
ing, we have adapted and restricted umML according to
our requirements (Jédger et al., 1999b). A umL model is
automatically transformed into a (part of a) PROGRES
specification (i.e., the end user is not concerned with
PROGRES at all). This transformation tool is realized
with the help of the OLE interface providing access to
Rose’s model database.

5. Applying the management system to chemical
engineering

Within the IMPROVE project, the polyamide6 design
process played a key role not only on a conceptual level.
In addition, it was used for the development of a
demonstrator integrating all software components con-
tributed by the various project partners. The AHEAD
system served as the central, coordinating component of
this demonstrator (see also Section 2.2). It was inte-
grated with the following tools: the PRIME flow diagram
editor (Bayer et al., 2001), ModKit (for creating
dynamic simulation models, see (Bogusch, Loechmann,
& Marquardt, 2001)), KomPakt (for synchronous multi-
media communication (Schiippen et al., 2002)), and
Morex (for extruder design) were contributed by part-
ners involved in the IMPROVE project; EXCEL (from
Microsoft) and PolymersPlus (from Aspen Tech) are
commercial tools which are used for cost calculations



188 M. Nagl et al. | Computers and Chemical Engineering 27 (2003) 175-197

I:‘ B AgendaView for Bayer “EIEIE]
File View Options Dataflow Transitions Unmatched

EEE ‘

Generic

Name 1l State I Deadline |
DesignFlowDiagram [Active 110/26/01 l

[~[= Vork context of task DesignFlowDiagram =0l
File View Options Layout Dataflow Transitions Products Workspace VersionGraph ConfigurationVersions Unmatched

7 e e Y I ] )
O HR® X 8] 8 el i
| TGengric] Dynamite [Tfansaction |
%ai;i:;:%reamion L=
SuperRequirementsOut
DEsignFlnwD\agramF]wm“mmo“t
DesignExpert
« il
i D “Documentname 1D ;éééméﬁ'{&;é”""""'""" : — =
owDiagram ocumentVersion
!leq'ulr\elien:s lDocumen:Versio'n @ H
4 IbI'
Fig. 12. Work environment.
and steady-state simulations, respectively. For the human expertise is required to perform the mapping. On
demonstrator, a comprehensive demo session was pre- the other hand, there is a straightforward initial map-
pared which was successfully presented at the IM- ping which may be obtained by applying the following
PROVE project review in May 2000 and at a national simple rules:
workshop with participants from chemical industry and (1) Each activity is mapped onto a task. This also
tool vendors that was held in November 2000. applies to cooperative activities, which occur only once
in a task net.’
5.1. The polyamide6 design process (2) Ordering relationships between activities are
mapped onto control flows. While forks and joins are
Based on the case study introduced in Section 2.2, the represented in C3 by bars, they are not shown explicitly
polyamide6 design process is represented as a dynamic in task nets. Rather, they appear as bundles of outgoing
task net in Fig. 9. This task net was created from a and incoming control flows, respectively.
representation in the C3 modeling language which we (3) An arrow from an activity to a document is
used in Fig. 2 and Fig. 5. Please note that Fig. 5 shows a mapped onto an output parameter of the respective
very simplified view of the design process. To construct task. For each arrow from a document to an activity, an
the task net of Fig. 9, we used a more detailed C3 model. input parameter is generated, and output and input are
As we will demonstrate in the demo session of Section connected by a data flow.
5.2, the task net of Fig. 9 is not available at the start of Human expertise is required e.g., for introducing task
the design process. Rather, it is built up as the des1gn hierarchies. The C3 model which we used as input was
proceeds. In an early phase, the task net will just contain flat. Based on domain knowledge, reasonable subpro-
a top-level decomposition into design tasks for reaction, cesses may be identified. In our case study, we have
separation, and compounding, respectively. However, in introduced subprocesses for designing the reaction, the

the IMPROVE project we were dealing with a case
study which was designed beforehand (and was used to
plan the development of the demonstrator). Therefore, a
C3 model of the overall design process was already
available in this artifical setting; it would not be
available in real-world use.

The mapping from C3 to task nets was performed > In C3, multiple nodes are required because each activity node
manually, albeit in a systematic manner. In general, occurs in one swim-lane corresponding to a position or role.

separation, and the compounding of the chemical
process. In addition, there is a preparation phase in
which the overall design problem is decomposed, and a
final integration phase, where the overall plant design is
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synthesized and discussed among the involved design
experts.

