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Abstract. Development processes in engineering disciplines are highly dynamic.
Since development projects cannot be planned completely in advance, the pro-
cess to be executed changes at run time. We present a process management sys-
tem which seamlessly integrates planning and enactment. The system manages
processes at the project management level, but goes beyond the functionality of
project management systems inasmuch as it both monitors and controls devel-
opment processes and supports enactment of tasks through a work environment.
However, the process management system does not provide process automation as
performed in workflow management systems. Therefore, we have developed tools
for integrating process management and workflow management such that repet-
itive fragments of the overall development process may be enacted in workflow
management systems and monitored in the process management system. Even in
the case of repetitive process fragments, the need for deviations from the work-
flow definition may occur while a workflow is being enacted. Thus, we have also
realized a tool which allows to perform dynamic changes of workflows during
enactment. Altogether, dynamic development processes are supported through a
synergistic combination of process and workflow management systems, integrat-
ing process planning and enactment.

Keywords: Project Management, Process Management, Dynamic Changes,
Workflow Management.

1 Introduction

Development processes in engineering disciplines such as mechanical, chemical, and
software engineering are highly dynamic. Typically, a development project may not
be defined and planned completely in advance. Rather, at project runtime the process
may have to be changed for a number of different reasons: The steps to be executed
may depend on the structure of the product to be developed, problems may be detected
which require feedback to earlier steps of the process, the knowledge of the process to
be performed is incomplete or imprecise, etc. Thus, dynamic changes of the process
have to be performed at project runtime, particularly in the case of long-term projects
lasting for months or years.

This paper reports on tool support for dynamic development processes. It is based
on long-term work which has been performed in the group of Manfred Nagl at RWTH
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Table 1. Comparison of solutions for development process management

(1) Project
Management
Systems

(2) Integrated
Project and Workflow
Management Systems

(3) Process
Management
Systems

(4) Integrated
Process and Workflow
Management Systems

(5) Workflow
Management
Systems

To
ol
s MS Project,

Primavera,
RPLan, et al.

MILOS, IPPM, et al. AHEAD AHEAD + Shark Shark, Staffware,
InConcert, WPS,
et al.

Da
ta Project plan Project plan

Workflow instances
Dynamic task net Dynamic task net

Workflow instances
Workflow instances

Ch
ar
ac
te
ris
tic
s Only planning

No enactment
No modeling of
products

Planning on project
level
Enactment of
individual
subprocesses

Dynamic task net
represents plan
and enactment
state

Workflow instances
represent partially
automated
subprocesses

Enactment of
subprocesses
Modeling of overall
development
process infeasible

Co
ns
eq

ue
nc
es Monitoring and

control difficult
Mapping of status of
workflows to project
plan difficult

Planning and
controlling well
supported
No automation of
processes

Automation of
subprocesses, but
Less flexibility in
workflow managed
subprocesses

Subprocesses
unconnected
No planning and
scheduling support

Project Planning
Process Enactment

Aachen University. Among these projects, the Collaborative Research Center IMPROVE
[1], which was dedicated to models and tools for development processes in chemical
engineering, played a dominant role. In addition, other engineering disciplines such as
mechanical engineering and software engineering were studied, as well. In all of these
research efforts, the dynamics of development processes have been a recurring theme
which was addressed by a variety of approaches.

In the current paper, we present an overview of these approaches, which complement
each other in order to provide comprehensive tool support for dynamic development
processes. We structure the presentation with the help of Table 1. In the sequel, we first
discuss related work and then describe the contributions of our own work.

1.1 Related Work

Project Management Systems. A development process is always enacted in the form
of a development project which has a restricted set of human resources and given ex-
ternal deadlines. It is common practice to use project management systems for project
planning and scheduling (column (1) of Table 1). Prominent examples for proprietary
project management tools are Microsoft Project, Primavera and RPLan. Project plan-
ning and scheduling is essential for medium to large size projects and hence for all
kinds of development projects. The project plan defines the tasks to be executed and
their resource requirements.

Conventional project management systems do not allow to associate the tasks in a
project plan with according parts of the product model. Furthermore, they support only
the planning phase of the project but not the execution of the defined tasks. No client
applications exist for the actual performers of the tasks. The enactment state of the
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development process is not reflected in a project management system. Consequently,
monitoring and control of a development project by using project management systems
only is difficult, costly, and error-prone.

Workflow Management Systems. Workflow management has recently gained in im-
portance in the different engineering domains. Workflow management systems [2] (see
column (5) of Table 1) are used to support well-defined personal and collaborative
processes. The workflow approach allows for a partial automation of processes, and
the available technologies enable interoperability with other systems and applications
in service oriented architectures. The usefulness of workflow support for development
processes has been identified in both academia [3,4,5,6] and industry. Workflow support
has been integrated into life cycle asset information systems for plant design [7,8] and
integrated software development environments.

The home ground of workflow management systems, however, is in other domains
such as business process management in administrations, banks, or insurance compa-
nies. In these domains, they constitute the industrial state of practice in process support.
Therefore, it is not surprising that vendors and users of workflow management sys-
tems are looking for solutions which make workflow management systems applicable
to dynamic development processes.

However, workflow management systems are not suitable for the management of
whole development processes. Rather, they support only the enactment of structured
subprocesses which may be defined in advance. Unlike project management systems,
global project planning goes beyond the scope of workflow management systems. The
tasks to be executed evolve during the course of the project. Many tasks cannot be
planned until certain intermediate results of the development process are available, e.g.,
the flowsheet of a chemical plant or the design of a software architecture. It is not
feasible to model a complete development process as one workflow due to the inherent
uncertainties and dynamics. As a consequence, the workflow instances in the workflow
management system are disconnected and not embedded into the context of the overall
process.

Integrated Project and Workflow Management Systems. For these reasons, several
research groups have investigated the opportunities of integrating project management
systems with workflow management systems [3,4,5,6] (see column (2) of Table 1). In
all of these approaches, project plans are used for global planning, and structured sub-
processes are enacted with the help of workflow management systems. Furthermore,
integration components couple these systems such that workflows may be represented
in project plans.

However, the different integration approaches all face the problem that no informa-
tion about the process enactment state is maintained in the respective project manage-
ment system. Thus, the ability to monitor projects is severely limited. Furthermore,
since products and data flows are not represented in project plans, product management
is still beyond the scope of the integrated systems, and data flows between workflow in-
stances have to be managed manually. Altogether, these restrictions call for an extended
project management system (see next subsection).
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1.2 Contributions

This paper makes several contributions regarding tool support for process management.
The contributions can be divided into three parts which refer to the last three columns
in Table 1.

Process Management System. The Adaptable and Human-Centered Environment for
the MAnagement of Development Processes (AHEAD) [9,10,11,12,13,14,15,16]) was
developed within the long-term research project IMPROVE [1] and was applied to mul-
tiple domains (chemical, mechanical, and software engineering). AHEAD is a manage-
ment system for development processes which provides integrated support for manag-
ing products, activities, and resources. A management system which offers this kind of
integrated functionality is called a process management system throughout this paper
(column (3) of Table 1).

AHEAD may be considered as an extended project management system. AHEAD
differs from conventional project management systems inasmuch it manages the prod-
ucts of development processes in addition to activities and resources. Furthermore, it
maintains state information of tasks and offers a work environment which developers
use for performing the tasks assigned to them. In these ways, AHEAD integrates pro-
cess planning and enactment, which offers great opportunities for the monitoring and
control of development processes since the current execution state can be directly com-
pared to the plan.

In contrast to AHEAD, workflow management systems do not support project plan-
ning. Their main contribution consists in the (partial) automation of routine processes.
Furthermore, AHEAD differs from workflow management systems inasmuch it has
been designed from the very beginning to allow for seamless interleaving of process
planning and enactment. In contrast, most workflow management systems require a
pre-defined workflow and support dynamic changes during enactment only to a limited
extent.

