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Abstract
Data interoperability is not merely a quality and a tool to gain a competitive advantage. It is
increasingly becoming necessary for survival and to achieve information superiority. Data
interoperability issues typically occur in a networked value constellation. An example of a networked
value constellation is the aviation industry where airport, airline and air traffic control together
create value for their environment. The aviation industry is characterized by a huge set of different
information systems which typically not only operate within organizational boundaries. These
interorganizational systems enhance the probability of data interoperability problems. While
collaboration is very important within the aviation industry, data interoperability problems make this
collaboration difficult.
Using a systematic literature review approach, the CRISP-DM extension for Root Cause Analysis of
Data Interoperability Problems (CIRCA-DIPS) conceptual method is created. Then, an extensive case
study is executed to validate the method at an international airport to examine the interoperability
between the airport, air traffic control and airlines. CIRCA-DIPS identifies the root causes of data
interoperability problems using business process mining within aviation information systems.
Keywords: Data interoperability, Aviation information system, Knowledge discovery, Root cause
analysis, Business process mining.
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1

Introduction

The ability for an organization to interoperate within and with other organizations is not only a quality
and a tool to gain a competitive advantage anymore, it is necessary for survival (Chen & Daclin 2006).
It has become critical and it is the keystone to achieve information superiority (Morris et al. 2004).
Data interoperability issues exists in all types of organizations (Dell’Erbaa et al. 2003; Qamar &
Rector 2007; Shen et al. 2016; Meulendijk et al. 2017). These issues especially occur in
interorganizational systems. The aviation industry is characterized by a huge set of different
information systems which typically not only operate within organizational boundaries (Dell’Erbaa et
al. 2003). This is because the aviation industry is an example of a networked value constellation.
Networked value constellations are sets of organizations who together create value for their
environment (Tapscott et al. 2000).
Aviation requires collaboration of airports, airlines and air traffic control. These main three
stakeholders are responsible for the whole commercial flight process. The flight process cannot exist
with one of these three stakeholders missing. Collaboration between them is therefore of key
importance. IATA (2011) states that failures in the aviation industry structure can be overcome when
these stakeholders work together. This stakeholder collaboration could lead to:
•
•
•
•
•

Better customer service and satisfaction
Simpler pricing for consumers
Reduced costs of fragmentation
Reduced congestion, delay, environmental impact
Fewer layoffs and more predictable wages for workers

However, within the aviation networked value constellation, the different stakeholders use different
definitions for the same concept. For example, the concept flight has a different meaning for each
stakeholder. Whereas an airport sees a flight as an aircraft which either departs from or arrives at that
specific airport, the airlines define a flight as every flight of the aircraft owned by the airline, no matter
the origin or destination. The air traffic control define a flight as an aircraft located within their radar.
The destination, origin or owner of that aircraft is not interesting. This simple example illustrates the
scale of the data interoperability issues existing in the aviation industry. Even a simple misconception
about a definition can lead to inefficient collaboration. While each stakeholder benefits from good
collaboration within the networked value constellation. Therefore, it is necessary to identify these data
interoperability problems and eliminate them.

2

Research approach

The following research question will be central throughout this research: How can the root causes of
data interoperability problems be discovered using business process mining in an aviation information
system?
To answer this main research question, we investigate through several sub-questions the fields of data
interoperability and business process mining to identify how data interoperability problems can be
discovered within an aviation information system, and how its root causes and underlying problem
types can be uncovered and visualized.
We start from the existing body of knowledge, identified and analyzed according to the Systematic
Literature Approach proposed by Moher, Liberati, Tetzlaff and Altman (2009). For each sub question,
several keywords are selected. To ensure these keywords accurately represented the concept, a
validation check has been executed.
Figure 1 is used to visualize the SLR activities. Based on these sub questions, our conceptual model is
created. This conceptual model is validated by the case study. The improvements generated by the
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case study will be used to adjust the conceptual method. After changing the method accordingly, it is
validated again. This process repeats itself until the conceptual method is found correct. Then, the
method is finalized.

Figure 1.

3

SLR process of this research, based on (Moher et al. 2009)

Related literature

In this section the selected articles through the SLR process are described. The section is divided into
six sub sections: Data interoperability, process mining, discovering data interoperability problems,
identifying root causes, visualization techniques and, lastly, the conceptual model is proposed.

