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The  heterogeneity  of production  processes  is  a serious  problem  faced  by  international  manufacturing
companies.  The  transformation  towards  Industry  4.0  and  the adoption  of  Internet-of-Things  (IoT)  have
produced huge  amounts  of  heterogeneous  data. The  production  processes  and  data  from  sites  across  the
world  cannot  be  shared  and  compared  at  the  enterprise  level.  Therefore,  companies  cannot  improve  their
production  processes  and  the current  state-of-the-art  of enterprise  architecture  (EA)  cannot  address  this
heterogeneity  problem.  To  mitigate  and  address  this  heterogeneity  problem,  we extend  the  automated
modelling  with  abstraction  for EA  (AMA4EA).  We  demonstrate  the  extension  using the processes  and  data
of  an international  manufacturing  company  in Denmark.  The  results  show  that  the extended  AMA4EA
addresses  the  process  heterogeneity  problem  by  automatically  creating  EA  models  that  relate  and  com-
pare  production  processes  from  different  sites.  In addition,  the  extended  AMA4EA  extracts  value  from
heterogeneous  data  and  visualizes  them  in EA  models.  The  extended  AMA4EA  exhibits  a  novel method  in
EA to incorporate  process  and  data  heterogeneity.  This  is a significant  advance  to EA research  because  it
supports  EA  in  modelling  the  different  realities  of companies.  In  addition,  the  extended  AMA4EA  demon-

strates  how  production  managers  can jointly  analyse  production  processes  from  different  sites. As a  result,
managers  can  identify  potential  opportunities  for improvement  across  production  sites.  Through  EA mod-
els, they  can  access  data  and  documentation  stored  on  different  enterprise  systems.  These  contributions
pave  the  foundation  for  understanding  and  improving  the performance  of  heterogeneous  production
processes  for  international  manufacturing  companies.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Enterprise architecture (EA) models define enterprises’ ele-
ents and relationships (Lankhorst et al., 2017). They are helpful

oth for analysing enterprises and implementing enterprise sys-
ems. They are generally focused on three aspects (Lankhorst et al.,
017, p. 76): business, application and technology. Various EA
odelling methods exist to created EA models. Historically, these

ethods require extensive manual activities which resulted in inef-

cient, time-consuming and error-prone practices (Hauder et al.,
012; Buschle et al., 2012; Hauder et al., 2013; Holm et al., 2014). To
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address these limitations, new automated EA modelling methods,
which are based on data and information, have emerged (Hauder
et al., 2012; Buschle et al., 2012; Hauder et al., 2013; Holm et al.,
2014). However, most of the automated EA modelling methods
have been focusing on EA models related to the application and
technology aspects (Nardello et al., 2019). To leverage the auto-
mated EA modelling method also for business aspects, automated
modelling with abstraction for enterprise architecture (AMA4EA)
was proposed (Nardello et al., 2019).

AMA4EA is a method that abstracts data to create EA mod-
els (Nardello et al., 2019). We  evaluated AMA4EA at the Industry
4.0 laboratory at Aalborg University, in Denmark. We  demon-

strated that AMA4EA can abstract detailed data from an enterprise
resource planning (ERP) system and a manufacturing execution
system (MES) to be relevant for creating a business process model
(Nardello et al., 2019). This EA model provided a useful and simpli-
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ed visualization of production processes (Nardello et al., 2019). In
his demonstration, only homogeneous data and production pro-
ess were feed to the AMA4EA.