Please note that reaction, separation, and compound-
ing are designed in an integrated way:

(1) To design the separation, input is required with
respect to incoming streams. In the sample process, this
input is generated by an initial estimation which is
refined later on. In this way, reaction and separation
may be studied in parallel. This speeds up the overall
design process.

(2) With respect to separation and compounding,
there exist some degrees of freedom with respect to the
decomposition of the overall chemical process. In
particular, if separation is performed with the help of
evaporation, evaporation can be performed partly in the
extruder. Therefore, the respective design processes are
arranged in a feedback loop for optimizing the chemical
process.

In the demo session to be presented below, we focus
on the design of the reaction (shaded region in Fig. 9).
After an initial PFD has been created which contains
multiple design variants, each of these variants is
explored by means of simulations and (if required)
laboratory experiments. In a final step, these alternatives
are compared against each other, and the most appro-
priate one is selected. This simplified part of the design
process suffices to demonstrate many of the essential
features provided by the AHEAD system; furthermore,
it is sufficiently small to be presented in this paper.

189

5.2. Demo session

In this subsection, we illustrate the functionality of
the AHEAD system with the help of some snapshots.
We will primarily focus on the management environ-
ment; the work environment will be discussed rather
briefly. The modeling environment goes beyond the
scope of this paper; see Jiger et al. (1999a).

Fig. 10 presents a snapshot from the management
environment taken in an early stage of the polyamide6
design process. The upper region on the left displays a
tree view of the task hierarchy. The lower left region
offers a view onto the resources available for task
assignments (see also Fig. 11). A part of the overall
task net is shown in the graph view on the right-hand
side. Each task is represented by a rectangle containing
its name, the position to which the task has been
assigned, and an icon representing its state (e.g., the
gear-wheels represent the state Active, and the hour-
glass stands for the state Waiting). Black and white
circles represent outputs and inputs, respectively. These
are connected by data flows (thin arrows). Furthermore,
the ordering of task execution is constrained by control
flows (thick arrows). Hierarchical task relations (decom-
positions) are represented by the graphical placement of
the task boxes (from top to bottom) rather than by
drawing arrows (which would clutter the diagram).

Please recall that the demo session deals only with the
reaction part, i.e., we do not consider separation,
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extrusion, etc. On the top level of the task net of Fig. 10,
the process is decomposed into three tasks: Define
Requirements, Design Reaction, and Detail Engineer-
ing. Only the design of the reaction is elaborated in the
sequel. In this early stage, it is only known that initially
some reaction alternatives have to be designed. The
result of this design task is documented in a flow
diagram. Furthermore, at the end these alternatives
have to be compared, and a decision has to be
performed. All other tasks—e.g., for performing simu-
lations and laboratory experiments—have to be filled in
later. Thus, the initial task net is incomplete.

In addition to the initial task net, the manager has
also used the resource management tool for building up
his project team (Fig. 11). The region on the left displays
the structure of the polyamide6 design team. Each
position (represented by a chair icon) is assigned to a
team member. Analogously, the region on the right
shows the departments of the company. From these
departments, the team members for a specific project are
taken for a limited time span. The management envir-
onment offers commands for defining both the team and
the department structure, and for assigning persons to
positions in design teams. Please note that tasks are
assigned to positions rather than to actual employees
(see lower left view in Fig. 10). In this way, assignment is
decomposed into two steps. The manager may assign a
task to a certain position even if this position has not
been filled yet. Moreover, if a different employee is
assigned to a position, the task assignments need not be
changed: The tasks will be redirected to the new
employee automatically.

The work environment is illustrated in Fig. 12. As a
first step, the user logs into the system (not shown in the
figure). After that, AHEAD displays an agenda of tasks
assigned to this user (more precisely: assigned to the
roles played by this user). In Fig. 12, the agenda is
shown in the top window. Since the user Bayer plays the
role of the design expert, the agenda contains the task
Design Flow Diagram. After the user has selected a task
from the agenda, the work context for this task is
opened (bottom window). The work context graphically
represents the task, its inputs and outputs, as well as its
context in the task net (here, the context includes the
parent task which defines the requirements to the flow
diagram to be designed). Furthermore, it displays a list
of all documents needed for executing this task. For
some selected document, the version history is shown on
the right (so far, there is only one version of the
requirements definition which acts as input for the
current task).

