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1. Introduction

Model-driven engineering (MDE) has been used in different domains such as soft-
ware engineering [9], robotics [240], and automotive [190]. MDE is an approach that
has models as the primary artifacts [106], and promised benefits include increased
development speed, earlier system analysis, and more manageable complexity
[237]. A model is a representation of reality, an abstraction of something relevant
to the stakeholder [83] and it is used to address different aspects of a system and
different types of systems [47]. According to Babur et al. [11], the number of models
used in both industry and academia increased because of the increased adoption
of Model-Driven Engineering.

By adopting MDE, engineers expect to improve the quality of system specifica-
tion and design, as well as the communication among the development team [87].
However, the complexity of developing heterogeneous systems increases when
there is a need to combine models created by engineers from different expertise
and different domains [10, 59, 229, 307]. Managing models that belong to the same
domain1 might not be a complex task because of the features provided by the
available development tools. However, managing interrelated models of differ-
ent domains is challenging [104]. A robot is an example of a such multi-domain
system. To develop it one might need to combine models created by experts from
mechanics, electronics and software domains. These models might be created using
domain specific tools of each domain, and a change in one model of one domain
might impact a model from a different domain causing inconsistency in the entire
system.

Inconsistencies can be found in several stages of the system development
life cycle and the earlier the inconsistency is found, the less it will cost to be
fixed [107]. Examples of catastrophic events caused by inconsistencies are: the
NASA unmanned MARS Climate Orbiter [191] was destroyed in 1999 due to use

1We say that models are from the same domain, if they are created by engineers from
the same engineering discipline, e.g., software engineering or mechanical engineering. We
say that models are from different domains if they are created by engineers from different
engineering disciplines that might be using the same or different modelling tools.



2 Chapter 1. Introduction

of inconsistent metric units by design teams, and Airbus had 6 billion dollar loss in
2006 due to use of inconsistent specifications in different versions of design tools
[204].

Model management emerged with the need to organize and maintain models,
ensuring consistency. According to Franzago et al. [86], the infrastructure for the
model management may include a model repository and modeling tools. This
infrastructure is responsible for managing the life cycle of the models such as
creating, editing, and deleting.

This thesis aims at facilitating the evolution of models in a multi-domain set-
ting. It starts with a systematic literature review in order to identify the open issues,
and strategies used to manage models from different domains. In this systematic
literature review, we identified that making the relationship between models from
different domains explicit can support the models maintenance, making it easy
to recognize affected models because of a change. Thus, we formulate the central
research question addressed in this thesis:

• RQ: How can we identify the relationships between models from different
domains (semi)automatically?

Hence, we present a tool called XAMÃ whose goal is to facilitate the model man-
agement on models from different domains. XAMÃ is composed of four main
parts: text extraction from images of models (Chapter 3), post-processing optical
character recognition (OCR) output to improve the accuracy of the text recognition
(Chapter 4), relationships identification between models from different domains
(Chapter 5), and multi-domain model management (Chapter 6). The overview of
XAMÃ is presented in Figure 1.1.

We evaluated XAMÃ by means of an observational study (controlled experi-
ment, questionnaires, and interviews) with a multidisciplinary team that builds
autonomous robots designed to play soccer, and two software engineer PhD stu-
dents (Chapter 7). We evaluated XAMÃ in two aspects of usability. The first one is
whether users believe that XAMÃ can enhance their job performance. The second
aspect is whether users think XAMÃ is easy to use. Additionally, we also collect
feedback in order to improve XAMÃ. In the next section, we describe all research
questions used to guide this research.

European Initiative to Enable Validation for Highly Automated Safe and
Secure Systems (Enable S3) The work performed during my PhD was partially
supported by the Enable S3 project [75] with Philips Healthcare 2 as the subproject
lead. The main goal of the project was to maintain the consistency of different mod-
els of the same automated and autonomous cyber-physical systems components,
focusing on the evolution of these components.

1.1 Research Questions
In order to understand industrial practices and academical approaches, aimed at
checking and keeping consistency of models of different domains, we defined four
research questions presented in Chapter 2:

2https://www.philips.nl/healthcare/over-ons

https://www.philips.nl/healthcare/over-ons
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Figure 1.1: XAMÃ outline depicting parts of the tool and the related chapters.
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• RQ1: How do model life cycle management tools address consistency be-
tween models from different domains?

• RQ2: What inconsistency types are addressed by the model life cycle man-
agement tools?

• RQ3: Which strategies have been used to keep the consistency between
models of different domains?

• RQ4: What are the challenges to manage models of different domains?

After answering those questions, we identified that making the relationship be-
tween models from different domains explicit facilitates the model management.
Therefore, we investigated an approach to extract data from models from different
domains in order to identify possible relationships between those model. This ap-
proach should be based on something which is present in all those models, i.e., text,
boxes, and lines. We believe that optical character recognition (OCR) can become
part of the uniformed approach. Hence, we evaluated the precision of OCR on
models from different domains focusing on text-recognition without looking for ad-
ditional shapes. We defined two research questions that are presented in Chapter 3:

• RQ5: How accurate are off-the-shelf OCR services for extracting text from
graphical models?

• RQ6: What are the common errors made by OCR services on models from
different domains?

After evaluating the OCR as an approach for model data extraction. We proposed
a collection of heuristics to improve the OCR precision and recall. We focused
on identifying and fixing the multi-line text error. This error is caused when an
OCR service fails in detecting textual elements that are positioned in multiple lines.
Therefore, we defined three research questions that are presented in Chapter 4:

• RQ7: How accurate are our heuristics in identifying multi-line problems?
• RQ8: What is the overall impact, in terms of precision and recall, of using

our approaches?
• RQ9: How accurate is our tool compared to a domain specific tool?

Subsequently, we evaluated the use of name matching techniques to identify rela-
tionships between models of different domains, having as input the text extracted
automatically from images of models. Hence, we defined one research question
that are presented in Chapter 5:

• RQ10: How accurate is the string matching technique in identifying (cross-
domain) relationships?

After the automatic identification of relationships between models from different
domains, we present one tool in which we can maintain these relationships. Thus,
we defined two research questions that are presented in Chapter 6:

• RQ11: How do we explicitly represent a model, its elements, and relation-
ships between models from different domains?
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• RQ12: How do we account for (co-)evolution of models and their relation-
ships?

Finally, we evaluated two aspects of usability of our tool. The first one is whether
users believe that our tool can enhance their job performance. The second aspect
is whether users think our tool is easy to use. We defined one research question
followed by two validation questions that are presented in Chapter 7:

• RQ13: How can we evaluate our tool?
– VQ1: Is our tool useful, i.e. can our tool enhance the user job perfor-

mance?
– VQ2: Is our tool easy to use?

1.2 Thesis Outline and Origins of Chapters

In this section, we give an outline of the structure of the remainder of this thesis.
We briefly describe and indicate the origin of each chapter. The overview of the
thesis is also presented in Figure 1.2.

Chapter 1: Introduction
In this chapter, we introduce the thesis presenting all research questions used

to guide this study. This chapter is based on the following publication:

• [251] Torres W., van den Brand M.G.J., Serebrenik A. "Automatic Support
for Multi-Domain Model Management," 2020 IEEE International Conference
on Software Maintenance and Evolution (ICSME), Adelaide, Australia, 2020,
pp. 830-833.

Chapter 2: Systematic Literature Review
In this chapter, we address research questions RQ1, RQ2, RQ3, and RQ4. We

conducted a systematic literature review to investigate the industrial practices and
academic approaches to ensuring consistency in cross-domain model management.
In this systematic literature review, we followed strict guidelines proposed by
Kitchenham and Charters [133], and we used Google Scholar as the search en-
gine [121, 142, 181, 312]. We created search strings to query Google Scholar, based
on PICO [134]. Due to the similarity of the queries, some papers were retrieved
multiple times. We automatically excluded these duplicates prior to the manual
inspection. In summary, we obtained 4293 hits, being 618 of them unique. We
obtained 193 papers when the selection criteria was applied, and we concluded the
process with 96 papers. To avoid bias in the selection of the papers, we computed
Cohen’s κ [48] to measure the agreement between the raters and discussed the
disagreements. This chapter is based on the following publications:

• [249] Torres W., van den Brand M.G.J., Serebrenik A. “Model Management
Tools for Models of Different Domains: A Systematic Literature Review.”,
2019 IEEE International Systems Conference (SysCon), Orlando, FL, USA,
2019, pp. 1-8.
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• [250] Torres W., van den Brand M.G.J., Serebrenik A. “A systematic literature
review of cross-domain model consistency checking by model management
tools.”, 2020, Software and Systems Modeling.

– As one of the best papers of the Software and Systems Modeling, this
paper has been invited for presentation at Models 2021.

Chapter 3: OCR for Multi-Domain Model Management
In this chapter, we address research questions RQ5, and RQ6. To ensure consis-

tency Qamar et al. [206] recommend explicit modeling of the relationships between
models. A number of technologies can be used to model these relationships explic-
itly [79, 80, 206, 246]. However, little is known about approaches to automatically
identify the relationships between models from different domains. The main chal-
lenge is the heterogeneity of modeling notations: we believe that it would not be
feasible to develop a tool to parse all the existing notations. Moreover, even if such
a tool was developed, it would have to be updated every time a modeling notation
evolves or a new notation emerges.

Thus, we need a uniform approach based on elements present in all those
models, i.e., text, boxes, and lines. Moreover, some tools might not be able to
export the models into an intermediate structured format such as XMI. Another
possibility is the model only being available as an image, either because the source
code of the model is missing, or because the engineer only have the model as a
physical paper document. Hence, we investigated the suitability of OCR to be this
uniform approach independent from the peculiarities of the notation. This chapter
is based on the following publication:

• [252] Torres W., van den Brand M.G.J., Serebrenik A. (2020) Suitability of
Optical Character Recognition (OCR) for Multi-domain Model Management.
In: Babur Ö., Denil J., Vogel-Heuser B. (eds) Systems Modelling and Manage-
ment. ICSMM 2020. Communications in Computer and Information Science,
vol 1262, pp.149-162, Springer, Cham.

Chapter 4: Postprocessing OCR to Correct Multi-line Text Errors
In this chapter, we address research questions RQ7, RQ8, and RQ9. We observed

that Google Cloud Vision failed to detect textual elements that are positioned in
multiple lines. Hence, we aim to improve the precision and recall of the OCR
focusing on fixing the multiple line error. For this goal, we propose a collection
of heuristics that take into consideration such parameters as the alignment, the
distance between the words, and the size of the words and letters. Additionally,
we use image processing techniques to detect shapes such as boxes to be used to
group the textual elements for supporting the improvements.

• Torres W., van den Brand M.G.J., Serebrenik A. (2020) Xamã: Optical Charac-
ter Recognition for Multi-domain Model Management. Manuscript under
review.

Chapter 5: Identification of Relationships between Models from Different Do-
mains
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In this chapter, we address research question RQ10. We believe that elements
might share the same name even though they are in models from different domains,
consequently establishing some relation between them. Therefore, we use name
matching techniques on the textual elements extracted using OCR to evaluate this
hypothesis. It is important to stress that the identification of the type of these
relationships such as “inheritance” is out of the scope.

• Torres W., van den Brand M.G.J., Serebrenik A. (2021) Xamã: Identifying
Relationships between Models from Different Domains. Manuscript under
review.

Chapter 6: Multi-Domain Model Management - Tooling
In this chapter, we address research questions RQ11, and RQ12. We developed

an infrastructure that combines OCR, name matching, and shape detection previ-
ously described into one single tool. With this tool, it is possible to identify and
store the relationships between models from different domains in a structured
manner, making it easier to maintain the consistency of the entire system. This
chapter is based on a Master thesis that I co-supervised:

• [101] Graph-based approach to managing model relationships, Hay, J., van
den Brand M.G.J. (supervisor 1), Torres W. (supervisor 2), 30 Aug 2019.
Master thesis.

Chapter 7: Tool Evaluation
In this chapter, we address research question RQ13. We evaluate two aspects

of usability. The first one is whether users believe that our tool can enhance their
job performance. The second aspect is whether users think our tool is easy to use.
Additionally, we also collect feedback in order to improve our tool. For this goal,
we conduct a controlled experiment with team members from Tech United, and
two software engineering students followed by questionnaires and interviews.

Chapter 8: Conclusion
This final chapter concludes this thesis. In this chapter, we summarize the main

contributions of our work and we discuss the directions for future work.



2. Systematic Literature Review

Objective: The goal of this study is to identify gaps and challenges related to
cross-domain model management focusing on consistency checking. Method: We
conducted a systematic literature review. We used the keyword-based search on
Google Scholar, and we identified 618 potentially relevant studies; after applying
inclusion and exclusion criteria 96 papers were selected for further analysis. Results:
The main findings/contributions are: (i) a list of available tools used to support
model management; (ii) 39% of the tools can provide consistency checking on
models of different domains and 25% on models of the same domain, and 36%
do not provide any consistency checking; (iii) Available strategies to keep the
consistency between models of different domains are not mature enough; (iv) Most
of the tools that provide consistency checking on models of different domains can
only capture up to two inconsistency types; (v) The main challenges associated
to tools that manage models on different domains are related to interoperability
between tools and the consistency maintenance. Conclusion: The results presented
in this study can be used to guide new research on maintaining the consistency
between models of different domains. Example of further research is to investigate
how to capture the Behavioral, Refinement, and Requirement inconsistency types.
This study also indicates that the tools should be improved in order to address, for
example, more kinds of consistency check.

2.1 Introduction
Inconsistencies can cause catastrophic events: e.g., the NASA unmanned MARS
Climate Orbiter [191] was destroyed in 1999 due to use of inconsistent metric
units by design teams, and Airbus had 6 billion dollar loss in 2006 due to use of
inconsistent specifications in different versions of design tools [204].

Inconsistencies can be found in several stages of the system development life
cycle. In earlier stages, when engineers are eliciting requirements, they might
misunderstand the stakeholders’ needs. Thus, the stakeholders’ needs might be
modeled wrongly, resulting in a product that does not match their expectations.
Another inconsistency can arise when the models (e.g., class diagram, activity
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Figure 2.1: Six degree-of-freedom robotic arm. Reproduced with permission
of MathWorks. Copyright (2020) [76]

diagram) are correct but the software developers misunderstand them, resulting
in a source code that does not represent the design intention. The crucial point
here is that the earlier the inconsistency is found, the less it will cost [107] to fix
the inconsistency. In the previous examples, only one domain was involved, i.e.
the software engineering domain. In these scenarios, identifying and managing
inconsistencies is already difficult.

Furthermore, it is known that systems are becoming increasingly complex to
develop, especially when these systems are heterogeneous and there is a need to
combine models created by engineers from different expertise and different do-
mains [10, 11, 59, 229, 307]. One example of such a complex system is a mechatronic
component: to develop it, one might need to combine expertise from different
engineering domains such as mechanics, electronics, and software [228].

Formally, we say that models are from the same domain, if they are created
by engineers from the same engineering discipline, e.g., software engineering or
mechanical engineering. Models of the same domain can be created using different
modeling tools: e.g., one UML model can be created using Lucidchart1, and another
one using StarUML2. We say that models are from different domains if they are
created by engineers from different engineering disciplines that might be using the
same or different modelling tools. For example, engineers can use Simulink3 to
design both the electrical and mechanical components of a six degree-of-freedom
robotic arm in Figure 2.1. Models of electrical and mechanical components are
shown in Figure 2.2.

Due to the sheer complexity of modern systems and presence of multiple
authors, inconsistencies between the models might be inadvertently introduced,
e.g., one model might assume the presence of a certain feature while another one

1https://www.lucidchart.com
2http://staruml.io
3https://www.mathworks.com/products/simulink.html

https://www.lucidchart.com
http://staruml.io
https://www.mathworks.com/products/simulink.html
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Figure 2.2: A Simulink model of the electrical and mechanical components
of the robotic arm. Reproduced with permission of MathWorks. Copyright
(2020) [76]

might assume its absence. This problem might be further amplified by differences
in terminology used in different domains: e.g., for a software engineer, a feature
is a functionality provided by the system, but for system engineer, a feature is an
aspect of the system, like the color. This kind of misunderstanding can affect the
consistency of the models. Therefore, the terms have to be well described in order
to simplify the process of maintaining consistency between models.

Maintaining consistency between models is known to be a challenging task,
especially because it is difficult to predict the effects of changes introduced in one
model on other models [208]. While maintaining consistency between models is
imperative [213], in practice, it can never be fully ensured [109], and the system
engineer is responsible to define what has to be consistent and when. The process
of managing these models can be expensive. Thus, we believe that the consistency
should only be managed when the costs to maintain the consistency are lower than
the costs that an eventual inconsistency can cause.

In order to understand industrial practices and academical approaches, aimed
at checking and keeping consistency of models of different domains, we defined
four Research Questions (RQ)s:
• RQ1: How do model life cycle management tools address consistency be-

tween models from different domains?
– Motivation: Maintaining the consistency between models of different

domains is a challenging task. Thus, we investigate how tools support
this task.

– Answer: We identify 80 tools, but the majority of them do not check
consistency between models from different domains.

• RQ2: What inconsistency types are addressed by the model life cycle man-
agement tools?

– Motivation: In order to be able to indicate gaps related to the inconsis-
tencies types addressed by the tools, we investigate which inconsisten-
cies types are captured or not.

– Answer: The inconsistency types addressed by the tools are: Behavioral,
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Information, Interaction, Interface, Refinement, and Requirement. Interface
is the most popular. Behavioral, Refinement, and Requirement are the
least popular. We believe that these inconsistency types, previously
identified in the research literature, are not addressed by the tools
due to the complexity of capturing them. Surprisingly, these tools do
not advertise that they can capture the Name inconsistency type. We
conjecture that since Name inconsistency can be easily captured, and it
is also an Interface inconsistency (but not vice versa), the tool builders
prefer to advertise the later option.

• RQ3: Which strategies have been used to keep the consistency between
models of different domains?

– Motivation: Identify the drawbacks of the technologies and approaches
used to keep consistency between models of different domains.

– Answer: The following strategies have been used to keep the consis-
tency between models from different domains: Interoperability, In-
consistency Patterns, Modeling dependencies explicitly, Parameters
or constraints management, Ontology, STEP, and KCModel. Some
of these strategies are based on prototypes or approaches having the
following main drawbacks: time-consuming, data loss, and they are
tool-dependent.

• RQ4: What are the challenges to manage models of different domains?
– Motivation: to identify the main challenges in order to identify direc-

tions for future work.
– Answer: Due to the heterogeneous environment this topic belongs to,

the main cited challenges are interoperability, maintaining consistency,
dependency management and traceability.

To achieve this goal we have conducted a systematic literature review [133].
Taking into consideration the fact that scientific publications do not always reflect
industrial practices, we have decided to include white papers, such as technical
reports. Thus, we have covered both industrial and academic sources.

Answering RQ1–RQ3 is useful both for researchers willing to develop new
approaches, and for tool vendors willing to add new features or improve the
features presented in current tools. Answering RQ4 is useful for those researchers
that are willing to study model management, to organize the study knowing the
challenges they will face.

The main contributions of this study are:
• List of model management tools;
• Classification of the inconsistency management approaches;
• Identification of gaps such as the need to improve the current tools to address

more kinds of consistency check, and direction for future work indicates that
further research should be done on Interoperability, Maintaining Consistency,
Dependency Management, and how to capture the Behavioral, Refinement, and
Requirement inconsistency types.

2.2 Related Work
To the best of our knowledge no systematic literature review has considered model
management tools focusing on cross-domain model consistency. However, a num-
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ber of studies consider consistency checking of models and model management
focusing on software engineering domain. All the studies reviewed below focus on
models from the same domain, usually software engineering domain: as opposed
to this line of work we consider cross-domain consistency checking.

Cicchetti et al. [45] conducted a systematic literature review on existing so-
lutions for multi-view modelling of software and systems. The authors further
investigated the support for consistency management provided by multi-view
modelling solutions. They identified consistency management as one of the most
common limitations, and recognise importance of a lack of support for semantic
consistency management. Franzago et al. [86] conducted a systematic mapping
study of collaborative model-driven software engineering approaches from a re-
searcher’s viewpoint. The authors decomposed the collaborative MDSE approaches
into three main dimensions, with model management being one of them. Franzago
et al. presented characteristics of the model management infrastructure focusing
on the supported artifact, modeling language, multi-view, editor, and applica-
tion domain. Wortmann et al. [315] conducted a systematic mapping study to
investigate modeling languages and modeling techniques used in Industry 4.0,
as well as the limitations and challenges in the field. One of their findings was
related to the benefits of applying modeling languages to Industry 4.0 that include
the reduction of time and costs, improvement of sustainability, and international
competitiveness.

Bharadwaj et al. [29] conducted a survey model management literature within
the mathematical modeling domain. The authors identified three approaches to
support model management on mathematical modeling domain, and categorized
various modeling systems based on features they provided.

Santos et al. [223] conducted a systematic mapping study to investigate existing
inconsistency management approaches within Software Product Lines. The authors
conclude that the existing approaches should provide faster feedback, support
co-evolution of the artifacts, and handle the inconsistencies.

Muran et al. [188] conducted a systematic literature review on software behav-
ior model consistency checking. As conclusion the authors suggested that future
research should focus on tool support for consistency checking, tool integration,
and better strategies for inconsistency handling.

Spanoudakis and Zisman [234] conducted a literature review to investigate
techniques and methods that support the management of inconsistencies on mod-
els within the software engineering domain. Usman et al. [302] conduct an informal
literature review on consistency checking techniques for UML models focusing
on five consistency types (inter/intra-model, evolution, semantic, syntactic). They
conclude that almost all techniques provide consistency rules to validate consis-
tency between UML models. It is worth noting that these studies did not follow a
strict literature review protocol.

Lucas et al. [153] conducted a systematic literature review to identify and eval-
uate the current approaches for model consistency management between UML
models. They also briefly proposed possible solution to overcome the limitations
they found. Ahmad and Nadeem [3] conducted a survey to evaluate the De-
scription Logics based approaches to consistency checking also focusing on UML
models.

Torre et al. [248] conducted a systematic mapping study on UML consistency
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rules, and observed that there is limited tool support for checking these consisten-
cies rules. Later Torre et al. [247] conducted a survey in order to understand how
model consistency between UML models is addressed in academia and industry.

2.3 Background: Model Management

INCOSE4 defines model-based systems engineering (MBSE) as “the formalized
application of modeling to support system requirements, design, analysis, veri-
fication and validation activities beginning in the conceptual design phase and
continuing throughout development and later life cycle phases.” [120]. According
to Friedenthal et al. [87] MBSE was proposed to facilitate systems engineering
activities: following MBSE the system engineers would use models instead of
documents, and this is expected to improve quality of system specification and
design, as well as the communication among the development team.

A model is a representation of reality, an abstraction of something relevant to
the stakeholder described using well-defined and unambiguous languages [83].

Model management emerged with the need to organize and maintain models,
ensuring consistency. Franzago et al. [86] state that the infrastructure for the
model management may include a model repository and modeling tools. This
infrastructure is responsible for managing the life cycle of the models such as
creating, editing, and deleting. The focus on this study lies on one aspect of model
management: the consistency checking on models from different domains.

Product lifecycle management (PLM) [93, 94, 100, 238, 243] is an environment,
infrastructure, a system of methods, processes, and practices that cover the entire
product lifecycle, from requirements definition, design, to late stages such as main-
tenance and recycling of the product. While model management is focused on the
models of the product, PLM includes every artifact related to the product. Team-
center5 is an example of a PLM software that can also provide model management
capabilities. Since PLM can include model management features, we have decided
to include it in our literature review.

In this study, we use definition of inconsistencies provided by Taylor et
al. [242]. They describe consistency as “an internal property of an architectural model,
which is intended to ensure that different elements of that model do not contradict one
another” and distinguish the following five inconsistency types:

Name inconsistencies. They happen when different components, connectors
or services have the same name. In most programming languages this kind of
inconsistency is trivial to be captured. However, there are cases in which capturing
this inconsistency is not trivial. Taylor et al. exemplify that large systems may have
two or more similarly named GUI-rendering components. Identifying the misuse
of these components can be a difficult task.

4The International Council on Systems Engineering (INCOSE) is a non-profit member-
ship organization dedicated to the advancement of systems engineering and to raise the
professional stature of systems engineers. https://www.incose.org

5https://www.plm.automation.siemens.com/teamcenter

https://www.incose.org
https://www.plm.automation.siemens.com/teamcenter
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Interface inconsistencies. They happen when connected interface elements
have mismatching values, terminologies, or schemes [110]. Name inconsistencies
are interface inconsistencies but not vice versa. Taylor et al. [242] explain that “A
component’s required service may have the same name as another component’s provided
service, but their parameter lists, as well as parameter and return types, may differ.”.
They exemplify that this inconsistency can be presented in a case where there are
methods with the same name but different parameters and the connector between
the client and server components is a direct procedure call.

Behavioral inconsistencies. Taylor et al. [242] explain that these inconsisten-
cies “occur between components that request and provide services whose names and
interfaces match, but whose behaviors do not.” This kind of inconsistency can happen
when the behavior of the element is not the expected one. An example of behav-
ioral inconsistency would be if the service provider assumes that the distance is
expressed in kilometers and the requester assumes it to be in miles.

Interaction inconsistencies. This kind of inconsistencies can “occur when a
component’s provided operations are accessed in a manner that violates certain interaction
constraints, such as the order in which the component’s operations are to be accessed.” [242].
To exemplify the occurrence of this inconsistency, assuming that there is a Queue
component (server) that stores a list of elements. This component demands to not
be empty before an attempt to remove an element. In case the client component
does not respect this constraint, then an interaction inconsistency will happen.

Refinement inconsistencies. They occur between models of different abstrac-
tion levels due to the fact the some elements are suppressed/inserted to fit the
corresponding abstraction level. Taylor et al. [242] explain that “a very high-level
model of the architecture may only represent the major subsystems and their dependen-
cies, while a lower-level model may elaborate on many details of those subsystem and
dependencies.”.

2.4 Methodology
2.4.1 Selecting the Literature Review Technique

In order to answer the Research Questions (RQ1–RQ4), we conducted a literature
review. Several literature review techniques have been proposed in the scientific
literature, e.g., snowballing [308, 312], systematic literature review (SLR) [133], and
systematic mapping review (SMR) [201].

We opted for SLR because of the SLR characteristics that identify, analyze and
interpret the data related to specific RQs. In contrast, SMR aims to answer general
research questions and snowballing can be labor intensive. Thus, we believe
that this approach is the most appropriate to answer our RQs. To circumvent
the inherent SLR limitations implied by the choice of the search strings, we have
combined different keywords obtaining 600 different search strings. This process is
more extensively explained in the next section.

The SLR consists of the creation of research questions (RQs), the queries on
electronic sources having the RQs as a guide, and the use of pre-determined criteria
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for eligibility and relevance to form the set of accepted papers to be used in the
study. As the data source, Kitchenham and Charters [133] recommend the use of a
search engine that offers a wide coverage of sources. Thus, we have chosen Google
Scholar: it offers a wide coverage of electronic sources of different research areas, it
has been used in multiple software engineering studies [121, 142, 181, 312], and
it presents high recall in retrieving studies for systematic reviews [88]. However,
Boeker et al. [34] claim that Google Scholar should be used with attention due to
its limitations. One of these limitations is the fact that Google Scholar does not
present more than 1000 results per query. In our study, this limitation was not an
issue because none of the executed queries returned more than 1000 results.

2.4.2 Data Extraction
Since we are mainly interested in tools (product life cycle management tools,
and model management tools) we create search strings to query Google Scholar,
based on PICO [134]. Thus, we have selected and organized keywords into four
categories: process supported by tools, model, consistency, and multiple domains.
Figure 2.3 presents the overview of the selection of the keywords. For each category,
we have selected keywords related to the Research Questions, as presented in
Table 2.1.

The first two categories (process supported by tools, and model) are the base
for answering all RQs, and the remaining two categories (consistency, and multiple
domains) are more specific for answering RQ2 and RQ3. For example, the reasoning
behind choosing the keyword “Dependency” in the category “Consistency” was
that in our initial research we found that dependency modeling has been used to
maintain consistency. Thus, this keyword could help find more results that could
answer RQ3.

We have combined the keywords from different categories to create queries
to be executed 6 in Google Scholar. For instance, for the first query we have used
the following keywords: "Model Management, MBSE, Consistency, Multidomain
Model Integration". For the second query we used "Model Management, MBSE,
Consistency, Multi Domains", and so on. In total we have 600 = 4× 10× 3× 5
combinations.

Due to the similarity of the queries, some papers have been retrieved multiple
times. We have automatically excluded these duplicates prior to the manual
inspection. In total we have obtained 4293 hits, but only 618 of them were unique.

2.4.3 Manual Inspection
The selection criteria was defined in order to avoid bias and to reduce subjectivity.
The inclusion (I) and exclusion (E) criteria were designed to answer the RQs, as
proposed by [139]. The following are the inclusion and exclusion criteria we used:
• I1: Studies written in English and available in full-text.
• I2: Studies review or proposal of a new technique, approach, method, or tool

(prototype7) that support model management.

6Although the queries were executed on 20/12/2018, it was possible to collect papers
that will be published in 2019.

7We consider prototypes those tools that are categorized as such by the authors of the
papers.
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Table 2.1: Keywords.

Process Supported by
Tools

Model Consistency Multiple domains

Model Management MBSE Consistency Multidomain Model
Integration

Model Lifecycle Manage-
ment

Model-Based Sys-
tems Engineering

Inconsistency Multi Domain

Product Lifecycle Man-
agement

Model based Sys-
tems Engineering

Dependency Multiple Domains

Systems Lifecycle Man-
agement

Model-Based Sys-
tem Engineering

Domains

Model Based Sys-
tem Engineering

Heterogeneous

Product Modeling
Model-Driven
System Engineer-
ing
Model Driven Sys-
tem Engineering
Model-Driven
Systems Engineer-
ing
Model Driven Sys-
tems Engineering

• I3: Studies mentioning tools related to Product Lifecycle Management (PLM)
and Model lifecycle management.

• E1: Studies do not mention model (in)consistency.
• E2: CVs, PhD and Master theses, and books or book chapters.

Although we excluded all PhD theses, we considered publications related to
the PhD theses and applied the inclusion and exclusion criteria to them. We
decided to check for derived papers because we chose to be as conservative
as possible, and we did not want to exclude PhD theses without checking for
derived papers. In the end of this process, we included 32 derived papers.

In order to identify the relevance of the paper, we read the title, abstract and
conclusion of 618 papers. Relevance assessment was performed iteratively. At

Figure 2.3: Overview of the selection of the keywords.
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Table 2.2: The κ value obtained in each iteration.