International manufacturing companies are usually consti-
uted of subsidiaries that operate in heterogeneous environments
Ghoshal and Nahria, 1989). Heterogeneous environments are due
o different historical and environmental conditions (Ghoshal and
ahria, 1989). These different conditions lead to heterogeneous
rocesses and IT systems across different subsidiaries. Different
rocesses, IT systems, environmental and historical conditions lead
o the problem of process and data heterogeneity. In our case
ompany, in the ERP system, the production process of the same
omponent was specified differently depending on the production
ite, 26 activities in one site and over 200 in another. Process and
ata heterogeneity hinders international manufacturing compa-
ies in comparing their production processes. Furthermore, it is
roblematic for production managers in sharing data from hetero-
eneous processes to achieve process efficiency. In addition, the
eterogeneity problem hampers companies from leveraging the

ncreased data availability of Industry 4.0 technologies to support
mproving production processes. To address the process and data
eterogeneity problem and support companies adopting Industry
.0 technologies, new EA approaches that create EA models based
n data and information are needed (Tambo and Bækgaard, 2013,
. 293; Gampfer et al., 2018). Therefore, in this article, we  con-
ribute to EA and automated EA modelling methods by addressing
he following research question:

How to further develop automated EA modelling methods that
model business aspects to cope with process and data hetero-
geneity?

In this article, we evaluate AMA4EA with data from an interna-
ional manufacturing company. The heterogeneity problem can be
ddressed using AMA4EA because the method is able to abstract
eterogeneous data from enterprise systems (ESs) and visualize
hem in EA models. However, AMA4EA was developed in an envi-
onment with homogeneous processes and data (Nardello et al.,
019). Two extensions to the method are necessary to fully address
he heterogeneity problem. The first extension is to create EA

odels at two levels of detail, i.e. at the subsidiary/site level and
nterprise level. The second is to include data from production pro-
esses in EA models and provide access to other external resources
hrough EA models.

The extended AMA4EA contributes to EA research in three
ain ways. First, it demonstrates how automated EA modelling

pproaches can be adapted to address the heterogeneity prob-
em. Second, it supports holistic approaches in EA by automatically
reating EA models that represent the different realities of com-
anies (i.e. production processes of multiple production sites).
hird, it enables the comparison of production processes and data
nd accesses external resources through EA models. The extended
MA4EA contributes to practice, especially to production man-
gers at international manufacturing companies. The three main
ontributions are: (1) identify the activities that the production
ites execute in the same sub-process, (2) identify the potential
or improvement across production sites, and (3) provide access to
ata and documentation stored on different ESs using EA models.

Our study follows an explorative research approach that
involves the construction and incremental extensions of problem
tatements and associated solutions” (Corne et al., 1994; Lou Maher
t al., 1996). In (Nardello et al., 2019), the problem was the inabil-
ty to use business data to generate EA models. AMA4EA solved

he problem by abstracting data and automatically creating an EA

odel. Afterwards, AMA4EA was applied in an industrial context
nd this refocused the problem to process and data heterogeneity.
ters in Industry 115 (2020) 103178

This problem is addressed by the extensions of AMA4EA presented
in this article. This article is organized as follows. In the next section,
we present in more detail the process and data heterogeneity prob-
lem. Section 3 summarizes the original AMA4EA method and the
background literature used to extend AMA4EA. Section 4 describes
the extended AMA4EA and Section 5 presents the application of the
extended AMA4EA to a Danish international manufacturing com-
pany. Section 6 discusses the implications of our research for the
EA research field and practitioners in manufacturing companies. In
the last section, we  present the conclusions and future work.

2. Process and data heterogeneity problem

This section explains the process and data heterogeneity
problem. International manufacturing companies are very het-
erogeneous because production sites are embedded in different
environmental conditions (Ghoshal and Nahria, 1989, p. 323). For
example, international manufacturing companies have production
sites that operate in countries with different regulations and cul-
tures. These companies have very heterogeneous processes and
data because each production site has developed under different
historical conditions (Ghoshal and Nahria, 1989, p. 323). For exam-
ple, some sites have been part of the enterprise from its origin –
and operate with similar production processes – while other sites
have been acquired during the years – and operate with production
processes different from the rest of the enterprise.