From the work context window, the user may activate
design tools for operating on the documents contained
in the workspace. Here, the user invokes a flow diagram
editor (Bayer et al., 2001) in order to insert reaction
alternatives into the flow diagram for the polyamide6
process. The flow diagram editor, which was also
developed in the IMPROVE project, is based on MS
Visio, a commercial drawing tool, which was integrated
with the PRIME process engine prime (Pohl et al.,
1999). The flow diagram editor supports hierarchical
flow diagrams (abstract or process flow diagrams);
furthermore, it may represent alternative refinements
(variants) for blocks occurring in the flow diagram. The
flow diagram editor offers fine-grained process frag-
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Fig. 15. Feedback and simultaneous engineering (management environment).

ments which are used for guidance and automation.
These fragments incorporate domain-specific knowl-
edge. For example, there is a process fragment which
assists the designer in introducing reaction alternatives
into the flow diagram (based on experience from
previous design processes).

The resulting flow diagram is displayed in Fig. 13.
The chemical process is decomposed into reaction,
separation, and compounding. The reaction is refined
into four variants. For our demo session, we assume
that initially only two variants are investigated (namely
a single CSTR and PFR, respectively). That is, at the
current state of design the alternatives on the right-hand
side have not yet been introduced into the flow diagram;
they will be considered later on.

After the generation of the four variants, the manager
extends the task net with tasks for investigating the
alternatives that have been introduced so far (product-
dependent task net, Fig. 14). Please note the control flow
relation between the new tasks: The manager has
decided that the CSTR should be investigated first so
that experience from this alternative may be re-used
when investigating the PFR. Furthermore, we would
like to emphasize that the design task is not terminated
yet. As to be demonstrated below, the designer waits for
feedback from simulations in order to enrich the flow
diagram with simulation data. Depending on these data,
it may be necessary to investigate further alternatives.

Subsequently, the simulation expert creates a simula-
tion model (using PolymersPlus) for the CSTR reactor
and runs the corresponding simulations. The simulation

results are validated with the help of laboratory experi-
ments. After these investigations have been completed,
the flow diagram can be enriched with simulation data
such as flow rates, pressures, temperatures, etc. To this
end, a feedback flow —represented by a dashed arrow—
is inserted into the task net (Fig. 15). The feedback flow
is refined by a data flow, along which the simulation
data are propagated. Then, the simulation data are
introduced into the flow diagram.

Please note that the tasks for designing the flow
diagram and for investigating the CSTR are active at the
same time. The semantics of control flows is defined
such that tasks connected by control flows can be active
simultaneously. In this way, we support simultaneous
engineering (Bullinger & Warschat, 1996). As a conse-
quence, we cannot assume that the work context of a
task is stable with respect to its inputs. Rather, a
predecessor task may deliver a new version that is
relevant for its successors. This is taken care of by a
sophisticated release policy built into the model under-
lying dynamic task nets (Westfechtel, 1999).

After the alternatives CSTR and PFR have been
elaborated, the evaluation expert compares all explored
design alternatives. Since none of them performs satis-
factorily, feedback is raised to the design task. Note this
is an example of far-reaching feedback (from the end to
the start of the subprocess for designing the reaction
part). Here, we assume that the designer has already
terminated the design task. As a consequence, the design
task has to be reactivated. Reactivation is handled by
creating a new task version, which may or may not be
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assigned to the same designer as before. New design
alternatives are created, namely a CSTR—CSTR and a
CSTR-PFR cascade, respectively (see again Fig. 13).
Furthermore, the task net is augmented with corre-
sponding simulation tasks (Fig. 16°). After that, the new
simulation tasks are delegated to simulation experts, and
simulations are carried out accordingly. Eventually, the
most suitable reactor alternative is selected.

So far, we have primarily considered the management
of activities. Management of products, however, is
covered as well. This is illustrated by the snapshot in
Fig. 17, which is again taken from the management
environment. It shows a tree view on the products of
design processes on the left and a graph view on the
right. Products are arranged into workspaces that are
organized according to the task hierarchy. Workspaces
contain sets of versioned documents.

Generally speaking, a version represents some state
(or snapshot) of an evolving document. We distinguish
between revisions, which denote temporal versions, and
variants, which exist concurrently as alternative solu-
tions to some design problem. Revisions are organized
into sequences, variants result in branches. Versions are
connected by history relationships. In Fig. 17, there is a
history relationship between revisions 1 and 2 of
Simulation CSTR, the simulation model for the CSTR
reactor. In general, the version history of a document
(flow diagram, simulation model, etc.) may evolve into
an acyclic graph (not shown in the snapshot).

© Task parameters and data flows have been filtered out to avoid
cluttered diagram.