Integrated Process and Workflow Management Systems. In the process manage-
ment system AHEAD, activities are managed with the help of dynamic task nets [17].
The degree of automation of tasks is very limited on this level of process manage-
ment. Work packages are assigned to developers who are responsible for delivering the
specified results. For developers, a work environment is provided which maintains the
documents required for each task and offers commands for activating tools operating on
these documents. However, process automation as supported by workflow management
systems is not provided.

Thus, process and workflow management systems offer complementary functional-
ity which may be combined with the help of integration tools. As a result, we obtain an
integrated process and workflow management system (column (4) of Table 1). This in-
tegration provides added value in particular when a company has already applied work-
flow management systems in a fragmentary way in its development projects. Then, the
integrated system allows to reuse pre-defined workflows for process fragments, which
are combined into a coherent development process.

Compared to the integration of project and workflow management systems, our solu-
tions [15,18,19,20] provide for a tighter integration: Workflows are not only represented
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in the task net managed by the process management system. In addition, the enactment
state in the workflows may be monitored by transforming workflow operations onto
state transitions in the task net. Furthermore, data flows may be propagated from the
process management system to the workflow management system in order to provide
workflows with inputs. Conversely, outputs created in the workflows are represented in
the process management system such that they may be routed to successor tasks. Al-
together, a much tighter integration is achieved than in systems integrating project and
workflow management.

Adding Dynamics to Workflow Management Systems. State-of-the-art workflow
management systems permit no or only limited deviations from the workflow definition
at runtime of a workflow. However, even in the domains where workflow management
systems are the state of practice for process support, such as business process manage-
ment in administrations, banks, or insurance companies, the need for dynamic changes
of workflows at runtime has been identified. For example, standard examples for routine
processes such as travel reimbursement claims encompass so many alternative paths of
execution that it is difficult to define a workflow which covers all of them. This argu-
ment is reinforced in the domain of development processes, which are less repetitive by
their very nature. Therefore, using static workflows in dynamic processes alone does
not provide a comprehensive solution to the problem of dynamic changes.

Many research projects focus on the development of flexible workflow management
systems [21,22,23,24]. All prototypes have in common that they have been developed
from the start to support dynamic workflows, i.e., flexibility is built a priori into the
respective workflow engine. However, if a company has invested in a workflow man-
agement system which is widely used in its development projects, it may want to retain
its investments and keep the system in use. This requires a posteriori integration: Tool
support has to be developed in order to add dynamics to a legacy workflow management
system.

Driven by this motivation, we have added dynamics to an existing workflow man-
agement system [25,26]. In this way, we have improved the capabilities of the workflow
management system such that it may be applied to dynamic processes (contributing
an improvement to column (5) of Table 1). In contrast to the flexible workflow man-
agement systems mentioned above, we had to solve the challenging problem of adding
dynamics without modifying the given workflow management system. This problem
was solved by a tool for dynamic changes which allows to add and delete workflow
activities while the workflow is being enacted.

1.3 Structure of the Paper

The rest of this paper elaborates on the different and complementary support tools for
dynamic development processes which have been described in Subsection 1.2. Section 2
presents the AHEAD process management system (column (3) of Table 1). Our solu-
tions for using workflows in dynamic processes are described in Section 3 (column (4)
of Table 1). Section 4 explains how we have added dynamics to a commercial workflow
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Fig. 1. Overview of the AHEAD system

management system (column (5) of Table 1). Related work is compared at the ends of
all of these sections. The technical sections are followed by a discussion (Section 5).
Finally, Section 6 concludes the paper.

2 The Process Management System AHEAD

The process management system AHEAD supports the integrated management of prod-
ucts, activities and resources for dynamic development processes. Subsection 2.1 pro-
vides an overview of the AHEAD system. Subsection 2.2 describes dynamic task nets
for activity management, focusing on dynamic changes at run time. Subsection 2.3 ex-
plains how AHEAD may be adapted to a specific domain by defining a process model.
Subsection 2.4 deals with deviations from and evolution of process models. A discus-
sion of related work (Subsection 2.5) concludes this section.

2.1 System Overview

Figure 1 gives an overview of the AHEAD system. AHEAD offers environments for
different kinds of users, which are called modeler, manager, and developer, respectively.

The management environment supports project managers in planning, analyzing,
monitoring, and controlling development processes. It provides graphical tools which
address the management of activities, products, and resources, respectively:
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– For activity management, AHEAD offers dynamic task nets which allow for seam-
less interleaving of planning, analyzing, monitoring, and controlling. Dynamic task
nets may be considered as extended project plans which in particular provide state
information and include inputs and outputs of tasks as well as data flows in addition
to control flows.

– Product management is concerned with the products of development processes,
their versions and relationships (i.e., with the management of documents and mod-
els as supported by product/engineering data management systems, document man-
agement systems, or software configuration management systems).

– Resource management deals with the management of human resources (i.e., the
members of the project team) which are assigned to development tasks, taking their
roles and capabilities into account.

In the rest of this paper, we will focus on the management of activities, and we will
not elaborate further on the management of products and resources.

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

– The agenda tool displays the tasks assigned to a developer in a table containing in-
formation about state, deadline, expected duration, etc. The developer may perform
operations such as starting, suspending, finishing, or aborting a task.

– The work context tool manages the documents and tools required for executing a
certain task. The developer is supplied with a workspace of versioned documents.
He may work on a document by starting a tool such as e.g. a flowsheet editor, a
simulation tool, etc.

The management environment and the work environment are both used at project
run time. Both environments are highly interactive: The manager is provided with in-
teractive tools for managing the development process, and the developer utilizes a work
environment which provides commands for state transitions and tool invocations.

AHEAD consists of a generic kernel which is domain-independent. This means that
the management environment and the work environment may be applied “out of the
box”. Optionally, models of development processes may be defined with the help of the
modeling environment. For example, in order to apply AHEAD to design processes in
chemical engineering, the modeler may define task types for flowsheet design, steady-
state and dynamic simulation, etc. From a process model, code is generated for adapting
the management and the work environment. The adapted system still provides seamless
interleaving of planning and enactment, but offers pre-defined types for instantiating
tasks, control flows, etc.

2.2 Dynamic Task Nets

A dynamic task net consists of tasks that are connected by hierarchical and non-hierar-
chical relationships:

– Tasks may be decomposed into subtasks, resulting in task hierarchies. Complex
and atomic tasks are assigned to managers and developers, respectively.
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Fig. 2. State diagram

– Control flows resemble precedence relationships in Gantt diagrams. A sequential
control flow corresponds to an end-start dependency. A simultaneous control flow
enforces both start-start and end-end dependencies. Finally, a standard control flow
represents an end-end dependency.

– Feedback flows are oriented oppositely to control flows. They are used to repre-
sent feedback in the development process, which is not possible in a conventional
project plan.

– Each task has inputs and outputs which may be considered as ports for consum-
ing and producing the products of development processes. Data flows describe the
routing of documents along horizontal and vertical task relationships.

Seamless interleaving of planning and enactment constitutes the core mechanism
for supporting dynamic changes in the AHEAD system at project run time. The man-
ager may modify the task net at any time in the course of the project. Only minimal
constraints are imposed on these modifications based on the state of execution. For ex-
ample, it is not allowed to delete an active task because otherwise work performed by
the developer would be lost. Since tasks are performed by humans (with the help of
development tools), changes may be accommodated more easily than in the case of
automated processes. For example, a new input may be attached to a task which has
already started; it is up to the assigned developer how to process this input. In the case
of an automated process, a change of this type usually has to be prohibited.

Thus, at project run time both edit operations and enactment operations may be per-
formed on a task net. Edit operations change the structure of the task net. Enactment
operations change the states of tasks (see below) or produce or consume data. All of
these operations have to take the current enactment state into account.