Iteration Cohen’s Kappa Value
First Review Round 0.22
Second Review Round 0.29
Third Review Round 0.33
Fourth Review Round 0.62

Figure 2.4: Search and selection process. We obtained 4293 hits in the initial
search. After removing all duplicated hits, we obtained 618 unique hits.
We obtained 193 papers when the selection criteria was applied, and we
conclude the process with 96 papers.

each iteration we used 15 papers randomly selected from the list of papers we had
downloaded. Two researchers individually read the title, abstract and conclusion
to label the relevance of the paper. Both of the raters were software engineering
researchers having at least a Master’s degree in Computer Science. At the end of
each iteration, we computed Cohen’s κ [48] to measure the agreement between the
raters and discussed the disagreements. According to Cohen [48] and Landis et
al. [141] the Kappa coefficients in the range of 0.61–0.80 is interpreted as substantial
agreement and this range was used in previous studies [21, 30, 119].

As presented in Table 2.2, four review rounds were needed to reach the κ value
greater than 0.6. In the first review round we obtained the lowest κ value, because
the interpretation of the inclusion and exclusion criteria were not clear among the
raters. We improved the agreement level in every subsequent review round. In
the second and third review rounds we obtained 0.29 and 0.33 respectively. We
finalized the fourth round of the process by reading 20 papers instead of 15 and
we obtained the agreement level of 0.61.

When we reached the acceptable agreement level, the first author continued
the selection procedure independently. After reading the title, abstract and con-
clusion of 618 papers, we labeled 193 as possibly relevant. To finalize, the first
author completely read these papers and selected 96 papers to answer the Research
Questions. Figure 2.4 presents the summary of the process to select the papers.
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2.4.4 Gathering information about tools
The previous section describes how to identify relevant papers supporting us to
find the answers for the RQs. Although the papers provide a list of tools, the
information regarding the tools is not necessarily well presented or detailed. As a
consequence, we decided to use additional data sources, for instance the website of
each tool. One option to gather information about the tools would be to install and
to try all the tools. However, this option was not feasible, mainly because of the
need to know how to use them, but also because most of the tools are commercial,
requiring the license to try them.

Table 2.3: Publication venues that have more than two selected publications.

Publication Venue Domain Type #Publications
INCOSE International
Symposium

Systems Engineering Symposium 6

Advanced Engineering In-
formatics

Engineering Informat-
ics

Journal 3

Aerospace Conference Aerospace Engineering Conference 3
Computer-Aided Design Applied Engineering Journal 3
Computers in Industry Software Engineering Journal 3
International Conference
on Model Driven Engineer-
ing Languages and Sys-
tems (MODELS)

Software and Systems
Engineering

Conference 3

International Conference
on Product Lifecycle Man-
agement

Systems Engineering Conference 3

Journal of Computing and
Information Science in En-
gineering

Information Engineer-
ing

Journal 3

Procedia CIRP Production Engineering Journal 3
Procedia Computer Sci-
ence

Computer Engineering Journal 3

Others - - 63
Total - 96

We selected the closed card sorting technique [235] to categorize the type of
consistency the selected tools address. We used the consistency types identified
by Taylor et al. [242], to label the selected tools. We opted to use the consistency
types provided by the selected tools, in those cases which it was not possible to
match the consistency types identified by Taylor et al. with the description of the
consistency type provided by the tools. We labeled DNF (data not found), those
tools that we did not find information about the consistency type they address.

Additionally, we conducted a survey designed following the recommendations
of Kitchenham and Pfleeger [136]. We contacted the responsible for the tools
inquiring whether the tool can check consistency between models from different
domains, in case of a positive answer, the consistency types the tool can address.
The survey was conducted either via email, via a question and answer form on the
official website, or via the official forum. Not all tools provide contact information,
such as an email address, consequently we could not contact all of them. We sent
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Figure 2.5: Distribution of selected publications organize by type and year.

58 messages (15 emails failed to deliver), and we received 23 replies. Our response
rate is ≈50%, much higher than response rates commonly reported in the software
engineering literature [24, 210].

2.4.5 Categorizing challenges and future work
During the full reading of the selected papers, we collected key sentences that
summarize the challenges that are faced by the authors. Then, we applied the open
card sorting technique [235] to categorize these challenges.

Complementary to the list of challenges faced by the authors, we also organized
the list indicating the direction for future work. In order to organize this list, we
followed the same methodology described before. The categories are basically
the same, the only category not present is simulation. Those studies that do not
explicitly state the future work are grouped in the category “Not Applicable”.

2.5 Data Description
We organize the selected publications based on the type (Symposium, Conference,
Journal, Congress, Workshop, and Others), venue, and year. It is important to
make it clear that these publications do not represent all publications about model
management, but only those that are relevant according to our exclusion criteria.

Figure 2.6 presents the distribution of the publications on model management.
The first study was published in 1999 and only after the hiatus of four years
the number of publications had increased. More precisely, the average number
of publications between 1999 and 2011 is less than 3 studies per year, whereas
between 2012 and 2018 this number is ≈10 studies per year.

Table 2.3 presents the publication venues that hosted more than two publica-
tions. There are publications on 56 different venues spread on different research
areas such as software and system engineering, aerospace engineering, and infor-
mation engineering. This is an indication that model management is not specific
for a research area but a set of different research domains.

The venue with more publications is INCOSE having six publications spread
in 2012 (one publication), 2015 (two publications) and, 2016 (three publications).
Journal papers are the majority representing 43.75% of the selected publications,
followed by conference papers 32.29%. Figure 2.5 presents the distributions of
papers per type of venue and per year. The type “others” represent the white
papers.
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2.6 Results
2.6.1 RQ1 - How do model life cycle management tools address consistency

between models from different domains?

We analyzed the descriptions of the tools that were mentioned in the selected
papers and we organized them into three categories as described in Table 2.4.

1. Provide consistency model checking on models of different domains: we
identified 31 tools that claim they can perform model checking on models of
different domains8. This number represents 39% of the total amount of tools
we found.

2. Provide consistency model checking but only on models of the same domain:
we identified 20 tools that fit into this category, representing 25% of the total
of the tools.

3. Do not provide any consistency checking: We assume that tools that do
not explicitly claim that they provide consistency check, do not have this
functionality. Thus, we identified that 29 tools, 36%, fit into this category.
We did not expect to identify this amount of tools, since we use keywords
related to multiple domains to restrict the results.

Take away message

We observe that 39% of the tools can provide consistency model checking
on models of different domains, 25% on the same domain, and 36% do not
provide any consistency model checking.

2.6.2 RQ2 - What consistency types are addressed by the model life cycle man-
agement tools?

In order to answer RQ2, we classified the consistency types addressed by the tools
identified in the previous subsection.

We focus on those tools that could provide model consistency check at some
level, more specifically regarding to what type of consistency those tools provide.
However, it is not possible to find the description of the kind and level of consis-
tency check in ≈50% of these tools. For those tools that provide this description,
we observe that the majority of them only address one kind of consistency check.
Table 2.5 presents the list of tools and the consistency types they address.

In Subsection 2.3, we present a list of consistency types identified by Taylor et
al. [242]. Additional consistency types are presented below:
• Requirement Consistency - It checks whether the requirements from a design

requirements document (a bookmark, line number, or anchor) are associated
to some model element and if these relationships are valid9.

• Information Consistency - It checks if the data that can be presented on
different media, remain the same regardless of how they are presented

8These tools can also check consistency between models from the same domain. For the
sake of simplicity, they are present only in the different domain category.

9https://nl.mathworks.com/help/slrequirements/ug/
requirements-consistency-checks.html

https://nl.mathworks.com/help/slrequirements/ug/requi rements-consistency-checks.html
https://nl.mathworks.com/help/slrequirements/ug/requi rements-consistency-checks.html
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Table 2.4: Tools organized into three categories (RQ1). The asterisk indicates
the tool’s authors confirmed the classification by answering the survey.

Categories
Tools that check consistency on models from.. Do not provide any

consistency checkingDifferent domains Same domain
Acceleo* [195], ADES
[12, 199], CADOM [217],
Capella (Arcadia) [36,
123], CATIA v5 [41, 42, 92,
152, 231], CoDeMo [231],
COLIBRI [12], Dassault
Systèmes PLM platform
[7, 26, 40, 41, 92, 152, 189,
230, 245, 310], Dymola
[51, 92, 110], Epsilon*
[195], IntePLM [149],
Isight [189, 206], LOTAR
[152], modeFRONTIER*
[206], OntoSTEP (Protégé
plug-in) [18, 37, 42, 138],
OpenModelica*[124],
PDES* [152], ProSTEP
[152], Siemens PLM Tools
[7, 41, 42, 205, 207, 209,
230, 246, 310], Simulink
[51], Syndeia (SLIM)*[14,
15, 19, 90], SysDice [40],
SysML4Modelica* [84,
129, 213], Trails [314],
VE4PD [316], VIATRA*
[62, 195], as well as the
academic prototypes or
frameworks of Konstantin
Kernschmidt [130], Tim
Hjertberg [111], István
Dávid [59, 60, 62], Diana
Penciuc [199], and Alfred
Sadlauer [221].

Agile PLM (Oracle) [7],
Artisan Studio [19, 20],
Cameo [209], ControlBuild
[51], EPLAN [129], EU-
CLID [41], Magic Draw
[14, 19, 20, 78, 176, 189,
205, 208, 209, 213, 306],
Mechasoft [84], Mecha-
tronics Concept Designer
(Siemens) [40], Melody*
[90, 193], ModelCenter
(Phoenix Integration)* [189,
206], MOFLON [20, 84, 195,
229], Windchill (PTC) [1, 7,
41, 199], ParaMagic* [19,
193], ParaSolver* [193], Ra-
tional Rhapsody [19, 20,
189], SCADE [51], Sim-
MoLib [68], Simscape [40,
84], SolidWorks 2010 [42].

Athena Project [199], ATL
[195], ATOM3 [195], Au-
todesk Vault*[41], Comet
Workbench [206], E2KS
tool [12], EA Parametrics
(EntEterprise Architect)
- Sparx systems [193],
EAST-ADL2 [228], Entime
[2], FUJABA [84, 195],
GAM framework [220],
GReAT*[195], IBM’s Jazz
Collaborative Lifecycle
Management (CLM) suite
[304], i-FEST project
[206], Interdisciplinary
Communication Medium
(ICM) [217], KerMeta
[195], ModelHel’X frame-
work20*[176], Modelisar
consortium/FMI: Func-
tional Mock-up Interface
[26, 85], OBIIS [103], On-
toPLM framework [199],
Open Service for Lifecycle
Collaboration (OSLC) [40],
Pro/Engineer Wildfire
4.0 [42], Product Design
Graphics System (PD-
GS) [41], Pronoia [67, 97],
Rosetta [176], SAP Product
Life Cycle Management
[230], Share-A-space
(Eurostep)* [7], Vitech
CORE*[189], VW Surf [41].
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[52]. Example of Information inconsistency would be when the distance is
presented in different units without respecting the conversion calculation.

Interface and Interaction are the two most popular consistency types addressed
by the tools, and Behavioral, Refinement, and Requirement are the least popular. The
complexity in capturing Behavioral, Refinement, and Requirement inconsistencies
might be the main reason for the low amount of tools implementing these inconsis-
tencies. Name inconsistency type can be easily identified. However, we observed
that the tool builders do not advertise that their tools address it. Therefore, we
conjecture one possible reason: since capturing Name inconsistency is trivial and it
is also an Interface inconsistency (but not vice versa), the tool builders advertise the
latter option.

Take away message

The majority of the tools address up to two inconsistency types. Interface
inconsistency type is the most popular consistency type addressed by the
tools

2.6.3 RQ3 - Which strategies have been used to keep the consistency between
models of different domains?
We have selected papers that cited tools that manage consistency between models
of different domains. We selected 56 papers; however, only half described how
they check and keep the consistency between models. We organize the papers into
categories according to the approach they use to keep consistency between models
of different domains.

Interoperability. This approach is defined as “the ability of two or more software
components to cooperate despite differences in language, interface, and execution platform”
[309]. Qamar et al. [205] present the need to manage inconsistency through
interoperability between tools such as MagicDraw, TeamCenter, and Simulink. On
one hand, standard file formats as [44, 151] and XML [57] are used to maintain
interoperability in engineering and software domains. On the other hand, the
use of these standard files to maintaining consistency could be problematic due
the data loss [16], since the data would be transiting between different tools and
domains.

Inconsistency Patterns. This approach recommends selecting the appropriate
technique from an extensible catalogue of inconsistency patterns, and apply it in
an unmanaged process to achieve a managed one [59, 60].

Modeling dependencies explicitly. In order to manage inconsistency, some
researchers such as [149, 206, 228, 246] believe that making the inter/intra-model
dependencies explicit will facilitate the model management. The main drawback
of this approach is, as any other modeling task, it can be time-consuming. Such
dependencies can be identified between properties or between structural elements
of two models, in such a way that the properties or elements can affect each other.
This dependency modeling can be done using any technology that explicitly maps
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Table 2.5: Tools and kind of consistency (RQ2). Data not found (DNF) means
that, although these tools claim to provide consistency check, they do not
describe what kind of consistency check they provide and at which level.
BEH stands for behavioral, INF stands for information, INT stands for
interface, INTE stands for interaction, REF stands for refinement, and REQ
stands for requirement.

Tool Consistency Type Checking DNFBEH INF INT INTE REF REQ
Acceleo X
ADES X
CADOM X
Capella (Arcadia) X
CATIA v5 X
CoDeMo X
COLIBRI X
Dassault Systèmes PLM platform X
Dymola X
Epsilon X X X X X X
IntePLM X
Isight X
Lotar X
ModeFRONTIER X X X X X X
OntoSTEP (Protégé plug-in) X X
Open Modelica X X X X X
Pdes X
ProSTEP X
Siemens PLM Tools X
Simulink X X
Syndeia X
SysML4Modelica X X X X
Trails X
VE4PD X
VIATRA X X X X X X
Prototype [59] X
Prototype [111] X
Prototype [130] X
Prototype [199] X
Prototype [220] X
Prototype [221] X
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dependencies [205, 206, 208, 209, 246, 254]. Design Structure Matrix (DSM) is an
example of such technology. DSM is a representation of the components and their
relations, in order to make the shared information more precise and less ambiguous
[149, 228, 232]. DSM consists of a matrix with properties mapped horizontally
and vertically. Each marked box inside a cell of a DSM indicates a dependency
between the corresponding properties. A dependency loop occurs when there is a
dependency marked above the main diagonal on the DSM. In order to avoid these
loops, a reorganization of the DSM is needed [206].

Parameters or constraints management. This approach proposes using pa-
rameters or constraints to check the model consistency within a multi-disciplinary
development team. If these parameters or constraints are violated, the incon-
sistency can be detected and managed. According to [310], to implement this
approach, it is necessary to have a well-designed data model of the models one
wants to manage [14, 217, 220, 245, 310, 316].

Ontology. It is an explicit specification of a conceptualization of properties and
relations of one or more domains. A conceptualization is the set of objects, concepts
and other entities that are assumed to exist in some area of interest together with the
relationships that hold among them. A conceptualization is an abstract simplified
view of the world to be represented for some purpose [96]. This approach allows
engineers to independently develop partial descriptions of the same product and
check consistency when the descriptions are combined [33, 185, 198].

STEP. Standard for the Exchange of Product model data (ISO 10303)[203]. STEP
consists of a number of components, called application protocols (APs), which
define data models on which translators for CAD data exchange are based. The
International Organization for Standardization (ISO) developed STEP in order
to cover a wide range of application areas, such as automotive, aerospace, and
architecture[44]. In our systematic literature review, we have not found papers that
only use STEP to check consistency between models of different domains; instead,
they use an extension of STEP, or a combination of STEP and other technologies
[18, 42, 44, 138].

KCModel. This approach is organized basically into “Information Core Entity”
(ICE) and “Configuration Entity” (CE). The former is the smallest information
entity used, responsible for storing parameters and rules, and represents a generic
multi-domain baseline. In order to use the parameters and rules in a specific context
(3D, thermal calculations, excel files, etc.), it is necessary to create a Configuration
Entity instantiating ICE. This approach allows engineers to create their own models,
trace parameters and rules, and check consistency [12, 13, 25, 199].

We identified seven strategies to keep the consistency between models of
different domains. Although, some of these strategies are commonly used in the
industry, we believe that these strategies are not mature enough because they
might cause data loss, they are tool-dependent, time-consuming, and they do not
(individually) fully support co-evolution of the models.
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Figure 2.6: Selected publications organized by year.

Take away message

Strategies to keep the consistency between models of different domains are
not mature enough: they might cause data loss, are tool-dependent, and do
not (individually) fully support co-evolution of the models

2.6.4 RQ4 - What are the challenges to manage models of different domains?
We identify nine main challenges encountered by authors of the selected studies
(Table 2.6). It is possible that the challenges of the studies belong to more than one
category. In this case, the study is present in more than one category. The last right
column gives examples of each category. Some of these studies do not explicitly
state the challenges faced. In this case, these studies are in the category “Not Ap-
plicable”. The most cited challenges are related to Interoperability, Maintaining
consistency, Dependency Management and Traceability. These challenges are
presented in 29, 23, 16, and 10 selected studies, respectively.

Interoperability and maintaining consistency are cited as the main challenges.
A heterogeneous setting where engineers of different areas of expertise use different
design tools can easily cause synchronization issues such as problems with respect
to data exchange. Thus, interoperability and maintaining consistency represent
important challenges to be faced.

As an extension of the interoperability, the dependency management also rep-
resents a challenge. It is because the models are created using different technologies
not always known by all engineers, making it difficult for them to identify the
dependency and relations between these models by themselves. Once the relations
are defined, the traceability has to be done in order to track affected models due to
changes. Questions that arise from this challenge can be “How to create the trace
automatically?” or “How to trace the impact of one change?”

Additionally to the list of challenges faced by the authors, we also organized the
list indicating the direction for future work (Table 2.7). As expected, the direction
for future work follows the challenges faced by the authors. Interoperability,
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Table 2.6: The main challenges encountered by authors of the selected
papers to manage models of different domains (RQ4). Not Applicable means
that these studies do not explicitly state the challenges faced.

Category #Studies Studies Examples (paper fragments)
Dependency
management

16 [2, 26, 67, 97, 111,
131, 154, 197, 207,
208, 209, 220, 231,
232, 246, 314]

“...it becomes even more chal-
lenging and difficult to address
the above reported challenges
while performing mechatronic
design, especially due to cross-
domain dependencies” [208]

Design Conflict 7 [41, 72, 73, 98, 130,
221, 319]

“... minimize the appearance
of early design conflicts and to
solve the rest of them...” [72]

Interoperability 29 [1, 7, 15, 18, 19, 20,
36, 37, 40, 42, 44,
84, 90, 92, 100, 103,
123, 124, 138, 195,
199, 202, 206, 217,
224, 230, 233, 310,
317]

“...the challenge is that models
exist in different tools, i.e., there
is a tool-integration problem....”
[206]

Lack of Lan-
guage

3 [14, 198, 213] “...no currently available model-
ing language can represent all as-
pects of a system...” [14]

Maintain consis-
tency

23 [12, 33, 59, 60, 62,
78, 85, 98, 107, 108,
110, 129, 149, 150,
154, 176, 183, 187,
206, 208, 229, 232,
254]

“...ensuring consistency across
models is a challenging issue...”
[232]

Simulation 5 [26, 90, 112, 228,
245]

“...have efficient simulations in-
volving large hybrid models of
complex multi-systems architec-
tures...” [245]

Standardization 6 [35, 38, 185, 186,
316, 318]

“...lack of standards for infor-
mation exchange and presenta-
tion...” [316]

Traceability 10 [26, 51, 68, 90, 98,
149, 154, 208, 304,
306]

“...the core operational chal-
lenges of searching, traceability,
accessibility and visibility...” [51]

Visualization 2 [147, 205] “...another challenge is to vi-
sualize the information in the
model for different stakehold-
ers...” [205]

Not Applicable 7 [5, 32, 146, 152,
155, 189, 193]

-
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Table 2.7: The direction of the future work organized by categories (RQ4).
Not Applicable means that these studies do not explicitly state the direction
of the future work.

Category #Studies Studies
Dependency management 13 [2, 67, 73, 97, 98, 108, 197, 206, 208,

209, 231, 232, 246]
Design Conflict 2 [72, 220]
Interoperability 18 [14, 18, 37, 40, 41, 42, 44, 68, 129, 138,

199, 202, 205, 224, 229, 230, 310, 317]
Lack of Language 5 [84, 98, 123, 198, 213]
Maintain Consistency 14 [12, 15, 20, 33, 59, 60, 62, 78, 107, 110,

112, 150, 183, 254]
Standardization 3 [7, 35, 233]
Traceability 3 [149, 207, 314]
Visualization 2 [111, 147]
Not Applicable 37 [1, 5, 19, 26, 32, 36, 38, 51, 85, 90, 92,

95, 100, 103, 124, 130, 131, 146, 152,
154, 155, 176, 185, 186, 187, 189, 193,
195, 217, 221, 228, 245, 304, 306, 316,
318, 319]

Maintaining Consistency, and Dependency Management are also the topics for
further research. One additional finding is that almost 40% of the selected studies
do not explicitly state the direction for future work, which is surprising, since we
did not expect that this number could be this high.

Take away message

The main challenges to manage models on different domains lay on the
interoperability between tools and the consistency maintenance.

2.7 Discussion and Future Work
The results described in this study can serve as a starting point for future research
on model management topics. We provide a list of available tools used to support
model management. We group them according to the functionality they offer
related to the consistency model checking on models of different or same domains.
We observe that 39% of the tools we found can provide consistency model checking
on models from different domains, 25% on the models of the same domain, and
36% do not provide any consistency model checking.

Regarding commercial tools, we have found that they do not fully describe the
kind of inconsistency they can address (Section 2.6.2). We conducted a survey to
overcome this problem. While approximately 50% response rate is better than one
is accustomed to in software engineering surveys, this also means that half of the
tool builders did not respond. This lack of information makes it difficult to map
the inconsistencies these tools can handle, since these tools are commercial and
we would need the licenses and the expertise to use them. Further evaluation on
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commercial tools is necessary, and this should be done with the help of specialists
of each tool or at least a full description of all features should be provided. For
those tools that describe the consistency type they address, we have found that the
majority of them can perform the Interface consistency check, checking whether the
connected interface elements have mismatching values. We expected that these
tools could address more than one kind of consistency type. However, this was
not what we observed. We observed that most of them can address up to two
consistency types.

Due to the fact that Name inconsistency can be easily captured, we expected
that all tools could address this consistency type. However, this was not what we
found. We conjecture that the reasons might be that this functionality is indeed
implemented, however the tool builders do not advertise that their tools address it
because it is trivial. The second reason can be due to the fact that Name inconsistency
is also an Interface inconsistency (but not vice versa), and thus they advertise
the later option. Behavioral, Refinement, and Requirement are the least addressed
consistency types. It might be due to the complexity of capturing them. Thus, for
future work, we believe the researchers should investigate how to capture these
inconsistency types and tool builders should improve their tools to address more
kinds of inconsistency type.

Our study (Section 2.6.3) reveals seven strategies to keep the consistency be-
tween models of different domains. These strategies are based on prototypes or
approaches having the following main drawbacks: time-consuming, data loss, and
they are tool-dependent.

According to Qamar et al. [206], explicit dependency modeling between models
is not commonly used in the industry. However, this is regarded as a requirement
by the academic research if one wishes to manage inconsistency between models
from different domains. They claim that “Capturing dependencies formally and ex-
plicitly is currently not supported by available methods and tools in MBSE, and having
no explicit knowledge of dependencies is a main cause of inconsistencies and potential
failures”. The explicit dependency modeling between models can be done using
design structure matrix, ontology, and it can be followed by the use of standards as
STEP.

Reichwein et al.[213] state that “Due to the wide variety of disciplines and model-
ing tools that are used in mechatronic design, there is currently no established solution
that allows engineers to efficiently and formally define dependencies between different
models. Therefore, maintaining consistency between different models is often a manual,
time-consuming, and error-prone process.”. Interoperability between tools was also
used as a strategy to keep the consistency between models of different domains,
specially due the fact that engineers would not need to stop using the tools they
are familiarized with.

As stated in Section 2.6.4, there is still room for more research. The main chal-
lenges faced by the authors, as well the proposed directions for future work, belong
to the same research topics. The most cited research topics are: interoperability,
maintaining consistency, and dependency management. Even thought we identi-
fied tools that can address some level of these issues, for future work, we strongly
believe the researchers should continue focusing not only on ways of modeling de-
pendency between models of different domains, but also on how to manage these
dependencies. The management can be done using a tool agnostic infrastructure



30 Chapter 2. Systematic Literature Review

that stores in a database all the relationships between models, notifies the owners
of those affected models due to a change, and that infers new relationships by
analyzing the stored relations. Additional direction for future work can be towards
facilitating the capture of all inconsistency types.

2.8 Threats to Validity
Wohlin et al. [313] provide a list of possible threats that researchers can face during
a scientific research. In this section, we describe the actions we took in order to
increase the validity and decrease the threats.

External validity concerns how the results and findings can be generalized.
We only accepted studies written in English, and this can represent a threat despite
the fact that English is the most widely used language for scientific papers. As
one of the goals of this study is to understand what the industrial practices are we
decided to accept gray literature (white papers and technical reports).

The fact that we could not try all the tools and we could not find the full
description of the kind of inconsistency they address can represent a threat. We
believe that this threat can be minimized with the help of specialists of each tool or
at least a full description of all features should be provided.

Internal validity: Google scholar continuously indexes new papers. Hence
running the queries at different moments of time might lead to different results.
However, it is not possible to run all queries simultaneously due to limitations of
Google scholar. We do not think that a considerable amount of papers was missed,
since all queries were similar to each other and more than half of our query results
were duplicated hits.

Construct validity concerns how the selected studies represent the real popu-
lation of studies to answer the research questions. To mitigate this concern, in the
construction of the search string, we performed an informal literature review that
helped us in the selection of the appropriated keywords, and we used different
variations of the same keyword. To such a degree, we are confident that our queries
are broad enough that all relevant papers were found in our automatic search. In
order to mitigate possible bias that could be present in the manual inspection. We
strictly followed the inclusion and exclusion criteria to select the relevant papers.
Additional to it, the relevance assessment was performed iteratively. At the end of
each iteration, we measured the inter-researcher agreement level, and we obtained
the Cohen’s κ coefficient of 0.61, which is interpreted as substantial agreement.

We only list tools we found on the selected papers. This can be a threat because
some tools might not be mentioned on those papers but they exists, and are used
in practice. We believe this threat can be minimized by adding a web search for
model management tools. However, the issue of adding a non-systematic search is
that it cannot be reproduced. To such a degree, we are confident that the amount
of tools we missed is not high because we analyzed not only academic papers but
also the gray literature.

Conclusion validity concerns the relations between the conclusions that we
draw and the analyzed data. In order to mitigate this concern, we followed well
known systematic research methods, and we described all decisions we made.
Thus, this study can be replicated by other researchers. Of course the gross number
of papers can change, because new papers can be published or some papers might
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not be available on-line anymore, but we believe that the final conclusion will not
deviate from ours.

2.9 Conclusions
We presented a systematic literature review intending to give an overview of
industrial practices and academic approaches to cross-domain model management.
We started with 618 potentially relevant studies and after a rigorous selection
criteria we concluded the process with 96 papers.

We provide a list of available tools used to support model management. We
observed that 39% of the tools can provide consistency model checking on models
of different domains, 25% on the same domain, and 36% do not provide any
consistency model checking.

Our study reveals that the strategies to keep the consistency between models of
different domains are not mature enough because they might cause data loss, are
tool-dependent, and do not (individually fully support co-evolution of the models.
Moreover, the majority of the tools address no more than two kinds of consistency.

Due to the lack of details about the kind of inconsistency that commercial tools
address, we suggest that a further evaluation on commercial tools is needed. This
should be done with the help of specialists of each tool or at least a full description
of all features should be provided. We believe that future work should be towards
the creation of tool agnostic infrastructure to manage the relationships between
models of different domains.

To conclude, we observe that more research has to be done to improve the
quality of the approaches and tools used to ensure consistency. There is no silver
bullet, but at least we have a set of strategies that together can provide consistency.





3. OCR for Multi-Domain Model Management

The development of systems following model-driven engineering can include
models from different domains. For example, to develop a mechatronic component
one might need to combine expertise about mechanics, electronics, and software.
Although these models belong to different domains, the changes in one model
can affect other models causing inconsistencies in the entire system. There are,
however, a limited amount of tools that support management of models from
different domains. These models are created using different modeling notations
and it is not plausible to use a multitude of parsers geared towards each and every
modeling notation. Therefore, to ensure maintenance of multi-domain systems, we
need a uniform approach that would be independent from the peculiarities of the
notation. Meaning that such a uniform approach can only be based on something
which is present in all those models, i.e., text, boxes, and lines. In this study, we
investigate the suitability of optical character recognition (OCR) as a basis for such
a uniformed approach. We select graphical models from various domains that
typically combine textual and graphical elements, and we focus on text-recognition
without looking for additional shapes. We analyzed the performance of Google
Cloud Vision and Microsoft Cognitive Services, two off-the-shelf OCR services.
Google Cloud Vision performed better than Microsoft Cognitive Services being
able to detect text of 70% of model elements. Errors made by Google Cloud Vision
are due to absence of support for text common in engineering formulas, e.g., Greek
letters, equations, and subscripts, as well as text typeset on multiple lines. We
believe that once these shortcomings are addressed, OCR can become a crucial
technology supporting multi-domain model management.

3.1 Introduction
Model-driven engineering (MDE) has been used in diverse engineering fields such
as software engineering [9], robotics [240], and automotive [190]. The promised ben-
efits of using this approach include increased development speed, earlier system
analysis, and more manageable complexity [237]. However, managing interrelated
models of different domains is challenging [104].
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Since models from different domains use different modeling languages, to
manage interrelated models of different domains one has to use a technology that
can handle these models independently of the language used. Graphical models
from various domains typically combine textual and graphical elements such as
boxes, lines, and arrows. Such models can be designed using different tools, and
usually these tools can export the model in a structured format such as XML, or as
an image format such as PNG or JPEG [127]. The ideal setting for data extraction
would be if all models were available in a structured default format. However, the
situation becomes more complex when only the image of the model is available,
either because the code that generates the model is lost, the model is only available
in a paper instead of a digital format, or simply because the modeling tool does
not export the model in the desired format.

Therefore, to ensure maintenance of multi-domain systems, we need a uniform
approach that would be independent from the peculiarities of the notation. This
also means that such a uniform approach can only be based on something which is
present in all those models, i.e., text, boxes, and lines.

We believe that optical character recognition (OCR) can become a part of the
uniformed approach. OCR is a collection of techniques aiming at recognizing text
from handwritten or printed document and exporting the result as a machine-
encoded text. Originally developed to support blind people [225], OCR is used
nowadays for instance for automatic number plate recognition, and passport data
recognition in airports [180].

Hence, in the current work we evaluate the precision of OCR on models from
different domains focusing on text-recognition without looking for additional
shapes. The aim is to answer the following research questions:
• RQ1) How accurate are off-the-shelf OCR services for extracting text from

graphical models?
• RQ2) What are the common errors made by OCR services on models from

different domains?
To answer RQ1 we apply Google Cloud Vision1 and Microsoft Cognitive Ser-

vices2 to a collection of 43 models from different domains. We observe that Google
Cloud Vision outperforms Microsoft Cognitive Services, being able to detect 70%
of textual elements as opposed to 30% by Microsoft. To answer RQ2 we inspected
errors made by Google Cloud Vision. We observed that in 100% of the cases,
Google Cloud Vision was not capable of identifying Greek letters, subscripts, and
text typeset in multiple lines. The lack of support for these elements represents the
main challenge for adoption of OCR in multi-domain model management.