Please note that in Fig. 17 there is only one version of
the flow diagram. Here, we rely on the capabilities of the
flow diagram editor to represent multiple variants. Still,
the flow diagram could evolve into multiple versions at
the managerial level (e.g., to record snapshots at
different times). Moreover, in the case of a flow diagram
editor with more limited capabilities (no variants),
variants would be represented at the managerial level
as parallel branches in the version graph.

6. Technology transfer

In this section we discuss how the obtained results can
be transferred to industry in order to improve the state
of the art of coordinating industrial design processes.

6.1. Ways of technology transfer

Let us start with discussing the different ways of
technology transfer of the obtained results. Transfer
ranges from evaluating the new concepts introduced
above to implementing the functionality of AHEAD in
an industrial context by using existing systems:

(1) Conceptual transfer (transfer 1): Conceptual
transfer includes to see whether the concepts can be
explained and are accepted, whether they solve real-
world problems, and whether the extension of industrial
practice can be managed. This can be achieved by
demonstrating AHEAD using a prepared demo session
as described in the previous section, by discussing the
underlying concepts with industrial partners, etc.
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(2) Evaluation of the demonstrator prototype (transfer
2): Here, we plan the use of the AHEAD demonstrator
for a small industrial project, again in a project together
with an industrial partner. This requires that control on
a medium-grained level is available in the company and
there is the intention to manage that level. Discussions
with different industrial partners, where the AHEAD
system was demonstrated, have shown that the necessity
of control on medium-grained level is seen. An exemp-
lary use of the system also includes the evaluation of the
user interfaces for the work environment, the manage-
ment environment, and the modeling environment.

(3) Realization of an industrial system with comparable
Sfunctionality (transfer 3): Comparable functionality here
means that the requirements stated in Section 3 and
Section 4 are met, or are at least partially met. So, we
aim at getting as much functionality of the AHEAD
system as possible or, at least, we do not loose essential
functionality. Thereby, we take existing systems and
integrate them on a bottom—up basis.

6.2. Different strategies and common problems

In the rest of this section we concentrate on realization
transfer (transfer 3). There are two ways how an
industrial system (with the functionalities of AHEAD)
can look like.

The AHEAD system itself is acting as a management
integration instance. Existing industrial systems are
wrapped and incorporated into the integrated industrial
system (Fig. 18).

We take again industrial systems for different pur-
poses. On top of them a new system is realized which has
essential AHEAD functionality. However, this system

realization is using industrial components as well as a
conventional industrial software development process,
i.e., no rapid prototyping (Fig. 19).

For the rest of this subsection, we give some remarks
and state some implementation problems which hold for
both solutions (a) and (b). The reader should note that
both ways follow the overall bottom—up approach of
IMPROVE as explained in Section 1 (Fig. 1) inasmuch
as existing tools are re-used.

Industrial systems to be used in a bottom—up
approach have to be stripped in order to concentrate
on their main functionality (separation of concerns). For
example, a document management system is only used
for the management of documents and not for managing
activities and resources, although such systems may
include some restricted functionality for that purpose.
Otherwise, we would have to handle activity manage-
ment in different industrial systems and in the integrated
system on top as well. It is difficult enough to handle it
both on the level of existing systems and on the
integration instance level, where different existing sys-
tems are unified and integrated.

Both variants (a) and (b) introduce wrappers for
existing systems. Wrappers have two aspects. First, we
need a functional interface which is coarse- (start/end) or
fine-grained (invoking all commands) depending on the
openness of existing systems. Second, there is a data
interface in the form of a view. So, we do not access the
mostly cryptic internal data of an industrial application.
Instead, we define a data abstraction layer by which we
get rid of data structuring details. Of course, the data
views of industrial systems have to be homogeneous
with respect to granularity and structure.
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In both variants (a) and (b) we internally have to
maintain and to retrieve the data of the management
configuration. In variant (a), the management config-
uration is represented in the AHEAD system. In variant
(b), the management configuration has to be built up by
using views on existing systems. In addition, the mutual
relations between these parts have to be defined (e.g.,
between activities and resources) in the second variant.

6.3. Discussion of both implementation alternatives

We now discuss the two ways of realizing an
industrial system in more detail.

Way (a) can again be split into two variants. The first
variant (al) is to have the full description for products,
activities, and resources within the management config-
uration of AHEAD. The second variant (a2) is that the
AHEAD system only contains a filtered portion of the
data of the existing systems together with some integra-
tion data. Then, the details are stored in the industrial
subsystems.