The enactment states of tasks and their allowed changes are defined by a state dia-
gram (Figure 2). In the initial state InDefinition, only edit operations are permitted on
the current task (creation of input and output ports, creation of a refining task net in
the case of a complex task). In Waiting, the task waits for its activation. In the state
Active, both edit and enactment operations are allowed. When a task is Suspended, it
may no longer produce or consume data, and it may have no active subtasks; editing
operations are still allowed. Successful and failing terminations are represented by the
states Done and Failed, respectively. In these states, no changes are allowed at all to
ensure traceability of the development process.
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Fig. 3. Dynamic task net

Traceability is further supported by different ways of version control for elements of
dynamic task nets:

– If a terminated task has to be reactivated, a new task version is created via the Derive
operation1. The data of the old version remain unaffected and are copied to the new
version.

– While a task is active, it may produce and receive multiple versions of outputs and
inputs, respectively. Therefore, the tokens referencing these product versions are
versioned, as well.

Figure 3 shows a snapshot of a (cutout of) a task net for a design process from the
chemical engineering domain2. In the diagram, each task is represented by a rectangle
containing its name, its type, and its state (displayed as an icon). Control, feedback and
data flows are shown as arrows, composition relationships are represented by nesting
component tasks into a box for the composite task.

In the sample process, which deals with the design of the reaction part of a chemi-
cal process, the designer has inserted four alternatives into the flowsheet: using single
reactors of different types (CSTR and PFR, respectively) and using reactor cascades
(CSTR-PFR and CSTR-CSTR, respectively). The designer already knows that eventu-
ally one of the cascades will be selected as the best alternative. However, simulating
these cascades in a single step is too complex. Therefore, the individual reactors are
simulated first, and the simulation results are propagated to the tasks for simulating the
cascades.

1 Strictly speaking, Derive is not a transition since it involves the creation of a new object (a
new task version) rather than the state change of an existing object.

2 The elements displayed with red thick lines denote inconsistencies with respect to the process
model definition; see next subsection.
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The task net of Figure 3 illustrates a state of enactment which is reached at some
time during the course of the respective development project. In particular, the task net
depends on the reaction alternatives, which are elaborated only in the initial design task.
Even when these alternatives are known, it is not possible to generate the task net from
the product structure. As explained above, the reaction alternatives are investigated in
a certain order which has to be determined by the manager. Furthermore, unanticipated
feedback may occur at any time, requiring changes to the task net for the purpose of
feedback processing.

In the current state of enactment as shown in Figure 3, the tasks for simulating the
reactor cascades as well as the final evaluation task still reside in state Waiting. The task
for simulating the CSTR was already completed successfully. In contrast, the designer
who is responsible for simulating the PFR detected a problem which caused the creation
of a feedback flow to the initial design task. Since this task had already been committed,
a new task version (rectangle in front) had to be created which now resides in state
Active.

2.3 Process Model Definitions

The AHEAD system may be applied “out of the box” using so-called standard types
for tasks, control flows, data flows, etc. Optionally, a domain-specific process model
definition may be created which introduces domain-specific types and constraints. Pro-
cesses are defined with the help of UML diagrams which have been tailored to process
modeling through a UML profile defining adapted versions of class, communication,
and state diagrams using stereotypes and tagged values [27,28,14].

With the help of class diagrams, process models may be defined at the type level.
Figure 4 shows a class diagram taken from the reference scenario developed and used
throughout the IMPROVE project [29]. This scenario deals with the basic engineering
of chemical plants. For the task class interface SubprocessDesign, a realization class is
defined which involves simulations of the respective chemical subprocess (as an alter-
native to laboratory experiments3) . For the simulation-based realization, a refining task
net is defined on the type level. This task net consists of exactly one task for defining al-
ternative chemical processes (class FlowsheetAlternatives), at least one Simulation task,
and exactly one Evaluation task which selects the best alternative and delivers the over-
all subprocess design to the parent task. Tasks of these classes are ordered by control
flow associations. Furthermore, a feedback flow association is defined from Simulation
back to FlowsheetAlternatives. As in instance-level task nets, outputs and inputs are
represented by black and white circles, respectively. Finally, data flow associations are
used to connect outputs to inputs along vertical or horizontal task associations.

Class diagrams primarily serve to define structural models. Structural elements may
be augmented with behavioral properties using tagged values (as e.g. EnactmentOrder
= simultaneous in Figure 4). Furthermore, state diagrams and communication diagrams
are offered for behavioral modeling (which are not described further here).

3 In the process model definition, multiple realizations may be defined for a single interface.
However, on the instance level the (single) realization of a task has to be selected when the
task is instantiated. Furthermore, interface and realization are merged into a single object.
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Fig. 4. Class diagram as process definition at the type level

Altogether, AHEAD provides a wide spectrum approach to process modeling. The
spectrum covers ad hoc processes, which are based on standard types rather than on
a domain-specific process model definition, process models defined on the type level
with the help of class diagrams, and instance-level process patterns defined by commu-
nication diagrams.

2.4 Process Model Evolution

Despite of the inherent flexibility of our object-oriented approach to process modeling,
it may happen that a process has to deviate from its definition. For example, the process
model definition may not include the class of some task which has to be performed
in the project at hand, or a control flow which is defined as sequential prohibits the
overlapping enactment of the source and the target task. Therefore, AHEAD allows for
controlled deviations of a task net instance from its definition: The project manager is
supplied with commands for allowing/disallowing deviations at the level of subnets of
the overall hierarchy.

Deviations result in inconsistencies which are signaled to the manager [14]. In Fig-
ure 3, inconsistent elements are emphasized with bold face fonts and thick lines in red
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color. For example, the control flows between simulation tasks are marked as struc-
turally inconsistent since they were not anticipated by the process modeler. Further-
more, the control flow ending at the task SimulateCSTR is behaviorally inconsistent:
The task has already been terminated while its (reactivated) predecessor is still active.

Deviations may trigger process model evolution. In our example, the structural in-
consistencies may be removed by adding further elements to the process model which
were missing so far. This can be achieved by creating a new process model version and
migrating the process model instance to the new version. In this way, AHEAD supports
round-trip process model evolution.

2.5 Related Work

By using class diagrams, we follow an object-oriented approach to process modeling.
This approach differs from the procedural approaches realized in workflow manage-
ment systems [2,30,31,32]. The object-oriented approach provides for more flexibility
since a task net may be composed specifically for the project at hand at run time by
dynamic instantiation of task classes and associations. In contrast, instantiation of a
workflow means that a pre-defined workflow is started.

AHEAD may rather be considered as an extended project management system than
as an extended workflow management system. In particular, the control flows avail-
able in AHEAD strongly resemble precedence relationships in project plans. Unlike
workflow management systems, AHEAD does not support control structures involving
conditions. It was a deliberate decision not to support these control structures because
we considered it too demanding for the project manager to develop a plan with multiple
variants.

A variety of mechanisms has been designed and implemented for supporting dy-
namic processes (not only in workflow management systems, but also in process-cent-
ered software engineering environments [33,34]). In the following, we will list some of
these mechanisms (without striving for completeness):

Ad Hoc Processes. Processes are defined on the fly for each specific case, i.e., there is
no predefined process definition [21].

Exception Handling. Processes defined for the “standard case” of processing are ex-
tended with exception handlers, which describe how to react on deviations from the
standard case [35].

Flexible Control Flows. Many process definitions suffer from imposing too rigid con-
straints on the order in which process steps are executed. Thus, definition languages
have been developed for describing more flexible control flows [22,36].

Late Binding. Process definitions are usually decomposed into subprocesses to ma-
nage complexity. In the case of late binding [37], the definition of a subprocess
may be deferred until it is going to be executed.