3.1

Data interoperability

Literature has many definitions for data interoperability. Chen and Daclin combined the definitions of
IEEE, Vernadat and IDEAS into a less restricted definition: "The ability to (1) communicate and
exchange information; (2) use the information exchanged; (3) access to functionality of a third system"
(Chen & Daclin 2006).
Different levels of data interoperability are defined throughout literature (Yang & Zhang 2006; Ouksel
& Sheth 1999; Sheth 1999; Rh 2001; Gottschalk 2009). Although they do not agree about the specific
levels, they do agree however, that semantic interoperability is the most challenging type of
interoperability. To achieve semantic interoperability, systems must be able to exchange data in such a
way that the precise meaning of the data is readily accessible and the data itself can be translated by
any system into a form that it understands (Heflin & Hendler 2000; Heiler 1995; Pokraev et al. 2005;
Sheth 1999). Making the precise meaning of the data explicit has proven extraordinarily difficult for
several reasons (Heiler 1995).
A more broad definition of semantic interoperability is given by Veltman (2001): "The ability of
information systems to exchange information on the basis of shared, pre-established and negotiated
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meanings of terms and expressions, and is needed in order to make other types of interoperability
work".

3.2

Process mining

The goal of process mining is to extract information about processes from event logs. It is assumed
that (1) each event refers to an activity (i.e., a well-defined step in the process), (2) each event refers to
a case (i.e., a process instance), (3) each event can have a performer, also referred to as originator (the
person executing or initiating the activity) and (4) events have a timestamp and are totally ordered (A.
K. Alves De Medeiros 2005; van der Aalst 2012; van der Aalst et al. 2007; van der Aalst et al. 2012;
van Dongen et al. 2005). Process mining enables organizations to discover and analyze business
processes based on raw event data (van der Aalst & Dustdar Schahram 2012). Process mining can
achieve many advantages for the organization. The challenge is to exploit event data in a meaningful
way. For example, to provide insights, identify bottlenecks, anticipate problems, record policy
violations, recommend countermeasures and streamline processes (van der Aalst et al. 2012). Another
challenge is to identify all possible behaviours (van der Aalst 2009).
To make process mining a repeatable process, the process diagnostics method is created (Bozkaya et
al. 2009). This method is visualized in Figure 2.

Figure 2. Process diagnostic method based on (Bozkaya et al. 2009)

3.3

Discovering data interoperability problems

An interorganizational system can be defined as "an automated information system shared by two or
more companies" (Johnston & Vitale 1988). Several aviation information systems can be considered
as interorganizational systems. This aviation interorganizational system operates within a networked
value constellation of airport, airlines and air traffic control. A networked value constellation requires
(1) alignment of the participating organizations and (2) alignment of four separate perspectives
described by Derzsi and Gordijn (2006). To achieves these two goals, the e3 alignment framework was
created (Pijpers et al. 2013).
Another related framework is the CRISP-DM framework, created for data mining projects. It aims to
make large data mining projects less costly, more reliable, more repeatable, more manageable and
faster (Wirth & Hipp 2000) by standardizing on best-practice process steps. Next to the e3 alignment
framework and the CRISP-DM, related methods like ETL, data linkage and process analytics are
considered. From each method, useful method fragments are selected and summarized. These method
fragments, presented in Figure 3, form the basis for the conceptual method proposed in this paper.
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Figure 3. Framework of related method fragments

3.4

Root cause identification

For the discovery of root causes, both exploratory data analysis and root cause analysis methods are
considered. Exploratory data analysis aims to identify major features of a dataset of interest and to
generate ideas for further investigation (Cox & Jones 1981; Leith et al. 1991). Several exploratory data
analysis methods include cluster analysis, classification and association. Root cause analysis (RCA) is
an analytical process designed to investigate underlying factors that have contributed to or have
directly caused a major event or failure (Staugaitis 2002). The goal of RCA is prevention (Bach et al.
1997; Rooney & Van den Heuvel 2004; Staugaitis 2002).
The relevant method fragments, selected in this section, are added to the already existing framework.
This updated framework is visualized in Figure 4. This framework represents all the phases of the
conceptual method, from business understanding to a finalize phase.