2.1. Process heterogeneity

Different environmental and historical conditions caused the
development of heterogeneous processes across production sites
in international manufacturing companies. To address the process
heterogeneity problem of international manufacturing companies,
previous research defined production processes at two  levels of
detail, enterprise and site levels (Netland, 2013; Netland and
Aspelund, 2014, p. 393). At the enterprise level, the outline of
the production process is defined. Usually, this process is created
during the development of a new product and it specifies the pro-
duction process in an “ideal” site. At the site level, the production
process at the enterprise level was  further adapted to comply with
the environmental and historical conditions of the production site.
This activity is performed by managers and engineers at each pro-
duction site by further specifying the production process from the
enterprise level to the site level. Therefore, the latter is context-
specific and accounts for environmental conditions like the site’s
physical limitations and national regulations. The benefits of the
two-level approach are that there is a certain amount of process
standardisation across the enterprise as well as room for produc-
tion site adaptation to not neglect local advantages (Netland, 2013;
Netland and Aspelund, 2014, p. 393). However, the production
process at the enterprise and local levels are often stored in dif-
ferent ESs and are managed differently. As a result, the relationship
between a process at the enterprise and site level is often lost
because the first is usually stored in a product lifecycle manage-
ment system and is seldom updated, while the second is stored in
an ERP system and MES  and is continuously updated for process
efficiency. Consequently, production managers are missing a sys-
tem that provides an overview of production processes (i.e. at an
enterprise level) with a relationship to the production processes
specific to each site (i.e. site level). Currently, production man-

agers have access only to isolated production processes at the site
level. Therefore, the heterogeneity of the process hinders interna-
tional manufacturing companies in directly comparing production
processes across sites and improving the processes’ efficiency.
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In this section, we  present the details of the two extensions for
AMA4EA to incorporate process and data heterogeneity in EA and
address the problems we discussed.
M. Nardello, S. Han, C. Møller et al. / 

.2. Data heterogeneity

Different environmental and historical conditions and the pro-
ess heterogeneity problem often lead to storing process data on
ifferent ESs. We  refer to this as the data heterogeneity problem.
ince production process data and external resources—for example,
erformance measurements and assembly documentation—are
eterogeneous across production sites and are stored on different
Ss, it is problematic to share and compare. This problem has been
artially addressed with the implementation of ESs like ERP and
E systems to store the enterprise’s production process data at the

ite level. However, the ERP and ME  systems do not store either the
roduction process at the enterprise level or a connection between
he production process at the site level and the one at the enter-
rise level. When managers and engineers at the production site
pecify the production process from the enterprise level to the site
evel, they decide which data to collect and how to structure the
xternal resources and the level of detail of these data and external
esources. As a result, data and external resources at the site level
re heterogeneous across production sites and develop differently
ver time. Consequently, production managers are missing a sys-
em that collects production process data and external resources
n a system that relates these data with an overview of produc-
ion processes and the detailed production processes (i.e. at the site
evel). Currently, data is stored on different systems and production

anagers access it separately. Fragmented data hinders interna-
ional manufacturing companies from using this data effectively
nd efficiently to improve production processes.

. Background literature

This section presents the state-of-the-art EA literature (i.e.
ncluding AMA4EA method) related to address the process and data
eterogeneity problem.

.1. State-of-the-art EA literature

EA as a discipline uses EA frameworks (e.g. Zachman frame-
ork (Zachman, 1987)) to define EA models and structure their

ontent and relationships. For instance, the how interrogative in
Zachman, 1987) is concerned with the design and execution of
rocesses within the enterprise (Lapalme et al., 2016). The what

nterrogative in (Zachman, 1987) is concerned products and prod-
cts components (Lapalme et al., 2016). In large manufacturing
ompanies, there are hundreds of processes and products to be
odelled. To support the development of these models, process
ining and automated EA modelling methods have been devel-

ped.
Process mining is used to establish relationships between a pro-

ess, its data and its process model (Van Der Aalst, 2016). Process
iscovery technique is usually used in process mining to create
rocess models by using event logs without any prior informa-
ion (Van Der Aalst, 2016). It is useful to discover “real” processes
n the bases of process event logs (Van Der Aalst, 2016). Process
bstraction, a part of process discovery techniques, was  proposed to
ddress the process heterogeneity problem. It provides an overview
f a process by aggregating activities and representing the process
odel in a compact and understandable way (Garcia et al., 2019).