To encourage replication of our work the data we have collected and the
source code we have used to perform the analysis has been made available on:
https://bit.ly/ShareDataOCRChapter3 .

The results presented in this work can be used to guide further research on
OCR for multi-domain model management. For future work, we plan to combine
different kind of image processing techniques to improve the results, for instance,
being able to detect formulas, and semantic information by analyzing boxes, lines,
and arrows.

1https://cloud.google.com/vision/
2https://azure.microsoft.com/en-us/services/cognitive-services/

https://bit.ly/ShareDataOCRChapter3
https://cloud.google.com/vision/
https://azure.microsoft.com/en-us/services/cognitive-services/
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3.2 Methodology
To answer RQ1 we apply Google Cloud Vision and Microsoft Cognitive Services to
a collection of 43 models from different domains. To answer RQ2 we focus on the
OCR service that has been shown to perform better on RQ1 and inspect the errors
made by the service.

3.2.1 Models Selection
For reproducibility reasons, we arbitrarily select models from two UML open
repositories[89, 244], three control system engineering papers [4, 125, 253], and
the example catalog of MatLab Simulink3. In total we analyzed 43 models as
presented in Table 3.1. We only require the models to be graphical models, i.e.,
they must contain a mix of textual and graphical elements. Diagrams are graphical
representations of parts of a model [194]. Therefore, in the context of this thesis,
we use the term “model” to represent diagrams as well. Robert Maksimchuk, and
Eric Naiburg [156] explain the difference between models and diagrams as the
following:

“A model is an abstraction that contains all the elements needed to
describe the intention of the thing being modeled. This can include
all aspects concerning the business, systems, relationships, and more.
A diagram is a specific view into what you are trying to understand
in a specific context. Diagrams are just one way of looking at all or
some part of that model. You can have a specific modeling element
exist only once within a model, but the same element can appear on
one or more diagrams.”

We select MatLab Simulink models because of its high adoption by the industry.
These models are available on the official website as example catalog and they
are used to describe control systems from different domains including automatic
climate control, robot arm control, and fault-tolerant fuel control. We also include
models from three scientific papers on control system engineering. The models
from these papers are an intelligent control architecture of a small-Scale unmanned
helicopter, an actuator control system, and a x-ray machine.

Among the UML diagrams we focus on Class Diagram, Sequence Diagram,
and Use Case Diagrams. We select these diagrams because they are the most
used UML diagrams in the industry [69, 70, 116, 117]. The diagrams used in
this study are stored in two repositories: Git UML [89] and Models-db [244]. The
former automatically generates diagrams from source code stored in git repositories.
Models-db is automatically populated by crawlers identifying models from public
GitHub repositories.

3.2.2 Text Extraction
In order not to bias the evaluation towards a specific engineering domain, we opt
for general-purpose OCR techniques.

Several OCR serves are available off-the-shelf, including Google Cloud Vision,
Microsoft Cognitive Services, and Amazon AWS Rekognition4. For this work, we

3https://www.mathworks.com/products/simulink.html
4https://aws.amazon.com/rekognition/

https://www.mathworks.com/products/simulink.html
https://aws.amazon.com/rekognition/
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Table 3.1: List of models used to answer RQ1.

Source Models #Models

Ai et al. [4] Figures 1, 4, 5 5
Kaliappan et al. [125] Figures 1-3, 5, 7 5
Tovar-Arriaga et al. [253] Figures 1, 5–8, 10, 15 7
UML [255, 265, 276, 278, 279, 280,

281, 282, 283, 284, 286, 287,
288, 293, 295, 296, 297]

17

MatLab Simulink [158, 168, 169, 170, 171, 172,
173, 174, 175]

9

Total 43

select the Google Cloud Vision and Microsoft Cognitive Services: these services
have been shown to be effective in recognizing text from the photos of the pages of
the Bible [214], and to outperform Amazon AWS on images of business names or
movie names [118].

3.2.3 Measures for Accuracy

The validation consists of manually identifying the text from graphical models,
and comparing the text extracted by OCR to the manually identified text. When
deciding whether the OCR-extracted text matches the manually extracted one
we do not distinguish between the letter case, i.e., Velocity is seen as the same
as veLoCitY. We do distinguish between differently chunked texts, i.e., given the
manually identified text Velocity control an OCR service extraction of Velocity and
Control as two separate texts will be seen as wrong.

As common in information retrieval tasks we report precision, recall, and F-
measure, i.e., the harmonic mean of precision and recall. In our context precision is
the fraction of OCR-extracted texts that are also manually extracted compared to
all OCR-extracted texts, and recall is the fraction of OCR-extracted texts that are
also manually extracted compared to all manually extracted texts.

3.3 Results
3.3.1 RQ1: How accurate are off-the-shelf OCR services for extracting text from

graphical models?

Overview
Overall, Google Cloud Vision correctly detected 854 out of 1,232 elements, while
Microsoft Cognitive Services correctly detected 388 elements. This observation
concurs with previous evaluations of these OCR services. Indeed, on the photos
of the pages of the Bible Reis et al. [214] observed that Google Cloud Vision had a
relative effectiveness of 86.5% as opposed to 77.4% of Microsoft Cognitive Services.
On images of business names or movie names [118] Google Cloud Vision achieved
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80% of both precision and recall as opposed to 65% of precision and 44% of recall
of Microsoft Cognitive Services.

Hence, we hypothesize that also on our dataset Google Cloud Vision will
outperform Microsoft Cognitive Services in terms of both precision and recall.
Formally, we state the following hypotheses:
• Hp

0 : The median difference between the precision for Google Cloud Vision
and Microsoft Cognitive Services is zero.

• Hp
a : The median difference between the precision for Google Cloud Vision

and Microsoft Cognitive Services is greater than zero.
• Hr

0: The median difference between the recall for Google Cloud Vision and
Microsoft Cognitive Services is zero.

• Hr
a: The median difference between the recall for Google Cloud Vision and

Microsoft Cognitive Services is greater than zero.
To test these hypotheses, we perform two paired Wilcoxon signed-rank tests, one
for precision and another one for recall. The p-values obtained for precision and
recall are 1.9× 10−7 and 2.8× 10−9 respectively. Hence, we can reject Hp

0 and Hr
0

and state that Google Cloud Vision outperforms Microsoft Cognitive Services.
To illustrate this argument consider Figure 3.1. It summarizes precision (y-axis)

and recall (x-axis) organized by the type of models. Indeed, we can observe that
while precision and recall obtained by Google Cloud Vision mostly exceed 0.5,
precision and recall obtained by Microsoft Cognitive Services are mostly below 0.5.
Moreover, the data for both Google Cloud Vision and Microsoft Cognitive Services
suggests a linear relation between precision and recall: indeed, while the number of
textual elements extracted by OCR tools is often close to the number of manually
identified textual elements, the textual elements themselves are imprecise.

Finally, while Google Cloud Vision extracted some textual information from
all models, Microsoft Cognitive Services failed on two models: Matlab Simulink
model [170] and Figure 4.b from the paper by Ai et al. [4].

Performance on Models of Different Domains
While the previous discussion indicates that overall Google Cloud Vision outper-
forms Microsoft Cognitive Services, a priori this does not imply that this should
also be the case for models of different domains. This is why we formulate the
corresponding hypotheses separately for UML diagrams, Matlab Simulink models,
and models from scientific papers. We test these hypotheses using paired Wilcoxon
signed-rank tests, one for precision and another one for recall. However, since we
perform multiple comparisons, we need to adjust the p-values to control for the
false discovery rate. We use the method proposed by Benjamini and Hochberg [27].

The adjusted p-values are below the commonly used threshold of 0.05 for five
of the six comparisons (three types of models × precision or recall). We conclude
that Google Cloud Vision outperforms Microsoft Cognitive Services: for models of
all domains in terms of recall; for UML diagrams and Matlab Simulink models in
terms of precision as presented in Table 3.2.

Performance on Individual Models
Figure 3.2 shows that the F-measure for Google Cloud Vision is higher than for
Microsoft Cognitive Services on 33 models, as opposed to five models where
Microsoft Cognitive Services scores higher. For the remaining five models the
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Figure 3.1: Precision (y-axis) and recall (x-axis) obtained by Google Cloud
Vision (top) and Microsoft Cognitive Services (bottom).

F-measures are equal.
Inspecting Figure 3.2 we also notice that for six models Microsoft Cognitive

Services have precision equal to zero, i.e., either no textual elements have been
extracted (Matlab Simulink 4 and Paper model 3.3) or all textual elements extracted
are wrong (UML Class Diagram 8, UML Use Case 4, UML Sequece Diagram 2 and
4). Unfortunately, we cannot precisely state the reasons why Microsoft Cognitive
Services failed in process these models. Possible reasons could be related to the
quality of the images, and size of font. However, these are unlikely to be the reasons
for this fail, since all used images are in good quality and Google Cloud Vision
managed to process the same images. In this study we did not look further in
investing the reasons for the bad performance of Microsoft Cognitive Services.

Take away message

Google Cloud Vision was capable of detecting 70% of all elements, consis-
tently outperforming Microsoft Cognitive Services.
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Table 3.2: OCR service that presents statistically better results organized by
the domain. The “-” means inconclusive result.

Models Precision Recall

UML Google Cloud Vision Google Cloud Vision
Matlab Simulink Google Cloud Vision Google Cloud Vision
Scientific papers - Google Cloud Vision
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Figure 3.2: F-Measure for all analyzed models. The mapping of paper model
ID and the models from the selected scientific papers is presented in the
Appendix Table A.1.

3.3.2 RQ2: What are the common errors made by OCR services on models from
different domains?
Based on our answer to RQ1, one would prefer Google Cloud Vision as the OCR
service to be integrated in a multi-domain model management solution. In this
section, we take a closer look at the errors made by Google Cloud Vision: address-
ing these errors is necessary in order to make OCR suited for multi-domain model
management.

Table 3.3 summarizes the results of manual analysis of the errors made by
Google Cloud Vision:
• The first category of errors is related to non-alphanumerical characters used in

the models such as [, {, <, or _. These characters are sometimes confused
with each other or missed by the OCR, e.g., the name of the element is
‘file_version’ and OCR detects ‘file version’, without the underscore.
• Engineering models can involve mathematical formulas such as equations,

including subscripts and Greek letters.
• The next group of errors is related to spacing and relative positioning of the

textual elements. For example, due to space limitations text can be positioned
on multiple lines, making OCR to misinterpret as one textual element but
as two separate elements, we call this error as Multi-line Text. When this
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Table 3.3: Number of models affected by the identified problems. CD - Class
Diagram, UC - User Case, SD - Sequence Diagram.

Problem Total UML MatLab PaperCD UC SD

Non-alphanumeric characters
Brackets 1 0 0 0 1 0
Curly Brackets 2 0 0 2 0 0
Greater/Less Symbol 1 0 1 0 0 0
Parentheses 5 3 0 1 1 0
Slash 1 0 0 1 0 0
Underscore 8 7 0 0 1 0
Total 18 10 1 4 3 0

Mathematical formulas
Equation 2 0 0 0 2 0
Subscript 2 0 0 0 0 2
Greek Letter 2 0 0 0 0 2
Total 6 0 0 0 2 4

Spacing
Empty Space between Letters 15 6 4 3 1 1
Mix of Elements 8 4 0 0 3 1
Multi-line Text 28 4 3 0 7 14
Split Element 1 1 0 0 0 0
Total 51 15 7 3 11 15

Character confusion
Character Confusion 8 1 2 0 3 2
Extra Char 11 4 2 0 2 3
Missing Char 14 5 1 0 3 5
Wrong Char 13 3 0 2 5 3
Total 46 13 5 2 13 13

misinterpretation happens in a textual element positioned in one single line,
we call this error as Split Element. The difference between Multi-line Text
and Split Element is that the latter occurs on textual element is written in
one single line but have an empty space between the words, causing this
misinterpretation. The opposite of the error Split Element is Mix of Elements.
Mix of Elements occurs when OCR mixes the name of different elements due
to their proximity.

• Finally, the last group of errors is related to single-character errors such as
characters being wrongly added, removed, or recognized. An example of
such error is Character Confusion. This error occurs when OCR is not capable
of identifying the letter due to the similarity to other letters. For instance,
the name of the element is ‘DeleteNodeById()’. However, OCR interprets
the capital letter ‘i’ as the lowercase ‘l’, returning ‘DeleteNodeByld()’. The
difference between Character Confusion and Wrong Char is that the former
occurs between similar characters, e.g., the letter ‘o’ and the number ‘0’. And
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Table 3.4: Candidate Elements are the elements that contain characters
that can cause a problem. Candidate Models are the models that have the
candidate elements.

Problem #Affected
Models

#Candidate
Models

#Affected
Elements

#Candidate
Elements

Non-alphanumeric characters
Brackets 1 1 1 5
Curly Brackets 2 2 8 9
Greater/Less Symbol 1 12 4 60
Parentheses 5 5 11 137
Slash 1 11 1 39
Underscore 8 8 59 156

Mathematical formulas
Equations 2 2 2 2
Subscript 2 2 15 15
Greek letters 2 2 2 2

Spacing
Multi-line Text 27 27 130 130
Split Element 1 39 2 334

Wrong Char occurs between any character.
Table 3.3 shows that errors present in the largest number of models are Multi-

line Text, Empty Space between Letters, Missing Char, and Wrong Char. However, the
number of models affected by the errors should be compared to the number of
models that can be affected by those errors: while wrong characters might appear in
any model, errors related to underscores can only be present if the models contain
underscores.

Hence, Table 3.4 summarizes the number of models that can be affected (candi-
date models) and the models that are affected by errors. Similarly, it includes the
number of elements that can be affected (candidate elements) and are affected by
the errors.

Inspecting Table 3.4 we observe that the Curly Brackets, Equations, Greek letters,
Multi-line String, Parentheses, Subscript, and Underscore occur in every single model
that has the corresponding elements.

Even though Parentheses, and Underscore problems arise in 100% of the candi-
date models, Google Cloud Vision correctly identified 92% of textual elements that
have parentheses and 60% of the textual elements that have underscores and this
in sharp contrast with Equations, Greek Letters, Multi-line String, and Subscript that
could not be recognized by Google Cloud Vision.

Take away message

The main OCR challenges are text that contains Equations, Greek Letters,
Multi-line String, and Subscript due to the lower precision on correctly
identify these elements.
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3.4 Threats to Validity
As any empirical study our work is subject to threats to validity. Wohlin et al.
[313] provide a list of possible threats that researchers can face during a scientific
research. In this section, we describe the actions we took in order to increase the
validity and decrease the threats.

Internal validity concerns the unknown influences of independent variables
can have on studies. In order to mitigate this concern, we have selected OCR
services that have been evaluated by previous studies on different text recognition
tasks. While the manual extraction of textual elements has been performed by one
author only, the task is simple for an engineer and is unlikely to be affected by the
subjectivity of their judgment.

External validity concerns the generalizability of the results and findings of
the study. In order to mitigate this concern, we have diversified the collection of
models analyzed to include models from different domains and different sources.

Construct validity concerns the issues related to the design of the experiment.
In order to address this issue, we used metrics that were sufficiently defined in
previous studies. Example of such metrics are precision, recall, and F-measure. We
used these metrics to indicate which OCR service presents better performance.

Conclusion validity concerns about the relations between the conclusions that
we draw and the analyzed data. In order to mitigate this concern, we paid special
attention to use appropriate statistical techniques, and we described all decisions
we made. Thus, this study can be replicated by other researchers, and we expect
our results to be quite robust.

3.5 Discussion and Future Work
The results described in this chapter can serve as a starting point for future research
on the use of OCR for multi-domain model management, as well as for design of
tools supporting multi-domain model management. We started by investigating
accuracy of the off-the-shelf OCR services for extracting text from graphical models.
Concurrent with the previous studies [118, 214] Google Cloud Vision outperformed
Microsoft Cognitive Services on both precision and recall. However, the precision
and recall values of Google Cloud Vision were not as high as the ones presented
in the previous studies [118]. We believe this is due to the difference between the
analyzed items: graphical models vs. business names. As opposed to business
names, graphical models often include mathematical elements such as Greek letters
and subscripts, and non-alphanumeric characters. Moreover, extracting text from
models that do not follow the same design rules, incurs additional challenges.
Indeed, the precision and recall scores for models from scientific papers are much
more spread out in Figure 3.1, than for models from other data sources.

Next, we investigated the common errors produced by Google Cloud Vi-
sion. We identified 17 different types of errors organized by four categories: non-
alphanumeric characters, mathematical formulas, spacing, and character confusion. Most
common errors are related to Spacing and Character confusion; however, the main
challenges seem to be related to the mathematical formulas—not a single Greek
letter, subscript or equation appearing in the models could be correctly identified.

As future work, we intend to focus on the main challenges we identified in
Section 3.3.2. Furthermore, we want to evaluate different OCR techniques on
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additional kinds of graphical models, including, for instance, models drawn on
whiteboards and hand-written models. Simultaneously, we intend to combine
OCR with image processing to analyze graphical elements such as boxes, lines,
and arrows presented in the models.

3.6 Related Work
To the best of our knowledge, there are no studies on the use of off-the-shelf OCR
services on models from different domains. However, OCR has been applied to
domain-specific models. Img2UML [127, 128] extracts UML Class Diagrams from
images, identifying, e.g., class names, fields and methods. Img2UML uses Mi-
crosoft Office Document Imaging as the OCR technique for text recognition. While
Img2UML is geared towards and evaluated on a specific domain, the techniques we
have analyzed have been applied to models of multiple domains. Several studies
have used OCR as part of a tool classifying images as UML diagrams: targeting
class diagrams [184, 211], sequence diagrams [212] and component diagrams [184].

Going beyond engineering models, Reis [214] compare Google Cloud Vision
and Microsoft Cognitive Services in recognizing text from the photos of the pages
of the Bible. Additional comparison studies have been published by Mello and
Dueire Lins [177] and Vijayarani and Sakila [305].

3.7 Conclusion
We presented a study of suitability of the off-the-shelf OCR services in the context of
multi-domain model management. We evaluated performance of two well-known
services, Google Cloud Vision and Microsoft Cognitive Services, on a collection of
43 models from different domains: 17 UML diagrams, 9 MatLab Simulink models,
and 17 models from scientific papers from the control system engineering domain.

We observed that Google Cloud Vision overall outperforms Microsoft Cognitive
Services both in terms of precision and in terms of recall. This observation is
consistent both with the previous work [118, 214] and with a follow-up study
investigating performance of the two OCR-services on models of different domains.

Focusing on Google Cloud Vision, we identified a list of 17 kinds of errors
distributed over four categories: non-alphanumeric characters, mathematical for-
mulas, spacing, and character confusion. Among these errors, the most common
are related to text written on multiple lines, wrong/missing characters, and an
empty space between letters. It is also important that in presence of multi-line texts,
Greek letters, subscripts, and equations Google Cloud Vision failed in recognizing
the text.

To conclude, we observe that even though Google Cloud Vision has some limi-
tations, it produces satisfactory results. We believe that once the most problematic
cases are solved, OCR can become a crucial technology to support multi-domain
model management.





4. Post-processing OCR to Correct Multi-line Text
Errors

In the previous chapter, we identified the multi-line text error as one of the main
issues of using OCR to recognize textual elements in models from different do-
mains. This error happens when OCR misinterprets one textual element as two
separate elements. In this chapter, in order to address the multi-line text error we
build XAMÃ on top of Google Cloud Vision. XAMÃ includes two approaches to
identify whether the elements are positioned on a single line or multiple lines,
and merge those identified as positioned on multiples lines. With and without
shape detection XAMÃ correctly identified 956 and 905 elements, respectively, out
of 1,171. Additionally, we compared the accuracy of XAMÃ and state-of-the-art tool
Img2UML, and we observe that XAMÃ outperformed Img2UML in both precision
and recall, being able to recognize 433 out of 614 textual elements as opposed to
171 by Img2UML.

4.1 Introduction
As described in the previous chapter, we identified 17 common errors and we
grouped them into four categories: non-alphanumeric characters, mathematical
formulas, spacing, and character confusion. The most common errors are related
to spacing (text written on multiple lines, and a space between letters), and char-
acter confusion (wrong/missing characters). Due to space limitations text can be
positioned on multiple lines, causing OCR to interpret it as two separate elements
instead of one textual element. We named this multi-line text error. OCR services fail
to detect textual elements positioned on multiple lines. We believe that correcting
this problem can help the support for model management.

In this chapter, we aim to improve the precision and recall of the OCR focusing
on fixing the multi-line text error. We chose to correct this error for two main
reasons: the first one is because OCR failed to detect textual elements that are
positioned in multiple lines. The second reason is related to the long-term goal of
our research which is the support for model management focusing on managing
interrelated models of different domain. We believe that correcting errors related
to mathematical formulas might not be as beneficial as correcting the multi-line text
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error. It is because even a small difference in one equation such as the presence of
“-” instead of “+” can lead to a completely unrelated equation.

In order to address the multi-line text error, we developed XAMÃ. This tool
includes two approaches that identify whether the elements are positioned on
a single line or multiple lines. As consequence, we merge those identified as
positioned on multiples lines avoiding the multi-line text error. To achieve this goal,
i.e., identifying whether the text is positioned on multiples lines or not, we first
investigated the similarities of textual elements presented in the models used in
the first part of this work. Based on this analysis we defined a set of heuristics
and applied them to a new collection of models to evaluate the accuracy of our
approach. The second approach is a combination of a modified version of these
heuristics with shape detection feature. The shape detection feature is a collection
of image processing algorithms used to identify shapes such as boxes presented in
the models.

Additionally, we evaluate the overall improvement of using XAMÃ and we
compare the results to a state-of-the-art domain specific tool. We selected Img2UML
[127, 128] as the domain specific tool, and we compared the results by applying
Img2UML to collection of 20 UML class diagrams. Following are the research
questions used to guide this study:
• RQ1) How accurate are the heuristics of XAMÃ in identifying multi-line

problems?
– Motivation: Evaluating the accuracy of the heuristics of XAMÃ is im-

portant to guarantee that they are not cause worse precision and recall
values.

– Answer: We applied our heuristics in a collection of 51 models (10 Mat-
lab Simulink models, 20 UML diagrams, and 21 models from scientific
papers). Our heuristics without shape detection correctly identified
905 out of 1171 elements, presenting a precision of 75%, recall of 77%,
and f-measure of 76%. With shape detection the number of correctly
identified elements increases to 956, improving the precision, recall
and f-measure to to 84%, 82%, and 83% respectively. Evaluating the
results by the model domain, we observed that XAMÃ, with the shape
detection feature, presents statistically higher precision and recall on
Matlab Simulink and the models in the scientific papers than without
this feature. The results are inconclusive for UML diagrams.

• RQ2) What is the overall impact, in terms of precision and recall, of using
our approaches?

– Motivation: Due to the existence of other kind of errors, correcting
the multi-line text error does not guarantee the improvement of overall
accuracy.

– Answer: XAMÃ, without shape detection, presents better results in 22
(out of 51) models in terms of precision, and in 16 models in terms
of recall. With shape detection, it presents better result in terms of
precision in 29 models, and recall in 22 models. Evaluating these
results by the domain, we observed that XAMÃ presents statistically
better precision on Matlab Simulink and the models in the scientific
papers. Regarding the recall, XAMÃ presents statistically better results
on these two groups of models when using the shape detection feature.
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For UML diagrams the results are inconclusive.
• RQ3) How accurate is XAMÃ compared to a state-of-the-art domain specific

tool?
– Motivation: Since it is expected that a domain specific tool would

outperform a generic tool we would like to know how good is XAMÃ
compared to a domain specific tool regarding the text recognition.

– Answer: We observed that XAMÃ correctly recognized 433/431 (with-
out/with shape detection) out of 614 elements on class diagrams, while
Img2UML correctly recognized 171 elements.

To encourage replication of our work the data we have collected and the
source code we have used to perform the analysis have been made available on:
https://bit.ly/ShareDataChapter4 .

In this chapter, we analyzed graphical models designed using computer tools.
However, we believe that extracting information from hand-written model, i.e.,
models that were drawn on a piece of paper or whiteboard, can be useful for
engineers and support the model management as well. Thus, for future work, we
envision evaluating our approaches on hand-written graphical models. In the next
chapter, we evaluate the use of the output produced by XAMÃ combined with
name matching to identify possible relationships between model elements.

4.2 Methodology
4.2.1 Multi-line problem

As described in the previous chapter, we observed that OCR services fail in detect-
ing textual elements that are positioned on multiple lines. In order to address this
error, we developed XAMÃ. This tool includes two approaches: the first approach
is the use of a collection of heuristics that take into consideration parameters such
as the text alignment, the distance between the text fragments, and the size of the
words and letters. The second approach is the combination of these heuristics with
image processing (shape detection). When defining these approaches we aimed at
solutions that would be independent of OCR engines and that would not introduce
considerable overhead in terms of running time or memory consumption.

4.2.2 Identifying similarities
The main goal of this study is to propose a generic solution to the multi-line text
error. The need for a generic solution is because of the heterogeneity of models.
The first step to fix the multi-line text error is to identify the text that is positioned
on multiple lines. For this purpose, we analyzed the collection of models from
the previous chapter investigating the similarities, i.e., the common characteristics
between the text that is positioned on multiple lines. Identifying these similarities
is important to design an approach as generic as possible. As consequence of the
identification of the similarities, we defined a collection of heuristics capable of
detecting text fragments positioned on multiple lines. The results presented in this
chapter are derived from a new set of models described in Subsection 4.2.3.

One might suggest to merge all the text fragment that is below and close to
each other. However, we consider this a naive approach because it would be overly
eager and would merge unnecessary text fragments. Thus, it does not take into
consideration models that list their elements one per line and close to each other. A

https://bit.ly/ShareDataChapter4
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Figure 4.1: Example of a UML Class Diagram.

class diagram, Figure 4.1, is an example of such model. Even though the attributes
are listed below each other, they represent different elements and they cannot be
merged.

We propose two approaches to correct the multi-line text error. The first ap-
proach applies a set of heuristics used to classify whether the text should be merged
taking into consideration the coordinates of the text fragments. Following are the
description of these heuristics we call regular heuristics (RH):
• Alignment. We observed that the text fragments that are positioned on

multiple lines have centralized as the chosen alignment format in most of the
models (25 out of 28). Therefore, we opted to take this alignment format into
consideration when evaluating whether the text fragment should be merged
or not.

• Text Distance. Text fragments positioned below each other do not necessary
represent the same element. To define whether the text fragments should be
merged, we take into consideration the font size (height) and the distance
(horizontal and vertical) between the text fragments. The threshold for the
vertical distance between the text fragments is half of the font size. The
horizontal distance is the distance between the centers of the both texts
fragments. In this study, we consider that the threshold for the horizontal
distance between the centers of the text fragments cannot be greater than 3
times the length of the letters1. These thresholds have been chosen in order
to obtain the optimal performance on the data set described in Section 3.2
from the previous Chapter. For example, we observed that increasing the
threshold of the horizontal distance to 4 times the length of the letters leads

1The length of the letters is the length of the word divided by the number of characters
in the word.
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Application

Controller

H
ei

gh
t

CPa (Xa,Ya)

CPc (Xc,Yc)

HD = |Xa - Xc|
VD = |Ya - Yc|

Length LL = Length/N

Figure 4.2: Example of how we calculate the variables used in our heuristics
of two text fragments that represent the element “Application Controller”.
The “CP” means central point of the word. The “HD” and “VD” mean
horizontal and vertical distances respectively. The “LL” means length of the
letters. The “N” means the number of letters in a word.

to an increase of false positives. Figure 4.2 illustrates an example of how we
calculate the text distance.

For the image processing we use OpenCV, an open source computer vision
and machine learning software library. This library has more than 2500 optimized
algorithms and is used by companies such as Google, Yahoo, Microsoft, Intel, IBM,
Sony, Honda, and Toyota, with estimated number of downloads exceeding 18
million.

First, we convert the images to black and white, and then we blur these images
using the Gaussian kernel filter [91] reducing the high-frequency noise from images.
To identify the shapes presented in the images, we use the algorithm findContours
with simple approximation as the contour approximation method. We opt for
simple approximation due to saving memory purpose2.

Once we have a list of the identified shapes, we use the pointPolygonTest algo-
rithm to perform a point-in-contour test to determine whether the text fragments
(provided by Google Cloud Vision) are inside the identified shapes. After that,
we apply a slightly modified version of RH. This modified version is called shape
detection heuristics (SDH).

Grouping the text fragments into the shapes they belong to, allows us to apply
the heuristics in a less strict manner. While in the RH the threshold for the vertical
distance is half of the font size, for the SDH the new threshold becomes the font
size. The change of this value was derived from the analyzed models following
the same methodology described to identify the RH. This is the only difference
between the heuristics used in both approaches.

The merging process is done on two text fragments at a time. For example,
consider the following model in Figure 4.3. There are three elements in this model:
Navigation System, Application Controller, and Engine Speed Selector. Because of
the text is positioned on multiples lines, the OCR service recognizes Application
Controller as two elements “Application” and “Controller”; and Engine Speed Selector
as three elements “Engine”, “Speed” and “Selector”. In this example, our tool

2https://docs.opencv.org/master/d4/d73/tutorial_py_contours_begin.html

https://docs.opencv.org/master/d4/d73/tutorial_py_contours_begin.html
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Application 
ControllerNavigation System

Engine
Speed

Selector

Figure 4.3: An example of a model in which the multi-line text error occurs
on Application Controller and Engine Speed Selector elements.

starts checking whether “Navigation System” should merge with “Application”,
“Controller”, “Engine”, “Speed”, and “Selector”. In case of a merging, the merged
text fragments become one, and we repeat the operation until all text fragments are
checked. The merging is only considered correct if the order of the text fragments
is correct. Having the element Application Controller as example, the merging is
correct if the final result is “Application Controller” and wrong if it is “Controller
Application”.

We selected Google Cloud Vision as the OCR technology because of its high
precision and recall as shown in the previous chapter. It is worth mentioning that
our tool works with any OCR service, as long as, the service also provides the
coordinates of the text fragment presented in the image. Our approach works as
follows: we submit a collection of models to Google Cloud Vision that returns the
list of text fragments and their coordinates in respect to the their models. Our tool
processes the list of text fragments following a set of heuristics (with or without
image processing) to identify and merge the text that is positioned on multiple
lines, and exports a new list of text fragments. Every text fragment is one element
of the model. Finally, we compare the final version of the text fragments with the
ones manually extracted. These steps are summarized in Figure 4.4.

Limitation—Position
When we submit an image to be processed by Google Cloud Vision, we obtain as
response the recognized text and the coordinates (x,y) in pixels of the text in the
image. For this study, our tool uses these coordinates to verify whether the text
should be merged. However, in our preliminary experiments we observed that
these coordinates are not 100% reliable. For example, considering the coordinates
(x,y) of two textual elements that are aligned to the left. We would expect that the
X values would be the same for both of textual elements. However, it is not always
true. Thus, we have to take into account a tolerance range.