3.5

Visualization

Several visualization methods are considered including Unified Modelling Language (UML), Process
Deliverable Diagram (PDD), Business Process Modelling Notation (BPMN) and Interactive
visualizations. UML was created in the mid 1990s and has been adopted as the de-facto standard
formalism for software design and analysis by the Object Management Group (Berardi et al. 2005;
Dobing & Parsons 2006; Eriksson & Penker 2000). UML can be defined as "a language for
specifying, constructing, visualizing and documenting the artefacts of a software-intensive system"
(Mellor 2002).
A PDD is a situational method engineering technique. It consists of two integrated diagrams: A
process view which is based on a UML activity diagram, and a deliverable view which is based on a
UML class diagram (e.g. V-anonimized 2010; L-anonimized 2008). The PDD technique is used to
tune existing methods to a specific situation (van de Weerd & Brinkkemper 2008).
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The goal of BPMN is to provide a notation that is readily understandable by all users. It is based on a
flowcharting technique and is tailored for creating graphical models of business process operations
(White 2004).
Lastly, interactive visualizations aim to map datasets into visual media for the purposes of assisting
users in exploring these datasets or communicating about them to others (Carlis & Konstan 1998).
Interactive visualizations can be used to highlight and identify connections between entities in the
document (Stasko et al. 2007).
An alternative to building the conceptual method from scratch, is adapting an existing method. As
seen in Figure 4, the CRISP-DM method is present in each of the six phases. Using this existing
method and extending this with the process mining and root cause analysis phases is preferable to
creating an entirely new method since this approach builds upon the familiarity of the CRISP-DM
framework.
Figure 4. Framework including exploratory data analytics and RCA methods
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3.6

Conceptual method

Including all the related literature, the proposed method is a combination of eight data analytics
methods. Since all the steps of the CRISP-DM framework are present in the conceptual method, the
CRISP-DM framework is the starting point. Next to the known CRISP-DM steps, another circle is
added which extends the modelling phase. These steps elaborate the business process mining and root
cause analysis phases. Together the conceptual method is referred to as the CIRCA-DIPS method
(CRISP-DM extension for Root Cause Analysis of Data Interoperability Problems) and is presented
in Figure 5.
For the first phase (business understanding) the e3 alignment framework is used. When creating the e3
value and e3 forces model, the business is clearly captured. To create a data understanding, data
specialists should be interviewed. These two phases are mainly important whenever the method is
used in an unknown environment. For the data preparation the following steps should be executed:
Data consolidation, data cleaning, data transformation, data reduction and data loading. After the
preparation steps are executed, the modelling phase begins. For this phase, the control flow analysis
and performance analysis are executed using a business process mining tool. These steps help identify
bottlenecks. When the bottlenecks are clear, the cause charting and root cause identification phases of
the RCA are used to discover the root causes of the bottlenecks. To finalize the process, the results are
evaluated with the relevant stakeholders. The results and evaluation together create recommendations
which can be used to ensure the bottlenecks are tackled. The arrows in the model indicate that after
evaluation, the previous phases can always be repeated. Moreover, the sequence of the phases is not
strict, the arrows only indicate the most important and frequent dependencies between the phases.

Figure 5. Draft version of the CIRCA-DIPS conceptual method.

4

Validation

In this section the conceptual method is validated through a case study, executed at an international
airport in Western Europe (which will remain anonymous). The interoperability between the airport,
air traffic control and airlines is examined. For this case study, data from three different systems was
used.
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4.1