he “semantic-based approach to manage perspectives of process
ining” (Kingsley et al., 2016) uses ontologies to enrich event logs

Karray et al., 2014). Though, this technique used only for process

odels which are only a part of EA models for the business aspect.
ther EA models for the business aspect cover product architec-

ures, strategy and project planning. Therefore, although useful this
pproach is not developed to create EA models for business aspects.
ters in Industry 115 (2020) 103178 3

In EA research, two  methods are developed in the field of auto-
mated EA modelling. First, automated EA documentation (Farwick
et al., 2016) is a method for the collection of data to create EA mod-
els. It includes four techniques (Farwick et al., 2016): (1) task-based
reminders, (2) automated structured data collection, (3) external
event triggers, and (4) internal model event triggers. Among them,
the automated structured data collection technique focused on “the
reuse of external structured data sources into the EA model in order
to reduce or even eliminate the manual data collection effort for
specific model elements in the repository” (Farwick et al., 2016, p.
408). Second, the automated EA modelling method for IT architec-
tures (Holm et al., 2014, p. 839). This method was first presented
by Buschle et al. (2011) and then further applied and developed by
other researchers (Holm et al., 2014; Välja et al., 2015; Välja et al.,
2016). It uses predominantly network scanner applications for col-
lecting data about IT architectures in an enterprise (Buschle et al.
(2011)). It then creates EA models related to the application and
technical aspects with the data collected. The limitation of these
methods is that they are not used for creating EA models related to
the business aspects. In addition, the description of these methods
is not very exhaustive and therefore we cannot replicate them.

3.2. Automated modelling with abstraction for enterprise
architecture (AMA4EA)

AMA4EA is the method to “automatically abstract detailed data
from ESs to concepts. The abstraction is achieved through the use
of AMA4EA environment” (Nardello et al., 2019). In the AMA4EA
environment data abstraction occurs. Data, for instance from ESs, is
related to predefined concepts in abstraction hierarchies. “AMA4EA
also instantiates the relevant information in an EA repository and
creates EA models automatically” (Nardello et al., 2019). AMA4EA is
meant to be applied to create EA models for which data is available.
For instance, product architecture models can be created abstract-
ing data from product lifecycle management with the standard
on industrial products (International Electrotechnical Commission,
2019). Similarly, business process models can be created leverag-
ing a production process classification (Sorensen et al., 2018) and
software application landscape models using classifications pro-
vided by EA vendors. AMA4EA requires four roles: a stakeholder
(S), who initiates the modelling and sets the requirements; an
enterprise architect (A), who  manages the execution of AMA4EA; a
data source manager (DSM), who  is responsible for providing data
for AMA4EA; and a subject-matter expert (SME), who collaborates
with the enterprise architect by defining abstraction hierarchies
and performing abstractions. The method starts with a manual
preparation phase and continues with an automated execution
phase. The activities of each phase are summarized in

Tables 1 and 2 and represented in Figs. 11 and 2 .
AMA4EA (Nardello et al., 2019) was  tested in a laboratory envi-

ronment. The process and data were homogeneous and coherent.
Although the Industry 4.0 laboratory aims at replicating industrial
environments, not all industrial problems were considered—i.e.
process and data heterogeneity.

4. The extended AMA4EA
1 If no suitable abstraction hierarchies exist, the SME  and architect may search for
one—e.g. industrial standards. If no satisfactory abstraction hierarchies are found,
they  develop a new abstraction hierarchy.
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Table 1
The four activities in the preparation phase of AMA4EA (Nardello et al., 2019).