Another limitation we found is that we cannot specify the Google Cloud Vision
version we want to use. This can be problematic because we observed that the
coordinates of some textual elements provided by Google Cloud Vision changed
along the months. We conjecture that it happened due to an update of the service.
Cummaudo et al. [54] also identified that Google Cloud Vision changes its response
over time.

4.2.3 Models Selection
The methodology used to select the models for this study is similar to the one
presented in the previous chapter. The differences are the number of models. For
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Models Text fragment 
list

Identification and 
merging of text on 

multiple lines

Final text 
fragment list

Text fragments 
extracted manually

Figure 4.4: Google Cloud Vision extracts a list of text fragments from a set of
models. XAMÃ receives this list as input, processes it to identify and merge
the text fragments that are positioned on multiple lines. As output, XAMÃ

produces a final text fragment list to be compared with the text fragments
extracted manually.
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Table 4.1: List of models used to answer RQ1 and RQ2.

Source Models
#Models presenting

text positioned
on multiple lines

Blasera et al. [31] Figures 1, 3 2
Dounis et al. [71] Figures 1-3, 5 3
Zhou et al. [320] Figures 1b - 4, 6, 11,

13, 15, 19, 20
10

Zhu et al. [321] Figures 1 - 3(a), 5, 6 5
Class Diagram (UML) [256, 257, 258, 259,

260, 261, 262, 263,
264, 266]

3

Sequence Diagram (UML) [285, 289, 290, 291,
292]

2

Use Case (UML) [294, 298, 299, 300,
301]

2

MatLab Simulink [159, 160, 161, 162,
163, 164, 165, 166,
167]

9

Total 51 36

this study, we selected 51 models instead of 43, and we used a different repository
for UML sequence diagrams. In the previous chapter, we found five sequence
diagrams in the Models-DB repository. However, for this study, we could not find
additional five sequence diagrams, we found only one in the Models-DB repository.
The other four sequence diagrams we arbitrarily selected from the Lindholmen
Dataset [105].

The selected models are organized as follows: 21 models from the scientific
papers, 10 models from the example catalog of MatLab Simulink, and 20 UML
diagrams (10 class diagrams, five use case diagrams, and five sequence diagrams).
The majority (70%) of the models of this dataset presents text fragments positioned
on multiple lines. It is worth mentioning that the presence of multi-line text was
not a selection criterium for the models. Table 4.1 presents the models used in this
study and the number of models per type that have text on multiple lines.

We also decided to include models that do not present text fragments positioned
on multiple lines. The reasoning behind this decision is because there is a possibility
of merging text fragments that should not be merged, causing false positives.

4.3 Results
4.3.1 RQ1 - How accurate are our heuristics in identifying multi-line problems?

XAMÃ was designed to identify whether the text is positioned on multiple lines
and merge the fragments that should be merged correcting the multi-line text error.
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It is important to stress that in the following analysis we ignore other errors such
as character confusion and wrong char. Therefore, to evaluate the precision and recall
we consider as true positive those text fragments that XAMÃ correctly identified as
positioned on multiple lines, and also those that XAMÃ identified as positioned on
one single line. The reason for this is that it is possible that XAMÃ misinterprets
two different text fragments as if they were only one but positioned on multiple
lines, causing false positive.

Without shape detection
We first evaluate our approach without the shape detection feature i.e., applying
our heuristics without shape detection. As results, XAMÃ correctly identified
905 out of 1171 elements, with the overall precision of 75%, recall of 77%, and
f-measure of 76%. Figure 4.5 (top) presents the distribution of these values. We
observe that the majority of models that present precision lower than 70% are
models from scientific papers. The reasons for low precision are: most of the text
fragments are composed by long sentences, for instance: “Store the best value
for the regularization parameter”; the presence of mathematical equations or
subscripts; and the text distance between the text fragments is higher than the
threshold defined in the RH. Most of the models ≈66% are located on the upper
right side of the plot, meaning that they present precision and recall higher than
70%.

We also used f-measure as a metric to evaluate the accuracy of XAMÃ. The
f-measure values are presented in Figure 4.6. We observe that≈66% of the analyzed
models have f-measure values greater than 70%. UML diagrams are the models
that present higher values, and models from scientific papers are the models that
present lower values.

With shape detection
When applying the shape detection feature, XAMÃ correctly identified 956 ele-
ments, improving the overall precision, recall and f-measure to 84%, 82%, and
83% respectively. Figure 4.5 (bottom) presents the distribution of these values. We
observe that five models present precision and recall below 50%. Without the shape
detection the amount of models presenting values below 50% are: 11 models for
precision and eight for recall.

With or Without?
Performance of XAMÃ with and without shape detection is presented in Table 4.2.
By using shape detection we improved the precision in 19 models (seven Matlab
Simulink models, and 12 models from the scientific papers), and the recall in 18
models (seven Matlab Simulink models, and 11 models from the scientific papers).

We hypothesize that XAMÃ with shape detection feature outperforms the
version without the shape detection in terms of both precision and recall. Formally,
we state the following hypotheses:
• Hp

0 : The median difference between the precision for XAMÃ with and without
shape detection is zero.

• Hp
a : The median difference between the precision for XAMÃ with and without

shape detection is greater than zero.
• Hr

0: The median difference between the recall for XAMÃ with and without
shape detection is zero.
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Figure 4.5: Precision (y-axis) and recall (x-axis) obtained by XAMÃ without
shape detection (top), with shape detection (bottom). In this analysis we
focus on Multi-line text and we ignore other error types. There are 12 models
(7 Class Diagrams, 2 Sequence and Use Case Diagrams, and 1 Matlab
Simulink) with perfect precision and recall without shape detection, and 13
models (5 Class Diagrams, 2 Sequence Diagrams and Use cases, 3 Matlab
Simulink, and 1 model from a scientific paper) with shape detection.
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Figure 4.6: F-Measure values focusing on the identification and merging
of text positioned on multiple lines. The mapping of paper model ID and
the models from the selected scientific papers is presented in the Appendix
Table A.1.
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Table 4.2: Precision, recall, and f-measure obtained by our tool with shape
detection (SD), and without shape detection (H). This table shows the results
for those models that presented different results for the used approached.

Precision Recall F-Measure
Model H SD H SD H SD

Class Diagram 14 1.00 0.93 1.00 0.88 1.00 0.90
Class Diagram 15 1.00 0.96 1.00 0.92 1.00 0.94
Matlab Simulink 10 0.78 1.00 0.88 1.00 0.82 1.00
Matlab Simulink 11 0.29 0.48 0.33 0.48 0.31 0.48
Matlab Simulink 14 0.62 0.91 0.73 0.91 0.67 0.91
Matlab Simulink 15 0.39 0.46 0.58 0.63 0.47 0.53
Matlab Simulink 17 0.73 0.79 0.85 0.88 0.79 0.84
Matlab Simulink 18 0.78 0.86 0.90 0.95 0.84 0.90
Matlab Simulink 19 0.89 1.00 0.94 1.00 0.92 1.00
Paper [321] Figure 1 0.36 0.68 0.57 0.81 0.44 0.74
Paper [321] Figure 2 0.58 0.64 0.64 0.64 0.61 0.64
Paper [321] Figure 5 0.45 0.60 0.42 0.50 0.43 0.55
Paper [321] Figure 6 0.58 0.67 0.73 0.80 0.65 0.73
Paper [71] figure 5 0.82 1.00 0.90 1.00 0.86 1.00
Paper [31] figure 1 0.22 0.64 0.29 0.67 0.25 0.65
Paper [31] figure 3 0.44 0.86 0.57 0.86 0.50 0.86
Paper [320] figure 1B 0.40 0.86 0.57 0.86 0.47 0.86
Paper [320] figure 2 0.61 0.55 0.33 0.17 0.43 0.26
Paper [320] figure 3 0.30 0.78 0.47 0.88 0.37 0.82
Paper [320] figure 11 0.83 1.00 0.77 0.85 0.80 0.92
Paper [320] figure 19 0.83 0.90 0.91 0.82 0.87 0.86
Paper [320] figure 20 0.67 0.88 0.67 0.78 0.67 0.82
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Table 4.3: Improvement approach that presents statistically better results
organized by the domain. The “-” means inconclusive result, “SD” means
with shape detection.

Models Precision Recall

UML - -
Matlab Simulink SD SD
Scientific papers SD SD

• Hr
a: The median difference between the recall for XAMÃ with and without

shape detection is greater than zero.

To test these hypotheses we perform two paired Wilcoxon signed-rank tests,
one for precision and another one for recall. Since we perform repeated tests we
need to adjust the p-values to control for the false discovery rate. We use the
method proposed by Benjamini and Yekutieli [28]. The adjusted p-values obtained
for precision and recall are 3.2× 10−5 and 7.3× 10−3, respectively. Hence, we can
reject Hp

0 and Hr
0 and state that XAMÃ with shape detection outperforms XAMÃ

without shape detection.

We also investigated the corresponding hypotheses separately for UML dia-
grams, Matlab Simulink models, and models from scientific papers, using the same
Wilcoxon signed-rank tests. The adjusted p-values are below the commonly used
threshold of 0.05 for four of the six comparisons (three types of models × precision
or recall). As conclusion the use of shape detection improved the results for Matlab
Simulink models and models from the scientific papers in terms of precision and
recall. For UML diagrams the results were inconclusive as presented in Table 4.3.

As expected, adding the shape detection on top of the heuristics represents
additional costs. Therefore, we also calculated the time spent to execute each
approach. For every model, we run our approaches 40 times, we exclude the first
10 results (as a common practice) and we calculate the median. The results are
presented in appendix Tables A.2, A.3, and A.4. Finally, we use the medians to
calculate the ratio that is presented in Figure 4.7. Our experiments were executed
on a MacBook Pro 16” (2019) with an Intel 2.4-GHz 8-core i9 processor turbo boost
5.0 GHz, 32 GB 2666-MHz DDR4, AMD Radeon Pro 5300M 4 GB, Intel UHD
Graphics 630 1536 MB, MacOS Catalina.

Even though the shape detection makes the tool 111.28 (median) times slower,
they still present reasonable execution times. For example, Figure 3 from the paper
by Zhou et al.[320] presents the slowest execution time (with shape detection)
around 0.02 seconds. Therefore, using shape detection not only produce better
results but also performs reasonably well.
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Figure 4.7: Presents the ratio between the two approaches (with and without
shape detection). The ratio is calculated using the median execution time
using shape detection, divided by the median execution time without the
shape detection. The mapping of paper model ID and the models from the
selected scientific papers is presented in the Appendix Table A.1.
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Take away message

XAMÃ correctly (without/with shape detection feature) identified 905/956
out of 1171 elements, presenting precision of 75/84%, recall of 77/82%, and
f-measure of 76/83%. With shape detection XAMÃ produced statistically
better results for Matlab Simulink models and model from scientific papers.

4.3.2 RQ2 - What is the overall impact, in terms of precision and recall, of using
our approaches?
To answer this research question, we compared the results produced by Google
Cloud Vision with the results produced by XAMÃ with and without shape de-
tection. For the following analyzes, even if the identification and merging of the
text fragment positioned on multiple lines is made correctly, the “final" version of
the text might be wrong due to another kind of error such as missing char or extra
char. For example, assuming that the OCR service, wrongly, recognizes the ele-
ment “Application Controller” from Figure 4.3 as two elements “Applicati0n” and
“Contr0ller”. By applying XAMÃ, these elements become “Applicati0n Contr0ller”.
Even though the merging is correct, the text fragment is wrong because of other
kind of error (character confusion). Therefore, a priori the correction of the multi-line
text error might not lead to higher precision and recall in general.

Without shape detection
We observe the same results in 27 out of 51 models. XAMÃ presents better results in
22 models in terms of precision and f-measure, and in 16 models in terms of recall.
Google Cloud Vision presents better results in one model in terms of precision, and
in two models in terms of recall and f-measure. The overall precision and recall are
presented in Table 4.4.

As expected, the overall improvements are better noticed on those models that
present more text fragments positioned on multiple lines. The best improvements
on precision, recall, and f-measure are on the following models:
• Figure 2 (Appendix Figure A.1) from the paper by Dounis et al. [71] with

values improving from 13% to 50% (precision), 9% to 27% (recall) and 11%
to 35% (f-measure);

• Figures 1b (Appendix Figure A.2) and 3 (Appendix Figure A.3) from the
paper by Zhou et al. [320] with values improving from 17% to 40% (precision),
29% to 57% (recall) and 21% to 47% (f-measure) for Figure 1b, and from 2%
to 30% (precision), 3% to 47% (recall) and 2% to 37% (f-measure) for figure 3.

We hypothesize that XAMÃ will outperform Google Cloud Vision in terms of
both precision and recall. Formally, we state the following hypotheses:
• Hp

0 : The median difference between the precision for XAMÃ and Google
Cloud Vision is zero.

• Hp
a : The median difference between the precision for XAMÃ and Google

Cloud Vision is greater than zero.
• Hr

0: The median difference between the recall for XAMÃ and Google Cloud
Vision is zero.

• Hr
a: The median difference between the recall for XAMÃ and Google Cloud

Vision is greater than zero.
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Table 4.4: Precision, recall, and f-measure obtained by Google Cloud Vision
(GCV) and our tool (H/SD) where “H” means without shape detection, and
“SD” means with shape detection.

Model
Precision Recall F-Measure

GCV
Our Tool
(H/SD)

GCV
Our Tool
(H/SD)

GCV
Our Tool
(H/SD)

Class Diagram 13 0.82 0.77 0.85 0.79 0.84 0.78
Class Diagram 14 0.75 0.75/0.73 0.75 0.75/0.69 0.75 0.75/0.71
Class Diagram 15 0.85 0.85/0.80 0.85 0.85/0.77 0.85 0.85/0.78
Class Diagram 16 0.68 0.72 0.71 0.74 0.69 0.73
Class Diagram 17 0.59 0.74 0.66 0.70 0.62 0.72
Class Diagram 20 0.49 0.49 0.43 0.40 0.46 0.44
Sequence Diagram 9 0.74 0.83 0.82 0.88 0.78 0.86
Sequence Diagram 10 0.65 0.68 0.81 0.81 0.72 0.74
Use Case 8 0.67 0.69 0.80 0.80 0.73 0.74
Matlab Simulink 10 0.78 0.78/0.94 0.88 0.88/0.94 0.82 0.82/0.94
Matlab Simulink 11 0.25 0.25/0.43 0.29 0.29/0.43 0.27 0.27/0.43
Matlab Simulink 13 0.33 0.43 0.37 0.43 0.35 0.43
Matlab Simulink 14 0.43 0.72/0.91 0.59 0.59/0.91 0.50 0.65/0.91
Matlab Simulink 15 0.14 0.18/0.24 0.21 0.26/0.32 0.17 0.21/0.27
Matlab Simulink 16 0.60 0.70 0.58 0.58 0.59 0.63
Matlab Simulink 17 0.68 0.73/0.79 0.81 0.85/0.88 0.74 0.79/0.84
Matlab Simulink 18 0.67 0.74/0.82 0.80 0.85/0.90 0.73 0.79/0.86
Matlab Simulink 19 0.89 0.89/1 0.94 0.94/1 0.92 0.92/1
Paper [321] Figure 1 0.23 0.36/0.68 0.43 0.57/0.81 0.30 0.44/0.74
Paper [321] Figure 2 0.33 0.33/0.36 0.36 0.36/0.36 0.35 0.35/0.36
Paper [321] Figure 5 0.18 0.18/0.30 0.17 0.17/0.25 0.17 0.17/0.27
Paper [321] Figure 6 0.16 0.22/0.28 0.20 0.27/0.33 0.18 0.24/0.30
Paper [71] Figure 2 0.13 0.50 0.09 0.27 0.11 0.35
Paper [71] Figure 5 0.73 0.73/0.90 0.80 0.80/90 0.76 0.76/90
Paper [31] Figure 1 0.11 0.21/0.60 0.17 0.29/0.63 0.13 0.25/0.61
Paper [31] Figure 3 0.42 0.44/0.86 0.57 0.57/0.86 0.48 0.50/0.86
Paper [320] Figure 1b 0.17 0.40/0.75 0.29 0.57/0.86 0.21 0.47/0.80
Paper [320] Figure 2 0.45 0.54/0.48 0.29 0.30/0.23 0.35 0.39/0.31
Paper [320] Figure 3 0.02 0.30/0.78 0.03 0.47/0.88 0.02 0.37/0.82
Paper [320] Figure 4 0.27 0.31 0.50 0.50 0.35 0.38
Paper [320] Figure 11 0 0.08/0.18 0 0.08/0.15 0 0.08/0.17
Paper [320] Figure 19 0.69 0.83/0.90 0.82 0.91/0.82 0.75 0.87/0.86
Paper [320] Figure 20 0.67 0.67/0.88 0.67 0.67/0.78 0.67 0.67/0.82
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Table 4.5: OCR service that presents statistically better results organized by
the domain. The “-” means inconclusive result, “H” means without shape
detection, and “SD” means with shape detection.

Models
Precision
(H/SD)

Recall
(H/SD)

UML -/- -/-
Matlab Simulink H/SD -/SD
Scientific papers H/SD -/SD

To test these hypotheses we perform two paired Wilcoxon signed-rank tests,
one for precision and another one for recall, as described previously in RQ1. The
adjusted p-values obtained for precision and recall are 5.7× 10−6 and 2.3× 10−4,
respectively. Hence, we can reject Hp

0 and Hr
0 and state that XAMÃ without shape

detection outperforms Google Cloud Vision.
This discussion indicates that while overall XAMÃ outperforms Google Cloud

Vision, this does not imply that this should also be the case for models of different
domains. This is why we formulate the corresponding hypotheses separately for
UML diagrams, Matlab Simulink models, and models from scientific papers. They
were tested using the same paired Wilcoxon signed-rank tests as before.

The adjusted p-values are below the commonly used threshold of 0.05 for
two of the six comparisons (three types of models × precision or recall). As
conclusion XAMÃ improved the results for Matlab Simulink models and models
from the scientific papers in terms of precision. For UML diagrams the results were
inconclusive, as presented in Table 4.5.

With shape detection
We observe that XAMÃ presents the same results of Google Cloud Vision in terms
of both precision and recall in 19 models. XAMÃ presents better result in terms
of precision in 29 models, and recall in 22 models. Google Cloud Vision presents
better results in three models in terms of precision, and in five models in terms of
recall and f-measure. The best improvements on precision, recall, and f-measure
are on the following models:
• Figure 1 (Appendix Figure A.4) from the paper by Blasera et al. [31] with

values improving from 11% to 60% (precision), 17% to 63% (recall) and 13%
to 61% (f-measure);

• Figures 1b (Appendix Figure A.2) and 3 (Appendix Figure A.3) from the
paper by Zhou et al. [320] are also presented as the best improvements when
using XAMÃ without the shape detection feature. However, using shape
detection XAMÃ could improve the results even further. For Figure 1b the
precision is 75%, recall is 86% , and f-measure is 80%. For Figure 3 the
precision is 78%, recall is 88% and f-measure is 82% .

Since XAMÃ without the shape detection feature outperformed Google Cloud
Vision, we expected that XAMÃ with the shape detection feature would also outper-
form Google Cloud Vision. Therefore, we tested these hypotheses using the same
two paired Wilcoxon signed-rank tests. As result, the tests confirms our hypothesis
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presenting adjusted p-values of 1.3× 10−7 and 3.1× 10−5 for precision and recall
respectively.

We also tested these hypotheses separately for UML diagrams, Matlab Simulink
models, and models from scientific papers. Using the shape detection feature,
XAMÃ improved the results for Matlab Simulink models and models from scientific
papers, but for UML models the tests presents inconclusive results. It is worth
mentioning that the amount of text fragments positioned on multiple lines, causing
the multi-line text error, is not high on UML diagrams (17 out of 604 elements).
Therefore, there is not enough multi-line text error in the UML diagrams to be
correct by XAMÃ that could lead to statistically better results. The distribution
of these elements that could cause the multi-line text error is the following: nine
elements in three class diagrams, three elements in two sequence diagrams, and
five in two use cases.

Take away message

With shape detection feature XAMÃ outperforms Google Cloud Vision in
terms of precision and recall for Matlab Simulink models and models from
scientific papers. Without the shape detection feature, XAMÃ outperforms
Google Cloud Vision only in terms of precision. The results are inconclusive
for UML diagrams due to the low amount of Multi-line text error that could
be corrected by XAMÃ.

4.3.3 RQ3 - How accurate is our tool compared to a domain specific tool?
We investigate how XAMÃ which is a combination of a general-purpose OCR
technique and our generic approach (with and without shape detection features)
would perform compared to a domain specific tool. To answer this question, we
select Img2UML as a domain specific tool because of its accuracy in extracting
UML models from images [128].

Img2UML [127, 128] is a system written in VB.NET and using the MODI library
to extract the text from images. The system takes an image of a class diagram as
input, and as output it generates a XMI file that represents the class diagram to be
visualized by StarUML CASE tool.

Since Img2UML has been designed specifically for UML class diagrams, we
compare the precision and recall only for this type of models. To answer this
research question, we analyzed 20 UML class diagrams. The UML class diagrams
used to answer RQ1 and RQ2, and additional 10 UML class diagrams [267, 268, 269,
270, 271, 272, 273, 274, 275, 277]. It is worth mentioning that we only compare the
accuracy related to the text recognition. The classes and relationships identification
are out of the scope of this study.

In overall, XAMÃ correctly recognized 433/431 (without/with shape detection)
out of 614 elements, while Img2UML correctly recognized 171 elements. Table 4.6
presents the precision, recall, and f-measure obtained for these class diagrams. We
observe that XAMÃ presented better results than Img2UML in all cases. Therefore,
we hypothesize that XAMÃ outperforms Img2UML in terms of both precision and
recall. Formally, we state the following hypotheses:
• Hp

0 : The median difference between the precision for XAMÃ and Img2UML is
zero.
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Table 4.6: Precision, recall, and f-measure obtained by Img2UML and XAMÃ.
The “H” means without shape detection, and “SD” means with shape
detection.

Precision Recall F-Measure

Model Img2UML
XAMÃ

(H/SD)
Img2UML

XAMÃ

(H/SD)
Img2UML

XAMÃ

(H/SD)

CD 11 0.55 0.85 0.35 0.87 0.43 0.86
CD 12 0.63 0.80 0.50 0.80 0.56 0.80
CD 13 0.50 0.77 0.47 0.79 0.49 0.78
CD 14 0.31 0.75/0.73 0.31 0.75/0.69 0.31 0.75/0.71
CD 15 0.38 0.85/0.80 0.38 0.85/0.77 0.38 0.85/0.78
CD 16 0.08 0.72 0.08 0.74 0.08 0.73
CD 17 0.00 0.74 0.00 0.70 0.00 0.72
CD 18 0.13 0.96 0.13 0.96 0.13 0.96
CD 19 0.65 0.82 0.65 0.82 0.65 0.82
CD 20 0.08 0.49 0.05 0.40 0.06 0.44
CD 21 0.50 0.56 0.42 0.53 0.46 0.54
CD 22 0 0.67 0 0.80 0 0.73
CD 23 0.70 0.96 0.58 0.96 0.64 0.96
CD 24 0.22 0.61/0.63 0.19 0.65 0.20 0.63/0.64
CD 25 0.29 0.94 0.29 0.94 0.29 0.94
CD 26 0.13 0.60/0.71 0.14 0.64/0.71 0.14 0.62/0.71
CD 27 0.44 0.61 0.42 0.60 0.43 0.61
CD 28 0.06 0.53 0.05 0.53 0.05 0.53
CD 29 0.38 0.50 0.38 0.50 0.38 0.50
CD 30 0.42 0.67 0.42 0.67 0.42 0.67

• Hp
a : The median difference between the precision for XAMÃ and Img2UML is

greater than zero.
• Hr

0: The median difference between the recall for XAMÃ and Img2UML is
zero.

• Hr
a: The median difference between the recall for XAMÃ and Img2UML is

greater than zero.
To evaluate these hypotheses, we used the same statistic tests as before. XAMÃ

with or without shape detection feature does not present significantly different
values for precision and recall on UML class diagrams. Therefore, we expect that
the p-values obtained from the tests between Img2UML and XAMÃ with shape
detection, and between Img2UML and XAMÃ without shape detection would be
the same. The adjusted p-values obtained for both precision and recall is 1.4× 10−6.
Hence, we can reject Hp

0 and Hr
0 and state that XAMÃ outperforms Img2UML. We

also calculate the Cliff’s delta [46]. A non-parametric effect size measure for ordinal
data. We consider the effect size values: |d|< 0.147 “negligible”, |d|< 0.33 “small”,
|d| < 0.474 “medium”, otherwise “large” as defined by Romano et al. [216]. We
obtained a large Cliff’s delta value -0.8625, and a 95% confidence interval being
between -0.98 and -0.25.



64 Chapter 4. Post-processing OCR to Correct Multi-line Text Errors

Take away message

XAMÃ outperforms Img2UML in terms of precision and recall being capable
of correctly recognize 433/431 (without/with shape detection) out of 614
elements, as oppose to 171 by Img2UML.

4.4 Threats to Validity
As any empirical study our work is subject to threats to validity. In this section,
we describe the actions we took in order to increase the validity and decrease the
threats. Besides the ones already identified in the previous chapter, there is one
additional threat to take into account:

Internal validity, we do not know which version of Google Cloud Vision we
used in this study, nor we can chose the version. As consequence, it is possible that
future Google Cloud Vision update might break our heuristics. In order to mitigate
this problem, we opted to be as conservative as possible regarding the size of the
tolerance range used to identify whether the text is positioned on multiples lines
or not.

4.5 Discussion and Future Work
We proposed two approaches to correct the multi-line text error. To achieve this goal,
we investigated a set of models that have this problem and we defined a collection
of heuristics to be used to correct them. The main challenge in our approach was
to identify right heuristics that would present a good accuracy independently of
the domains of the model in study. Therefore, we opted to be as conservative
as possible. One approach consists using the position (coordinates) of the text
fragments, and the other approach adds shape detection feature to group the text
fragments improving the results.

We evaluate the accuracy of XAMÃ in identifying whether the text fragment is
positioned on multiple lines and if the merging of the text fragments is performed
correctly. In this evaluation, we ignored other error types that XAMÃ could not fix,
such as character confusion. We observed that XAMÃ, without the shape detection
feature, correctly identified 905 out of 1171 elements positioned on single or mul-
tiple lines. We consider these numbers as good results, specially because of the
fact it is a lightweight approach that uses the coordinates to identify whether the
text fragments should be merged or not. We improved these numbers when we
combined a slightly modified version of these heuristics with the identification of
shapes such as boxes. Using the shape detection feature the tool correctly identified
956 elements and improved the precision from 75% to 84%, the recall from 77%
to 82% and f-measure from 76% to 83%. We evaluate this as good improvements
and they were statistically better on Matlab Simulink and models retrieved from
scientific papers.

As expected, the combination of these techniques demands more computational
processing making the tool slower. Thus, we calculated the costs (time) of using the
shape detection, and we observed that this feature makes the tool 111.28 (median)
times slower. Although this number might represent a high ratio, in practice



4.6 Related Work 65

it is not noticeable for human beings because the measurement unit of time is
nanosecond. Having the slowest execution time as example. It took 0.02 seconds
to be executed representing negligible costs. Finally, we conclude that using the
shape detection feature improve the text recognition and presents a reasonable
execution time.

Next, we compared the overall accuracy between XAMÃ and Google Cloud
Vision. We performed two paired Wilcoxon signed-rank tests to conclude that
our approaches outperformed Google Cloud Vision. As expected the accuracy
presented by XAMÃ was higher on those models that have more text fragments
positioned on multiple lines. This analysis shows the importance of correcting
this error. By having the models from scientific papers as example: we observed
that in Figure 2 from the paper by Dounis et al. [71] the precision increased almost
40%. We obtained even better improvements when using the shape detection,
for instance in Figure 3 from the paper by Zhou et al. [320] the improvement on
precision was 76%, and 84% on recall.

The imprecision of the coordinates provided by Google Cloud Vision partially
explains the reason why some models present low precision and recall. Due to
this imprecision, we had to add a tolerance range when evaluating whether the
text fragment is positioned on multiple lines or not. When increasing the tolerance
range, we also increase the number of identified text positioned on multiple lines.
However, it causes a raise of false positives due to the misinterpretation of text
that are not positioned on multiple lines. We decided not to increase the tolerance
range because we opted for high precision to the detriment of recall.

Finally, we compared the results produced by XAMÃ with the ones presented
by Img2UML, a domain specific tool. We also performed two paired Wilcoxon
signed-rank tests and we concluded that XAMÃ outperformed Img2UML both in
precision and recall. Text recognition is only one part of Img2UML, this tool is also
capable of detecting shapes in order to identify the classes and the relationships
between the classes. In this evaluation, we only compared the text recognition.
We conjecture two possible reasons for the weak accuracy by Img2UML. The
first reason might be the fact Img2UML uses an outdated OCR engine for text
recognition. Hence, we believe that Img2UML can improve significantly once it
updates the OCR engine to a newer one such as Google Cloud Vision. The second
reason might be that Img2UML is optimized to class diagrams exported by one
specific CASE tool.

We investigated the possibility of using OCR to extract text from models from
different domain, and we proposed two approaches to correct the multi-line text
error produced during the text extraction. However, all analyzed graphical models
were designed using computer tools, and we believe that extracting information
from hand-written model also plays an important role in the model management.
Therefore, we envision evaluating our approaches on hand-written graphical
models drawn on a piece of paper or a whiteboard.

4.6 Related Work
To the best of our knowledge, there are no studies proposing techniques to correct
multi-line text errors. There are, however, a number of studies proposing post
possessing techniques to correct misspellings produced by OCR.
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Cacho et. al. [39] propose combining edit Levenshtein distance with the concept
of context given by trigrams i.e. a contiguous sequence of three words. The authors
use Google Web 1T Database as context to support the acceptance of words with
bigger edit Levenshtein distance in case where the candidate word makes more
sense in the context of the sentence.

Bassil and Alwani [22] propose using the Google online spelling suggestion
to identify and correct words that have been misspelled during the OCR process.
When applied this approach, the authors observed a significant improvement in
OCR error correction rate.

Kanjanawattana and Kimura [126] propose an approach that uses ontologies,
natural language processing (NPL), and edit distance to improve the OCR result
correction. Differently from the other approaches, in this study the authors use
a collection of two-dimensional bar graphs from journal articles as dataset. The
authors concluded that their solution is effective because of the high accuracy
compared to other methods.

Lasko and Hauserb [143] evaluated five methods to correct misspelled words
during the OCR process. The methods evaluated in this study were: the edit
distance algorithm with a probabilistic substitution matrix, an adaptation of the
cross correlation algorithm, Bayesian analysis, Bayesian analysis on an actively
thinned reference dictionary, and the generic edit distance algorithm. The authors
concluded that Bayesian algorithm is the most accurate one.

