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Abstract. The complexity of automated production systems increases
steadily – especially due to the rising customer demand to manufacture
individualized goods. To stay competitive, companies in this domain
need to adapt their engineering to deliver machines and plants with
higher quality in shorter time. Hence, to reduce design errors and iden-
tify problems already in early engineering stages, it is essential to ensure
that the disparate engineering models – e.g., from mechanical, electri-
cal and software engineering – are free from inconsistencies. This paper
presents a concept for inter-model inconsistency management. In partic-
ular, the proposed concept provides an interactive visualization approach
that captures the dependencies between the different engineering models
explicitly and visualizes them to the involved stakeholders. By that, the
location of and cause for inconsistencies can be identified more easily;
dependencies between the different engineering disciplines can be visu-
alized in a comprehensive manner.

Keywords: Model-based systems engineering · Automated production
systems · Inconsistency management · Semantic web technologies

1 Introduction

Engineering in the automated production systems domain (aPS) is an interdisci-
plinary process and incorporates a multitude of heterogeneous, domain-specific
models [9] – e.g., requirements models, engineering models as well as analy-
sis models. Although these disparate models consider different aspects of the
system under investigation, they are not completely disjoint [3]. Consequently,
overlaps – that is, information being introduced redundantly – are present
in between the different models [21] and, hence, inconsistencies are likely to
occur [10]. Such inconsistencies reflect a state of conflict between the involved
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models that results from conflicting information [21] being introduced in the
different, domain-specific views. Furthermore, inconsistencies do not necessarily
lead to engineering errors, but may rather also indicate aspects that need to
be further elaborated by the involved stakeholders [21]. Hence, to ensure a high
quality engineering process, it is essential to continuously check for and handle
these inconsistencies.

Especially within large-scale mechatronic systems, complex dependencies
exist between the different models. The reasons for these complex dependencies
are manifold: For one, the enormous system complexity that results, e.g., from
the increasing customer demand for lower costs and better quality, is one essen-
tial reason for complexity. In addition, the variety of stakeholders from different
domains and with individual mental models that are involved in the engineering
of aPS is an essential factor that leads to numerous dependencies in between
different engineering models. Hence, inconsistencies cannot be regarded individ-
ually – rather, they must also be regarded from an overview of the entire system.
Especially as the various models also differ in the used modelling language and
level of detail [9], system designers must be able to switch between different lev-
els of detail to maintain this overview. Hence, this paper aims at extending our
existing inconsistency management framework [7] by an interactive, configurable
visualization approach that envisions three central objectives:

– an extensible framework based on a standardized representational formal-
ism using Semantic Web Technologies – namely, the Resource Description
Framework (RDF) [25] and the SPARQL Protocol and RDF Query Language
(SPARQL) [23,24],

– an interactive, graph-based visualization capturing model entities and depen-
dencies, and

– a rule-based configuration to configure and adapt the visualization regarding
different levels of abstraction.

By means of such an interactive inconsistency management approach, we
envision the basis for an adaptable and extensible framework that can be applied
easily to a variety of applications. The remainder of this paper is structured as
follows: From a comparison of the related research works (Sect. 2), we derive the
requirements that must be solved by an interactive and configurable visualization
approach for the purpose of inconsistency management (Sect. 3). Based on these
requirements, we introduce our concept in Sect. 4. In Sect. 5, we show how our
concept can be applied to a typical scenario in the aPS domain at the hand of
a prototypical software implementation. The results obtained from our research
as well as an outlook on further research potential are given in Sect. 6.

2 Related Work

Within this section, our inconsistency management approach is compared to the
related work. In particular, we discuss related research in the field of model-
based (systems) engineering (see Sect. 2.1), followed by inconsistency manage-
ment approaches (see Sect. 2.2) and different visualization approaches that aim
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at visualizing the interconnections between heterogeneous engineering models
(see Sect. 2.3). Finally, our findings are summarized in Sect. 2.4.