Interleaving of Definition and Enactment. A more general approach to dynamic
changes supports seamless interleaving of definition and enactment in a similar
way as in integrated programming environments, where a program may be modi-
fied during execution [38,39,23].
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Toleration of Inconsistencies. Flexibility is increased by tolerating inconsistencies of
instances with respect to their definitions [40]. For example, in [41] a process step
may be executed even if its preconditions are not satisfied.

Version Control for Process Definitions and Migration. In these systems, process
definitions are put under version control [24,42,43]. Furthermore, running instances
may be migrated to revised definitions.

AHEAD supports dynamic changes through ad hoc processes (“untyped” task nets),
interleaving of planning and enactment, and toleration of inconsistencies. Furthermore,
process evolution is supported through version control of process definitions and mi-
gration of process instances. AHEAD does not address exception handling and flexible
control flows, which are partially obsolete since process instances may be changed flex-
ibly at run time. Moreover, AHEAD does not support late binding.

3 Using Workflows in Dynamic Processes

In this section, the integration of a workflow management system with the manage-
ment environment for development processes in AHEAD is described. This integration
is beneficial when existing workflow management systems within an organization and
all existing workflows can be utilized to represent relevant workflow details within the
overall development process. Not all details modeled in workflows have a real value for
the process manager on the abstract process planning level that addresses the coordi-
nation and distribution of work in the managed overall development process. Instead,
only relevant aspects of workflow processes need to be monitored by the manager. For
this purpose, we have developed a generic integration approach which is applicable
to the majority of integration scenarios and deals with the desired partial monitoring
of workflows in development processes. With respect to the details of the integration,
several alternatives can be distinguished which are more or less appropriate in certain
scenarios.

Subsection 3.1 briefly explains the motivation for our work. In Subsection 3.2 the
coupling of a workflow management system with the AHEAD system is described so
that workflows can be projected into dynamic task nets and monitored by the process
manager in the management environment of AHEAD. Subsection 3.3 describes the
weaving of workflow processes with other (dynamic) process parts within the overall
dynamic process and Subsection 3.4 explains how workflow modeling capabilities can
be additionally used. Finally, Subsection 3.5 gives an account of related work.

3.1 Motivation

We have developed an approach to integrating workflow processes into the overall de-
velopment process and have realized a coupling of workflow management systems with
AHEAD for use within an organization. In this setting, the AHEAD system is used
within the organization as the central instance for the project planning of the develop-
ment process and the coordination of all (human) work that is carried out during the
process. The overall dynamic development process is represented as a dynamic task
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net and can be monitored and controlled by the process manager within the manage-
ment environment of AHEAD. Repetitive routine processes are executed in workflow
management systems. The workflow processes are integrated as process views [15,19]
into the overall dynamic processes and projected onto dynamic task nets. The process
manager can monitor all parts of the development process within the management en-
vironment in the same process notation of dynamic task nets. In this way, an overall
development process comprising dynamic and repetitive partial process fragments is
executed across heterogeneous process support systems.

The outlined integration approach is based on the observation that although devel-
opment processes are generally human-driven, some fragments of the development
processes are indeed of a repetitive nature, i.e., repetitive process definitions can be
defined for these fragments and modeled as workflow definitions. A similar approach
to use workflow management systems within human-driven development processes is
described e.g. in [44].

Within a prototypical realization, the AHEAD system has been integrated with the
workflow management system SHARK from ENHYDRA [45]. A full account of the
coupling approach and the realized prototype is given in [15,18,19]. The resulting so-
lution approach was adopted in the technology transfer project T6 [19,20] for the in-
tegration of the Process Management Environment for Engineering Design Processes
(PROCEED) with a workflow management system. PROCEED is a new implementa-
tion of AHEAD based on an industrial platform.

3.2 Monitoring Workflows in Dynamic Processes

Figure 5 shows the resulting architecture for a coupling of a workflow management
system (left) with AHEAD (right) via an event exchange infrastructure. The AHEAD
system triggers the instantiation of a workflow. Upon the triggering event, the work-
flow management system spawns a new workflow instance and creates new run time
instances for the first startable workflow activities of that workflow definition. All nec-
essary input data is transferred from AHEAD to the workflow management system at
this moment for further consumption within the new workflow instance. The created
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workflow-activity instance is immediately started in the workflow management system
to begin the workflow execution. In particular, for each human workflow activity, a de-
veloper can start working on this activity. During task execution, all relevant workflow
changes (activity or task state changes, resource assignment changes, data changes) are
signaled as events to the AHEAD system where the corresponding task net that repre-
sents the workflow process is updated accordingly. Vice versa, all necessary changes in
the workflow (and state changes) are signaled from the AHEAD system to the workflow
management system as events where they are processed in a similar way.

Mapping of Workflow Processes into Dynamic Task Nets. Workflow processes can
be represented within the overall dynamic task net via a projection of the workflow
process onto a dynamic task net fragment (called workflow task net fragment). Each
task in a workflow task net fragment that represents a workflow activity is called a
workflow task.

The transformation of workflow processes to dynamic task nets does not need to
preserve the full semantics of both formalisms, because this would lead to very rigid
requirements for the systems to be integrated. Since the workflow fragments are used
in AHEAD for monitoring purposes only, it is tolerable if some process information
is lost during the generation of the workflow fragments. Thus, only selected details
of the workflow process, which are necessary to represent the coordination aspects of
the activities in the workflow, are mapped into a dynamic task net. The projection is
realized with a transformation algorithm to convert a workflow process definition into
a corresponding dynamic task net fragment definition. While a brief summary is given
in the sequel, more details of the chosen transformation projection and the coupling
infrastructure are described in [46].

Within AHEAD, a workflow task net fragment can then be inserted into the task net
at a location that is selected by the process manager (i.e. as children of the parent task
in the current process fragment). Initially, it is isolated at this moment from the rest of
the dynamic task net. Hence, the process manager has to connect tasks from the new
imported workflow task net fragment with tasks from the remaining dynamic task net
via control flows and data flows (a weaving step).

In order to reduce the effort for the integration of multiple different workflow man-
agement systems, we make use of a neutral exchange format to represent a wide-spread
workflow modeling language. The language XPDL has been chosen since it is a stan-
dard notation brought forward by the Workflow Management Coalition [31]. There-
fore, multiple workflow management system products that adopt this standard can be
supported with the coupling solution in general.

The projection defines both the structural mapping of workflow structures onto task
net structures as well as the mapping of the state diagram of workflow activities (in
XPDL) onto the state diagram of AHEAD tasks. Additionally, the data flow between
workflow activities is projected onto the data flow between AHEAD tasks. Workflow
definitions can include subprocess calls and iterations. These mapping details are ex-
plained in the sequel.

To illustrate our projection approach, Figure 6 introduces a simple example of a
workflow from the chemical engineering domain and shows its projection into a dy-
namic task net fragment. The underlying scenario in the chemical engineering domain
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has already been introduced in Section 2. The design of a certain part of the chemical
plant during the development process, such as the design of the reaction part, can be
supported with workflow management system technology. Specific routine processes
can be executed within workflow management systems but need to be monitored within
dynamic task nets as the contained process steps are important on the coordination and
management level for the process manager.