Case study 1

For the business understanding phase, the e3 value and e3 forces models are created. These models
gave a good understanding of how the networked value constellation was connected. For the next
phase—data understanding—the complete view of the data and the connecting systems was
visualized. This was done in collaboration with some data experts. A timeslot of 14 days in Spring
2015 was collected with data from three different aviation information systems of around 1.5 million
CSV rows and three columns, adding up to around 4.5 million data entries.
After the data collection the data needed to be transformed first because the structure was different for
each system. For the transformation, a Python script was used. After the transformation, the relevant
data were selected. For the Disco tool used to investigate the data interoperability problems, only the
activity, the corresponding timestamp and identifier are needed. Again a Python script was used to
select the relevant data. After loading the data in the tool, the tool automatically cleaned. Since there
were no missing cases or events, nothing was excluded.
Once the data were loaded into the tool, the analysis started. For this analysis both the control flow
analysis and the performance analysis functionalities of the tool were used. Since no bottlenecks were
found using the performance analysis, no root causes could be identified. Therefore, the following two
steps could not be executed and the next phase was evaluation. Furthermore, the data from one of the
systems were extracted too rigorously. Therefore, only three activities appeared to exist, but in reality
many more activities should be there.
Summarizingly, the following interoperability problems were defined after applying our method. First,
it is not clear whether landing or arrival times are included taxi and in- or out-block times. Second,
scheduled date time can both be used for the arriving and departing flights. Third, block time can
mean both in-block as off-block time. Furthermore, next to differences between the stakeholders, there
is also the difference in communicating with the passengers. For the passengers an aircraft is landed
after its wheels touched the ground. While some stakeholders consider an aircraft landed after it is inblocks. Finally, next to these semantic differences, there are many syntactic differences. Whereas one
data source was nicely organized and structured, other data sources were rather unorganized and
sometimes not even syntactically correct.
When evaluating these results, the case company immediately noticed that some important data were
missing. Therefore, another case study was executed with the same three systems, only now the
dataset contained the necessary data. Before the other case study was executed, the conceptual method
was modified.

4.2

Modifications conceptual method

Several recommendations were generated in order to improve the conceptual method. First, the
sequence of the activities in the data preparation phase should not be strict. The sequence depends on
the used data. Therefore, the order for these activities should be determined for each dataset
individually.
In the modelling phase, an explicit step should be added for comparison purposes. The control flow
analysis and performance analysis are executed for each dataset individually. Therefore, whenever
these results are not compared between the datasets, no interoperability problems can be determined.
Besides, performance analysis is not always useful. This analysis should only be executed whenever
there are time dependent activities within the dataset.
In addition, whenever the data are not suited for the RCA steps, the method should skip these steps.
An alternative method for these RCA steps was determined through interviews.
The updated conceptual method is visualized in Figure 6.
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Figure 6. The CRISP-DM extension for Root Cause Analysis of Data Interoperability Problems
(CIRCA-DIPS) conceptual method.

4.3

Case study 2

Because the same organizations and the same systems were used for the second case study, the
business understanding phase and the data understanding phase were not executed again. Therefore,
the second case study started at the data preparation phase. However, we did use a different dataset
since the first dataset did not represent the most important concepts of the flight data. This new dataset
has a time frame from six days from Summer 2015 of around 4.4 million CSV rows and three
columns, adding up to over 13 million data entries.
Again the syntax was not similar for each system, thus the data had to be transformed using the same
Python script. After transformation, again the relevant data were selected using Python scripts. The
Python script was changed for one of the systems in order to extract the relevant data more thoroughly.
After loading the data and cleaning it using the tool, again no missing cases or events were removed.
In the modelling phase the control flow analysis and performance analysis were executed. This time
the correct data was extracted from the dataset and the dataset contained the necessary data for the
process. Instead of three activities, the process now contained over ten activities, which was a better
representation. The process from data preparation to performance analysis did shine light on several
data interoperability problems. First, the syntactic differences when analyzing the three different
systems. Furthermore, difference were seen in definitions used between the systems. The same activity
was called differently or activities had the same name, while representing something differently.
After analyzing the control flow and performance again no bottlenecks were identified. However,
there were some activities which had a long duration. But these activities were not bound by time. For
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example, when scheduling a flight this can be executed weeks before the actual flight takes place. In
this case, a long duration between the activities of scheduling and the actual flight is better than a short
duration. Each bottleneck that appeared using the tool, could be explained and none of these
bottlenecks were real bottlenecks. The drawback is that again, the root cause analysis could not be
executed. Although, the root cause phases of the method could not be executed, the root causes of the
data interoperability problems could be determined using the knowledge within the company. The
problems were often already known.
Summarizingly, the following interoperability differences were defined by this second dataset. First,
differences in flight number caused by different standards for airline, air traffic control and airport.
Second, different activity names were used. Where some data sources used standardized activity
names, others used their own activity names. This is caused by poor collaboration between the
stakeholders and not meeting agreements. Third, the interchangeable use of the concepts scheduled,
estimated, target, actual and calculated make interoperability unnecessarily complex. These are also
concepts which are agreed when defining the activity concepts. Similarly, the different standards for
airline, air traffic control and airport also create confusion and make collaboration more complex.
When evaluating the results, the case company did agree with the results. It gave them new insights in
the process. They are planning to now use process mining at a regular basis in order to identify
possible data interoperability problems and bottlenecks. The sooner these problems are identified, the
sooner they can be solved.
Three recommendations were formulated for the case company. Most of the data interoperability
issues identified could be explained by the different industry standards which exist. For each of the
actors within the networked value constellation an industry standard exists. When one industry
standard would be created, these problems would be solved. However, one networked value
constellation is in no position to create such a standard. This should be created in collaboration with
other airports, airlines and air traffic controls. Furthermore, some interoperability differences could be
explained by differences between the actors in the constellation. It is in the interest of each of the
actors if the collaboration is efficient and effective. The actors should stress the importance of this
collaboration. The last recommendation is to repeat the method. This enables the organization to detect
issues or bottlenecks soon and therefore the organization can participate quickly. Luckily, the case
company already stated that they intend to start using the method on a regular basis.