2.1 Model-Based (Systems) Engineering

Model-based engineering approaches are especially important to the software
engineering domain [18], as they allow for problem and solution abstraction.
A variety of description formalisms are available to the software engineering
domain, e.g., modelling languages such as the Unified Modelling Language
(UML). Such modelling languages are more and more applied in the aPS engi-
neering domain. Especially model-based systems engineering (MBSE) is part of
a trend from document-centric to model-centric approaches [12] and entails the
specification of many other types of models like the Systems Modelling Language
(SysML), which enables engineers to focus on an overarching system’s perspec-
tive. However, the different disciplines involved in the development process of
aPS use their domain specific models [6], e.g., CAD drawings in mechanical
engineering or contact planes in electrical engineering. Especially due to seman-
tic overlaps [21] that arise among these disparate models, inconsistencies are
likely to occur and, hence, it is complex to handle this complexity and hetero-
geneity of the distinct model types [3]. Even standardized export formats such
as the Extensible Markup Language (XML), which try to detach the abstract
information from the model implementation and try to make the models tool
independent, are not sufficient, as the tools and models are loosely coupled [15]
and implementations differ, leading to compatibility issues [7].

2.2 Inconsistency Management Approaches

For the purpose of being able to address inconsistencies within the engineer-
ing process of aPS, the specification, diagnosis and handling of inconsisten-
cies are essential steps [17]. In previous works [6], we identified three distinct
approaches for inconsistency management – namely proof theory-based, rule-
based and synchronization-based inconsistency management approaches. Our
main findings indicate that, due to their flexibility, rule-based inconsistency man-
agement approaches are beneficial, as rules can be easily extended, adapted and
configured according to company-, project- or stakeholder-specific needs.

Besides the means to specify, diagnose and handle inconsistencies, the incor-
poration of dependencies between the models – that is: model links – is another
important requirement for inconsistency management. In the literature, a mul-
titude of approaches, e.g. for model weaving [13] and model-merging [14], can
be found. However, none of the approaches provides the appropriate means to
interactively support stakeholders in verifying such links.

2.3 Visualization of Heterogeneous Models

Potentially, thousands of inconsistencies can be found in engineering models, so
that a solely textual representation of diagnosed inconsistencies is not sufficient
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to adequately support the stakeholders. Additionally, in many cases, stakeholders
in the aPS domain must be supported in better understanding the dependencies
that lead to an inconsistency.

In information visualization, especially in graph visualization, many
approaches are dealing with the representation of large amounts of information
and their relationship and dependencies among each other. These approaches
provide techniques and principles, not only to visualize the information, but
also to navigate and modify it. Focus and Context [16] is one of the main prin-
ciples to support the users in the recognition of relations and dependencies and
in decisions making. It allows the user to focus on a special area of interest in
a very detailed view, without losing the context of the information. The Visual
Information Seeking Mantra [19] provides an approach of “overview first, zoom
and filter, then details-on-demand” to get detailed information from a given
visualization. Hence, visualization can be also an essential part of inconsistency
management [7]. A first visualization approach is given in [2], where the require-
ment is stated that such an visualization approach has to be interactive and
has to offer the possibility to change how information is visualized. It is noted
in [2] that there is currently no such visual analytic tool available to system
engineers. Although the approach is promising and provides first insights into
visualization of model information, inter-model dependencies and inconsisten-
cies, it does not provide the means of visualizing any input model type, since
information is read in directly from the models. It is argued that by use of an
abstraction mechanism, together with a hierarchy and filtering mechanism for
complexity reduction, is flexible and extensible enough to visualize any kind of
graph-structured information. An approach that aims at better describing the
dependencies between engineering models is presented in [8]. Therein, templates
are used to describe the relationships between models – however, visualization
in the context of inconsistency management is not addressed by that approach.

2.4 Summary

As can be seen from the related work, a multitude of research works can be
found in and around the field of inconsistency management in the aPS domain.
However, to the best knowledge of the authors, there exists currently no approach
that combines the distinct fields – namely model-based systems engineering,
inconsistency management and visualisation – to a holistic approach that aids
stakeholders in specifying, diagnosing and handling inter-model inconsistencies
in a comprehensive and interactive manner.