The example represents a routine subprocess for performing simulation calculations
for a given reactor part in the flowsheet. This process refines the simulation task de-
fined in Figure 4 and instantiated multiple times in the task net of Figure 3. Simulations
are carried out iteratively until a satisfactory result is achieved. Two different simula-
tion methods can be used here to perform the simulation: A stationary or steady-state
simulation allows to simulate the reactor with respect to the equilibrium state while
a more complex (and more expensive) dynamic simulation investigates the behavior
of the chemical process in non-steady states (e.g., start of the reaction or technical
faults). For this scenario, the lower part of the figure shows the workflow process (work-
flow management system) and the upper part shows the projected dynamic task net
(AHEAD). The workflow is comprised of four activities: In a first activity A1 Config-
ure Simulation, a reaction expert estimates the requirements for the desired simulation
and decides which type of simulation is carried out. According to this decision, in each
iteration either activity A2 Perform Stationary Simulation is executed by the reaction
expert or A3 Perform Dynamic Simulation is delegated to a simulation expert with spe-
cific expert knowledge (only one of both activities is executed). In activity A4 Evaluate
Simulation Results, the reaction expert interprets the simulation results and decides if
the simulation data are sufficient or if the simulation has to be repeated with modified
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Table 2. Mapping of workflows to dynamic task nets [15]

Workflow Model Concept(XPDL) Process Model Concept(AHEAD)
Workflow Process ↔ Task Net
Workflow Activity ↔ Task
Workflow Participant ↔ Performer
Data Field → Document
Formal Parameter → Document
Transition Information ↔ Control Flow (seq.)

configuration parameters or a different simulation method (iteration from activity A4
to A1). This example is used throughout the remainder of this subsection.

Structural Mapping. The mapping of the most important elements of the workflow
meta model in XPDL to elements of the AHEAD meta model is described by a set of
mapping rules as follows (summarized in Table 2). A workflow process definition from
XPDL is mapped to a task net in AHEAD. All activities in a workflow process definition
are mapped to AHEAD tasks. In the example of Figure 6, activities A1-A4 are mapped
to tasks T1-T4 in the dynamic task net. All tasks are inserted at the same time into the
development process. However, for an activity there can be multiple task versions in
the task net (due to iterations, see below). This is shown in the figure for activities A1
and A2 which have two different task versions in the task net. For subprocess definition
activities and route activities in XPDL, a new task is contained in the task net. All
workflow activities within an XPDL subprocess are mapped to AHEAD tasks likewise.

Workflow participants (XPDL) are assigned to tasks in the task net and assignments
of participants to workflow activities are carried over to AHEAD by assigning partic-
ipants to tasks. In Figure 6, the workflow participants Reaction Expert and Dynamic
Simulation Expert are mapped to corresponding resources in the dynamic task net. For
example, the assignment of activity A1 to participant Reaction Expert from the work-
flow process is also visible in the task net where task T1 is assigned to the corresponding
resource (shown in the bottom line of the task’s label).

For workflow-relevant data from XPDL, corresponding document elements are cre-
ated in AHEAD (not shown in the figure). Updates to workflow-relevant data (in work-
flow variables) are mapped to the creation of new versions of the corresponding docu-
ments. Not all workflow-relevant data (variables) need to be mapped to AHEAD task
nets. For pragmatic reasons, a naming scheme was defined to automatically separate
mapped from unmapped workflow-relevant data.

Transitions, Iterations, and Feedback Flows. Transitions between workflow activ-
ities in XPDL are transformed into sequential control flows in AHEAD (as shown in
Figure 6). Please note that XOR-transitions and AND-transitions are both mapped in the
same way4. The corresponding state machine mapping is described below. A workflow
activity inside a loop control structure may be associated with multiple task versions

4 The mapping is not injective, i.e., the transformation implies a loss of information. As men-
tioned earlier, branches cannot be represented in AHEAD. AND- and XOR-transitions may be
distinguished in AHEAD only by monitoring the enactment of the respective workflow.
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Table 3. State mapping between workflow activities and tasks

Workflow Activity State(XPDL) Process Task State(AHEAD)
— ↔ InDefinition
open.not running.not started ↔ Waiting
open.not running.suspended ↔ Suspended
open.running ↔ Active
closed.completed ↔ Done
closed.terminated → Failed
closed.aborted → Failed

(in the task net) according to the iterations of the loop. For example, the activity A1
in the workflow is associated with two versions of task T1 in Figure 6. While the loop
in the workflow process expresses that the activities A1–A3 have to be repeated until a
success criterion matches, in the task net the concept of feedback flow is used to express
the same meaning. In our example, initial versions of tasks T1 and T2 are executed.
Subsequently, T4 detects a failure. To repair the failure, a second version of task T1 is
instantiated and a feedback flow from T4 to the new version of T1 is created. Subse-
quently, the new version of T1 is reactivated. Since the steady-state simulation has to be
performed once more, a new version of T2 is created and prepared for enactment.

Dynamic Semantics: State Machine Mapping. Table 3 shows the mapping of the
state machine of tasks in a dynamic task net, workflow instances and workflow ac-
tivities. The coupling is described here informally. When a workflow activity is in a
pre-activation state (open.not running.not started) so is the corresponding AHEAD task
(here: Waiting). The task state InDefinition in AHEAD is only used within AHEAD and
has no direct mapping from a XPDL state. When a workflow activity enters the running
state (open.running), the corresponding AHEAD task is activated (Active). The XPDL
meta model defines three terminal states, namely successful termination (closed.com-
pleted), user-initiated cancellation (closed.terminated), and system-initiated cancella-
tion (closed.aborted). The AHEAD meta model defines only two terminal states for
successful termination (Done) and failed task cancellation (Failed). The workflow state
closed.completed is mapped to task state Done, while the additional information pro-
vided in XPDL is lost during the mapping when both cancellation states closed.termi-
nated and closed.aborted from XPDL are mapped to the cancellation state Failed in
AHEAD.

3.3 Weaving of a Workflow Fragment into a Dynamic Task Net

The individual workflow processes which are enacted by means of the workflow man-
agement system are all part of one overall development process which is represented by
a hierarchically structured task net in the process management system. Therefore, the
workflow fragments representing the workflow instances have to be embedded into the
task net.

The workflow activities are represented by workflow tasks in the workflow fragment.
The workflow instance itself can also be represented by a task in the task net. In this
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case, the subtasks of this task represent the workflow activities and no other tasks are
contained in its realization.

However, the workflow instance does not necessarily have to be represented by a
task in the task net. Alternatively, the tasks representing the workflow activities can be
directly embedded into an existing task net. In this case, there may be sibling tasks
which do not represent workflow activities.

When a subprocess of a development process is enacted in a workflow management
system, the enactment of the workflow may depend on the state of tasks which are
not part of the workflow. This is mostly the case because data or documents which are
created outside of the workflow are required in certain activities of the workflow, e.g.
when a workflow for the permit procedure of a chemical plant requires at a certain step
the result of the cost calculation. On the other hand, the enactment of the workflow
and its (intermediate) results may influence other tasks in the development process,
e.g. when a workflow is enacted for the specification of a device, and this specification
is required for the procurement of the device later on. Altogether, two different cases
for the embedding of a workflow into the surrounding development process may be
distinguished.

In the first case, the workflow as a whole requires input data from preceding tasks
and produces results which are required in succeeding tasks. All required inputs have
to be available at the start of the workflow and cannot be provided later at run time.
Intermediate results of the workflow are not available in the surrounding process. This
case requires that the workflow instance is represented by a task in the dynamic task
net.

In the second case, the individual activities of the workflow may consume external
data from outside the workflow and may provide intermediate results which can be used
by external tasks. This is illustrated in Figure 7, where the gray boxes surrounded by
the dashed line represent workflow tasks in the workflow task net fragment while the
white boxes represent external tasks in the surrounding process. Required inputs for
workflow tasks can be provided by external tasks as required, even after the start of
the workflow, and intermediate results of the workflow are available for external tasks
before the completion of the workflow. This case in which individual workflow tasks are
connected with external tasks is called fine grained weaving of processes. In this case,
it is not required that the workflow instance is represented by a task in the dynamic task
net. Data inputs and outputs do not have to be defined for the workflow instance but can
be directly defined for workflow activities.
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The weaving of a workflow with the surrounding process imposes several technical
requirements for the integration of the respective management systems. The handover
of data between the two systems requires well-defined data formats which can be writ-
ten and read by both systems. In case of documents which serve as input for tasks or
workflow activities it may be required to transfer uniform resource locators (URLs)
which specify the location of the respective documents in a common repository.