5 Conclusion
We identified data interoperability as "the ability to (1) communicate and exchange information; (2)
use the information exchanged; (3) access to functionality of a third system". Data interoperability is
necessary for survival and to achieve information superiority. Business process mining enables
organizations to discover and analyze business processes based on raw event data. It can achieve many
advantages for the organization when exploited in a meaningful way. The process diagnostic method
is created to make process mining a repeatable process.
Data interoperability problems can be discovered within an aviation information system by combining
relevant parts of eight related methods including the CRISP-DM process, e3 alignment framework,
ETL and data linkage. Useful method fragments are identified and selected as basis for the conceptual
method proposed in this research. The framework of useful method fragments is extended with
method fragments from exploratory data analysis and root cause analysis methods. This brings
together all required components with which to uncover the root causes of data interoperability
problems.
The process of discovering data interoperability issues can be visualized using either UML, PDD,
BPMN or interactive visualizations. We argue that the best solution is to capitalize on the familiarity
of the CRISP-DM method and extend this method with the business process mining and root cause
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analysis steps. We validated the conceptual method using a case study with a follow-up study of an
actual aviation information system constellation.
These findings together answer our main research question How can the root causes of data
interoperability problems be discovered using business process mining in an aviation information
system? Our solution is the CIRCA-DIPS method as proposed in Figure 6 of this research. This
method includes the following phases in alignment with its underlying CRISP-DM process: business
understanding, data understanding, data preparation, modelling, evaluation and deployment.

6 Discussion and future research
Our research is subject to various limitations. First, our systematic literature review approach depends
on the quality of the search results and the keywords. To counter this, the defined keywords have been
validated by two experts in the area of data interoperability and aviation information systems.
Furthermore, the quality of the search results of Google are validated by several researchers. To
mitigate the risk of missing keywords, the snowballing technique was used to include relevant articles
which did not appear in the systematic literature review approach. In total, ten articles were included
using this extra snowballing technique.
Moreover, process mining (as van der Aalst also suggests) cannot be assumed to identify all possible
behaviours. Additionally, no bottlenecks were actually identified using the performance analysis in the
modelling phase. Therefore, the root cause analysis steps could not be performed. In other words, the
cause charting and root cause identification steps were never validated. Future research should be
executed in order to test these steps.
Finally, the activities used in the case study had no start and end time. Therefore, the bottlenecks
within activities could also not be identified. Future research should also include activities which do
have start and end times.
With this research we have proposed to construct a best-of-breed conceptual method to uncover
interoperability problems in big data, interorganizational information systems in the aviation industry,
based on standard fragments from knowledge discovery, process mining and root cause analysis,
among others. It is our ambition to evaluate our CIRCA-DIPS method within interorganizational
information system constellations—such as healthcare—in the near future as well.
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