Khirbat [132] proposes the use of support vector machine (SVM) to identify
misspellings, and the use of Levenshtein’s edit distance and simulated annealing
(SA) algorithm to correct the words. In the end they validate the words checking
whether they are present in Google Web n-gram corpus.

Perianez-Pascual et. al. [200] evaluate the use of OCR in recognizing OCL
expressions and propose strategies to improve the quality of this recognition. They
evaluate these strategies in a collection of 3250 images of OCL expressions. As
conclusion, they improve the OCR recognition in 15.63%.

4.7 Conclusion
In this chapter, we present two approaches to correct the multi-line text error
described in the previous chapter. We evaluated these approaches in a collection of
51 models from different domains: 20 UML diagrams, 10 MatLab Simulink models,
and 21 models from scientific papers from the system engineering domain.

Our approaches consist of identifying and merging textual elements that are po-
sitioned on multiple lines. For this goal, we defined a set of heuristics that take into
consideration the location, alignment, and the distance of the text fragments. For
the second approach we combined a slightly modified version of these heuristics
with a shape detection feature using well-known image process techniques.

We compared these two approaches in terms of precision, recall, and f-measure,
and we concluded that our tool, with shape detection feature, presents statistically
better results on Matlab Simulink and models from scientific papers. We also
compared out tool with Google Cloud Vision, and our tool outperformed Google
Cloud Vision.

Additionally, we compared the results produced by our tool with the ones
presented by Img2UML. We observed that our tool outperformed Img2UML both
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in precision and recall. We conjecture that the reason might be due the use of an
outdated OCR engine.

To conclude, we observed that correcting multi-line text error can increase
significantly the overall accuracy, specially when the model presents a high number
of text positioned on multiple lines. Our tool produces produces goods results on
both approaches (with and without shape detection).





5. Identification of Relationships Between Models
from Different Domains

In this chapter, we investigate the use of string matching in identifying relationships
between models from different domains. For this goal, we extended XAMÃ to
include an approach that searches for possible relationships between an image of a
graphical model and graphical or textual representation of another model using
string matching techniques. We evaluated XAMÃ in identifying the relationships
between three images of graphical models and two files of Matlab Simulink models.
As a result, we observed that XAMÃ combined with a domain specific dictionary
presents recall values above 60% in two out of the three graphical models. However,
due to the high amount of false positives, the precision is low being 28%, 13% ,
and 39%. We also investigated the use of Jaro-Winkler and Levenshtein distance
measures in identify the relationships between the models. We observed that in
general Jaro-Winkler presented better results than Levenshtein. As conclusion,
we suggest the use of our approach with dictionary when recall or f-measure are
more important than precision. In case the precision is more important, then we
recommend to use our approach without dictionary. We recommend the use of our
approach combined with Jaro-Winkler in situations where the midterm between
precision and recall is desirable.

5.1 Introduction
In the previous chapters, we evaluated the use of OCR in extracting text from
models from different domains. We identified a collection of common errors
produced by OCR services. We proposed a solution for the multi-line text error,
which is one of the most problematic errors.

In this chapter, we evaluate the use of string matching in identifying rela-
tionships between models from different domains. As input, we use images of
graphical models provided by Tech United Eindhoven1 which is a team of multi-
disciplinary engineers and scientists that create autonomous robots. They design
service robots that provide assistance in homes, and soccer robots that compete

1https://www.techunited.nl/

https://www.techunited.nl/
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in soccer tournaments against other autonomous robots. These robots are cre-
ated by mechanical, electrical, and software engineers following the model-driven
engineering methodology. Our tool, XAMÃ, automatically extracts the names of
the elements, and identifies relationships between them and graphical or textual
representation of other models. Additionally, we also investigated the impact of
using a domain specific dictionary, Jaro-Winkler string similarity measure, and
Levenshtein distance in identifying these relationships. Our hypothesis is that
elements might share the same name even though they are in models from different
domains, consequently establishing some relation between them.

The identification of relationships between models is important for two main
reasons. The first reason is to support the model management facilitating the
consistency checking as suggested by Qamar et al. [206]. The second reason is
to help engineers, that do not have sufficient domain knowledge, in identifying
related models elements. It can be specially useful for new team members in big
projects.

In this chapter, we aim at identifying the relationships between models from
different domains. The identification of the type of the relationship, for instance
“inheritance”, is out of the scope. We formulated the following research question:
• RQ) How accurate is the string matching technique in identifying (cross-

domain) relationships?
– Motivation: Knowing the string matching accuracy in identifying

(cross-domain) relationships is important to evaluate whether this
technique can be used for this goal.

– Answer: We evaluate our approach on three different models provided
by Tech United: Cascade Control Structure, Filter Architecture, and
Low Level Motion Control. As results, we obtained precision of 62%,
9%, and 29%; and recall of 40%, 13%, and 65% respectively. By us-
ing a domain specific dictionary, we observed an improvement in the
recall for models: Cascade Control Structure (75%) and Filter Architec-
ture (39%). However, the use of dictionary increased the number of
false positives, decreasing the precision for these models. Regarding
Low Level Motion Control model, the recall remained the same, but
precision slightly decreased to 28%. We also investigate the use of
Levenshtein distance, and Jaro-Winkler string similarity measures in
identifying the relationships. We observed that using Jaro-Winkler
string similarity produces better results than using the Levenshtein
distance.

To encourage replication of our work, the data we collected is available on:
https://bit.ly/ShareDataChapter5 .

We present an updated version of XAMÃ that includes an approach based on
string matching to identify relationships between models. We evaluate the results
as inconsistent because the precision ranges from 13% to 62% and recall from
39% to 75%. We conclude recommending our approach with dictionary to identify
relationships between models when the f-measure or recall are more important than
precision. Otherwise, we recommend the use of our approach without dictionary.
We recommend the use of our approach combined with Jaro-Winkler in situations
where the midterm between precision and recall is desirable.

We believe that the results can be improved by reducing the number of false

https://bit.ly/ShareDataChapter5
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Figure 5.1: Example of the changes necessary to transform the string “Prin-
ciple” in “Principal”.

positives. Therefore, for future work, we envision investigating ways to improve
the precision by extracting the semantics of the models. An initial step for this
can be by applying image processing techniques to detect the lines and arrows
that connect the boxes presented in graphical models. We believe that identifying
the semantics can help in improving the results, as well as by using a similarity
algorithm that takes word frequency into account.

5.2 Background
In this study, we use string matching techniques to identify relationships between
model elements from different models. Therefore, we use the Levenshtein distance
and Jaro-Winkler string similarity measures as metrics to indicate how different
the name of one element is compared to its counterpart in the other model. We also
evaluate the accuracy of our approach combined with these metrics in identifying
relationships between the models.

Levenshtein distance The Levenshtein distance was created by the mathemati-
cian Vladimir Levenshtein in 1965 [148]. This metric is used to measure the distance
between a pair of strings. This distance is the minimum number of single-character
editions (replace, insert, delete) required to transform one string into another string.
This is the reason why it is also referred as “edit distance”. Figure 5.1 is an example
of how the Levenshtein distance is calculated between the words “Principle” and
“Principal”. The Levenshtein distance of this pair is two because of two substitu-
tions. The first one is replacing the letter “l” from “Principle” with “a”, and the
second one is replacing the letter “e” from “Principle” with “l”.

Jaro-Winkler Jaro [122] is a another string similarity measure approach. Dif-
ferently from Levenshtein, the value of Jaro ranges from 0, meaning no similarity
between two strings (s1 and s2), to 1, meaning the strings are the same. The Jaro’s
equation is described below:

j =

{
0 if m = 0
1
3 (

m
|s1|

+ m
|s2|

+ m−t
|m| ) otherwise (5.1)

Where:
• m is the number of matching characters;
• |si| is the length of the string si;
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• t is half the number of transpositions.

Two characters from a pair of strings are considered a match only if they are the
same and not farther than

⌊
max(|s1|,|s2|)

2

⌋
− 1 characters apart. Transposition is half

of the number of matching characters which are in different orders across two
strings. For example: comparing string “vista” with “visat”. There are 5 matching
characters, however, the order of the letters “t” and “a” is different. Thus, we have
transposition = 2

2 = 1.
In this study, we use the Jaro-Winkler string similarity [311] which is an ex-

tension of Jaro string similarity. According to Winkler, most of the typing errors
occur in the middle or at the end of a word. Thus, Winkler adapted Jaro’s equation
to give emphasis on matching prefixes when the Jaro distance exceeds a certain
threshold b. The Jaro-Winkler’s equation is described below:

w =
{

j if j < b
j + (lp(1− j)) otherwise (5.2)

Where:
• j is the Jaro similarity given two strings;
• l is the length of common prefix at the start of the string (maximum of 4

characters);
• p is a constant weighting factor;
• b is the threshold originally set to 0.7 by Winkler [311].

The standard value for p is 0.1 and should not exceed 0.25 otherwise the similarity
could become larger than 1. Having the following strings as example: “house” and
“houes”. The Jaro distance (Equation 5.1) for these two words is 0.933333. The
length of common prefix l is 3. Substituting in the formula (Equation 5.2) we have
w = 0.933333 + 3 * 0.1 (1 - 0.933333) = 0.953333.

5.3 Methodology
First, XAMÃ extracts text fragments from graphical models and corrects the possible
multi-line text errors when applicable. These steps are detailed in Chapters 3
and 4. Subsequently, XAMÃ uses the list of text fragments2 to identify possible
relationships between the image of the analyzed graphical model and the graphical
or textual representations of other models.

In this study, we identify possible relationships between images of three graph-
ical models and the source code of two MatLab Simulink models3. We opt to
use the MatLab Simulink models but it would work with any other model file as
long as it is a text file or it is possible to obtain a textual representation of it. To
extract the names of the elements presented in the Simulink models we use the
ConQAT library4 an open source project (licensed under Apache License 2.0) that

2XAMÃ recognize a text fragment as the name of one model element
3The Matlab Simulink models are saved in the “SLX” format. The “SLX” file is a com-

pressed package that contains both the Matlab code and the code for Simulink models.
4https://github.com/vimaier/conqat/tree/master/org.conqat.engine.simulink

https://github.com/vimaier/conqat/tree/master/org.conqat.engine.simulink
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Figure 5.2: XAMÃ receives an image of a model as input (model A), and
produces a list of text presented in this image. To identify possible relation-
ships, XAMÃ compares this list with the name of the elements presented
in the source code of another model (model B). As output, it produces a
list of possible relationships to be compared with the list of relationships
manually identified.

provides Java’s Simulink parser library [50, 82]. To extract text from the Matlab
code we use Dom4J5 an open source library used to parse XML documents. We do
not parse the Matlab code, instead we parse the XML file that stores the Matlab
code. Finally, we compare the relationships manually identified by engineers with
the ones automatically identified by XAMÃ. The methodology is presented in
Figure 5.2.

One of the challenges of conducting this study is related to the selection of the
models. This is challenging because we would need different models that represent
the same system, and also because we would need a list of the relationships between
these models to serve as the ground truth. Therefore, it would be imperative to
have sufficient domain knowledge to understand the models to be able to identify
the relationships.

In order to overcome this limitation, we established a collaboration with Tech
United Eindhoven because they own heterogeneous models and the knowledge
to identify the relationships between them. Tech United provided three graphical
models (Figure 5.3, Figure A.6, and Figure A.5) that represents different aspects of
the soccer robot presented in Figure 5.4.

5.3.1 Manual Identification of Relationships

It is crucial to have a list of relationships as ground truth in order to validate the
ones found by XAMÃ. Therefore, we asked two members of the Tech United team
to identify all relationships between the images of the graphical models (Figure 5.3,
Figure A.5, and Figure A.6) and two Matlab Simulink models (“localization_lib.slx”

5https://dom4j.github.io

https://dom4j.github.io
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Figure 5.3: Cascade control structure model of the soccer robot used by Tech
United. Image from [226].

Figure 5.4: Fifth generation soccer robot used by Tech United. The one on
the left side is the goalkeeper robot. Picture from [114].

and “low_level_control_lib.slx”) stored in the Tech United open repository6. As
explained before, identifying the relationships between models is a difficult task
because it requires knowledge of the graphical models and the MatLab Simulink
models. This is the reason why we asked two Tech United members with at least
two years of experience with the soccer robot and designers of the models used in
this study to identify the relationships between the elements of these models.

The manual identification of relationships consists of mapping the elements
presented in images of the graphical models to the elements presented in the Matlab
Simulink models. An example of such mapping is presented in Figure 5.5. For
simplicity sake, the Matlab Simulink model is not shown entirely in this figure. The
dashed lines indicate the relationships between the elements from the graphical
model on the top, and the elements from the Matlab Simulink model on the bottom.

6https://robocup.wtb.tue.nl/svn/techunited/trunk/src/Turtle2/Motion/

https://robocup.wtb.tue.nl/svn/techunited/trunk/src/Turtle2/Motion/
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Cascade Control Structure

low_level_control_lib.slx

Figure 5.5: Identified relationships between the Cascade Control Structure
model and the Matlab Simulink model “low_level_control_lib.slx”. The
dashed lines connect the related elements. For simplicity sake, we do not
present the complete version of the Matlab Simulink model.
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5.3.2 Automatic Identification of Relationships
Related model elements can have similar names as presented in Figure 5.5. Thus,
we decided to evaluate the use of string matching to identify possible relationships
between model elements. Checking whether the names are exactly the same might
lead to missing relationships. Therefore, we propose a combination of string
matching techniques to facilitate the identification of these relationships. It is
important to stress that before applying the string matching techniques, we remove
white space and all special characters from the text such as [, {, <, or _. These
techniques are described below:
• Inversion: we observed that when the name of the model element is com-

posed of two words, this element might appear in another model with the
order of the words swapped. Therefore, we also swap the words as an at-
tempt to find the relationship. This phenomenon is presented in Figure 5.5.
The element “Global position” from the model on the top is represented as
“position_global” in the model on the bottom.
• String comparison: as mentioned before, checking whether two text frag-

ments are exactly the same might result in a high amount of missed relation-
ships. Thus, we opt to check whether one string (the name of one element)
is a substring of another string (the name of the other element). We are not
stemming or lemmatizing words [6] because we believe that these techniques
would increase the number of false positives. We only compare unmodified
strings greater than three characters. The reasoning behind this decision is
that we are checking whether one string is a substring of another string, and
we believe that a string shorter than four characters could lead to a high
amount of false positives.

We observed that different elements might have the same name in the same
graphical model. Having the Filter architecture model (Figure A.5) as an example,
some elements appear more than once: the element “Detect new sample” appears
three times, and the elements “State”, “Measurement model omnivision”, and “
KF correction step” appear twice. Thus, we cannot distinguish which text frag-
ment belongs to each element. In order to handle these cases, we count as true
positive when there is a match between one of the replicated text fragments and
the counterpart from the Matlab Simulink model.

5.4 Results
5.4.1 RQ - How accurate is the string matching technique for identifying (cross-

domain) relationships?
First, we calculate the precision, recall, and f-measure in extracting the name of
the elements from images of the graphical models, and we present the results in
Table 5.1. We observe that the Low Level Motion Control model did not present
high values. The reason for this is due to the amount of equations, subscript, and
Greek letters that are known to be difficult to be recognized by OCR engines as
described in Chapter 3. The other two graphical models present precision and
recall with values above 70%.

As ground truth, Tech United engineers manually identified 20 relationships be-
tween Cascade Control Structure model (Figure 5.3) and “low_level_control_lib.slx”,
20 relationships between the Low Level Motion Control model (Figure A.6) and
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Table 5.1: Precision, recall, and f-measure obtained by our tool.

Model Precision Recall F-Measure

Cascade Control Structure 0.81 0.76 0.79
Filter Architecture 0.71 0.74 0.73
Low Level Motion Control 0.25 0.26 0.26

Table 5.2: Accuracy of XAMÃ in automatically identify relationships. The
“TP” means true positive, “FP” means false positive, “P” means precision,
“R” means recall, and “FM” means F-measure.

Model
Relations
(Manual)

TP
(Automatic)

FP
(Automatic)

P R F-M

Cascade Control
Structure

20 8 5 0.62 0.40 0.48

Filter Architecture 23 3 30 0.09 0.13 0.11
Low Level Motion
Control

20 13 32 0.29 0.65 0.40

“low_level_control_lib.slx”, and 23 relationships between Filter Architecture model
(Figure A.5) and “localization_lib.slx”. We compared the manually identified re-
lationships with the ones identified by XAMÃ and the results are presented in
Table 5.2.

Regarding the relationship identification, XAMÃ presents better recall than pre-
cision. The highest precision 62% occurs on “Cascade Control Structure”, followed
by “Low Level Motion Control” with precision of 29%, and “Filter Architecture”
with precision of 9%. With respect to recall, the “Low Level Motion Control”, and
“Cascade Control Structure” models present 65% and 40% respectively. “Filter
Architecture” presents the lowest value 13%.

Domain Specific Dictionary
The main goal of this study is to evaluate the use of text similarity to identify
relationships between models. We expect that synonyms can play an important
role in this task because some words can be interchangeable. Thus, Tech United
team provided us a list of synonyms and abbreviations of some words to serve as
our domain specific dictionary. The result of the combination of our approach with
the domain specific dictionary is presented in Table 5.3.

By using the domain specific dictionary, we observe an improvement in recall
for “Cascade Control Structure” and “Filter Architecture” models. The recall
for “Cascade Control Structure” model went from 40% to 75%, and the recall for
“Filter Architecture” model went from 13% to ≈40%. The use of dictionary did not
change the recall for “Low Level Motion Control” model. Regarding precision, the
improvement was only observed in the “Filter Architecture” model that went from
9% to 13%. For the other two models, the precision decreased from 62% to ≈40%
for the “Cascade Control Structure” model, and from 29% to 28% for “Low Level
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Motion Control” model.
We expected that the use of dictionary would increase recall, and decrease

the precision because, on one hand, a dictionary would help identifying those
relationships between elements whose names are synonyms. On the other hand,
it can produce more false positives because the use of abbreviations increases the
chances to identify false positives. The reason why the dictionary does not have
an impact in the recall for the Low Level Motion Control is because the relations
were not between synonyms or abbreviations. However, as expected it had an
impact on the precision because the abbreviation of the name of some elements
are substrings of the name of unrelated elements, resulting in increasing numbers
of false positives. Surprisingly, the precision increased for the Filter Architecture
model. It happened because the number of true positives triplicated, while the
number of false positives almost duplicated causing higher precision.

Levenshtein Distance
We calculate the Levenshtein distance between the elements of each relationship
following three different methods: the first one is using manually extracted names
of the elements from the graphical models and calculate the Levenshtein distance
between them and their counterparts from the Matlab Simulink models. In order
words, we are calculating the Levenshtein distance having the ground truth as input
without any modification. The second method is removing all special characters
from the elements of ground truth. The third method is calculating the Levenshtein
distance by applying our approach with the domain specific dictionary on the
ground truth. The results are presented as box plots in Figure 5.6. These box plots
show that the distance between the names of the elements of the relationships
can be as high as 40 (Cascade LD) or as low as zero. We observed that removing
the special characters and the empty spaces decreases the distance between these
elements. The lowest Levenshtein distance in all three models are observed when
applying our approach with the domain specific dictionary.

It is interesting to observe that, as expected, the graphical model that presents
the highest Levenshtein distance values is the one that presents the lowest precision
and recall values for the automatic identification of the relationships (Table 5.3).
Knowing these values is important to limit our expectations when applying XAMÃ.
The values presented in these box plots are obtained when we have a perfect

Table 5.3: Accuracy of XAMÃ (using a dictionary) in automatically identify
relationships. The “TP” means true positive, “FP” means false positive, “P”
means precision, “R” means recall, and “FM” means F-measure.

Model
Relations
(Manual)

TP
(Automatic)

FP
(Automatic)

P R F-M

Cascade Control
Structure

20 15 23 0.39 0.75 0.52

Filter Architecture 23 9 58 0.13 0.39 0.20
Low Level Motion
Control

20 13 33 0.28 0.65 0.40
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Figure 5.6: Levenshtein distance between model elements of each relation-
ship using three different methods having the ground truth as input. The
“LD” means Levenshtein distance without modifying the input data, “LDA”
means using Levenshtein distance modifying the data set using our ap-
proach (inversion and special character removal) with a domain specific
dictionary (synonyms, abbreviation), and “LDC” means using Levenshtein
distance with the special characters removal.

precision and recall for the text recognition. However, it is difficult to present
perfect precision and recall for automatic text recognition on graphical models as
presented in Chapter 3. As shown before on Table 5.1, XAMÃ presents precision
and recall values higher than 70% for the Cascade Control Structure, and Filter
Architecture models, and low (≈25%) values for the Low Level Motion Control
model.

XAMÃ checks whether one string (the name of one element) is a substring of
another string (the name of the other element). In case of a match, XAMÃ indicates
a possible relationship between them. In the following analysis, we evaluated
the accuracy of XAMÃ by replacing this “substring” method with the Levenshtein
distance. Therefore, we compare three methods: the first method is our regular ap-
proach, the second method is our approach with a domain specific dictionary, and
the last method is replacing the “substring” method for the Levenshtein distance.
In cases where XAMÃ uses Levenshtein distance, we defined five thresholds for the
Levenshtein distance. These thresholds range from one, meaning that the distance
between the strings is equal or lower than one, to five, meaning that the distance
between the strings is equal or lower than five. We decided to limit the Levenshtein
distance to five because we observed that the amount of false positives increases
while the amount of true positives remains the same.

Table 5.4 presents the results for the Cascade Control Structure model. We
observe that our approach without dictionary presents the highest precision (62%).
The use of Levenshtein distance (threshold one and two) presents higher precision
than our approach with a domain specific dictionary. Regarding the recall, our
approach with dictionary presents the highest value (75%). The second highest
value (55%) is observed by using Levenshtein distance with five as threshold.
However, it also has the highest amount of false positives (87) shrinking the
precision to ≈10%.

The results for the Filter Architecture model is presented in Table 5.5. Our
approaches without Levenshtein distance were the only ones capable of identifying
relationships between the models. It is important to stress that in the perfect situa-
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Table 5.4: Accuracy of XAMÃ in automatically identify relationships using
three different methods: the first method is our approach without the use
of a domain specific dictionary. The second method is our approach with a
domain specific dictionary (AD). The third method is our approach with
the Levenshtein distance and a domain specific dictionary(ADL). The “GT”
means the amount of relationships manually identified, i,e., the ground
truth. “TP” means true positive, “FP” means false positive, “P” means
precision, “R” means recall, and “FM” means F-measure.

Model and Method GT TP FP P R F-M

Cascade Control Structure 20 8 5 0.62 0.40 0.48
Cascade Control Structure (AD) 20 15 23 0.39 0.75 0.52
Cascade Control Structure (ADL_1) 20 4 4 0.50 0.20 0.29
Cascade Control Structure (ADL_2) 20 4 5 0.44 0.20 0.28
Cascade Control Structure (ADL_3) 20 4 14 0.22 0.20 0.21
Cascade Control Structure (ADL_4) 20 10 54 0.16 0.50 0.24
Cascade Control Structure (ADL_5) 20 11 87 0.11 0.55 0.19

tion, i.e., using the ground truth as input, there would be only four relationships
with Levenshtein distance bellow five, as presented in Figure 5.6. However, these
four relationships are between elements that OCR failed in correctly extract from
the model. Therefore, it would be impossible to find relationships with Levenshtein
distance bellow five.

Finally, Table 5.6 presents the results for the Low Level Motion Control model.
Our approaches without the Levenshtein distance were capable of identifying
more relationships than with the Levenshtein distance. However, the precision
is lower than the ones presented by using Levenshtein distance with threshold
lower than four. It is also interesting to observe that the amount of true positives
does not increase by increasing the Levenshtein distance. While the amount of
true positives remains the same for all Levenshtein distance, the amount of false
positives increases, doubling the values starting from threshold 2.

In general, using the f-measure as the metric to define the best approach, our
approaches presented the highest values in the Cascade Control Struture, and Filter
Architecture models when Levenshtein distance was not used.

Jaro-Winkler
We also investigate the use of Jaro-Winkler in identifying relationships between
the model elements. For this goal, we apply our approach (inversion and special
character removal) on manually extracted names of the elements from the graphical
models. Then, we calculate the Jaro-Winkler similarity between them and their
counterparts from the Matlab Simulink models. The results are presented as box
plots in Figure 5.7.

We observed that approximately half of the relations for Low Level Motion
Control and Cascade Control Structure models have Jaro-Winkler score higher than
0.9. For Filter Architecture model this score is present in ≈20% of the relations.
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Table 5.5: Accuracy of XAMÃ in automatically identify relationships using
three different methods: the first method is our approach without the use
of a domain specific dictionary. The second method is our approach with a
domain specific dictionary (AD). The third method is our approach with
the Levenshtein distance and a domain specific dictionary(ADL). The “GT”
means the amount of relationships manually identified, i,e., the ground
truth. “TP” means true positive, “FP” means false positive, “P” means
precision, “R” means recall, and “FM” means F-measure.

Model and Method GT TP FP P R F-M

Filter Architecture 23 3 30 0.09 0.13 0.11
Filter Architecture (AD) 23 9 58 0.13 0.39 0.20
Filter Architecture (ADL_1) 23 0 4 0 0 0
Filter Architecture (ADL_2) 23 0 7 0 0 0
Filter Architecture (ADL_3) 23 0 16 0 0 0
Filter Architecture (ADL_4) 23 0 37 0 0 0
Filter Architecture (ADL_5) 23 0 59 0 0 0

Table 5.6: Accuracy of XAMÃ in automatically identify relationships using
three different methods: the first method is our approach without the use
of a domain specific dictionary. The second method is our approach with a
domain specific dictionary (AD). The third method is our approach with
the Levenshtein distance and a domain specific dictionary(ADL). The “GT”
means the amount of relationships manually identified, i,e., the ground
truth. “TP” means true positive, “FP” means false positive, “P” means
precision, “R” means recall, and “FM” means F-measure.

Model and Method GT TP FP P R F-M

Low Level Motion Control 20 13 32 0.29 0.65 0.40
Low Level Motion Control (AD) 20 13 33 0.28 0.65 0.40
Low Level Motion Control (ADL_1) 20 9 6 0.60 0.45 0.51
Low Level Motion Control (ADL_2) 20 9 8 0.53 0.45 0.49
Low Level Motion Control (ADL_3) 20 9 15 0.38 0.45 0.41
Low Level Motion Control (ADL_4) 20 9 45 0.17 0.45 0.24
Low Level Motion Control (ADL_5) 20 9 80 0.10 0.45 0.17
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Figure 5.7: Jaro-Winkler similarity scores between manually extracted
names of the elements from the graphical models and their counterparts
from the Matlab Simulink models.

As described in the previous section, the importance of knowing the scores for
the perfect precision and recall text recognition is to limit our expectations when
applying XAMÃ.

In the following analysis, we evaluated the accuracy of XAMÃ by replacing the
method that checks whether one string (the name of one element) is a substring
of another string (the name of the other element), with the Jaro-Winkler method.
We use Jaro-Winkler score higher or equal to 0.9 as threshold, and the results are
presented in Table 5.7.

In general, we observe that Jaro-Winkler produces better results when not
combined with the domain specific dictionary. By comparing the results produced
by Jaro-Winkler and the ones produced by our approaches, we observe that Jaro-
Winkler without dictionary presents the highest precision (39%) and f-measure
(46%) for the Low Level Motion Control model. However, this approach presents
the second highest precision for Cascade Control Structure (53%), and Filter Archi-
tecture (11%) models. Regarding recall, it is surprising that the use of dictionary
does not improve the recall values. Our expectation is that the use of dictionary
would increase the number of true positives, and also the number of false posi-
tive. However we do not observe it for Filter Architecture and Low Level Motion
Control models.

The use of dictionary was not as beneficial to Jaro-Winkler as it was to our
regular approach. Our regular approach can identify relationships in which the
abbreviation of the name of one element is a substring of the name of the coun-
terpart. However, it is not possible to identify the same relationship by using
Jaro-Winkler because the score produced is below the threshold 0.9. For exam-
ple: there is a relationship between the elements “encoders” from the Cascade
Control Structure model, and “enc_speed” presented in Matlab Simulink model
“low_level_control_lib.slx”. Since “enc” is a substring of “encspeed”7, our ap-
proach identifies this relationship by using the dictionary to abbreviate the word
“encoders” to “enc”. However, it is not possible to identify this relationship by
applying Jaro-Winkler due to score produced 0.77 being lower than the threshold.

7XAMÃ removes special characters before comparing the strings.
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Table 5.7: Accuracy of XAMÃ in automatically identify relationships using
four different methods: the first method is our approach without the use
of a domain specific dictionary. The second method is our approach with a
domain specific dictionary (AD). The third method is the combination of
our approach with Jaro-Winkler (JW). The last method is the combination
of our approach with Jaro-Winkler and a domain specific dictionary (JWD).
The “GT” means the amount of relationships manually identified, i,e., the
ground truth. “TP” means true positive, “FP” means false positive, “P”
means precision, “R” means recall, and “FM” means F-measure.

Model and Method GT TP FP P R F-M

Cascade Control Structure 20 8 5 0.62 0.40 0.48
Cascade Control Structure (AD) 20 15 23 0.39 0.75 0.52
Cascade Control Structure (JW) 20 8 7 0.53 0.40 0.46
Cascade Control Structure (JWD) 20 9 17 0.35 0.45 0.39
Filter Architecture 23 3 30 0.09 0.13 0.11
Filter Architecture (AD) 23 9 58 0.13 0.39 0.20
Filter Architecture (JW) 23 3 24 0.11 0.13 0.12
Filter Architecture (JWD) 23 3 27 0.10 0.13 0.11
Low Level Motion Control 20 13 32 0.29 0.65 0.40
Low Level Motion Control (AD) 20 13 33 0.28 0.65 0.40
Low Level Motion Control (JW) 20 11 17 0.39 0.55 0.46
Low Level Motion Control (JWD) 20 11 18 0.38 0.55 0.45
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Manual Analysis of Missclassification
We investigated the reasons why XAMÃ could not identify some relationships.
We observed that three out of the 23 relationships are between one element rep-
resented by Greek letters in the Filter Architecture model, and their counterparts
are represented by plain text in the Matlab Simulink file. For these three relations,
XAMÃ faces two challenges: the first one is that the OCR engine cannot recognize
Greek letters, as presented in Chapter 3. The second challenge is that even if the
OCR engine could recognize the Greek letters, XAMÃ would not identify these
relationships because the Greek letters are not a substring of their counterpart in
the Matlab Simulink model. For the remaining 20 relationships, XAMÃ identified
nine, and missed the other 11 because the names of the elements from the Filter
Architecture model are not substrings of their counterpart in the Matlab Simulink
model (nine relationships), and the OCR engine did not extract the text properly of
one element of the last two relationships. Regarding the precision, we observe that
the words “accelerometer” and “gyroscopes” presented in the Filter Architecture
model are responsible for half of the false positives. The reason is because these
words (and their abbreviations “acc” and “gyr”) are commonly used in the Matlab
Simulink model causing misleading identification of relationships.