In the case of fine grained weaving, control flow connections between the tasks in
a workflow fragment and the surrounding process context influence the execution of
the workflow and the surrounding process. In the case of outgoing control flows, the
workflow management system should provide an interface for the notification of ex-
ternal systems about state changes of activities and workflows. If such an interface is
not available, a pull mechanism could be realized in which the process management
system queries the workflow management system for changes in regular intervals. Vice
versa, the execution of a workflow instance should respect the constraints imposed by
incoming control flows. Different technical solutions are possible. The original work-
flow definition could be augmented by additional activities and control flows which
represent the context of the workflow. Alternatively, special workflow activities and ac-
cording workflow variables could be used in the original workflow definition to allow
for later definitions of control flows from external tasks.

3.4 Workflow-Managed Dynamic Task Nets

The main motivation for the integration of AHEAD with a workflow management sys-
tem is the continued utilization of existing workflow management solutions. In this
case, the process participants who used the workflow management system before the
integration, will go on using the client applications of the workflow management sys-
tem after the integration. In particular they will use the worklist handler of the workflow
management system to get informed about their assigned tasks.

The workflow fragment which is embedded into the dynamic task net of the over-
all development process serves the project manager mainly to view the status of the
workflow tasks. The workflow tasks in the fragment may be atomic, i.e. they are not
refined by any subtasks, or the tasks may themselves represent workflow instances and
can therefore be refined by workflow fragments.

The second case accounts for the common scenario in workflow management system
where one workflow invokes another workflow in a synchronous fashion, i.e., a work-
flow activity initiates the execution of another workflow and waits for its termination.
This can be modeled in the dynamic task net by a task which represents at the same
time the workflow activity and the invoked workflow instance. The subtasks of this task
represent the activities of the invoked workflow.

Another motivation for the integration of an AHEAD-like process management sys-
tem with a workflow management system may be to use the modeling capabilities for
workflows, in particular alternative branching and loop structures, to enable a (partial)
automation of the defined processes. This was the main motivation for the integration of
PROCEED with a workflow management system in the technology transfer project T6
[19,20]. Workflows are not only monitored in PROCEED but the workflow fragments
are also managed automatically by the workflow engine according to the enactment of
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the according workflow instances (tasks are prepared for execution, new task versions
are created, etc.). In this case, the workflow task net fragments are called workflow-
managed dynamic task nets. The advantage of this kind of integration is the usage of
the workflow modeling capabilities and the workflow engine of the workflow manage-
ment system. The process participants can manage their assigned tasks by means of
the PROCEED work environment and do not need to use the worklist handler of the
workflow management system.

The usage of the PROCEED work environment by the process participants has an
influence on the required state machine mapping of PROCEED and the workflow man-
agement system. The start of a workflow activity has to be mapped to the transition of
the according task in the workflow fragment from InDefinition to Waiting because tasks
have to be started by the assigned resources and should not be activated by the workflow
management system automatically.

To allow for the use of a workflow definition for a high-level subprocess of the overall
development process, it is possible to refine workflow tasks in a workflow-managed
task net by manually managed dynamic task nets. Otherwise, all subprocesses of the
workflow process would have to be defined as workflows as well, which is infeasible
for dynamic development processes. Figure 8 shows a hierarchically structured dynamic
task net in which a subprocess is managed by the workflow engine but a workflow task
is refined by a manually managed task net.

The management of task net fragments in PROCEED by a workflow engine imposes
additional technical requirements for the integration of the two systems. A workflow
activity whose corresponding task in the workflow fragment is realized by a manually
managed task net has to wait for the successful termination of this task net in PROCEED
before it can be terminated. This can be realized by the implementation of special work-
flow activities which wait for an external event before they terminate. Some workflow
management systems provide this functionality.

3.5 Related Work

Several research groups have investigated the possibilities to integrate project manage-
ment systems with workflow management systems.
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Bauer distinguishes two approaches in [3]: loose coupling, where several workflow
instances can be mapped to a single project task, and close coupling, where there is
a one-to-one mapping of workflow activities and tasks in the project plan. The close
coupling approach is not applicable, when the project plan and the workflows are on
different abstraction levels. Hence Bauer presents a generic integration architecture for
loose coupling which uses event-condition-action(ECA)-rules for data propagation and
aggregation.

The MILOS tool [4] is an integrated solution for the management of software devel-
opment processes. MS Project is used as a planning interface and is extended by means
to define information flow between different tasks. The run time coupling between the
workflow management component and MS Project is realized by means of ECA-rules.

In [5], the IPPM system is described which integrates features for both project and
workflow management. An approach for the unfolding of workflow control structures
to tasks in a project plan is presented.

In [6], Bussler discusses issues regarding the integration of workflow management
systems and project management systems in general. Two approaches are distinguished
for the mapping of control structures. Continuous mapping describes the case where
tasks are inserted into the project plan at workflow run time according to the decisions
made. With static mapping, all alternative paths are inserted before the start of the work-
flow.

The integration of AHEAD with a workflow management system is based on a well-
defined mapping between the according process meta-models. Therefore, the definition
of ECA-rules is not necessary, neither by the system developer nor by the user.

The different related integration approaches all face the problem that no information
about the process enactment state and the data flow is available in the respective project
management systems. As a consequence, fine grained weaving of a workflow instance
with other tasks in the project plan is not possible. The context of a workflow instance
in a project is merely defined by the complex task to which it belongs.

4 Adding Dynamics to Workflow Management Systems

4.1 Motivation

In the previous section, we were concerned with using workflows in dynamic develop-
ment processes. By integrating process and workflow management systems, workflows
are glued together in order to form a coherent development process. However, this ap-
proach does not release the restrictions of the used workflow management systems con-
cerning support of dynamic changes.

In this section, we will present tools for adding dynamics to a workflow management
system a posteriori. These tools were developed in a project in the business process
domain. In contrast to the integration approach of the previous section, the extended
workflow management system may be used as a stand-alone component. The primary
goal was to make classical workflow applications more flexible. However, at the same
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time this flexibility makes the workflow management system better suited for the ap-
plication in development processes, which generally require more flexible support for
dynamic processes than business processes. Therefore, the extended workflow manage-
ment system may be integrated with a process management system along the lines of
Section 3. In this way, the approach presented below complements the work described
in the preceding sections.

In the AHEAD system, dynamic changes are supported by seamless interleaving of
planning and enactment. In contrast, dynamic changes to repetitive processes are better
handled by deviation from a workflow definition rather than by continuous evolution
of some dynamic task net. Yet, classical workflow management systems do not allow
for dynamic changes. In the following, we describe how and to which extent a classical
workflow management system can be upgraded a posteriori in order to support even dy-
namic business processes. In particular, we extended the workflow management system
IBM WebSphere Process Server (WPS), which provides execution support for workflow
definitions. In contrast to the concepts of Section 3, we just consider a single model-
ing language for executable models, namely the standardized language WS-BPEL [32]
used in WPS.

In Subsection 4.2, we draw the big picture of the a posteriori extension of the work-
flow management system WPS before we elaborate on the kinds of dynamic changes
which are actually supported by the approach (cf. Subsection 4.3). Finally, related work
is discussed in Subsection 4.4.

4.2 Simulating Dynamics

Adding functionality for dynamic run time changes a posteriori to an existing work-
flow management system like WPS does not work in a straight forward fashion. WPS
is a closed source system. Thus, adding dynamics by modifying the existing source
was not an option. Instead, an additional architectural layer – called dynamics layer –
was introduced (cf. Figure 9). This dynamics layer simulates dynamic changes inas-
much as workflow participants experience dynamic structural changes in their running
workflow instances while the actual workflow definitions within WPS (forcedly) remain
structurally unchanged.