Activity Description of AMA4EA

1. Define the desired EA model An architect and a stakeholder define the desired EA model’s purpose, scope and concepts. They decide the desired EA
model’s abstraction level—business, application, or technology (Lankhorst et al., 2017). The architect then chooses the
desired EA model’s type—e.g. business process model, product architecture model, or strategy model—and the
modelling notation—e.g. ArchiMate, BPMN, UML, or industry- or enterprise-specific notation.

2.  Identify data sources The architect and DSM specify which ES handles the data related to the desired EA model’s concepts. They locate the
relevant data in the ES and identify the data’s structural metadata. The architect and DSM choose from the structural
metadata the fields relevant for the desired EA model. In addition, they indicate the interfaces available for extracting
data  from the ES.

3.  Identify abstraction hierarchy The architect selects an abstraction hierarchy aligned with the desired EA model’s purpose, scope and concepts. If no
suitable abstraction hierarchies exist, the SME and architect may  search for one—e.g. industrial standards. If no
satisfactory abstraction hierarchies are found, they develop a new abstraction hierarchy. In the last two cases, the
architect imports the abstraction hierarchy into the AMA4EA environment and into an EA repository.

4.  Set-up the AMA4EA environment This activity is structured in two tasks. The architect creates a storage area in the AMA4EA environment, replicating
the  ES’s structural metadata. In this way, data from ESs can be automatically imported into the AMA4EA environment.
In  the second task, the architect defines the structural metadata of the AMA4EA environment’s interface. The first
section of the interface relates to fields from the dedicated data storage area. The second contains information for
performing abstractions. It includes the concepts and relationships in the abstraction hierarchy. The third includes the
information for mapping fields from the ES structural metadata to the metamodel of the elements in the EA repository.

Table 2
The three activities in the execution phase of AMA4EA (Nardello et al., 2019).

Activity Description of AMA4EA

1. Extract data from ES to the AMA4EA environment The DSM exports data from an ES. Then, the data is automatically imported into AMA4EA using the
data  import algorithm.  The algorithm stores the data in the dedicated storage area in the AMA4EA
environment.

2.  Abstract data in the AMA4EA environment The abstraction algorithm retrieves previous abstractions in the AMA4EA environment and applies
them to the data under analysis. If data cannot be automatically abstracted, the SME is requested to
manually abstract them. This includes the mapping of the fields from the ES to the corresponding
fields of the elements in the EA repository. The abstraction algorithm saves the manual abstractions in
the  AMA4EA environment.

3.  Create the desired EA model The instantiate and position algorithm is responsible for importing data and their abstractions from the
AMA4EA environment into the EA repository. This algorithm instantiates new elements in the EA
repository, storing the abstractions in the elements’ fields. The algorithm also creates the desired EA
model and positions the instantiated elements in the desired EA model.
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Fig. 1. The preparation

.1. The extended AMA4EA: incorporating process heterogeneity

To address this problem of process heterogeneity, we extended
MA4EA to create EA models at a site level alongside with EA mod-
ls at an enterprise level. In this way, heterogeneous production
rocesses at a site level are related to the overview of the produc-
ion processes at an enterprise level. To develop this extension, we
nalysed contributions related to business process models, which
re a core artefact of EA (Winter and Fischer, 2007, p. 5). Researchers
eveloped business process models for production processes that
llow the modelling at two levels of detail (Desbiens and Chaabane,

014; Erasmus et al., 2018). These articles use business process
odel and notation (BPMN) and follow the integration model

roposed by the ISA-95 standard (International Electrotechnical
ommission, 2013). We  included part of the research from Desbiens
e of AMA4EA method.

and Chaabane (2014) and Erasmus et al. (2018) in the extended
AMA4EA as follows. The process model at the enterprise level pro-
vides an overview of production processes (ISA-95 level 4) using
sub-processes, see Fig. 3. The process model at the site level (ISA-
95 level 3) specifies the activities performed at the production sites
for each sub-process, see Fig. 3. It also provides a detailed break-
down of the sub-processes included in the overview model. Process
models at a site level are linked to the sub-processes at the enter-
prise level. As a result, production processes at both levels are easily
accessible by the users. A similar approach for service maintenance
processes was  developed by Rondini et al. (2018). As Desbiens and