3 Requirements

As a basis to develop an interactive visualization approach for the purpose of
inconsistency management, a variety of requirements need to be fulfilled. These
requirements mostly stem from a review of the related research, extended by
our experiences gained throughout developing our inconsistency management
framework as described in [7].
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Requirement 1: Extensible and adaptable approach

Although a multitude of inconsistency management frameworks has been pre-
sented in the related literature [6], it is essential that such an approach is tai-
lored to the specific application domain – i.e., the aPS domain. However, as
the concrete model types to be investigated and the inconsistencies to be man-
aged highly depend on the specific set-up – e.g., the respective company and its
guidelines or the specific project – we argue that an inconsistency management
approach must be extensible and adaptable for company- and/or project-specific
purposes. Such an extensibility and adaptability can, e.g., be achieved by relying
on standards and by providing reference implementations that are comprehen-
sive to the respective domain experts. Besides, it is essential that, by means of
configuration, tailoring to the specific set-up is enabled.

Requirement 2: Interactive approach

Inherently, inconsistency management is an interactive process. Mostly, critical
inconsistencies stem from overlaps between engineering models – that is, from
a set of distinct models being in conflict due to similar or redundant, but non-
consistent information. If such an inter-model inconsistency is diagnosed auto-
matically, stakeholders must decide, which handling action should be taken –
e.g., to ignore, tolerate or resolve the inconsistency [17]. Whereas in some cases,
inconsistency resolution proposals can be generated automatically, this is cer-
tainly not the normal case. Rather, stakeholders must negotiate with respective
stakeholders from other disciplines to identify the cause for an inconsistency and
to evaluate handling alternatives. In addition, if a respective handling action is
performed, stakeholders must be supported in evaluating whether an appropri-
ate result was achieved by the chosen handling alternative. Consequently, an
interactive inconsistency management approach is essential for engineering in
the aPS domain.

Requirement 3: Visual representation of dependencies

Especially in industrial settings, complexity is an essential issue to be addressed
by inconsistency management. This complexity is the consequence of three essen-
tial reasons: First, this complexity results from the systems’ complexity – models
that are created during engineering of aPS often consist of thousands of entities.
Second, the multitude of stakeholders from different domains with their individ-
ual mental models that are involved during engineering causes the introduction
of a vast number of dependencies in between these domain. Third, and resulting
from the first two reasons, the number of inconsistencies that are likely to occur
is enormous. As a consequence, in order to address this enormous complexity, it
is essential that stakeholders are supported visually. Therefore, we believe that a
visual representation of dependencies between the different engineering models
is a key requirement for engineering projects in the aPS domain.
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Requirement 4: Comprehensive support in finding inconsistencies

Given an extensible (cf. Requirement 1) and interactive inconsistency manage-
ment approach (cf. Requirement 2) as well as a visual representation of model
dependencies (cf. Requirement 3), the basis for an interactive inconsistency man-
agement approach in the aPS domain is laid. However, in order to support the
management – that is, the diagnosis and handling – of inconsistencies, it is
essential that stakeholders are supported in finding relevant inconsistencies in
the heterogeneous engineering model landscape. Thus, it is essential that the
interactive visualization approach is able to support engineers in determining,
which parts of the entire model landscape is interesting to them.

4 Concept

Based on the previously introduced requirements (cf. Sect. 3), this section intro-
duces our conceptual interactive inconsistency management framework (see
Fig. 1). The model management part of the inconsistency management frame-
work (cf. Sect. 4.1) is responsible for transforming models into a knowledge base.
Inconsistency diagnosis and handling rules are applied to diagnose and handle
inconsistencies (cf. Sect. 4.2). Visualization rules define and configure the inter-
active visualization, which is displayed to the user as a directed graph. This
rule-based concept for configuring the visualization to company-, project- or
stakeholder-specific needs is discussed in Sect. 4.3. By means of these rules, dif-
ferent levels of abstraction can be incorporated and displayed to support users
in finding the critical model aspects.

Knowledge Base 
(RDF/RDFS)

Integration Framework

Mediation 
rule (Jena 

Rule)

Diagnosis 
rule 

(SPARQL 
Query)

Handling 
rule 

(SPARQL 
Update)

Model Management
Model 

#1
Model 

#2
...