The dynamics layer reflects the intrinsic distinction between build time and run time
of classic workflow management systems as it consists of two parts. Existing workflow
definitions are automatically augmented by a WS-BPEL transformer at build time by
additional control flow structures. At run time, these additional control flow structures
are used to deviate from the original control flow definition. Their run time behav-
ior is controlled by the dynamics component which is the run time counterpart of the
WS-BPEL-transformer. The additional complexities that come along with the dynamics
layer are completely hidden from process participants. In the so called process model
editor, which serves as a front end for process participants, dynamic changes are in-
deed displayed as structural changes in process instance models, i.e., models of running
processes.



644 T. Heer et al.

Build Time Run Time

Process Definition 
Build Time Environment

WS-BPEL Transformer

Process Run Time Environment
(WPS)

Deployment

Dynamics Component

instance 1 of 
definition A

instance 1 of 
definition A

instance 1 of 
definition A

instance 1 of 
definition A

Poll Views Change Operations

Lookup of 
Additional

Process
Variables

Dynamic Creation of 
Process Instances

Original
Process

Definition
X Augmented

Process
Instance

Ya.1

Augmented
Process
Instance

Xa.1

Existing

Systems

Dynamics

Layer

Augmented
Process
Definition

Xa

Process Model Editor

Fig. 9. Deviation of workflow enactment from workflow definitions

4.3 Dynamics Patterns

The realization of the dynamics layer is aligned with typical kinds of dynamic changes.
These are called dynamic patterns which are described in detail in [25,26] and briefly
in the following:

Dynamic Adding. Frequently, there is a need to dynamically add activities or even
workflow fragments consisting of several activities to a running workflow instance.
In a classical, i.e. static, workflow management system one could model placeholder
activities — serving as extension points — among the actual activities. These added
activities can then be used at run time for intermediate rerouting the control flow to
another newly created process instance. However, manually inserting such activities is
a tedious task and renders the workflow definition unmaintainable as every possible
position in the workflow definition has to be supplied with an additional activity. Thus,
the WS-BPEL transformer automates the augmentation and the process modeler can
stick to his or her original workflow definition.

Figure 10 provides a small example from the software engineering domain (an
implement-test-release process). The original workflow definition X is augmented with
additional activities DAI1 to DAI4 yielding a workflow definition Xa. This workflow
definition can be executed at run time within a workflow instance Xa.1. The process
model editor hides the additional activities from the process participant. Assume that
during the execution of Implement the need for an additional quality assurance step is
identified. The process participant then just embeds an according activity Review within
the existing control flow structure. This addition is reflected by the dynamics compo-
nent inasmuch the DAI2 activity is bound to a newly created instance Ya.1. Each DAI
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activity retrieves binding information from the dynamics component when executed. In
the case of DAI2, the new instance Ya.1 is executed such that the Review activity is per-
formed. After completion of Ya.1, the control flow returns to the caller DAI2, and Xa.1
is executed further.

Effectively, the DAI activities together with the binding information of the dynam-
ics component, which is indirectly manipulated by the process participant, simulate an
actual dynamic change, which is possible due to late binding.

Dynamic Removal. Complementary to dynamic addition of activities, process partic-
ipants frequently need to remove mandatory activities. Dynamic removal constitutes
another dynamics pattern which is supported by the dynamics layer. Yet the overall
approach remains the same: At build time, the WS-BPEL transformer augments the
workflow definition by additional control flow structures which are used at run time in
order to simulate the dynamic removal of activities from a running workflow instance.

As Figure 11 depicts, each original activity is surrounded by a DRD decision activity
(diamond). Depending on a dedicated value, which is stored in the dynamics compo-
nent and evaluated when the respective DRD decision is reached by the control flow
at run time, the original activity is either executed (default case) or bypassed. The lat-
ter takes place if the process participant has dynamically removed the activity. Again,
the generated DRD activities are invisible in the process model editor. Here, dynamic
removals are rendered by actually removing the respective activity from the workflow
definition.

Dynamic Iteration. Besides the decision elements labeled with DRD, Figure 11 also
depicts a decision labeled with DID. This element is generated by the WS-BPEL trans-
former in order to allow for dynamic iterations. These are the equivalents to the feed-
back flows in AHEAD, i.e. they allow to step back in the control flow and to re-execute
activities, which might have been erroneously executed before. At run time, the DID
decision works in combination with DRD decisions: Consider the case, where the
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workflow instance already has proceeded to Release and the process participant wants
to step back to Implement (e.g., because an automated regression test which was not
part of the unit Test activity fails in the Release step). Then the value backing the DID
in the dynamics component is reset such that the control flow returns to the very begin-
ning of the workflow. In this way, another iteration is started until eventually the final
Release step is passed successfully.

Expressive Power of Pattern-Oriented Changes. Interleaved planning and execution
calls for maximal freedom concerning the editing of process models (as provided by
dynamic task nets in the AHEAD system). In contrast, the dynamics patterns – each
constituting a certain kind of deviation – are more restrictive. Regarding the example of
Figure 10, it is, e.g., not possible to add the activity Review in parallel to Test (allowing
to delegate review and test to different developers working in parallel). Yet, this lack of
flexibility does not pose a real problem: The decline of process performance due to the
serial instead of parallel execution is neglectable as the dynamic change just affects a
single workflow instance.

4.4 Related Work

Many research groups have investigated the development of flexible workflow manage-
ment systems. Weber et al. [47] provide an overview over the different aspects of flex-
ibility in workflow management systems and define according change patterns. Within
the ADEPT project, Reichert et al. [23] investigate dynamic changes to running work-
flow instances. For this purpose, they use a graph based calculus with some optimiza-
tions to ensure the correctness of control flow graphs. The WASA approach [48] is
similar to the ADEPT approach. Dynamic changes in workflows are supported by spe-
cial planning activities which define possible extension points for the workflow. Casati
et al. [49] advocate the automated handling of unforeseen process exceptions using a so-
called exception-specification language. This language provides additional declarative
set-oriented conditions which complement common imperative workflow definitions.
All prototypes have in common that they have been developed from the start to support
dynamic workflows, i.e. flexibility is integrated a priori. Furthermore, the prototypes
use their own modeling languages for workflow definitions instead of standardized
languages.
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5 Discussion

In this section, we summarize several lessons learned, i.e., conclusions which we have
drawn from our work on process support for dynamic development processes. These
conclusions are condensed into a set of theses, each of which is discussed briefly.

5.1 Domain-Specific vs. Domain-Independent Management System

Thesis 1 (Domain-Independent Management Systems). The required functionality
of process support tools depends on the actual application domain only to a limited
extent. Other process properties such as the level of granularity and the degree of struc-
turing are much more relevant.

In this respect, we completely agree with [50], Thesis 3. Process support systems can-
not be reasonably classified with respect to their application domains. For example, the
AHEAD system was applied to multiple engineering disciplines such as mechanical,
chemical, and software engineering. Rather, each process support system builds upon
certain assumptions concerning the target processes to be addressed. A process support
system may be applied to processes satisfying these assumptions, regardless of the spe-
cific domain. For example, a workflow management system which has been designed
for supporting static business processes may be applied to software processes as long
as these processes match the properties assumed by the workflow management system
(e.g., structured change request processes, where a well-defined workflow exists which
has to be enforced). Furthermore, a process management system like AHEAD may be
applied not only to development processes, but also to other processes provided that
there is a need for project planning and integrated management of products, activities
and resources (e.g., construction of buildings).

Thesis 2 (Ubiquitous Need for Dynamic Changes). The need for changing processes
at run time arises in virtually any application domain. In particular, dynamic changes
need to be supported even for structured routine processes.