For the Cascade Control Structure model, we observe that XAMÃ missed
five relationships because the name of the elements are not substrings of their
counterpart in the Matlab Simulink model. Regarding the number of false positives,
we observe that the words “position” and “encoders” (and their abbreviations
“pos” and “enc”) are responsible for ≈80% of the false positives.

For the Low Level Motion Control model, we observe that XAMÃ with dictio-
nary identified 13 relations, and missed the other six because: the names of the
five elements from the Low Level Motion Control model are not substrings of their
counterpart in the Matlab Simulink model; and OCR engine did not extract the
text properly of one element. Regarding recall, we observe that the words “control”
and “pivots” are responsible for 65% of the false positives.

Take away message

The use of our approach with dictionary is recommended to identify rela-
tionships between models when the f-measure or recall are more important
than precision. Otherwise, it is recommended to use our approach without
dictionary. We recommend the use of our approach combined with Jaro-
Winkler in situations where the midterm between precision and recall is
desirable.

5.5 Discussion and Future Work
This study proposes an approach to identify relationships between models from
different domains using string matching techniques. We evaluated our approach
in identifying relationships between three images of graphical models and two
files of Matlab Simulink models provided by Tech United Eindhoven. We also
investigate the impact of combining our approach with a domain specific dictionary,
Levenshtein distance, and Jaro-Winkler similarity measure.
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We expected that our approach would produce a considerable amount of false
positives. The reason is because XAMÃ does not extract any semantics from the
images. It extracts only the names of the model elements, i.e., textual fragments.
As an attempt to reduce the number of false positives, we combined our approach
with the Levenshtein distance. Thus, instead of checking whether one string (name
of the model element) is a substring of another string (name of another model
element); We calculate the Levenshtein distance between them. We classify as a
possible relationship when this distance is below a certain threshold.

We observed that replacing the “substring” method with the Levenshtein
distance and limiting the distance to below two, indeed reduces the number of
false positives. However, as a consequence, it also reduces the number of true
positives. Increasing the Levenshtein distance threshold will not lead to a better
precision because the number of true positives do not increase as much as the
number of false positives.

We also investigated the use of Jaro-Winkler similarity as a metric to identify
the relationships. We observed that, similar to Levenshtein distance, the numbers
of false positives decreased, as well as the number of true positives. In general
Jaro-Winkler performed better than our approach for the Low Level Motion Control
model.

For a better visualization, we organize the best results for each model in Ta-
ble 5.8. In general, our approach combined with the domain specific dictionary
outperformed Jaro-Winkler and Levenshtein in terms of recall and f-measure. The
main issue of using the dictionary is the amount of false positive that it produces.
Therefore, we recommend the use of our approach without dictionary in situations
where the precision is more important than recall or f-measure. We recommend the
use of our approach with dictionary in situations where recall and f-measure are
more important than precision. We recommend the use of our approach combined
with Jaro-Winkler when the midterm between precision and recall is desirable.

It is worth mentioning that XAMÃ extracts text from artifacts (images of graph-
ical models) that were not intended to be textual artifacts. Therefore, we would not
expect that XAMÃ could produce precision and recall as high as other traceability
approaches [8, 157, 196] that extract text from actual textual artifacts. However, our
results are, at some extension, as high as the ones presented in those studies.

As future work, we envision investigating ways to extract the context of the text
fragments. We would use the context to distinguish elements in case of multiple
elements having the same name. Additionally, we intend to improve the precision
by extracting the semantics from the models. One starting point for this can be
by using image processing to detect the lines and arrows that connect the boxes
presented in graphical models. The lines and arrows connecting boxes can be
an indication of relationships between the model elements. In our preliminary
experiments, we observed that detecting these lines in only one of the related
models is not enough. It is also necessary to understand the semantics of these
lines to be able to translate/interpret them to the representation format used in
the other model. An example, within the same domain, can be observed between
UML class diagram and Java code, Figure 5.8. The inheritance relation between
two classes in the UML class diagram is represented by a solid line with unfilled
arrowhead from the child class to the parent class. In the Java code, this relation is
represented by the keyword “extends”. Therefore, knowing that this specific arrow
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Table 5.8: The highest precision and recall values for each model. The “AD”
means our approach with a domain specific dictionary. The “ADL” means
our approach with a domain specific dictionary and Levenshtein distance
limited by the threshold value. The “P” means precision, “R” means recall,
and “FM” means F-measure.

Model and Method P R F-M

Cascade Control Structure 0.62 0.40 0.48
Cascade Control Structure (AD) 0.39 0.75 0.52
Filter Architecture (AD) 0.13 0.39 0.20
Low Level Motion Control 0.29 0.65 0.40
Low Level Motion Control (AD) 0.28 0.65 0.40
Low Level Motion Control (ADL_1) 0.60 0.45 0.51

Figure 5.8: Example of how the inheritance relation between two classes is
represented according to the language used. UML class diagram represents
this relation with a solid line with unfilled arrowhead from the child class
(Patient) to the parent class (Person). In the Java code, this relation is
represented by the keyword “extends”.

represents a inheritance relation in UML class is not enough, it is also necessary to
know how this arrow is represented by the keyword “extends” in the Java code.

Another way to improve the precision is by using a similarity algorithm that
takes word frequency into account. We observed that two words of each graphical
model analyzed in this study were responsible for the majority of the false positives.
The reason is because these words are commonly used in the Matlab Simulink
models. Hence, we believe that addressing the frequency of words can be a
direction for further improvements. One possible way to handle the frequency
of words in the documents is by using the “term frequency–inverse document
frequency” (TF-IDF) [222]. TF-IDF is a popular weighting scheme [23] that has
its value proportionally increased by the number of times a word appears in the
document. Hence, once those frequent words are identified, they can be penalized
as an attempt to decrease the false positives.
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5.6 Threats to Validity

External validity: The low amount of models used in this study can be seen as a
threat to validity. Indeed, three models is not a statistical representation of models
presented in both academia and industry. However, to the best of our knowledge,
there are no open model repositories where we can collect models from different
domains that represent the same system. Even if there was such a repository, we
would need the expertise to understand and identify the relationships between
the models in order to validate the relationships identified by XAMÃ. Therefore,
to such a degree, we believe that using models from Tech United which is a mix
of academia and industry practices can be a mitigation of this issue. The domain
specific dictionary used in this study can be seen as a threat because it was provided
by the same specialist who identified the relationships. As an attempt to mitigate
this issue, we use the same dictionary in the identification of the relationships of
all models.

Internal validity: Concerns the unknown influences of independent variables
can have on studies. XAMÃ identifies possible relationships between models.
To evaluate whether the relationships identified by XAMÃ were corrected, we
compared these relationships with the ones in the ground truth. A wrong ground
truth can affect the correctness of precision/recall of our evaluation. In order to
mitigate this problem, we asked two Tech United members with at least two years
of experience with the soccer robot and designers of the models used in this study
to identify the relationships between the elements of these models. Thus, we are
confident that the ground truth is correct.

5.7 Related Work

There are a number of studies from various disciplines such as databases, and
artificial intelligence that use and propose string matching techniques to identify
similarities between elements [303]. However, to the best of our knowledge, there is
no other study that identify relationships between two models using text fragments
automatically extracted from the image of one of the models. Some of these studies
are presented below:

Cohen et al. [49] conducted a survey comparing string distance metrics such as
edit-distance, token-based distance, and hybrid distance for matching and cluster-
ing lists of entity names. They concluded that the edit-distance metric proposed
by Monge and Elkan [182] performed best among compared to the analyzed edit-
distance based methods. Similarly, Cheatham and Hitzler [43] evaluated different
types of string similarity metrics in finding equivalence relations among 16 real-
world ontologies. Feiyu [77] describe different strategies such as string similarity,
structure similarity and synonyms used to find similarity between entities in ontol-
ogy matching systems.

Kolovos [137] introduced the Epsilon Comparison Language (ECL) that iden-
tifies matches between elements from models from different metamodels and
modelling technologies. One of their rules to identify the matches says that the
elements must have the same label. For supporting this string matching, the author
used Levenshtein distance and recommended the use of dictionaries or lexical
databases, such as WordNet [179]. To a such degree their string matching technique
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is similar to ours. The main difference is that we implemented the inversion and
abbreviation methods described in Section 5.3.2.

Valarakos et al. [303] proposed a string matching algorithm based on machine
learning to identify non-taxonomic relationships between instances of an ontology.
Their algorithm is used to identify instances that are written differently, but rep-
resenting the same entity/concept. Similarly to our approach, they did not take
into account the context/semantics in which the strings belong. Their method do
not integrate domain knowledge, while in our approach we incorporate a domain
specific dictionary.

Fabro et al. [66] proposed a set of matching transformations heuristics that
create weaving models that represents different kinds of relationships between
models. Some of these heuristics consist of using dictionary of synonyms and
string similarity such as Levenshtein distance, and n-grams to identify similarities
between elements. They observed performance problems when applied their
techniques on large models. Later, Hammoudi et al. [99] used their matching
technique to semi-automatically generate mappings between two metamodels.

5.8 Conclusion
In this chapter, we evaluate the use of string matching in detecting relationships
between elements from models from different domains. For this goal, we used
images of three graphical models and we evaluate our approach in identifying the
relationships between them and two Matlab Simulink models. Additionally, we
investigate the impact of using a domain specific dictionary, Levenshtein distance,
and Jaro-Winkler similarity measures to identify the relationships between models.
As conclusion, we recommend the use of our approach with dictionary in situations
where the f-measure or recall are more important than precision. We observed
that the use of a domain specific dictionary improves the recall. However, it also
produces a considerable number of false positives, shrinking the precision. In
situation where the precision is more important, we recommend the use of our
approach without dictionary. A midterm option can be using our approach with
Jaro-Winkler. For future work, we envision two possible directions to improve
the results. The first direction can be investigating ways to extract the semantics
of the models. We believe that knowing the semantics of the models can help
in the identification of the relationships. We believe that the other direction to
improve the results can be by using similarity algorithm that takes word frequency
into account. It is because we observed that only two words were responsible for
the majority of false positives. Therefore, addressing these common words can
improve the precision.
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The goal of this thesis is to support the model management focusing on managing
interrelated models of different domains. It is known that the explicit modeling of
the relationships between models from different domains can support the model
management [206]. Indeed, explicit modeling facilitates the identification of the
affected models due to a change. The explicit modeling of the relationships can
be done using a number of approaches [79, 80, 206, 246], but little is known on
how to do this automatically. In this chapter, we propose a model management
solution to represent the models, model elements and their relationships as a graph
and store them in a graph database. This solution provides means to perform
queries, to track the history of changes of the relationships, and to identify affected
models by a notification mechanism. Finally, we extended XAMÃ to include this
model management solution. With XAMÃ, it is possible to identify, and store
the relationships between models from different domains in a structured manner,
making it easier to maintain the consistency of the entire system.

6.1 Introduction
Companies adopt model-driven engineering (MDE) to increase the quality and
the speed to design their services/products. However, this approach introduces
challenges related to consistency when there is a need to combine models created
by engineers from different disciplines and domains [229, 307].

Maintaining consistency between models is important [213]. However, pre-
dicting inconsistency due to a change in one model is a challenging task [208] and
in practice the consistency can never be fully ensured [109]. As a result of the
different disciplinary knowledge required to understand a model, it is possible
that a modification in one model can affect other models from different domains
causing inconsistencies in the entire system. Although researchers recommend to
model inter/intra-model dependencies explicitly [249], these relationships are not
always explicitly mapped, especially in multidisciplinary environments.

Explicit modeling facilitates identification of inconsistencies between models
of different domains. Such dependencies can be identified between properties or



90 Chapter 6. Multi-Domain Model Management: Tooling

between structural elements of two models, in such a way that the properties or
elements can affect each other. However, as discussed in Chapter 2, the current ap-
proaches are tool-dependent, and do not fully support co-evolution of the models.
For example, they fail to notify affected models due to a change, to maintain the
history of changes and to distinguish between different types of relationships. As a
consequence, the model management becomes difficult. Thus, in order to address
these problems, we identified the following Research Questions:
• RQ1) How do we explicitly represent a model, its elements, and relationships

between models from different domains?
– Motivation: To propose a tool independent approach in which it is

possible to represent the models and the relationships in a such way
that it is possible query them.

– Answer: We designed a graph data model to represent the models and
their elements as vertices and the relationships as edges, and we store
them in a graph database.

• RQ2) How do we account for (co-)evolution of models and their relation-
ships?

– Motivation: In order to keep the models consistent, it is important to
notify affected models due to a change.

– Answer: We propose a solution that uses the edges to track history
of changes. The edges contains and contained represent the relations
between model and their elements, and the edges current_relationship
and has_relationship represent the relations between the model elements.
Additionally, using the vertex Notification and edges sent and to, our so-
lution provides a notification mechanism to identify impacted models.

Robinson et al. [215] state that graph databases are more suitable for problems
that rely on relationships between entities. We propose a solution to represent the
models, model elements and their relationships as a graph, and store them in a
graph database. We designed a graph-based model that defines the structure of
the data to be stored in the graph database. This design only contains meta-data
of the model and the explicit definitions of the relationships between the models.
In other words, the model itself is not stored in the graph database, only a graph
representation of these models and their relationships.

Our solution provides multidisciplinary teams means to store the relationships
between their models, the possibility to perform queries, the history of changes
of the relationships, and the identification of affected models due to a notification
mechanism.

To validate our approach, we developed a prototype of a model management
infrastructure and use the infrastructure to map the relations presented in a set of
models developed for soccer playing robots of Tech United Eindhoven1.

Therefore, this study contributes a solution towards the design and develop-
ment of a model management infrastructure to support multidisciplinary teams
to maintain the consistency of their systems. This infrastructure is tool-agnostic
composed of the graph-based model design, web service and a web client. The
graph-based model design defines the structure of the data to be stored in the
graph database. The graph data is formed by the meta-data of the model and its
relationships with other models. We do not store the models in the graph database,

1https://www.techunited.nl/

https://www.techunited.nl/
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only a conceptual representation of these models and their relationships. The web
service and the web client communicate with the graph database to manage the
data in the proper manner. This chapter is based on a Master student’s thesis [101]
that I supervised. These model management features were included in XAMÃ, as
presented in Figure 1.1 from Chapter 1.

6.2 Model Management Approach
As presented in Chapter 2, the current model management approaches are tool-
dependent, and do not fully support co-evolution of the models. For example, they
fail to notify affected models due to a change, to maintain the history of changes
and to distinguish between different types of relationships. As a consequence,
the model management becomes difficult. The lack of these functionalities can
result, among other things, in an unawareness of inconsistency making model
management a difficult task.

To address these problems, we propose a solution that represents the models,
model elements and their relationships as a graph to be stored in a graph database.
Mapping a problem to a graph results in the domain entities being represented
as vertices and the relationships between these entities as edges between the
vertices [215]. A graph can be abstracted into a meta-graph that contains all the
different types of vertices and edges along with all the relationships between the
vertices. This meta-graph is known as a graph data model. For this study we have
chosen Neo4j2 as the graph database management system because it is the most
widely adopted graph database3 and comes with tools that are used to manipulate
the data and visualize the stored graph. We designed a graph-based model that
defines the structure of the graph data to be stored in the graph database. This
design only contains meta-data of the model and the explicit definitions of the
relationships between the models. The reasoning for not storing the models in
the graph database, but only a graph representation of these models, and their
elements and relationships is to avoid the intrinsic problems due to the model
duplication.

6.2.1 Design
In order to answer our RQs, we designed a graph data model that represents a
graph containing all the relevant information for storing relationships between
models. Figure 6.1 presents the graph data model designed for this study. Our
graph data model contains three vertices: model, element, and notification. The
model vertex has a single edge to the element vertex which can be either a con-
tains or contained edge. The element vertex has a current_relationship edge and a
has_relationship edge. The notification vertex has a sent edge and to edge to the
element vertex.

Our graph is designed to store the conceptual representation of model objects
with element objects. The graph data model represents these as vertices within the
graph as shown in Figure 6.1. The model vertex represents the model of which we
wish to store its relationships with other models. It has edges directed towards the

2https://www.neo4j.com
3https://db-engines.com/en/ranking/graph+dbms, accessed: 2021-01-16

https://www.neo4j.com
https://db-engines.com/en/ranking/graph+dbms
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Element
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name: String
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type: String
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created: Date
type: String

modi�ed: Date
veri�ed: Date

uuid: String

name: String

type: String

created: Date

uuid: String
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:CONTAINS | :CONTAINED

created: Date

:TO

created: Date

:SENT

created: Date

Model Noti cation

Figure 6.1: Graph data model

element vertex. These edges can be either of the type contains or contained, indicating
that the model either contains or has contained the related element.

The graph data model in Figure 6.1 shows that the element vertex can have two
edges: has_relationship and current_relationship. These two edges are used to indicate
the status of the relationship between two elements. We use the has_relationship
edge between two element vertices to indicate that they have a relationship, the
semantic (type) of this relationship and when it started (created). The semantic
of the relationship is stored as a String to allow the user describes any kind of
relationship. The current_relationship edge indicates that the two elements currently
have a relationship. Two elements connected with a has_relationship edge but
not a current_relationship edge, means that they have been related in the past
but not at this moment. Between two element vertices, there can be zero or one
current_relationship edge and zero or many has_relationship edges. Although it is not
shown in the graph data model, the edges between the element vertices should never
only include a current_relationship edge as it should always be accompanied with a
has_relationship edge. It is possible for there to only be one has_relationships edge.

Take away message

RQ1 - We propose a solution that represents the models and their elements
as vertices and the relationships are described as edges in a graph database.

The graph is designed in a such way that it is possible to inform the developers
of the affected models when an element is modified. Even though we only store
the relationships between models in the graph database, we need to be able to
indicate if the current model has changed, without storing the model itself. This
is done by giving the element a property that represents the date and time of its
last modification and by creating a notification vertex. The notification vertex has
a sent edge to indicate which element was modified and a to edge to indicate the
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impacted element. With the current implementation, the user has to manually
indicate which element is modified, and the potentially impacted elements are
notified automatically. The notification node and its outgoing and incoming edges
can be removed by the user to indicate that the notification is no longer needed. It
is important to note that the notification node is only “softly” removed, meaning
that although this is no longer displayed to the user, the notification node still is
there for historical purpose.

In case that the semantic relationship between elements no longer exist, the
current_relationship edge is removed but the has_relationship edge remains for the
purpose of historic record and version control. It is possible to have multiple
has_relationship edges between two element vertices, for instance if in the future
these elements present a semantic relationship, then new current_relationship and
has_relationship edges, and a notification vertex are added. The use of has_relationship
edges allows the graph to provide an archive, specified by date, of the relationships.
This archive and version control only apply to the relationships and not the models
as the purpose of the model management system is to manage the relationships
between the models and not the models themselves.

Take away message

RQ2 - We propose a solution that uses the edges to track history of changes.
The edges contains and contained represent the relations between model
and their elements, and the edges current_relationship and has_relationship
represent the relations between the model elements. Additionally, using the
vertex Notification and edges sent and to, our solution provides a notification
mechanism to identify impacted models.

6.2.2 Prototype Implementation
Our prototype implementation comprises a web service and a web client that
interact with it using web standards communication protocols.

Our web service4 has a set of possible input requests, such as creating, editing
and deleting models and their elements. The web service ensures that these
operations follow the design of our graph data model.

All the rules and constraints presented in the property graph data model are
defined within the web service and not the graph database. The web client5 is
a JavaScript application that connects to the web service to facilitate the model
management, making it easier for engineer to interact with the representation of
their models in the graph data base.

In the current version of the prototype, we do not establish a communication
link between the real model and the conceptual representation of the model. This
lack of communication forces the engineers to manually insert the models, their
elements and relationships, and to inform that the models changed. It is worth
mentioning that this prototype also includes all functionalities described in the
previous chapters such as the use of OCR to automatically identify possible rela-
tionships between models from different domains. Figure 6.2 presents the user

4https://tinyurl.com/TUeModelManagement
5https://tinyurl.com/TUeModelManagementFrontEnd

https://tinyurl.com/TUeModelManagement
https://tinyurl.com/TUeModelManagementFrontEnd


94 Chapter 6. Multi-Domain Model Management: Tooling

interface of our prototype. Additional screenshots of the user interface of our
prototype are presented in Appendix Figure A.7 and Figure A.8.

Figure 6.2: User interface of our prototype. This web page lists the represen-
tation of the models that are stored in our prototype.

6.3 Tech United—Case Study
In this section, we report on the evaluation of the approach in cross-domain model-
ing. To perform the evaluation we select a multidisciplinary team-based project,
following MDE methodology, and involving models of different domains. These
criteria ensure that the project can be seen as typical for cross-domain modeling
and that the conclusion derived from the evaluation can be generalized to other
cross-domain modeling studies [219]. Hence, we selected the TURTLE6 robot of
Tech United Eindhoven.

In the current Tech United workflow, the engineer is assigned to change a
feature in the system. However, the engineer needs to search through the entire set
of models to understand the purpose of each component, and identify in which
model this feature is defined. When the engineer finally changes the model, it is
possible that the feature is not correct because the change in this model affects
other models causing inconsistency. Hence, regardless of the experience level of the
engineer, they can have difficulty in maintaining consistency between the models
as they introduce changes. These issues could be less challenging with the use of a
model management system such as the solution presented in this study. We believe
that our prototype can provide an improved workflow that helps the engineers.

By using our prototype, the engineers of different domains add a representation
of the existing models and their relationships. Thus, after a change in one model,
our prototype can notify the related model elements about the modification. The
responsible for the affected models verify whether the models need to be changed
as well. This workflow can reduces inconsistencies in the models and keeps the
other engineers informed about modifications. Additionally, our prototype can

6Tech United RoboCup Team: Limited Edition https://www.techunited.nl/

https://www.techunited.nl/
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act as a form of documentation, and as a higher level abstraction that presents
relationships of the whole system.

The main properties that we would like to evaluate are: the designed graph
data model to represent the models, their elements and relationships; The evo-
lution of the models; And the identification of affected models. This evaluation
consisted of two phases. First, the Tech United experts provided us with three
models (Subsection 6.3.1), and we have modeled implicit relations between them
using the approach proposed (Subsection 6.3.2). Then, the experts proposed two
evolutionary scenarios related to the optimization of the performance of TURTLE
(Subsection 6.3.3): our approach successfully identified the affected models (Sub-
section 6.3.4). We conclude this section by discussing the challenges we faced when
evaluating the approach (Subsection 6.3.5).

6.3.1 Models of TURTLE

Tech United provided us with three models: low level motion control model
(Figure A.6), wheel configuration model, and force distribution equation.

Low level motion control model is an abstraction of the Simulink model. This
model is composed of blocks that defines the coupling between strategy and low-
level motion control which contains platform controllers, pivot controllers, and
the reference generation of pivots. This model also contains a block called torque
distribution fτ and takes δ as input. This model is fully described in the Tech
United report [113].

Wheel configuration model is a kinematic model used to demonstrate the
behavior of the four-wheel units. Each wheel unit can rotate, and in contrast
to the three-wheeled platform, the eight-wheeled platform can turn in order to
change its orientation. The normal force on each wheel unit changes based on
the accelerations applied on the robot and is related to the center of mass. The
geometric center does not change when the robot is used. The robot has a x and
y axis. The four-wheel units are numbered and each have a xw and yw position.
Each wheel unit also has a δ angle of its rotation. The distance between the wheel
units and the center of mass is denoted with a, b, for the longitudinal direction and
c, and d for the lateral direction such that the longitudinal distance L between the
wheel units equals to a + b. In a similar way, the width W between the wheel units
in lateral direction equals to c + d. The configuration model cannot be presented
in this study due to confidentiality, but it will be published by Tech United in the
future.

Force distribution equation is an optimization function for the torque over the
wheels. Due to confidentiality reasons, we cannot present this equation, instead
we describe the variables that were presented to us. Tech United defines h to be the
height of the center of mass, ax and ay indicate the acceleration in x and y direction
of the center of mass respectively. These variables, and the variables presented in
the previous model (wheel configuration model) are used in the computation of
normal force on each wheel.

6.3.2 Representation of the TURTLE Models

We evaluate our approach by taking the models described in Subsection 6.3.1 and
identifying implicit relationships between them.
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Figure 6.3: Overview of Tech United models and their relationships on the
graph database. Elements c,d, x, L are omitted from the image for the sake
of clarity. Figure 5.3 from [101].

According to the experts of the models, the variables a,b, c,d,W, L, x,y from low
level motion control model and the variables in the force distribution equation are
relevant, although they do not explicitly appear in the low level motion control
model. These variables are used in a detailed model of torque distribution block
which is an element presented in the low level motion control model. We consider
the aforementioned variables in the wheel configuration, the block in the wheel
control, and the function in the force equation to be the model elements.

As a design decision, we only relate models elements of models of different
domains. Thus, W in the wheel configuration is related to both the force equations
and the torque distribution block in the low level motion control model. Since
these relationships are bidirectional, we also have that the torque distribution block
relates to the W variable and the force equations relates to the W variable. This
implies that if the definition of W were to change, there is the possibility that the
force equations and torque distribution block has to change as well. Using our
prototype implementation, we created the graph representation of these models,
their elements, and relationships. This graph is described in Figure 6.3.

To distinguish the different types of relationships between elements, we specify
these types in the moment the relationships are created. This specification is a
semantic description of the relationship between the model elements, and it is
stored in the type attribute of edges current_relationship and has_relationship.

6.3.3 Evolutionary Scenarios
Speed, low energy consumption, and accuracy are some of the important skills of
a robot during a soccer match. Accordingly, Tech United decided to upgrade the
robot from three-wheels to the eight-wheeled platform. This upgrade leads us to
the following evolutionary scenarios. The first scenario (FS) consists in calculating
the distribution of the torque over the wheels based on the expected normal force
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Figure 6.4: A change in W notifies (blue vertices) the torque distribution
and the minimization function.

on each wheel unit, instead of distribution the torque evenly, as it affects the speed
and accuracy at which the robot can drive. The second scenario (SS) consists in
improving the energy consumption.

6.3.4 Representation of the Evolutionary Scenarios

During the execution of FS, our prototype implementation indicated that element
W from the wheel configuration model was modified. This resulted the creation of
two notification vertices, each one with a sent incoming edge from element W. One
notification is directed to the torque distribution element and another is directed to
the minimization function element. Conceptually, this indicates that the W variable
was modified, and the torque distribution block and minimization function need
to be verified. This notification process is presented in Figure 6.4.

To improve the energy consumption (SS), the experts optimized the minimiza-
tion function eliminating dependencies on a,b, c,d, L, x. This change is reflected in
Figure 6.5. Observe absence of current_relation between the node corresponding to
the minimization function and nodes corresponding to a and b.

6.3.5 Discussion

Tech United experts validated that our approach successfully addresses the gaps in
the current solutions. This validation consisted in an unstructured interview [115,
227] regarding the results of our solution. The fact that the graph representation of
the models and their relationships is stored in our tool, facilitated understanding of
the semantic of the relationships, and the identification of affected models during
the execution of the evolutionary scenarios. The experts’ conclusion was that our
approach can address the current gaps, and that it can be used to help new team
members to have a better understanding of the project. Since Tech United is a
typical example of cross-domain modeling, we expect to have the same results in
any multidisciplinary team.

The first challenge was finding the implicit relationships between models of
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Figure 6.5: The optimization in the minimization function impacted in
the exclusion of the relations between elements a,b, c,d, L, x. Model Wheel
control and the elements Torque distribution, c,d, x, L are omitted from the
image for the sake of clarity.

different domains. Tech United experts helped us to find these relationships. We
focused on variables, functions, and blocks defined by the user. In the case of the
Simulink models, there are variables that are defined by the API. For example, the
models often contain the δ variable which indicates the angle of the wheels with
respect to the robot-frame. This variable changes as the robot rotates. This means
that we cannot use such variable in the model management system as the user
will never change it and thus will never be inconsistent with other variables that
relate to it. Thus, we had to look at user-defined elements such as the minimization
function in the force equation model because it is able to be inconsistent with its
implementations in the low level motion control model and its use of the definitions
in the wheel configuration model.

Conceptually representing each diagram or set of equations as a model is not
always the correct choice. We tackled it by first selecting the wheel configuration
which contains variables that reappear in the force equations. The challenge here
is that the minimization function does not directly use the variables a,b, c,d but
instead uses variables that are composed of these variables along with variables
defined only within the force equations model. The approach that we take here is
to treat the minimization function in the force equations model to be a single model
element instead of it being composed of multiple model elements. We could have
also taken the approach that the minimization function itself is a model and that
each variable within the function is a model element. We took the former approach
because, according to Tech United experts, a change in one variable in the function
results the verification of the whole equation.
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6.4 Related work
We compare our solution with state of the art solutions and related work.

Sirin et. al. [232] use DSM (Design Structure Matrix) and DMM (Design
Multiple Matrix) to identify and map the dependencies between models. The
drawback about DSM and DMM is that it is not possible to describe the semantic
of the relationships, while using our approach it is perfectly possible.

Qamar et. al. [206] investigated the dependencies between models and how to
model these dependencies. Törngren et. al [246] extended that work and proposed
an approach to integrate different viewpoints using the Dependency Modeling
Language (DML) and the tool Dependency Modeler from [206]. Their work does
not contain any information about querying the data. Our solution allows for the
data to be queried.

Dávid et. al. [60, 61, 62] propose a modelling language that is capable of
modelling the process and the properties of the system. Using their language
it allows not only to describe relationships between properties and the level of
precision. Our technique embraces part of this idea, but instead of relating artifacts
to processes, we relate model elements to other model elements. However, since
our approach is generic enough to consider that anything can be a model, it is
possible to relate model elements to a process.

Feldmann et. al. [79, 80] propose an approach to specify and manage inter-
model inconsistency. In order to maintain consistency during model evolution,
they create links between the dependent entities and define rules to enable the
consistency checking. Our solution does not define rules for consistency checking
but it presents notifications when models evolve.

Daniel el. al. [58] propose a model persistence framework (NeoEMF), as a set
of Eclipse plugins, capable of storing models focusing on model transformation.
We focus on model management and how to represent the relationships between
models of different domains in a graph format using a tool-agnostic approach.

Didonet Del Fabro et. al. [65] propose weaving model as a mapping between
elements of two (meta)models. In order to perform this mapping, they created
an Eclipse plug-in called Atlas Model Weaver (AMW) making their approach
tool dependent. Additional differences are that their approach does not store the
mapping in a database and does not maintain the history of the model changes.

6.5 Conclusions and Future Work
This chapter introduced a comprehensive approach for managing models of differ-
ent domains, and the relationships between them. While importance of making
the relationships between models explicit has been recognized in the past, the
current approaches are tool-dependent, and do not fully support co-evolution of
the models. Failing to notify affected models due to a change, to maintain the
history of changes and to distinguish between different types of relationships.
As a consequence, the model management becomes difficult. In this chapter, we
introduce an approach that addresses these gaps.

We designed a graph-based model that defines the structure of the graph data
to be stored in the graph database. This graph model can be seen as a guideline
that can be implemented in any graph database. We developed a prototype im-
plementation of a model management infrastructure that is capable of mapping
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the relations between the models, sending notifications to affected models due
to a change, tracking changes of the relationships of the models, and describing
the semantic of the relationships. This infrastructure also includes all features
presented in the previous chapters such as the use of OCR to automatically identify
possible relationships between models from different domains.