Model 
#m

Visualiza-
tion rule 
(Jena 
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Visualization
Model #2

Model #mModel #1

Fig. 1. Overview of the inconsistency management framework based on [7]
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4.1 RDF(S) as Representational Formalism

As a basis for inconsistency management, it is essential to ensure a common rep-
resentational formalism for all involved engineering models [7]. Within our incon-
sistency management framework, we, hence, make use of the Resource Descrip-
tion Framework (RDF). RDF is a highly flexible “framework for representing
information in the Web” [25]. Knowledge is represented in form of RDF graphs,
which are sets of triples, consisting of a subject – predicate – object statement.
Especially as engineering models are, basically, a collection of such predicated
statements (e.g., sensor – is a – component), such graphs are appropriate for
capturing the knowledge modelled in the distinct engineering models. Hence, by
means of RDF, a common representational formalism for the different engineer-
ing models is provided. More details on how RDF is applied for inconsistency
management can be found in [7].

4.2 SPARQL for Diagnosing and Handling Inconsistencies

Given that such a common, representational formalism is available, respective
concepts for diagnosing and handling inconsistencies can be put in place. In
particular, we make use of the SPARQL Protocol and RDF Query Language
(SPARQL). SPARQL defines a set of specifications that contain, among oth-
ers, the set-based SPARQL Query Language [23] for querying against RDF
graphs (i.e., for diagnosing inconsistencies) as well as the SPARQL Update
Language [24] for manipulating RDF graphs (i.e., for handling inconsistencies).
Especially as inconsistencies can mainly be regarded as patterns to be matched
against the engineering models, we define each inconsistency type as a SPARQL
pattern by means of a SPARQL query. Each pattern match found in the RDF
graph is then a diagnosed inconsistency that is represented to the respective
user. Analogously, any resolution rule that can be used to resolve the inconsis-
tent pattern is represented through a SPARQL update action, which replaces
the inconsistent pattern by a consistent one. More details on how SPARQL is
applied for inconsistency management can be found in [7].

4.3 Rule-Based Interactive Graph Visualization to Support
the Different Stakeholders in Diagnosing and Handling
Inconsistencies

Although a multitude of different inconsistency diagnosis and handling rules can
be specified by our inconsistency management framework, it is essential that
stakeholders are supported in identifying the inconsistent parts of their models
and in selecting the appropriate handling action to be taken. Especially as we
use a graph-based representational formalism for the distinct engineering mod-
els, it is obvious that we use graph visualization technique for the respective
stakeholders. Additionally, for an optimal stakeholder support, we envision a
flexible visualization of the model and inconsistency information as well as the
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inter-model dependencies. In order to provide maximum flexibility and the pos-
sibility to visualize any model type, the visualization framework makes use of
rules. By means of these rules, stakeholders can configure their specific visual-
izations on different levels of abstraction, thereby aggregating information and
easing comprehensibility.

Additionally to providing the means to define and execute visualization rules,
two essential concepts are necessary for visualization to the respective stakehold-
ers: a clustered graph structure to allow for aggregating information and, hence,
easing comprehensibility as well as a mechanism for finding the appropriate hier-
archical clusters for visualization. These concepts are presented in the following.

Clustered Graph Structure. Given that all modelled information is present
in RDF, the respective graph can be visualized. However, as especially industry
models can contain thousands of entities, mechanisms to enhance comprehensi-
bility are mandatory. Consequently, some sort of information filtering, aggrega-
tion and/or abstraction is required for our visualization approach. For various
problems from the information visualization domain, the so-called Overview and
Detail [4,19] paradigm is used. Following that, a top-level view is created (see
Fig. 2(a)), consisting of a single vertex for each model instance (M#1 to M#6).
If there is at least one link between an entity from one model instance and
another entity from a distinct model instance, an edge in that top-level graph
exists between the corresponding vertices. For the detailed view (see Fig. 2(b)),
one or more model instances and, with that, their graph representations are

Fig. 2. Concept of an overview and detail visualization approach for an interactive
inconsistency management framework
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chosen from the top-level view and visualized in the detailed view. The vertices
of each model instance are layouted inside a respective cluster, which get lay-
outed on cluster level, similarly to the top-level graph. However, edges between
clusters have vertices as endpoints inside those clusters. The clustering mecha-
nism emerged as the best way of keeping the information of each model instance
together, separated from other model instances. The graph of the detail view is
layouted in two phases to suit the two level hierarchy, embodied by the clusters
and their contained graphs. First, the coordinates of the clusters are computed.
Second, for each cluster, the respective nodes are layouted. By that, a clustered
graph structure is visualized to the stakeholder. Depending on what kind of level
of detail is chosen, different hierarchy levels can be used to display the necessary
information to the stakeholder.