In our work, we have primarily studied development processes in different engineering
disciplines. However, a small fraction of our work has been dedicated to business pro-
cesses, as well. In all of these application domains, a strong need for dynamic changes
has been identified. The specific requirements for supporting dynamic changes may
vary from application to application. However, the mechanisms listed in Subsection 2.5
— ad hoc processes, exception handling, flexible control flows, late binding, interleav-
ing of planning and enactment, or deviations from process model definitions — may
be employed in any domain. In particular, we argue that workflow management sys-
tems need to support dynamic changes instead of merely enacting static workflows as
defined.

5.2 Project vs. Workflow Management

Thesis 3 (Different Focus: Project Planning vs. Process Automation). Conventional
project and workflow management systems focus on different process support functions.
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While project management systems address project planning on a fairly coarse-grained
level, workflow management systems automate routine processes typically at a more
fine-grained level.

Here, we disagree with Thesis 1 of [50], which basically claims that all kinds of process
support tools virtually address the same kinds of problems. In fact, conventional project
management systems do not support process enactment, while conventional workflow
management systems do not address project planning. Furthermore, the ways processes
are modeled in these classes of systems differ considerably. In the case of project man-
agement, a plan is built manually at run time. The plan contains only the tasks which
actually are to be enacted, and it may be modified at any time during the course of the
project. In contrast, a workflow management system instantiates a pre-defined workflow
which has to cover all potential execution paths. Furthermore, conventional workflow
management systems still fall short of supporting dynamic changes. As a consequence,
a project management system cannot replace a workflow management system and vice
versa.

Thesis 4 (Integration of Workflow Process Fragments). Only fragments of the over-
all development process may be defined as workflows. Thus, these fragments may have
to be glued together at the project management level. For supporting integrated process
management, project and workflow management have to be integrated or even unified.

This observation motivated the research presented in Section 3. Development processes
may be defined as workflows at best in a fragmentary way. However, if such fragments
exist, a workflow management system may provide (partial) process automation. In this
case, using a workflow management system improves process support. Those fragments
which are relevant at the managerial level have to be embedded into the overall devel-
opment process (consider, e.g., well-defined and rigorously controlled change request
processes in software maintenance). This requires at least an integration of the respec-
tive process support systems (as shown in this paper) — or even a unification into a
novel process management system, which, however, is not available to date.

5.3 A Priori vs. A Posteriori Integration

Thesis 5 (Economic Value and Necessity). A posteriori integration allows to retain
investments into existing systems. It is an economic necessity in the case of big invest-
ments whose replacement would imply a huge development effort. In particular, this
applies to management systems for development processes.

A priori integration means that components of an overall system are designed from the
very beginning with a common concept of integration in mind. This approach was real-
ized successfully e.g. in the IPSEN project [51], and it was also applied in the AHEAD
system for integrating the management of products, activities, and resources. A pri-
ori integration is attractive for several reasons (tight integration, homogeneous devel-
opment environment, etc.). However, a posteriori integration was required by our in-
dustrial partners in various projects, and it acted as a driving theme in the IMPROVE
project. Companies which have invested into systems for workflow, project, document,
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or engineering/product data management need to reuse these systems. Re-development
from scratch is not economically feasible.

Thesis 6 (Technical Achievements and Limitations). A posteriori integration is con-
strained by limitations imposed by the reuse of existing systems which have been de-
veloped independently. Even in the face of these limitations, tight integration may be
achieved.

A posteriori integration is well known to be a challenging task. The functionality of the
coupling which may be achieved with the help of a posteriori integration strongly de-
pends on the interfaces provided by the systems to be integrated. However, in the work
presented in this paper we succeeded in providing fairly tight integration: Workflows
may be monitored in development processes, and dynamic changes may be realized
with a conventional workflow management system. This work demonstrates what can
be achieved under the constraints of a posteriori integration.

5.4 Barriers of Technology Adoption

As a matter of fact, support technology for development processes has made its way
into industrial practice only to a limited extent. In this subsection, we discuss barriers
of technology adoption since they are relevant for future work in this area. However,
we should stress that these barriers are by no means specific for our own work and have
been observed also e.g. in [50,52].

Thesis 7 (Ease of Use). Ease of use is an essential requirement to process support
systems. Users of process support systems expect light-weight, yet powerful support for
dynamic development processes. Unfortunately, the tools which have been developed
so far do not meet this requirement.

Potential users of management systems for dynamic development processes expect that
they are supported in their processes by tools which are easy to understand, require
only little effort in their use, and yet provide a significant added value. To achieve this,
systems are needed which hide the underlying and inherent complexity in managing
development processes under a simple and carefully designed user interface. This may
be explained by an example from software configuration management: The success of
version control systems such as CVS [53] or Subversion [54] is due to the fact that
they may be operated through a small set of commands which are simple to use (e.g.,
checkout, update, and commit). Most process management systems are not as easy to
use (this also applies to our own work concerning the AHEAD system).

Thesis 8 (Modeling Effort and Return of Investment). Modeling of development
processes is inherently difficult, in particular if it comes to modeling processes to be
enacted. The effort of modeling needs to be balanced against the improved process
support achieved with the help of the model.

In the scenarios which we studied in engineering disciplines, it was always hard to come
up with a process definition. Usually, process knowledge was only implicit (i.e., domain
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experts had acquired process knowledge which was not documented in any way), and
we were faced with the task of defining process definitions which are reusable for a
sufficiently large set of development processes. It was inherently difficult to define types
of tasks, inputs, outputs, control, data, and feedback flows, etc. For a process definition,
both the structure and the behavior need to be specified precisely so that the definition
may be used to drive enactment. This is far more challenging than creating a descriptive
and informal process definition for documentation or guidance. For gaining acceptance
of the prospective users of a process management system, it is crucial that the modeling
effort may be balanced against the improved process support such that an appropriate
return of investment is achieved. An initial step towards this goal is provided by the
AHEAD system, which may be used “out of the box” without any prior modeling at
all. However, more research is still required with respect to ease of use and return of
investment.

6 Conclusion

We presented a management system for dynamic development processes which inte-
grates the management of products, activities, and resources and provides for seamless
interleaving of planning and enactment. Furthermore, we investigated the application
of workflow management systems to dynamic development processes and described
two complementary solutions. The first solution combines process management and
workflow management by integrating workflows into a coherent overall development
process. The second solution improves the capabilities of a classical workflow manage-
ment system by adding components for dynamic changes.

Resuming the topics of the discussion in Section 5, we envision the need of future
research activities in the following areas:

Dynamic Processes in Different Application Domains. As we have argued above,
process support systems cannot be reasonably classified with respect to their ap-
plication domains. Rather, each process support system is built for some class of
processes which are characterized by structural properties (e.g., degree of structur-
ing, degree of automation, granularity of process support, organizational scale; see
[16], Chapter 4). Further work is required to elaborate on these properties and the
implications on tool support.

Integrating Project and Workflow Management. From our work, we conclude that
project and workflow management systems typically operate at different levels of
granularity and satisfy different requirements, e.g., with respect to the dynamics of
work processes. While we have developed several integration approaches, we still
believe that further work has to be performed to clarify the borderlines between and
the cooperation of project and workflow management systems and to investigate the
potentials for unification.

A Posteriori Integration. As a matter of fact, there is no way around a posteriori in-
tegration, which aims at integrating existing tools into an overall environment pro-
viding an added value to its users. We are convinced that integration or extension
of existing systems is far superior from an economic point of view and more fea-
sible than building a process management system from scratch, which would have
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to cover the whole process scope and would have to compete with existing sys-
tems in terms of functionality, maturity, and compliance to standards. While we
have successfully realized different models of integration, our work still has to be
generalized beyond the integration or extension of specific systems.

Ease of Use and Return of Investment. While a rich variety of mechanisms for sup-
porting dynamic development processes has been proposed and realized, the impact
of research on industrial practice is still limited. We have identified ease of use as a
critical factor determining technology adoption. More research has to be carried out
to provide light-weight, yet powerful support for dynamic development processes
which provides a significant return of investment on behalf of the users of process
support systems.
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