Finally, we validated our approach in two evolutionary scenarios provided
by Tech United Eindhoven. We claim that our model management prototype is
relevant and beneficial to system engineers, in particular those that work with a
number of types of models using different types of tools. In the future, we intend to
evaluate our approach in an environment that contains thousands of related models
in order to measure the performance and scalability. We also want to evaluate the
effort necessary to maintain the representation of the models up-to-date.



7. Tool Evaluation

In this chapter, we evaluate two aspects of usability. The first one is whether
users believe that XAMÃ can enhance their job performance. The second aspect
is whether users think XAMÃ is easy to use. Additionally, we collect feedback
in order to improve XAMÃ. For this goal, we conduct controlled experiments
followed by questionnaires and interviews. As result, despite the low precision
and recall presented in Chapter 5, we observed that the volunteers believe XAMÃ
can help them performing their tasks. They also evaluated XAMÃ as good in
terms of usefulness and ease-of-use. We asked the volunteers whether they would
recommend XAMÃ to a friend or a colleague. They responded with scores equal or
higher than 8 (in a scale from 0 to 10). They state they would recommend XAMÃ
specially for new team members. Since new team members are not familiar with
Tech United models, they think XAMÃ would help new team members finding
relationships between model elements.

7.1 Introduction

In this chapter, we evaluate whether the features to identify relationships between
models from different domains supported by XAMÃ is easy to use, and useful, i.e.,
can enhance the user’s job performance. The identification of relationships can be
done in two different ways. The first one is by uploading an image of a model to
XAMÃ, and as output XAMÃ produces a list of possible relationships. This process
is described in Chapter 5. The second way of identifying the relationships is by
searching whether a representation of the model is stored in XAMÃ, and checking
for the relationships as described in Chapter 6. In order to evaluate these aspects
of usability, we address the following validation questions (VQ):
• VQ1) Is XAMÃ useful, i.e. can XAMÃ enhance the user job performance?

– Answer: The volunteers had a perception that XAMÃ can improve their
job performance. All of them said they think they can save time by
using XAMÃ.

• VQ2) Is XAMÃ easy to use?
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– Answer: In general, the volunteers think XAMÃ is easy to use. During
the interview, two volunteers reflected about the learning process that
happened in the tutorial sessions and they mentioned difficulty in un-
derstanding some concepts and features presented in XAMÃ. Volunteer
“E” reported difficulty in understating the feature “finding relationships
using an image of a model”, and volunteer “B” reported difficulty in
understating the concept of model, model elements, and relationships.
These doubts have been resolved at the end of the tutorial sessions,
meaning that they did not have these doubts when they performed the
controlled experiment.

Additionally to these validations question, we would like to collect feedback
from all volunteers in order to improve XAMÃ. Therefore, we address the following
sub-validation question: “What can we improve in XAMÃ?”

To answer all validation questions, we conduct controlled experiments, ques-
tionnaires, and interviews. However, since the volunteers are not familiar with
XAMÃ, we have to organize tutorial sessions to introduce and teach them how to
use XAMÃ. After that, we ask the volunteers to perform a set of tasks with and
without XAMÃ in order to evaluate the effect of XAMÃ in supporting these tasks.
The controlled experiment gives the volunteers the chance to use XAMÃ in such
way that they can provide us their opinion about whether they believe XAMÃ is
useful (VQ1), easy to use (VQ2), and feedback about aspects of XAMÃ that can
be improved. We use questionnaires, and interviews to collect their impressions
about XAMÃ.

In total, we have five volunteers: three multi-disciplinary members from Tech
United team, and two software engineering PhD students from Eindhoven Univer-
sity of Technology. We first conduct the evaluation with the volunteers from Tech
United, and then we repeat the same evaluation with the other two volunteers. The
two software engineering PhD students are not familiar with Tech United models
and all models used in the controlled experiment belong to Tech United. We re-
peated the evaluation because we would like verify whether the results produced
by the Tech United volunteers are similar to the ones produced by the two software
engineering PhD students.

As conclusion, we observed that XAMÃ helps the users in performing their
tasks. The users evaluated XAMÃ as good in terms of usefulness and ease-of-
use. They also state they would recommend XAMÃ to a friend or colleague. The
evaluation of the impact of using XAMÃ and comparing it with existing tools are
not yet the goal of this chapter.

7.2 Methodology
The goal of this chapter is to collect feedback about XAMÃ and to evaluate whether
the users believe that XAMÃ is useful, and easy to use. For this goal, we conduct a
controlled experiment, interviews, and questionnaires as presented in Figure 7.1.
We evaluate XAMÃ not only on users who have some knowledge of the models
used in the the experiment, but also users who do not have any knowledge. We
first evaluate XAMÃ on multi-disciplinary student members from Tech United
team. We sent invitations to nine students from Tech United team, and three
students replied confirming their intend to participate in the experiment. Our
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Figure 7.1: Validation process. We start asking the volunteer to perform four
tasks in the controlled experiment, after that we ask them to answer a ques-
tionnaire. We finalize with semi-structured interviews with the volunteers.
Copyrights: engineer icon [145], questionnaire icon [236], and interview
icon [144].

response rate is ≈33%, higher than response rates commonly reported in the
software engineering literature [24, 210]. Then, we repeat the same evaluation with
two software engineering PhD students from Eindhoven University of Technology,
who do not know anything about Tech United models and systems. The reason to
repeat the evaluation is because we would like to verify whether XAMÃ would be
useful to users who are not familiar with the models as well.

7.2.1 Controlled Experiment
We start the controlled experiment with a tutorial session. In this tutorial session,
we present the motivation for developing XAMÃ, and we provide an explanation
about the usage of XAMÃ. We teach the definition of model, model elements,
relationships, and how to add these elements in XAMÃ. We also teach how to use
XAMÃ to automatically identify relationships given an image of a model.

Subsequently, the volunteers are evaluated, and those who cannot correctly
execute the features present in XAMÃ are not eligible to participate. The controlled
experiment consists of tutorial session, demographic questionnaire1, and the exper-
iment session. The tutorial and experiment sessions are done via Microsoft Teams2,
and the demographic questionnaire is answered and sent via email. This controlled
experiment is conducted by the same researcher with each volunteer individually.
These steps are executed in the following order:

1. Tutorial session
(a) Researcher explains how to use XAMÃ to find relationships between

model elements given an image of a model, and how to execute CRUD
(create, read, update and delete) operations on the following objects:
model, model elements, and relationships between model elements.

(b) Volunteers must be able to correctly execute these operations to be
eligible to participate in the experiment. Correct execution means that
the volunteer uses XAMÃ to perform a list of tasks without errors. For
instance, we show the relationships between two models, and we ask

1The demographic questionnaire only applies to members of Tech United
2https://www.microsoft.com/en-us/microsoft-365/microsoft-teams/

group-chat-software

https://www.microsoft.com/en-us/microsoft-365/microsoft-teams/group-chat-software
https://www.microsoft.com/en-us/microsoft-365/microsoft-teams/group-chat-software
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the volunteers to add these relationships in XAMÃ. There is no time
limit to execute the tasks.

2. Demographic questionnaire consists of five questions:
(a) What is your name?
(b) Where do you identify on the gender spectrum?

i. In order to be more inclusive, we ask the gender question follow-
ing the guidelines by [102].

(c) How long are you in the Tech United team?
(d) What is your educational program?
(e) Compared to your colleagues, how familiar are you with Tech United

models and code? Using the traditional Dutch scale of 1 to 10, where 1
means not familiar all, and 10 means extremely familiar.

3. We group the volunteers taking into consideration their answers for the
demographic questionnaire.

(a) We use the answers of the demographic questionnaire to group the
volunteers in such way that those volunteers with, for example, more
domain knowledge would not be in the same group. This division is
based on gender, experience, and familiarity with Tech United models.

4. The experiment session consists of identifying relationships of 4 model
elements proposed by an expert member from Tech United.

(a) Participants receive XAMÃ documentation that can be consulted in case
they forget how to execute the features present in XAMÃ.

(b) Participants receive a list of four tasks to identifying relationships of
4 model elements: “MeasurementModelEncoder” from filter architec-
ture model (Figure A.5), “Smooth pivot” from image low level motion
control model (Figure A.6), “theta” from filter architecture model (Fig-
ure A.5), and “Positionsetpoint” from cascade control structure model
(Figure 5.3). Following is an example of such task: Using “Finding
relationship” option and uploading the image of the model attached.
Can you please indicate the location of element “Positionsetpoint” from
image “cascade control structure” in the low_level_control_lib.slx file?

(c) We created the tasks in a such way that the volunteers would not learn
the answer of the next task, by performing the previous one. We also
discussed with an expert member from Tech United to group the tasks
in such a way that the tasks performed with and without XAMÃ are of
comparable difficulty.

(d) To mitigate possible bias, we organize the tasks in such a way that
half of the tasks shall be done with XAMÃ, and the other half without
XAMÃ. For example: volunteer A performs the first two tasks using
XAMÃ, and the other two without XAMÃ. Volunteer B, on the other
hand, performs the first two tasks without XAMÃ, and the other two
with XAMÃ.

(e) We ask the volunteers to verbalize their activities and both their screen
and their voice are recorded. We ask the volunteers to verbalize their
activities because we want to know why they are taking those actions.
Another reason is because in case they say something about XAMÃ we
can ask them to elaborate that during the interview. We measure the
correctness and the time to perform these tasks. We do not disclose
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that we time the task execution because we believe that it can interfere
in the execution of the task. They can try to perform the tasks faster or
slower and bias the results.

7.2.2 Questionnaire & Interview
Questionnaire. The Technology Acceptance Model (TAM) is a questionnaire of
12 closed questions proposed by Davis [63, 64] aiming at the evaluation of the user
acceptance of computer-based information systems. According to Davis, people
decide whether they want to use a tool if they believe that the tool will enhance their
job performance. Davis named this perception variable as perceived usefulness
(PU) and PU is evaluated in the first six questions of the questionnaire. Additionally,
Davis also states that believing the tool enhances the users’ job performance is
not enough. The users would not use the tool if they think it is hard to use it.
Davis named this perception variable as perceived ease-of-use (PEU) and PEU is
evaluated in the last six questions of the questionnaire.

TAM is applied when one wants to evaluate the future use of the tool, instead
of actual use. Since we want to evaluate the actual use of XAMÃ, we applied the
Modified Technology Acceptance Model (mTAM) proposed by Lah et al.[140]. The
main difference between mTAM and TAM is related to the the verb tense used in
the questions. For instance, while in TAM the question states: “Using [this product]
in my job would enable me to accomplish tasks more quickly”. The mTAM version
of this question is “Using [this product] in my job enables me to accomplish tasks
faster”. We use an agree or disagree scale from 1 to 7, where 1 means “extremely
disagree” and 7 means “extremely agree”. Following is the questionnaire3 used in
this evaluation:

1. Using the prototype in my job enables me to accomplish tasks faster.
2. Using the prototype improves my job performance.
3. Using the prototype in my job increases my productivity.
4. Using the prototype enhances my effectiveness on the job.
5. Using the prototype makes it easier to do my job.
6. I have found prototype useful in my job.
7. Learning to operate prototype was easy for me.
8. I found it easy to get prototype to do what I want it to do.
9. My interaction with prototype has been clear and understandable.

10. I found prototype to be flexible to interact with.
11. It was easy for me to become skillful at using prototype.
12. I found prototype easy to use.

Additionally, we ask how likely it is to the volunteer recommend XAMÃ. For
this question we use a scale from 0 to 10, where 0 means “not likely” and 10 means
“very likely”.

Interview. We conduct online semi-structured interviews [227] to collect feed-
back about the experience of using XAMÃ. We follow the ethical interview guide-
lines described by Strandberg [239] in how to conduct an interview. Our questions
are based on the ones used by Mennnens [178], and they are described below:

3We use “prototype” instead of XAMÃ because the name of the tool was chosen after we
conducted the experiment.
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1. Overall, how was your experience with the prototype?
2. Which things did you like the best about the prototype? Why?
3. Which things did you like the least about the prototype? Why?
4. If you could change something about the prototype, what would it be? Why?
5. What do you think is still missing in the prototype? Why?
6. Do you think you saved time using the prototype?
7. Would you expect the prototype to be more/less suited for students of

specific programs? More/less experienced students?
8. Why would you or would you not recommend the prototype to a friend or

colleague?
To analyze the interviews, we first transcript them, and then we select the

main statements about XAMÃ of each asked question. We do not select statements
that are not related to PU/PEU or statements that are not feedback about XAMÃ.
Finally, we apply open card sorting [322] on these statements. Card sorting is an
approach to identify common topics and it has been used in other studies [74, 178].
This card sorting is performed by two software engineering researchers having at
least a Master’s degree in Computer Science, being one researcher the one who
interviewed the volunteers, and the other one an external researcher 4. After the
card sorting session, we use axial coding [135] to connect the cards creating a higher
level of abstraction of the topics.

7.3 Results
To answer our validation questions, we first present the quantitative results that are
based on the experiment and questionnaire. Then, we present the qualitative results
based on the interviews cross-validating the findings with the questionnaires.

All volunteers from Tech United identified themselves as males. Their work-
ing experience as a Tech United member ranges from 2.5 years to 4.5 year. The
volunteers are: one applied physics PhD student, and two master students, being
one from computer science and one from mechanical engineering. In a scale of
1 to 10, where 1 means not familiar at all, and 10 means extremely familiar with
tech United models. The volunteers gave themselves the scores 5, 6, 8. To protect
the volunteers identity as much as possible, we are not going to disclosure which
profile is which Volunteer ID.

The volunteers that are not from Tech United did not answer the demographic
questionnaire. It was not necessary to answer this questionnaire because there
were only two volunteers, and they do not have any knowledge about Tech United
models. They are two software engineering PhD students from TUe, and they are
in their first year.

7.3.1 Quantitative Results
In the first part of the evaluation, we asked the volunteers to perform four tasks
related to finding relationships between specific elements. The goal is to evaluate
whether XAMÃ can help them in this kind of task. The results are presented in
Table 7.1 and Table 7.2.

4A external researcher in this context means a researcher that is not involved in the design
or execution of this study. This researcher was invited to only participate in the card sorting
sessions
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Table 7.1: Summary of the controlled experiment conducted with members
from Tech United. Column “Time” indicates the time spend to execute the
task. Column “Tool” indicates whether the volunteer used XAMÃ or not.
“P” means precision, and “R” means recall.

Task
Volunteer A Volunteer B Volunteer C

Time Tool P/R Time Tool P/R Time Tool P/R
A 02:59 Yes 100% 16:54 No 0 02:23 Yes 100%
B 01:06 Yes 100% 22:54 No 100% 02:48 Yes 100%
C 05:26 No 100%/33% 08:40 Yes 100% 07:17 No 0
D 01:55 No 100%/80% 04:20 Yes 100%/80% 04:01 No 100%/80%

Tech United Team We observe that using XAMÃ helped them in identifying
the relationships correctly and faster. Both volunteers “A” and “C” correctly
identified the relationships for Task A. It took less than three minutes for them
to execute this task. Volunteer “B” took ≈17 minutes to perform the same task,
and obtained wrong results. In task B, all volunteers correctly identified the
relationships. However, it took less than three minutes for volunteers “A” and “C”,
and≈23 minutes for volunteer “B”. It is important to stress that volunteers “A” and
“C ” used XAMÃ to perform the first two tasks, while volunteer “B” used XAMÃ
in the last two tasks. For task C volunteer “B” was the only one who correctly
identified all relationships. For task D, all volunteers identified the same number
of relations with perfect precision and 80% of recall.

The second part of the evaluation consists of a questionnaire. In this ques-
tionnaire, we evaluate two aspects of the tool, the perceived usefulness (the first
six questions) and the perceived ease-of-use (the last six questions). The answers
are presented in Appendix Table A.5, Table A.7, and Table A.9. We calculated the
mTAM scores for both PU and PEU as described by Lah et al. [140]. The mTAM
scores for PU and PEU are 80.77% and 80.55% respectively. According to Bangor
et al. [17] these values can be translated to “acceptable” on a acceptable/not ac-
ceptable scale. On a classical American grading scale, the scores can be translated
to “B”, and on an adjective scale, the scores can be translated to good. We also
asked whether the volunteers would recommend XAMÃ to a friend or colleague.
Volunteers A and C responded with a score 9 and volunteer B responded with
a score 8. Their answers are presented on Appendix Table A.6, Table A.8, and
Table A.10. We interpret the results as positive and that there is a high chance the
volunteers would recommend XAMÃ.

Additionally, we performed the Cronbach’s α tests [53] to evaluate whether
the answers of the questionnaire are reliable. Cronbach’s α ranges from 0 to 1 with
higher score indicating greater reliability. We obtained a Cronbach’s α of 0.8 which
exceeds the common threshold value recommended by Nunnally [192].

Software Engineering Students We evaluated whether XAMÃ could help
those engineers who do not know anything about the models, in identifying
relationships between the model elements. We observed that XAMÃ helped the
software engineering students performing as good as the Tech United students.
The results are presented in Table 7.2.
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Table 7.2: Summary of the controlled experiment conducted with two soft-
ware engineering PhD Student. Column “Time” indicates the time spend
to execute the task. Column “Tool” indicates whether the volunteer used
XAMÃ or not. “P” means precision, and “R” means recall. The “*” indicates
that the volunteer did not indicate any possible relationship.

Task
Volunteer D Volunteer E

Tool P/R Tool P/R
A Yes 100% No 0*
B Yes 100% No 0*
C No 0* Yes 100%
D No 100%/80% Yes 100%/80%

By comparing the results produced by all volunteers (Tech United, and software
engineering volunteers), we observe that in task A only those volunteers who used
XAMÃ succeed in correctly identifying the relations presenting the same precision
and recall. For task B, all tech united volunteers presented 100% precision and recall
(with and without XAMÃ). However, among the software engineering volunteers,
only Volunteer D who was using XAMÃ succeed in correctly identify the relations.
For task C only those volunteers who use XAMÃ presented the perfect precision
and recall. Finally, task D was the only task that all volunteers presented the same
precision and recall independently whether they were using XAMÃ or not.

For those tasks the software engineering volunteers performed without XAMÃ,
we observed that volunteer D (task C), and volunteer E (tasks A, and B) did not
want to guess any possible relationships. They mentioned they were “walking in
circles”. They gave up searching the relationships because they could not find any
model element that could be related to the ones presented in the images. On the
other hand, volunteers from the Tech United could provide educated guesses.

We also asked the volunteers to answer the questionnaire in which we evaluate
the perception of usefulness and ease-of-use. In general we interpret their answers
as positive. The mTAM scores for PU and PEU are 84.88% and 78.17% respectively.
According to Bangor et al. [17] these values can be translated to “acceptable” on
a acceptable/not acceptable scale. On a classical American grading scale, the PU
score can be translated to “B”, and PEU score can be translated to “C”. On an
adjective scale, both scores can be translated to good. Regarding the reliability
of the answers of the questionnaire, we performed the Cronbach’s α test and we
obtained a score of 0.86 indicating a good reliability. Their answers are presented
in Appendix Table A.11, and Table A.11.

We also asked whether the volunteers would recommend XAMÃ to a friend or
colleague. Volunteer D responded with a score 10 and volunteer E responded with
a score 8. This indicates that there is a high chance they would recommend XAMÃ.
The results are presented on Appendix Table A.12 and Table A.14.
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Take away message

XAMÃ helps the volunteers in finding the relationships faster and with
better precision and recall. It includes those volunteers who do not posses
any knowledge about the models nor the system the models are about. All
volunteers presented the same results when they used XAMÃ to perform
the tasks. Only those volunteers from Tech United managed to identify
the relations without using XAMÃ, being task D the exception. Volunteers
evaluated XAMÃ as good in terms of usefulness and ease-of-use. When
we asked whether the volunteers would recommend XAMÃ, one volunteer
responded with a score 10, two volunteers with a score 9, and two volunteers
with a score 8.

7.3.2 Qualitative Results

After the controlled experiment, we interviewed all volunteers in order to collect
feedback about their experience of using XAMÃ. The interviews took approximately
30 minutes each. We obtained qualitative results by performing card sorting on
selected statements given by the volunteers about XAMÃ. The complete card
sorting is presented in Appendix Table A.15, and the visual overview related to the
Tech United Team is presented in Figure 7.2, and the one related to the software
engineering students is presented in Figure 7.3.

Tech United Team During the transcription of the interview we identified a
technical problem in one of the recording files of the last interview. Even thought
we used two different tools to record the interview, it was not possible to capture
the answer for the last question: “Why would you or would you not recommend
the prototype to a friend or colleague?”. In order to overcome this problem, we
sent an email to the volunteer asking them to answer the last question via email.
After performing the transcription of the interviews, we selected statements about
XAMÃ and we performed card sorting. Below, we describe the identified topics
during the card sorting:
• Quality Assessment.

– Usefulness. This topic indicates the perception of usefulness of XAMÃ.
An example of a such topic is: “...I think that the search option was
really useful....it was very useful to find things....”

– Simplicity/Ease-of-Use. This topic groups statements about the ease
of using XAMÃ. For example: “ ...it was easy to use, quite intuitive
where to find stuff..”

– Time Saving. This topic groups statements indicating that XAMÃ can
save the users’ time. For example: “...definitely yes. I think that using
the tool was a lot faster than the other approaches...”

• Shortcoming.
– Concern Scalability/Maintenance. This topic groups statements in-

dicating that the interviewee has doubts about the scalatility/main-
tanance of the tool. For example: “...a concern is if the model up-
dates...how much work it is to also update all the relationships?..”
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– Difficulty in Understanding Concepts. An example of a such topic
is: “...at the beginning I thought I had some questions about what is a
model and what is an element. Because sometimes a model consists of
another model. In the end it was clear for me...”

• Suggestion.
– Add Model Navigation. Example of suggestion to improve the tool

by adding model navigation feature: “...makes a new image which
already combines everything, and then you can click on it...”

Figure 7.2: Visual overview of card sorting. The numbers in parentheses
represent (number of volunteers/number of statements). For example, all
three volunteers said that using XAMÃ could save time in four statements.
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– Improve UI. Example of suggestions to improve the UI: “... maybe
“models” and “add models” (web pages) can be combined...”

• Recommend Depending on Context. Example of such topic is: “..I would
definitely recommend it to people that are using multiple models or are
creating a “large” model, so that they can easily find variables and pieces of
code. But I would not recommend it to people that are using a single, simple
model, as such a model should already be very insightful...”

Overall, we believe that the volunteers have good impression about the tool. We
identified 11 positive statements. All volunteers said that using XAMÃ could save
their time, matching with the answers they gave in the questionnaire. Volunteer
“A” answered with score 5 out of 7, and the other volunteers answered with score
6. Two volunteers (“A” and “C”) explicitly stated they think XAMÃ is easy to use.
In the questionnaire, they answered this question with score 5 and 7 respectively.
Two volunteers (“B” and “C”) think XAMÃ is useful, matching with the answers
they gave in the questionnaire: score 5 and 7 respectively.

During the interview, the volunteers mentioned two shortcomings: The first
shortcoming was reported by volunteer “B” about having problems to understand
some concepts. According to “B”, it happened only in the beginning of the tutorial.
The concepts were clear before the ending of the tutorial session. By analyzing
their answer about whether learning to operate prototype was easy, “B” answered
with score 4. However, the other volunteers answered this question with score 7,
which is the highest score.

The other shortcoming was reported by volunteers “A” and “B” and is related
to the scalability and maintenance of XAMÃ. Regarding the scalability, they were
not sure how XAMÃ would work in a bigger project. Regarding the maintenance,
they wondered the effort necessary to keep the representation of the models that
are stored in XAMÃ consistent with the actual models5. As presented in Chapter
6, we implemented a feature to track changes in the actual model. It sends an
alert every time the model changes. However, due to time limitation, we did not
evaluate this feature. We intend to perform this evaluation in future work.

When we asked the volunteers what they would change or add in XAMÃ. Their
answers were related to the user interface. They mention it would be small changes,
only to make XAMÃ look better. They also mention adding a model navigation
feature. In this feature, the tool would use the uploaded image of the model to
create a navigation between this image and the identified relationships. Finally, all
of the volunteers said they would recommend XAMÃ, and they also mentioned the
context in which XAMÃ fits better. Since new team members are not familiar with
Tech United models, volunteers “B” and “C” said they would recommend XAMÃ
specially for new members. Volunteer “A” said they would recommend XAMÃ, if
the effort to keep the models up-to-date is not high.

Software Engineering Students The cards identified during this card sorting
are similar to the ones identified in the previous card sorting. Bellow, we describe
the additional identified cards:
• Quality Assessment.

– Perception of Completeness. This topic indicates that the user believes

5Consult Chapter 6 for explanation on how XAMÃ stores models.
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XAMÃ is complete and does not need more features. For example: “...I
think for the moment the prototype is quite complete...”

• Suggestion.
– Add Other Data Types. This suggestion is about using other data type,

instead of an image of a graphical model, to identify relationships. For
example: “...If you want to find relationships between other kind of
data...If you have to find relationships between two different software
such as Matlab and Modelica...”

• Recommend the Tool. This topic indicates that the user would recommend
XAMÃ to a friend or colleague. For example:”...I would recommend it. I
think that it’s quite easy to use as I said before and quite quick...”

We asked Volunteer D what they think is missing in the prototype, and they
suggested three things: two UI improvements asking to add a field to explain the
models and another field to describe the relationships. The other improvement was
asking to extend XAMÃ to include the identification of relationships between other
data types. In the end, Volunteer D mentioned that in general they believe the tool
is complete. Volunteer E answered this question suggesting an UI improvement to
turn the process of adding model elements faster.

In the evaluated version of XAMÃ, it is mandatory to select the checkbox
“search in repository” to use the feature “finding relationships using an image of
the model”. Even though it was explained during the tutorial that it is only possible
to execute this feature with this checkbox selected. Volunteer E mentioned having
difficulty in understating this step. For us it was surprising, since they managed to
understand more complex concepts such as the concept of models, model elements,
and relationships. Probably it was the reason why, in the questionnaire, Volunteer
E gave score 4 (using a scale from 1 to 7) for questions: “My interaction with
prototype has been clear and understandable.”; “I found prototype to be flexible to
interact with.”; and “I found prototype easy to use.”.

Overall, we believe that the volunteers have good impression about XAMÃ.
Both of them mentioned XAMÃ helped them in saving time, matching with the
answers they gave in the questionnaire. In general, they think XAMÃ was easy to
use, and they would recommend the tool.

Take away message

In general, the volunteer’s statements are positive. All volunteers believe
that XAMÃ can save their time, and three volunteers explicitly mentioned
in the interview that XAMÃ is useful, and four volunteer mentioned that
XAMÃ is easy to use. Their suggestions for improvements were mainly
related to the user interface.

7.4 Threats to Validity
External validity concerns how the results and findings can be generalized. We
envision XAMÃ to be used both in the academia and in the industry. We only
evaluate XAMÃ in the academic setting. However, it is difficult to measure the
influence of using this group of volunteers in the generalization of the finding. It
is known that students and practitioners have different skills [81], wherefore the
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Figure 7.3: Visual overview of card sorting using the statements given by the
software engineering students. The numbers in parentheses represent (num-
ber of volunteers/number of statements). For example, both volunteers
said that using XAMÃ could save time in two statements.
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results might be different representing a threat. The issues related to this difference
have been discussed in the literature [55, 56, 218]. As future work, we intend to
mitigate this threat by evaluating XAMÃ in an industrial setting.

Internal validity concerns the unknown influences of independent variables
can have on studies. In order to mitigate this concern, we invited an external
researcher to conduct the card sorting session together with the researcher who
interviewed the volunteers decreasing the bias. We also calculated the internal
consistency reliability for the answers of the questionnaire, and we obtained Cron-
bach’s α higher than 0.7 indicating a good reliability.

Construct validity refers to whether we selected the right methodology to
evaluate the usability of XAMÃ. To such a degree, we are confident that we
selected and applied the right approaches. The tasks for the controlled experiment
were validated by a team member from Tech United. We organized the tasks in
such order in which the next task would not be influenced by the knowledge
obtained during the performance of the previous task. The volunteers are not in a
dependent or subordinate position to the investigator. Regarding the questioners
and interviews, we strictly followed guidelines used in other researches [17, 74,
140, 178, 241, 322].

Conclusion validity concerns the relations between the conclusions that we
draw and the analyzed data. Unfortunately, only five volunteers participated in
our experiment. To mitigate this issue, we obtain both qualitative and quantitative
results. By performing a controlled experiment we ask the volunteers to verbalize
their activities (talk while they are working) and we record both their screen and
their voice such that we can identify the problems experienced while working with
XAMÃ. Additionally, we asked the volunteers to answer questionnaires, and we
conducted semi-structured interviews where we ask the participants to reflect on
their experiences.

7.5 Conclusion and future work
In this chapter, we evaluate the perceived usefulness and the perceived ease-of-use
of XAMÃ by conducting a controlled experiment, questionnaires, and interviews.
It is interesting to observe that despite the low precision and recall presented
in Chapter 5, the volunteers provided positive feedback. They obtained better
results in terms of time spent and correctness when XAMÃ was used, as opposed to
when XAMÃ was not used. They evaluated XAMÃ as good in terms of usefulness
and ease-of-use. In the questionnaire, having a scale from 0 to 10 where 0 means
“not likely” and 10 means “very likely”, we asked the volunteers whether they
would recommend XAMÃ to a friend or colleague. One volunteer responded with
a score 10, two volunteers responded with a score 9, and two volunteers with
a score 8, indicating a high chance of recommend XAMÃ. During the interview
they provided more details about the recommendation. They mentioned that
they would recommend XAMÃ specially for new team members, because they
think XAMÃ would help new team members finding relationships between model
elements. They also believe that XAMÃ can save their time. Their suggestions for
improvements were mainly based on the user interface. We intend to evaluate the
effort necessary to keep the models up-to-date, and we also intend to evaluate the
other features, such as the notification mechanism that send notifications when
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models change.





8. Conclusion

This chapter concludes this thesis by presenting the summary of the main contri-
butions for each of the research questions stated in Chapter 1. Additionally, we
recapitulate future research directions from prior chapters.

8.1 Contributions to Research Questions
In Chapter 2, we present a systematic literature review intending to give an
overview of industrial practices and academic approaches to cross-domain model
management. We started with 618 potentially relevant studies and applying a
rigorous selection criteria resulted in 96 primary studies. These primary studies
are used to answer four research questions:

• RQ1: How do model life cycle management tools address consistency be-
tween models from different domains?

We identified 80 tools, but the majority of them do not check consis-
tency between models from different domains. We observed that 39%
of the tools can provide consistency model checking on models of
different domains, 25% on models from the same domain, and 36% do
not check consistency between models.

• RQ2: What inconsistency types are addressed by the model life cycle man-
agement tools?