Hierarchy Levels. By means of the clustered graph structure, different lev-
els of detail can be displayed to the stakeholder. However, it is essential that
stakeholders are supported in choosing for different levels of detail depending on
their specific tasks. Therefore, an approach for finding and filtering according to
different hierarchy levels is required. These hierarchy levels describe the different
levels of aggregation and composition of the entities in the models.

In order to find these hierarchy levels, an algorithm was developed (see Fig. 3).
As first step, the metamodel is analysed for aggregations and compositions for
which hierarchical statements can be made. Solely from these and their related
endpoints, a graph is created. For further steps, a hierarchy level has to be
chosen, either by the user based on his specific task or by some heuristic, e.g.
maximum path length of 2. Then, like for the metamodel, a graph is built for
each model instance of the respective metamodel. All visited vertices up to there
are contained in hierarchy levels up to the chosen depths. From this result in

Class 1

Class 2

Class 3 Class 4

1

2

3 4

Path 1: 1 – 2 – 3

Path 2: 1 – 2 – 4

MetaModel Containment Graph Found Paths

Result

Chosen depth: 2

I. C. 1

I. C. 2

I. C. 3 I. C. 4

I. C. 4

I. C. 1

I. C. 2

I. C. 3 I. C. 4

I. C. 4

1

2

Model Instance Found Level

Fig. 3. Overview on the algorithmic steps for determining hierarchy levels
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addition to the paths, a rule set is generated, which itself forms the visualized
graph from the knowledge in the triple store.

Filtering. Independent from the used hierarchy level, filtering may be per-
formed on the visualized information to reduce the complexity of the visualiza-
tion. Based on the specific task of the user, only special, desired entities, relations
and links may be chosen to be visualized. To achieve this, the configuration rules,
which infer the necessary information for the visualization, are adapted by the
user (see Fig. 4).

For the task of inconsistency management, the top level view represents the
whole map of models, where each vertex represents a single model and each edge
represents the links, respectively the information flows between the models. If
there is an inconsistency between two models (M#1 and M#2), the edge between
the representative vertices is marked. In Fig. 2(a) this is visualized by a dotted
edge. The user is now able to select the vertices/models he wants to see on a
detailed level. In this level, the graph representation of the chosen model instance
and the inconsistencies between the single elements of the models are shown
(see Fig. 2(b)).

Vertices and edges can have different colours to give additional information
to the user (e.g. red for errors, orange for warnings or yellow for information).
To reduce complexity the user is able to hide all vertices and edges, which are
not involved in the inconsistency management task.

Fig. 4. Reducing complexity by applying filter rules in the detailed view of the
visualization

In Sect. 5 the approach is evaluated by means of a case study from the aPS
domain and the interconnection between three engineering models.

5 Implementation and Evaluation

This section is devoted to evaluating the presented inconsistency management
framework with its according visualization approach. In order to validate the
applicability of the framework, a software prototype is provided, which is intro-
duced in Sect. 5.1. Subsequently, an inconsistency management case study is
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provided as an excerpt from [6] (see Sect. 5.2). Accordingly, the approach to
diagnose and handle inconsistencies by means of RDF and SPARQL is discussed
at the hand of this case study (see Sect. 5.3) and it is shown how the visualization
approach supports stakeholders throughout this process (see Sect. 5.4).

It has to be noted that, within this publication, we do not aim at a full usabil-
ity evaluation of our software prototype, but rather at a principle evaluation that
shows the feasibility of our presented approach. A full evaluation together with
experts from the aPS domain is subject to future work.

5.1 Software Prototype

As a basis to evaluate the proposed framework, a software prototype was imple-
mented. Therein, the inconsistency management framework is designed as a
Java-based Eclipse plugin. The Eclipse Modeling Framework (EMF) [5] is therein
used as the main component, as it allows to specify metamodels and create
model instances as well as to automatically generate texts from the models. The
Apache Jena Framework, especially the included RDF triple store Fuseki [1],
was used for RDF handling. The transformation between the EMF and RDF
was implemented by means of the EMF Triple API [11]. Moreover, the visual-
ization framework is implemented in C� as a Windows Presentation Foundation
(WPF) application. The dotNetRDF API [22] serves as the RDF backend and
access to the triple store on the Fuseki server. For the visualization and the
graph drawing purposes, the WPF-based GraphX API [20] is used.

