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a  b  s  t  r  a  c  t

Cyber-physical  systems  introduce  new  requirements  for  modelling  and  executing  autonomous  processes.
Current  workflow  languages  are  not  able  to  completely  fulfil  these  requirements,  as  they  lack  expres-
siveness  and  flexibility.  In  this  paper,  we present  an object-oriented  workflow  language  for  formalizing
processes  within  heterogeneous  and  dynamic  environments.  Its  component-based  meta-model  enables
the  hierarchical  composition  of processes  and  process  variants.  Domain-specific  typing  and  polymor-
phism  leverage  the  flexibility  of processes  by enabling  the dynamic  selection  of process  components.  We
present  a modelling  environment  and  a distributed  execution  engine  for  the  meta-model.  In addition,
we  discuss  the  use  of  semantic  technologies  for smart  workflows.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Business processes have gained an increasing importance in
describing complex correlations between distributed systems and
executing composite workflows. Especially in the field of online
trading and manufacturing, modelling and execution languages for
business processes, e.g., BPMN and BPEL, have proven to be well
suited to formalize high-level sequences of tasks and activities
involving web service invokes and human interaction.

However, the on-going integration and combination of
embedded systems and distributed cloud-based services into
cyber-physical systems (CPS) and smart environments, lead to a
number of new requirements for process modelling and execution.
Most current workflow languages lack structure, expressiveness,
and flexibility to meet these requirements.

Some of the drawbacks of state of the art process modelling
languages include: only weak means for typing of process compo-
nents and data, mostly static calls to a fixed set of service types, and
reduced flexibility considering runtime modelling and adaptation.
Modelling tools often produce code, which is incompatible with
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execution environments, and only a subset of the model elements
is supported.

In  addition, many long-established workflow modelling lan-
guages have been extended and evolved over time, mostly by
adding new components and modifying the respective meta-
models in order to meet new requirements and provide new
functionality. This has led to complex and ambiguous process mod-
elling languages containing special solutions for specific problems
and domains.

In this paper, we present a new meta-model for processes
designed to meet the requirements of current and future ubiquitous
systems. We  believe that by using model-based approaches, we can
create a modular and extensible workflow language. With the help
of this language, we will then be able to model flexible and dynamic
processes for the automation of workflows. Current semantic tech-
nologies will help us with developing a smart and context-adaptive
process engine and modelling environment. We  focus on adhering
to simple structures for the core of the process meta-model and at
the same time being able to easily extend this model by means of
object-orientation. Nevertheless, we  are able to map  process mod-
els of other workflow languages to models compatible with our
system.

The paper is structured as follows: Section 2 presents some basic
terms and explanations. Section 3 lists requirements that are intro-
duced with the emergence of ubiquitous systems. Section 4 gives a
brief overview of related work and evaluates state-of-the-art work-
flow languages with respect to their suitability for cyber-physical
systems. Section 5 describes our process model for complex and
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flexible business processes in detail, including an extended exam-
ple and an evaluation of the meta-model. Section 6 demonstrates
practical aspects with respect to implementing the model, a mod-
elling tool, and a process execution engine. Section 7 discusses our
approach and shows some aspects to further extend our research.
Section 8 concludes the paper.

2. Basic concepts

We  will start with clarifying basic terms and concepts that are
used within the context of this paper. As our focus lies on the
scope of ubiquitous computing and cyber-physical systems, we  will
introduce these concepts first, as well as, our understanding of pro-
cesses. Second, the paradigms of model-driven architecture and
meta-modelling will be presented, as our own approach is based
on these concepts.

2.1. Ubiquitous computing

In his article “The Computer for the 21st Century”, published
in 1991, Mark Weiser introduced his vision of “the age of calm
technology, when technology recedes into the background of our
lives” and thereby coined the term “ubiquitous computing” [34].
Ubiquitous computing can be found at the intersection of perva-
sive computing, mobile computing, and ambient intelligence, and
stands for systems that are unobtrusively integrated into everyday
objects and activities.