We identified six inconsistency types addressed by the tools: Behav-
ioral, Information, Interaction, Interface, Refinement, and Require-
ment. Interface is the most popular. Behavioral, Refinement, and Re-
quirement are the least popular, and we believe they are not addressed
by the tools due to the complexity of capturing them. Surprisingly,
these tools do not advertise that they can capture the Name inconsis-
tency type. We conjecture that since Name inconsistency can be easily
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captured, and it is also an Interface inconsistency (but not vice versa),
the tool builders prefer to advertise the later option. The majority of
the tools address up to two inconsistency types.

• RQ3: Which strategies have been used to keep the consistency between
models of different domains?

The following strategies have been used to keep the consistency be-
tween models from different domains: Interoperability, Inconsistency
Patterns, Modeling dependencies explicitly, Parameters or constraints
management, Ontology, STEP, and KCModel. Some of these strategies
are based on prototypes or approaches having the following main
drawbacks: time consuming, data loss, and they are tool-dependent.
We observed that strategies to keep the consistency between mod-
els of different domains are not mature enough: they might cause
data loss, are tool-dependent, and do not (individually) fully support
co-evolution of the models.

• RQ4: What are the challenges to manage models of different domains?

Due to the heterogeneous environment this topic belongs, the main
cited challenges are interoperability, maintaining consistency, depen-
dency management, and traceability.

In Chapter 3, we present a study of suitability of the off-the-shelf OCR services
in the context of multi-domain model management. We evaluated performance
of two well-known services, Google Cloud Vision and Microsoft Cognitive Ser-
vices, on a collection of 43 models from different domains: 17 UML diagrams, 9
MatLab Simulink models and 17 models from scientific papers. In this chapter, we
answered the following two research questions:

• RQ5: How accurate are off-the-shelf OCR services for extracting text from
graphical models?

We observed that Google Cloud Vision presented better results. It
detected 70% of all elements, consistently outperforming Microsoft
Cognitive Services.

• RQ6: What are the common errors made by OCR services on models from
different domains?

We organized the common errors made by Google Cloud Vision
into three categories. The first category of errors is related to non-
alphanumerical characters such as [, {, < or _ used in the models. The
second category is mathematical formulas such as equations, including
subscripts and Greek letters. The next category of errors is related to
spacing and relative positioning of the textual elements. Finally, the last
group of errors is related to single-character errors such as characters
being wrongly added, removed, or recognized. We observed that the
main OCR challenges are in recognizing text that contains equations,
Greek letters, multi-line string (text fragments positioned on multiple
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lines), and subscript. These challenges arise due to the lower precision
on correctly identifying these elements.

In Chapter 4, we present two approaches to correct the multi-line text error pro-
duced by OCR services while recognizing textual elements. Our approaches consist
of identifying and merging textual elements that are positioned on multiple lines.
For this goal, we defined a set of heuristics that take into consideration the lo-
cation, alignment, and the distance between the text fragments. For the second
approach we combined a slightly modified version of these heuristics with shape
detection feature using well-known image process techniques. We evaluated these
approaches in a collection of 51 models from different domains: 20 UML diagrams,
10 MatLab Simulink models, and 21 models from scientific papers. We also com-
pared the results produced by our tool with those presented by a domain specific
tool (Img2UML).

• RQ7: How accurate are our heuristics in identifying multi-line problems?

Our heuristics without shape detection correctly identified 905 out
of 1171 elements, presenting a precision of 75%, recall of 77%, and
f-measure of 76%. With shape detection the number of correctly iden-
tified elements increased to 956, improving the precision, recall and
f-measure to to 84%, 82%, and 83% respectively. Evaluating the re-
sults by the model domain, we observed that our tool, with shape
detection feature, presents statistically higher precision and recall on
Matlab Simulink and models in the scientific papers. The results are
inconclusive for UML diagrams.

• RQ8: What is the overall impact, in terms of precision and recall, of using
our approaches?

To answer this research question, we compared the results produced
by Google Cloud Vision with the results produced by our tool with and
without shape detection. Our tool, without shape detection, presents
better results in 22 (out of 51) models in terms of precision, and in 16
models in terms of recall. With shape detection, it presents better result
in terms of precision in 29 models, and recall in 22 models. Evaluating
these results organized by the domain, we observed that our tool
presents statistically better precision on Matlab Simulink and scientific
papers models. Regarding the recall, our tool presents statistically
better results on these two models when using the shape detection
feature. For UML diagrams the results are inconclusive.

• RQ9: How accurate is our tool compared to a domain specific tool?

We observed that our tool correctly recognized 433/431 (without/with
shape detection) out of 614 elements on class diagrams, while Img2UML
correctly recognized 171 elements. It it is worth mentioning that we
only compare the accuracy related to the text recognition. The classes
and relationships identification are out of the scope of this study.
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In Chapter 5, we evaluated the use of string matching in detecting relationships
between elements from models from different domains. For this goal, we use
images of three graphical models and we evaluate our approach in identifying
the relationships between the three graphical models and two Matlab Simulink
models.

• RQ10: How accurate is the string matching technique in identifying (cross-
domain) relationships?

We evaluate our approach on three different models provided by Tech
United: Cascade Control Structure, Filter Architecture, and Low Level
Motion Control. As results, we obtained precision of 62%, 9%, and
29%; and recall of 40%, 13%, and 65% respectively. By using a domain
specific dictionary, we observed an improvement in the recall for mod-
els: Cascade Control Structure (75%) and Filter Architecture (39%).
However, the use of dictionary increased the number of false positives,
decreasing the precision for these models. Regarding Low Level Mo-
tion Control model, the recall remained the same, but precision slightly
decreased to 28%. We also investigate the use of Levenshtein distance,
and Jaro-Winkler string similarity measures in identifying the relation-
ships. We observed that using Jaro-Winkler string similarity produces
better results than using the Levenshtein distance.

In Chapter 6, we present our prototype implementation of a model management
infrastructure that is capable of mapping the relationships between the models,
sending notifications to affected models due to a change, tracking changes of the
relationships of the models, and describing the semantics of the relationships. In
this chapter, we answered the following two research questions:

• RQ11: How do we explicitly represent a model, its elements, and relation-
ships between models from different domains?

We designed a graph data model that represents a graph containing
all the relevant information for storing relationships between models.
Our solution represents the models and their elements as vertices and
the relationships are described as edges in a graph database. This
graph is designed to store the conceptual representation of models
instead of the actual models.

• RQ12: How do we account for (co-)evolution of models and their relation-
ships?

Even though we only store the relationships between models, we need
to be able to indicate if the model has changed, without storing the
model itself. This is done by giving the element a property that rep-
resents the date and time of its last modification and by creating a
notification vertex. The notification vertex indicates which element
was modified and the impacted elements. With this notification mech-
anism, the developers of the affected models are aware of the change
and the can take appropriate actions. Additionally, our graph data
model has edges to track history of changes.
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In Chapter 7, we evaluated two aspects of usability: the perceived usefulness
and the perceived ease-of-use of our tool. For this goal, we conducted a controlled
experiment with team members from Tech United, and two software engineering
students followed by questionnaires and interviews. We also collected feedback
in order to improve our tool. Differently from the other chapters, in this chapter
we focused on the validation questions. Therefore, the RQ13 was used to guide the
following validation questions:

• RQ13: How can we evaluate our tool?
– Validation Question1: Is our tool useful, i.e. can our tool enhance the

user job performance?
– Validation Question2: Is our tool easy to use?

We observed that our tool helps the volunteers in finding the relation-
ships between the model elements faster and with better precision
and recall. Volunteers evaluated our tool as good in terms of useful-
ness and ease-of-use. The volunteers had a perception that our tool
can improve their job performance or productivity. All of them said
they think they can save time by using our tool. In the questionnaire,
having a scale from 0 to 10 where 0 means “not likely” and 10 means
“very likely”, we asked the volunteers whether they would recom-
mend XAMÃ to a friend or colleague. One volunteer responded with a
score 10, two volunteers responded with a score 9, and two volunteers
with a score 8, indicating a high chance of recommend XAMÃ. During
the interview they provided more details about the recommendation.
They mentioned that they would recommend XAMÃ specially for new
team members, because they think XAMÃ would help new team mem-
bers finding relationships between model elements. Their suggestions
for improvements were mainly based on the user interface.

8.2 Future work
The discussion of the future work has already been addressed in the corresponding
chapter. Therefore, in this section we only summarize those discussions.

In Chapter 3, we investigated the possibility of using OCR to extract text from
models from different domains, and in Chapter 4 we proposed two approaches to
correct the multi-line text error produced during the text extraction. However, all
analyzed graphical models were designed using computer tools, and we believe
that extracting information from hand-written model also plays an important role
in the model management. Therefore, we envision evaluating our approaches on
hand-written graphical models drawn on a piece of paper or a whiteboard.

In Chapter 5, we identify possible relationships between models by applying a
collection of name matching techniques on automatically extracted text fragments.
As a possible direction for future work to improve the identification of relationships,
we envision investigating ways to extract not only the text, but also the context and
the semantics from the models. The context would be used to distinguish elements
in case of multiple elements having the same name. The semantics would be used
to identify the meaning of graphical elements such as different kinds of arrows,
lines, and boxes presented in models.
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In Chapter 6, we describe how our tool stores the representation of models, as
well as, the relationships between model elements. For future work, we intend
to evaluate the effort necessary to keep this representation and the relationships
up-to-date. In Chapter 7, we evaluate the usability and easiness to use of our tool
focusing on the identification of relationships between model elements. However,
this is only one aspect of the tool, therefore more validation studies and further
evaluation are necessary. Thus, for future work, we intend to evaluate other
features of the tool, such as the notification mechanism that send notifications
when models change.
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A. Appendix

A.1 Chapter 4

Figure A.1: Figure 2 from the paper by Dounis et al. [71].
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Figure A.2: Figures 1b from the paper by Zhou et al. [320].

Figure A.3: Figures 3 from the paper by Zhou et al. [320]. Reproduced under
the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
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Figure A.4: Figure 1 from the paper by Blaser et al. [31]. Reproduced under
the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
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Table A.1: Mapping between the models id used on plots and scientific
papers models.

Model ID Reference

Paper Model 1 Paper [253] Figure 1
Paper Model 1 (2) Paper [253] Figure 5
Paper Model 1 (3) Paper [253] Figure 6
Paper Model 1 (4) Paper [253] Figure 7
Paper Model 1 (5) Paper [253] Figure 8
Paper Model 1 (6) Paper [253] Figure 10
Paper Model 1 (7) Paper [253] Figure 15
Paper Model 2 Paper [125] Figure 1
Paper Model 2 (2) Paper [125] Figure 2
Paper Model 2 (3) Paper [125] Figure 3
Paper Model 2 (4) Paper [125] Figure 5
Paper Model 2 (5) Paper [125] Figure 7
Paper Model 3 Paper [4] Figure 1 (a)
Paper Model 3 (2) Paper [4] Figure 1 (b)
Paper Model 3 (3) Paper [4] Figure 4 (b)
Paper Model 3 (4) Paper [4] Figure 4 (a)
Paper Model 3 (5) Paper [4] Figure 5
Paper Model 4 Paper [321] Figure 1
Paper Model 4 (2) Paper [321] Figure 2
Paper Model 4 (3) Paper [321] Figure 3 (a)
Paper Model 4 (4) Paper [321] Figure 5
Paper Model 4 (5) Paper [321] Figure 6
Paper Model 5 Paper [71] Figure 1
Paper Model 5 (2) Paper [71] Figure 2
Paper Model 5 (3) Paper [71] Figure 3
Paper Model 5 (4) Paper [71] Figure 5
Paper Model 6 Paper [31] Figure 1
Paper Model 6 (2) Paper [31] Figure 3
Paper Model 7 Paper [320] Figure 1b
Paper Model 7 (2) Paper [320] Figure 2
Paper Model 7 (3) Paper [320] Figure 3
Paper Model 7 (4) Paper [320] Figure 4
Paper Model 7 (5) Paper [320] Figure 6
Paper Model 7 (6) Paper [320] Figure 13
Paper Model 7 (7) Paper [320] Figure 11
Paper Model 7 (8) Paper [320] Figure 15
Paper Model 7 (9) Paper [320] Figure 19
Paper Model 7 (10) Paper [320] Figure 20
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Table A.2: Execution time (nanoseconds), where “H” means without shape
detection and “SD” means with shape detection.

Model
Median

H SD

Class Diagram (UML) 11 193366 19376665.5
Class Diagram (UML) 12 23332 1651001
Class Diagram (UML) 13 141163.5 10082654
Class Diagram (UML) 14 24841 5756571
Class Diagram (UML) 15 37521.5 5719871
Class Diagram (UML) 16 100636.5 14121234.5
Class Diagram (UML) 17 208570.5 6315443
Class Diagram (UML) 18 36504 10073049.5
Class Diagram (UML) 19 40886 8817458.5
Class Diagram (UML) 20 251315.5 11392504.5
Sequence Diagram (UML) 6 64325.5 12937410.5
Sequence Diagram (UML) 7 84253.5 16274181.5
Sequence Diagram (UML) 8 60969.5 11035539
Sequence Diagram (UML) 9 46443.5 9054040.5
Sequence Diagram (UML) 10 50057.5 12358265.5
Use Case (UML) 6 106869.5 13843530.5
Use Case (UML) 7 31290.5 7213966
Use Case (UML) 8 93645 12330583
Use Case (UML) 9 47635.5 7098907.5
Use Case (UML) 10 65799.5 8499236

Table A.3: Execution time (nanoseconds), where “H” means without shape
detection and “SD” means with shape detection.

Model
Median

H SD

Matlab Simulink 10 30055.5 3763110
Matlab Simulink 11 45504.5 4968398.5
Matlab Simulink 12 20052 1750365.5
Matlab Simulink 13 157131.5 6586545
Matlab Simulink 14 203516 11716023.5
Matlab Simulink 15 84918 3933299
Matlab Simulink 16 198800.5 11897143
Matlab Simulink 17 134013 4184728
Matlab Simulink 18 75310.5 3957824
Matlab Simulink 19 37194 4139254
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Table A.4: Execution time (nanoseconds), where “H” means without shape
detection and “SD” means with shape detection.

Model
Median

H SD

Paper[321] Figure 1 197934 9530845.5
Paper[321] Figure 2 47069.5 5196559
Paper[321] Figure 3(a) 137875.5 9030410.5
Paper[321] Figure 5 42283.5 4633711.5
Paper[321] Figure 6 60155.5 6121648.5
Paper[71] Figure 1 44364.5 7231225
Paper[71] Figure 2 46901.5 4473500.5
Paper[71] Figure 3 39033 6084878
Paper[71] Figure 5 36963 5423058.5
Paper[31] Figure 1 190011 13709096
Paper[31] Figure 3 36744 4461332.5
Paper[320] Figure 1b 82236 6958840
Paper[320] Figure 2 158594 5860029.5
Paper[320] Figure 3 334828.5 24443442.5
Paper[320] Figure 4 35532 4463604.5
Paper[320] Figure 6 14578 6429471.5
Paper[320] Figure 13 42872.5 6326256
Paper[320] Figure 11 48810 2534552
Paper[320] Figure 15 23690.5 4500211
Paper[320] Figure 19 58240.5 6104495.5
Paper[320] Figure 20 30315 3486046.5
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A.2 Chapter 5

Figure A.5: Filter architecture model of the soccer robot used by Tech United.
This model is an updated version of figure 3 from [76].
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Figure A.6: Low Level Motion Control model of the soccer robot used by
Tech United. Image from [113].
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A.3 Chapter 6

Figure A.7: User interface of our prototype. This web page lists the model
elements of one model.

Figure A.8: User interface of our prototype. This web page is used to
identify possible relationships by uploading an image of a model.
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A.4 Chapter 7

To as great an extent as possible, think about all the tasks that you performed with
the prototype tool while you answer these questions. For those statements that
refer to a job, we would like you to interpret Tech United as a job. Please read
each statement carefully and indicate how strongly you agree or disagree with the
statement (where 1 = extremely disagree and 7 = extremely agree) by putting an X
in the appropriate table cell.

Questions 1 2 3 4 5 6 7
Using the prototype in my job enables me to ac-
complish tasks faster

X

Using the prototype improves my job perfor-
mance.

X

Using the prototype in my job increases my pro-
ductivity.

X

Using the prototype enhances my effectiveness
on the job.

X

Using the prototype makes it easier to do my job. X
I have found prototype useful in my job.
Learning to operate prototype was easy for me. X
I found it easy to get prototype to do what I want
it to do.

X

My interaction with prototype has been clear and
understandable.

X

I found prototype to be flexible to interact with. X
It was easy for me to become skillful at using
prototype.

X

I found prototype easy to use. X

Table A.5: Modified technology acceptance model questionnaire answered
by volunteer “A”.

Please answer the following question, where 0 = not likely and 10 = very likely.
Question 0 1 2 3 4 5 6 7 8 9 10
How likely is it that you would
recommend the prototype to a
friend or colleague?

X

Table A.6: Recommendation question answered by volunteer “A”.
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To as great an extent as possible, think about all the tasks that you performed with
the prototype tool while you answer these questions. For those statements that
refer to a job, we would like you to interpret Tech United as a job. Please read
each statement carefully and indicate how strongly you agree or disagree with the
statement (where 1 = extremely disagree and 7 = extremely agree) by putting an X
in the appropriate table cell.

Questions 1 2 3 4 5 6 7
Using the prototype in my job enables me to ac-
complish tasks faster

X

Using the prototype improves my job perfor-
mance.

X

Using the prototype in my job increases my pro-
ductivity.

X

Using the prototype enhances my effectiveness
on the job.

X

Using the prototype makes it easier to do my job. X
I have found prototype useful in my job. X
Learning to operate prototype was easy for me. X
I found it easy to get prototype to do what I want
it to do.

X

My interaction with prototype has been clear and
understandable.

X

I found prototype to be flexible to interact with. X
It was easy for me to become skillful at using
prototype.

X

I found prototype easy to use. X

Table A.7: Modified technology acceptance model questionnaire answered
by volunteer “B”.

Please answer the following question, where 0 = not likely and 10 = very likely.
Question 0 1 2 3 4 5 6 7 8 9 10
How likely is it that you would
recommend the prototype to a
friend or colleague?

X

Table A.8: Recommendation question answered by volunteer “B”.
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To as great an extent as possible, think about all the tasks that you performed with
the prototype tool while you answer these questions. For those statements that
refer to a job, we would like you to interpret Tech United as a job. Please read
each statement carefully and indicate how strongly you agree or disagree with the
statement (where 1 = extremely disagree and 7 = extremely agree) by putting an X
in the appropriate table cell.

Questions 1 2 3 4 5 6 7
Using the prototype in my job enables me to ac-
complish tasks faster

X

Using the prototype improves my job perfor-
mance.

X

Using the prototype in my job increases my pro-
ductivity.

X

Using the prototype enhances my effectiveness
on the job.

X

Using the prototype makes it easier to do my job. X
I have found prototype useful in my job. X
Learning to operate prototype was easy for me. X
I found it easy to get prototype to do what I want
it to do.

X

My interaction with prototype has been clear and
understandable.

X

I found prototype to be flexible to interact with. X
It was easy for me to become skillful at using
prototype.

X

I found prototype easy to use. X

Table A.9: Modified technology acceptance model questionnaire answered
by volunteer “C”.

Please answer the following question, where 0 = not likely and 10 = very likely.
Question 0 1 2 3 4 5 6 7 8 9 10
How likely is it that you would
recommend the prototype to a
friend or colleague?

X

Table A.10: Recommendation question answered by volunteer “C”.
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To as great an extent as possible, think about all the tasks that you performed with
the prototype tool while you answer these questions. For those statements that
refer to a job, we would like you to interpret Tech United as a job. Please read
each statement carefully and indicate how strongly you agree or disagree with the
statement (where 1 = extremely disagree and 7 = extremely agree) by putting an X
in the appropriate table cell.

Questions 1 2 3 4 5 6 7
Using the prototype in my job enables me to ac-
complish tasks faster

X

Using the prototype improves my job perfor-
mance.

X

Using the prototype in my job increases my pro-
ductivity.

X

Using the prototype enhances my effectiveness
on the job.

X

Using the prototype makes it easier to do my job. X
I have found prototype useful in my job. X
Learning to operate prototype was easy for me. X
I found it easy to get prototype to do what I want
it to do.

X

My interaction with prototype has been clear and
understandable.

X

I found prototype to be flexible to interact with. X
It was easy for me to become skillful at using
prototype.

X

I found prototype easy to use. X

Table A.11: Modified technology acceptance model questionnaire answered
by volunteer “D”.

Please answer the following question, where 0 = not likely and 10 = very likely.
Question 0 1 2 3 4 5 6 7 8 9 10
How likely is it that you would
recommend the prototype to a
friend or colleague?

X

Table A.12: Recommendation question answered by volunteer “D”.
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To as great an extent as possible, think about all the tasks that you performed with
the prototype tool while you answer these questions. For those statements that
refer to a job, we would like you to interpret Tech United as a job. Please read
each statement carefully and indicate how strongly you agree or disagree with the
statement (where 1 = extremely disagree and 7 = extremely agree) by putting an X
in the appropriate table cell.

Questions 1 2 3 4 5 6 7
Using the prototype in my job enables me to ac-
complish tasks faster

X

Using the prototype improves my job perfor-
mance.

X

Using the prototype in my job increases my pro-
ductivity.

X

Using the prototype enhances my effectiveness
on the job.

X

Using the prototype makes it easier to do my job. X
I have found prototype useful in my job. X
Learning to operate prototype was easy for me. X
I found it easy to get prototype to do what I want
it to do.

X

My interaction with prototype has been clear and
understandable.

X

I found prototype to be flexible to interact with. X
It was easy for me to become skillful at using
prototype.

X

I found prototype easy to use. X

Table A.13: Modified technology acceptance model questionnaire an-
swered by volunteer “E”.

Please answer the following question, where 0 = not likely and 10 = very likely.
Question 0 1 2 3 4 5 6 7 8 9 10
How likely is it that you would
recommend the prototype to a
friend or colleague?

X

Table A.14: Recommendation question answered by volunteer “E”
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Table A.15: Card sorting results.

Who Category Subcategory Statement
A Quality As-

sessment
Simplicity/
Ease-of-use

...it was easy to use, quite in-
tuitive where to find stuff...

A Quality As-
sessment

Simplicity/
Ease-of-use

...I think finding, for example
if you have an image and then
finding an element from that
image inside the real model
and then being able to deter-
mine where it...

A Suggestion Improve UI ...I think that there were a lot
of different clicks involved...

A Suggestion Improve UI ...without loading a new page
summarize some information
in the front...

A Suggestion Add Model
Navigation

...explore the model you up-
loaded like image...

A Suggestion Improve UI ...add some explanation in
some cases. I’m not sure
whether they should be on
the model side of things, or
on the relationship side that
you could add a comment or
something...

A Suggestion Improve UI ...if you have multiple rela-
tions that would be nicer to
list them properly and not just
as one now on giant string...

A Quality As-
sessment

Time Saving ...I think yes. Because other-
wise I would have to ask a
team member like where can
I find this or where can I find
that. Now, I was able to do it.
I would be able to do it myself
using the tool...

A Recommend
depending on
context

...I think it would be more
suited for the general Teach
United students the mechani-
cal engineering...
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Who Category Subcategory Statement
A Shortcoming Concern about

scalability/
maintenance

...a concern is if the model up-
dates. how much work it is
to also update all the relation-
ships?

A Recommend
depending on
context

...I would recommend it for
people who are not familiar
with the model to have an eas-
ier, an image, as an easier ac-
cess point to the model to see
what’s happening...

A Recommend
depending on
context

...I would not recommend it
what I just said based on the
work possibly I mean I come
in terms of debt the effort to
update the model changes...

B Shortcoming Difficulty
in under-
standing the
concepts

...At the beginning I thought
I had some questions about
what is a model and what is
an element. Because some-
times a model consists of an-
other model. In the end it was
clear for me...

B Quality As-
sessment

Usefulness ...I think that the search option
was really useful...it was very
useful to find things...

B Suggestion Improve UI ...there maybe it would be use-
ful to indicate that should be
an image at this place to find
the relationships...

B Suggestion Improve UI ...then maybe “models” and
“add models” can be com-
bined...

B Suggestion Add Model
Navigation

...if you upload some image,
that it also makes a new im-
age which already combines
everything, and then you can
click on it. You can have multi-
ple models that are comes out
of a visual overview...

B Quality As-
sessment

Time Saving ...Yes I think so...
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Who Category Subcategory Statement
B Recommend

depending on
context

...maybe the beginning it can
really help them (new team
members)...

B Quality As-
sessment

Usefulness ...I think your tool is more ef-
fective when the model is very
large and you do not know
that image...

B Recommend
depending on
context

...think I recommend this
when there’s a very large
model that they do not really
know...

C Quality As-
sessment

Simplicity/
Ease-of-use

...I think it was really easy
to use. it’s quite straightfor-
ward...

C Shortcoming Concern about
scalability/
maintenance

...I don’t think I have a like a
view of how useful it will be
in a large project...

C Quality As-
sessment

Usefulness ...If you work on a specific
model then it will not help a
lot...

C Quality As-
sessment

Simplicity/
Ease-of-use

...finding a what is the vari-
able or something in a large
part of the code, your tool
does it really easily and
quickly in a nice table...

C Suggestion Add Model
Navigation

...I think it would be cool if
you have an official represen-
tation of all the connections
between models...you have
the images and then you have
a different image and then this
part connects to this one. And
then you have a visual line or
something...

C Suggestion Improve UI ...It would be nice if they were
like indent like that like in
depth in front of it or so. it’s
not all below but shifted a lit-
tle bit so we know that the re-
lationships are part of that el-
ement...
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Who Category Subcategory Statement
C Quality As-

sessment
Time Saving ...definitely yes. I think that

using the tool was a lot faster
than the other approaches...

C Quality As-
sessment

Time Saving ...I think yes, it would save
time. But for me personally
not a lot, I think. I’ll just
be among parts of code, do
my things there, and then
just hope that everyone else
makes the connections right...

C Recommend
depending on
context

...I think it would help for all
the new people so all new stu-
dents who enter the team....

C Suggestion Improve UI ...maybe it’s useful to put a
like a search box on top...

C Recommend
depending on
context

...I would definitely recom-
mend it to people that are us-
ing multiple models or are
creating a “large” model, so
that they can easily find vari-
ables and pieces of code. But
I would not recommend it to
people that are using a sin-
gle, simple model, as such a
model should already be very
insightful....

D Quality As-
sessment

Perception of
Completeness

...I think for the moment the
prototype is quite complete...

D Quality As-
sessment

Simplicity/
Ease-of-use

...I think that the prototype is
quite user friendly...

D Quality As-
sessment

Simplicity/
Ease-of-use

...The functionalities of the
prototype are directed to the
point of what you want to do
that is basically find relation-
ship between different mod-
els so that’s what I like that is
why...

D Quality As-
sessment

Simplicity/
Ease-of-use

...I think that it’s very user
friendly and very clear...

D Quality As-
sessment

Time Saving (When asked about saving
time)...yeah quite a lot...
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Who Category Subcategory Statement
D Suggestion Improve UI ...A description between the

models on the screen probably
between relationship in case
that you have a specific use
case for that...

D Suggestion Improve UI ...A description would have
helped me a lot to understand
what was going on behind
it. That would have helped
and yeah that’s what I think....
having some box or some-
thing to describe a little bit
more the model...

D Suggestion Add Other
Data Types

...If you want to find relation-
ships between other kind of
data...If you have to find rela-
tionships between two differ-
ent software such as Matlab
and Modelica...

D Would recom-
mend the Tool

...I would recommend it. I
think that it’s quite easy to
use as I said before and quite
quick....

E Quality As-
sessment

Simplicity/
Ease-of-use

...it was I would say pretty
smooth...

E Quality As-
sessment

Simplicity/
Ease-of-use

...I like the most is the image
upload functionality. I think
that’s pretty I mean just by the
look of it I can say that it has
lots of things going on behind
the scene...

E Quality As-
sessment

Usefuness (got lost when tried to search
manually)... I realized that I
wasn’t going anywhere...

E Quality As-
sessment

Time Saving (When asked about saving
time) ...Well yes of course...

E Shortcoming Difficulty
in Under-
standing the
Concepts

...Where you have this check-
box to search in the reposi-
tory and it was not immedi-
ately clear for me what does it
mean to search in the reposi-
tory until you explained...
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Who Category Subcategory Statement
E Suggestion Improve UI ...So you can add a model and

then you can go inside the
model and say that I want to
add element here. ...So you
can just write something en-
ter it, goes to the next row,
and you enter and goes the
next row something like that
would be much faster to work
with....

E Would Recom-
mend the Tool

...I would definitely recom-
mend this tool to a col-
league...because I think to
find the find the matching el-
ements this tool does a very
good job... From a research
perspective, if someone wants
to start developing some kind
of model management tool I
think your tool has quite some
good features and extendibil-
ity, I hope....



Summary

Model-driven engineering has been used in different domains such as software
engineering, robotics, and automotive. This approach has models as the primary
artifacts, and it is expected to improve quality of system specification and design,
as well as the communication among the development team.

Managing models that belong to the same domain might not be a complex task
because of the features provided by the available development tools. However,
managing interrelated models from different domains is challenging. A robot is an
example of such a multi-domain system. To develop it one might need to combine
models created by experts from mechanics, electronics and software domains.
These models might be created using domain specific tools of each domain, and a
change in one model of one domain might impact a model from a different domain
causing inconsistency in the entire system.

This thesis aims at facilitating the evolution of the models in this multi-domain
setting. It starts with a systematic literature review (Chapter 2) in order to identify
the open issues, and strategies used to manage models from different domains. We
identified that making the relationship between models from different domains
explicit can support the models maintenance, making it easy to recognize affected
models because of a change. Therefore, we introduce a tool called XAMÃ whose
goal is to facilitate the model management of models from different domains.
XAMÃ is composed of four main parts:
• Text extraction from images of models (Chapter 3): We investigated ways

of extracting information from different engineering models that were cre-
ated using different modeling notations. For this goal, we required a uniform
approach that would be independent from the peculiarities of the notations.
This uniform approach can only be based on elements typically present in
various modeling notations, i.e., text, boxes, and lines. Thus, we investigated
the suitability of optical character recognition (OCR) for extracting textual
elements from models from different domains.

• Post-processing OCR output to improve the accuracy of the text recogni-
tion (Chapter 4): We proposed two approaches to correct the common errors
made by the off-the-shelf OCR services.
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• Relationships identification between models from different domains (
Chapter 5): We used name matching techniques on the textual elements
extracted using OCR to identify relationships between models from different
domains.

• Multi-domain model management (Chapter 6): We propose a model man-
agement solution to represent the models, model elements and their relation-
ships as a graph, and store them in a graph database. We combined these
functionalities with the ones presented previously.

Finally, we evaluated XAMÃ by means of an observational study (controlled
experiment, questionnaires, and interviews) with a multidisciplinary team that
builds autonomous robots designed to play soccer, and two software engineer PhD
students (Chapter 7). We evaluated XAMÃ in two aspects of usability. The first
one is whether users believe that XAMÃ can enhance their job performance. The
second aspect is whether users think XAMÃ is easy to use. Additionally, we also
collect feedback in order to improve XAMÃ.
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