5.2 Inconsistency Management Case Study

A second basis for the purpose of evaluating the feasibility of our approach is an
appropriate inconsistency management case study. We use an excerpt of a case
study from the aPS domain, which was initially presented in [6].

Within our case study (see Fig. 5), three distinct model types are used: A
planning model, which is used to evaluate different alternatives to realize the
required engineering solution, a SysML model, which is intended to describe the
logical system architecture, as well as a MATLAB/Simulink model to predict,
whether the respective system architecture is capable of fulfilling the demanded
properties. Although these three model types only represent a small excerpt of
typical models in the aPS domain, we argue that they are representative for a
multitude of potential engineering models.

As visualized in Fig. 5, the involved engineering models are overlapping, i.e.,
there exist links in between these different models. In particular, three link groups
are specified within our case study, one for every combination of two model
instances from the three models in the case study: Between the planning and
the SysML models, so-called refines links are introduced to denote that modules
in the planning model are refined by blocks in the SysML model. Accordingly,
equivalentTo links are established to denote, e.g., that requirements in both
planning and SysML models are equivalent to each other. In order to denote
that the output of the MATLAB/Simulink is used to verify, whether certain
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properties in the planning model are fulfilled, satisfies links are introduced. We
use these different link types in order to explicitly capture the dependencies
between the different engineering models.

EquivalentTo Link

Refines Link

Satisfies Link

Fig. 5. Exemplary inconsistency management case study, excerpt from [6]

5.3 Evaluation of the Inconsistency Management Framework

In order to illustrate the feasibility of the presented concept for the purpose
of diagnosing and handling inconsistencies, disparate types of inconsistencies
were defined by means of the SPARQL query and update languages. Due to
spatial restrictions, only an excerpt of these different inconsistency types can be
illustrated in the following. In particular, we focus on a naming inconsistency
in the following, which demands that, for each entity within our engineering
models, an appropriate name in UpperCamelCase style is specified.

As can be seen from Fig. 6, an inconsistency diagnosis rule is specified
by means of the SPARQL Query Language to check, whether all entities are
named in UpperCamelCase style (Fig. 6a). Therein, the rule body includes three
essential parts: First, the pattern identifies all named entities (?x base:name
?xName). Second, the entity’s name xName is compared with a pre-defined regu-
lar expression that identifies, whether the name meets the UpperCamelCase style
or not – the result of the comparison is bound to the variable isInconsistent,
which denotes, whether an inconsistency occurs (true) or not (false). Third
and finally, the original property is retrieved, which shall later be replaced by a
custom name. An according inconsistency handling rule is specified by means of
the SPARQL Update Language (Fig. 6b). Within the rule, placeholders are used
to replace the name xName with the new name customName1.
1 For simplicity reasons, the new name is not checked for (in-)consistency.
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(a) Inconsistency diagnosis rule (b) Inconsistency handling rule

Fig. 6. Inconsistency diagnosis and handling rules for resolving naming inconsistency

Additionally to the presented inconsistency diagnosis and handling rules,
further rules can be introduced, e.g., to ensure that only the allowed entity
types are linked to each other. Especially due to the expressiveness of RDF and
SPARQL, we expect that a multitude of inconsistency types can be specified,
diagnosed and handled through our approach.

5.4 Evaluation of the Visualization Approach

Although we argue that a multitude of different types of inconsistencies can
be diagnosed and handled by our inconsistency management framework, there
are certainly many cases in which a visualization is essential to supplement
the process of inconsistency management. In these cases, stakeholders need to
be supported for a better understanding of the relationships and dependencies.
Consequently, using a pre-defined configuration of the visualization, both the
hierarchy and the filtering concept are applied to the engineering models in the
case study.

In particular, three distinct views are generated for the engineering models
of the case study (see Fig. 7): one for a top-level overview on the model links (see
Fig. 7a), one for a detail-level overview on the model links (see Fig. 7b) and one
filtered view that only contains the linked model entities (see Fig. 7c). By means
of switching between the different views, we argue that stakeholders get appro-
priate support in identifying the location and cause for specific inconsistency
types.