2.2. Cyber-physical systems

Cyber-physical systems (CPS) can be regarded as a major step
towards Weiser’s vision. CPS comprise networks of embedded,
heterogeneous sensors and actuators into complex distributed
systems, that are often linked to cloud-based services and cross-
boundary systems. A closed loop between local sensing, remote
processing, and local controlling can often be found within cyber-
physical systems. Real-world objects are represented digitally and
taken into consideration when planning and executing processes in
a cyber-physical system. In addition, CPS are highly dynamic with
respect to their components, i.e. devices and services can be added
and removed at any time. By constantly collecting context infor-
mation [1], cyber-physical systems are able to adapt themselves
to the current users and environment, thus evolving into so-called
“smart spaces”, e.g. smart homes, smart offices, and smart factories.
CPS intend to create a strong link between the physical world and
the cyber world, and to support their users with performing their
daily tasks.

2.3. Processes

Processes (workflows) have been used to describe complex
sequences of tasks and function calls in order to model the high-
level behaviour of so-called systems of systems. Due to the large
increase of distributed and loosely coupled systems over the last
decades, the need for an additional layer describing workflows
between multiple entities has been generated. With traditional
approaches, it is not possible any more to implement all algorithms
and cross-boundary interactions within the software application
shipped with one product. The usage of processes helps with cre-
ating autonomous environment and the automation of repeating
tasks.

We  therefore define a process for the scope of our work as fol-
lows: Processes represent a set of actions (process steps), which
are connected with each other by a unidirectional order relation
describing the order of execution of the steps [27].

2.4. Model-driven architecture and meta-modelling

Using models throughout the development process of a software
system incorporates several advantages with respect to modular-
ization, reusability, extensibility, automatic code generation, and
maintenance. The process layer on top of software products and
systems should also be highly model-based and described by a
platform independent model (PIM).

With the Meta-Object Facility (MOF) [22], the OMG  introduced
a de facto standard for model-driven engineering [2], describing
several (meta-) levels of abstraction for modelling various kinds of
systems. As we  will also be dealing with models and meta-models
throughout this paper, we  want to clarify our understanding of
these terms and their use within the context of process modelling
at this point.

• Process meta-meta-model:  A process meta-meta-model (MOF-
M2)  defines the semantic and syntactic elements and structures
used in the process meta-model.

• Process meta-model: A process meta-model defines all elements,
types, and relations that can be used for modelling processes as
well as their structural combinations. The process meta-model
(MOF-M1) is an instance of the process meta-meta-model.

• Process model:  A process model is the abstract description of an
actual process, which can be instantiated and executed at run-
time. The process model (MOF-M0) is an instance of the process
meta-model.

• Process instance: A process instance represents a concrete process
at execution time, having a runtime state. The process instance is
an instance of the process model.

In the main part of this work, we will put our focus on presenting
a new process meta-model, but we will also briefly describe the
underlying process meta-meta-model.

3. Requirements for modelling ubiquitous processes

In order to evaluate current workflow languages with respect
to their suitability for being used within ubiquitous systems
(UbiSys), we will first outline some special requirements that come
along with developing ubiquitous systems. Some of the follow-
ing requirements are already predominant within current system
architectures. However, UbiSys combine them to a large degree.

• Dynamics:  Ubiquitous systems, as well as cyber-physical systems
(CPS), are characterized as being highly dynamic with respect to
the number and availability of its components, devices, and ser-
vices. Therefore, modelling service invocations within processes
on the instance level, i.e. the invocation of a concrete service,
may  not be suitable due to its possible unavailability. Hence, we
also need to be able to model process steps and service calls on
the type level, i.e. a certain type of service should be invoked.
This way, we  do not necessarily need to know at modelling time,
which concrete service or device will be executing the process
step.

• Heterogeneity: In a CPS there are usually numerous heteroge-
neous services and devices integrated into a so-called system of
systems. However, when modelling workflows, a unified view on
these components would be helpful. In addition, we  would like
to support a wide range of different services types and be able
to easily extend this set. Complementary to the aforementioned
requirement, there should also be a way of assigning an activity
to a certain handling entity (resource) on the instance or the type
level.
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