In both cases (al) and (a2) we find the semantic
models of design processes in AHEAD at a central
place, guaranteeing that the semantic submodels fit
together. Within industrial systems a part of these
models cannot be mapped (for example the integration
of the three perspectives for products, activities, and
resources). In solution (al), we find the detail informa-
tion for the submodels in the industrial systems as well
as in AHEAD. As the access is simpler via AHEAD, we
make data access and maintenance using this system. In
solution (a2), we find only a part of the information in
AHEAD. So, access of integrating information as well
as coarse information is done via AHEAD, whereas the
details are accessed using the wview interfaces for
industrial systems.

Let us discuss the coupling of AHEAD and the
industrial systems by taking the task part of AHEAD
and a workflow system as an example. As discussed in
Section 3, workflow systems which allow to structure a
task plan either do not regard dynamic aspects at all
(static plans) or they allow subnet calling thereby

new tools . o
for reactive functionality is
a part of AHEAD system
management
Data for Integration + New Functionality
View 1 View 2 View 3
| [ I
| Workflow | | Document | | Project | Wrapper
Management Management Management L ,
System System System specific industrial
management systems

0 0O O

different databases
in different DBMSs
or one DBMS

Fig. 19. Realization of AHEAD functionality using industrial infrastructure and systems.
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distributing the static structure of a dynamically chan-
ging net over subnet definitions and the run time storage
of the executing system. In solution (al) the complete
net structure is built up in AHEAD, the given workflow
system is only used for executing the overall net or
subnets. In solution (a2) only the global structure is kept
within AHEAD whereas the detailed subnet structures
are found in the workflow system. Thereby, execution is
performed on a coarse level in AHEAD and on a more
detailed level in the workflow system.

Let us now shortly discuss alternative (b) of above.
Here, the AHEAD functionality of semantic submodels
for products, activities, and resources, integration of
submodels, interleaved invocation of structuring, ana-
lyzing and execution, adaptation mechanisms, etc. have
to be re-implemented in the new industrial system on top
of existing systems using only conventional software
development techniques. This is not trivial. However,
the essential features can be realized with some (remark-
able) effort.

Comparing both solutions (a) and (b) we can state:
Way (a) is much simpler, as the AHEAD system with its
functionality is a part of the integration solution.
However, the AHEAD system is just a demonstrator
from academia and not an industrial system. So way (b)
is more likely to be used. However, then the function-
ality of AHEAD has to be re-implemented, a nontrivial
software development task.

As a consequence of the above discussion, the
question now arises why we did not realize the AHEAD
system by a bottom—up approach from the very
beginning. The answer to this question is that we have
firstly looked for the right concepts. In order to find
them, the different possibilities had to be investigated.
For playing around, a realization machinery as ex-
plained in Section 4.2 is much more convenient than
coding different variants. Now, as a demonstrator is
available, and if it has successfully passed the different
stages of proof of concept (transfer 1 and 2), we are
tackling the question of how an industrial system can
look like. Our research is still continuing using the
implementation machinery of Section 4.2 in order to
quickly find further concepts/mechanisms which, again
in a second run, are transferred to industry. Therefore,
also in the future, we distinguish between scientific
investigation on the one hand and transfer projects on
the other.

7. Conclusion and outlook

We have presented the AHEAD system for managing
design processes in chemical engineering. AHEAD goes
beyond the functionality of commercial systems in
various respects. Management is performed on a
medium-grained level, allowing to effectively coordinate

the work of designers. Products, activities, and resources
are equally taken into account and are managed in an
integrated way with the help of the management
environment. Through its work environment, AHEAD
is coupled with external tools supporting designers in
their technical work. By seamless interleaving of plan-
ning and execution, AHEAD takes dynamic design
processes into account. Finallyy, AHEAD may be
adapted to different application domains with the help
of its modeling environment.

Ongoing and future work addresses the following
areas:

(1) Technology transfer: As discussed in Section 6,
current work addresses the evolution of the AHEAD
prototype into a system which may be used in an
industrial context.

(2) Improved functionality: We are still extending the
AHEAD prototype to improve its capabilities in various
respects, e.g., concerning the management of distributed
design processes (Becker, Jager, Schleicher, & Westfech-
tel, 2001) or even more sophisticated support for process
evolution (Schleicher, 2002).

(3) Synergy: We are integrating AHEAD more tightly
with other components of the integrated design environ-
ment developed in the IMPROVE project. For example,
we are designing an integration tool for coupling flow
diagrams and task nets (so far, this coupling has to be
performed manually), and we are investigating poten-
tials for fine-grained process support for managers using
the AHEAD system.
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