Within the top-level visualization (see Fig. 7a), all three engineering model
instances are represented through a single node. Edges between the distinct
model nodes represent the aggregated links between the models. Accordingly,
the user can interact with the visualization by selecting one or more models or
links and, hence, the detailed graphs show the respective clusters. These clusters
are connected by inter-model links, according to the chosen hierarchy and filter.
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(a) Top-level visualization

(b) Detail-level visualization (c) Filtered detail-level visualization

Fig. 7. Visualization for the engineering models of the case study

Hierarchy Visualization. For each model, different hierarchy levels are cho-
sen. For instance, for the MATLAB/Simulink model instance, it can be seen
that all inner blocks of the simulated subsystem are not affecting the inconsis-
tency management process. As a result, the rules are created in such a way that
the whole simulated subsystem is contracted to a single node – only the input
and output values of the simulation block are illustrated as their are interest-
ing for inconsistency management. In contrast, the planning model instance is
not abstracted and not contracted, because many entities on the most detailed
abstraction level are directly affected by links to entities from other models.
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For the third model, the SysML model, an abstraction level in between is cho-
sen, as some of the entities within the model are interesting for the inconsistency
management process. By means of color-coded inconsistencies (e.g., red for an
error, orange for a warning and green for no error), stakeholders can be informed
on the respective inconsistency status of their models.

Filtering. Additional to or instead of solely visualizing all elements of a cer-
tain hierarchy level, filtering may be applied. While the visualization result from
above (cf. Fig. 7b) shows the structure of the model entities, the filtering pro-
vides the functionality to reduce the number of entities to a desired minimum.
For instance, the entities of the same hierarchy level as above may be filtered for
those, which could possibly be start or end point of a link (see Fig. 7c). Therein,
only the requirements and modules for the planning model as well as the require-
ments and blocks of the same hierarchy level in SysML are visualized, while the
MATLAB/Simulink model stays the same. Even though in Fig. 7c, many entities
and their respective nodes are filtered out, the relationships among the remaining
entities still gives an impression about the overall structure, e.g. the hierarchical
requirement and module structure in the planning model instance as well as the
structure of the physical parts in the SysML model instance are still contained.
Despite the smaller amount of objects, which need to be grasped in the visu-
alization, the amount of individually visualized inconsistencies is the same as
without filtering.

6 Conclusion

This article introduces an interactive inconsistency management approach for
engineering in the automated production systems (aPS) domain, which makes
use of Semantic Web Technologies and combines the (semi-automatic) diagno-
sis and handling of inconsistencies with an interactive visualization approach.
This interactive visualization approach allows stakeholders to pre-define views,
which visualize the different engineering models on disparate, pre-defined levels
of detail. The feasibility of the presented approach was illustrated at the hand
of a lab-scale case study.

By means of the presented approach, we argue that a multitude of benefits
can be achieved: For one, the visualization approach extends the already exist-
ing inconsistency management framework by comprehensive means to specify,
diagnose and handle inconsistencies. Especially as views can be configured by
means of pre-defined rules, any application of the framework is, basically, possi-
ble. Hence, stakeholders in the aPS domain are supported in identifying possibly
erroneous parts in their engineering solution. The visualization of inter-model
dependencies also supports the expansion of the stakeholders’ individual mental
models and leads to a common understanding of interfaces between and overlaps
of the different models. This may also prevent inconsistencies in the future.

However, still a lot of research effort needs to be done. One essential step
to be performed in future research works is an appropriate usability evaluation
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together with experts from the aPS domain. Using the experts’ feedback, appro-
priate visualization views (and, consequently, rules) can be identified and defined.
Further on, in order to apply the presented concept, knowledge and expertise in
the Semantic Web Technologies domain is required as, e.g., inconsistency diagno-
sis and handling rules as well as visualization rules must be configured. We argue
that, through appropriate abstraction mechanisms (e.g., modelling techniques),
such rules can be automatically generated from pre-defined models. This will
especially increase transparency of the approach and, hence, make the concept
more attractive for industrial engineering applications.
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