Chaabane pointed out, manual development of these production
process models required a considerable amount of time and exten-
sive manipulation and interpretation of input data (Desbiens and
Chaabane, 2014, p. 330). We  address the process heterogeneity
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Fig. 2. The execution phase of AMA4EA method.
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ig. 3. Hierarchical levels of ISA-95 adapted from (International Electrotechnical C
nterprise and site levels.

roblem and this limitation by extending AMA4EA to automati-
ally create EA models (i.e. business process models) at two levels
f detail.

In more detail, EA models at the site level are related to the sub-
rocesses at the enterprise level. This is achieved in the extended
MA4EA by importing a production process at the enterprise level
nd then mapping the production processes at the site level to the
roduction process at the enterprise level. The activities of AMA4EA
Nardello et al., 2019) are extended as follows. The extensions of
he activities in the preparation and execution phase are explained
espectively in Tables 3 and 4.

To clarify, the second activity includes abstracting data to con-
epts in the abstraction hierarchy and mapping concepts from the
ite level to concepts at the enterprise level. The abstraction of
ata is stored in the AMA4EA environment and can be automati-
ally applied through the abstraction algorithm to new data that has
imilar properties (e.g. ID or description field) to the data already
bstracted. For instance, all the activities from a production site
ave a description field that is used following a predetermined
tructure. Therefore, based on this field activities of different pro-
esses with the same description field are referring to the same
oncepts and can be abstracted to these concepts in the abstraction
ierarchy. The mapping of concepts from site level to enterprise

evel is also stored in the AMA4EA environment and can be auto-
atically applied through the abstraction algorithm to the same
ata. For instance, when a process at a site level is mapped to an
nterprise level, the EA models are created. If afterwards the EA
odels are deleted, the same data from the ES can be imported in
ssion, 2017; Nardello et al., 2017) and the relationship between process models at

the AMA4EA environment then the old mapping will be automati-
cally applied. If necessary, the SME  can still make adjustments and
corrections to the mapping.

4.2. The extended AMA4EA: incorporating data heterogeneity

To address the data heterogeneity problem, we  extended
AMA4EA in two ways. First, we  included performance measure-
ments for EA and business process models in AMA4EA models
(Cardoso, 2013) and facilitated access to assembly documenta-
tion through the use of uniform resource locators (URL). Cardoso’s
research addressed the problem of including performance mea-
surements in EA models representing processes. From his research,
we included instance and aggregated measurements in AMA4EA.
For example, measuring the number of errors reported by the
operator during the execution of an activity at the site level.
An aggregated measurement “uses a set of process instances to
calculate the KPI’s values (aggregating single process instances)”
[Cardoso, 2013, p. 331]. For example, aggregating the number of
errors in its activities for each sub-process during a week. Another
example is aggregating the number of errors reported for related
sub-processes at a site level for each sub-process of a production
process at an enterprise level. Second, we  linked external resources
in the EA models created by AMA4EA. Once the measurements
and external resources from different processes are included in EA

models, it is possible to compare and improve the performances
and operations at different sites. In more detail, we extended
the AMA4EA method to include elements in the EA models, URLs
and database queries to link external resources and visualize pro-
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Table 3
The extensions of the four activities in the preparation phase of AMA4EA for incorporating process heterogeneity.

Activity Description of AMA4EA

1. Define the desired EA model
The stakeholder and the architect acknowledge the need for managing EA models at two levels of detail. This requires
defining the purpose, scope and concepts at each level. In addition to choosing the type of EA model, the stakeholder
and  the architect decide the modelling notation for each level. They can be different.
Input: The stakeholder presents his understanding of the problem addressed with the EA models.
Output: Definition of the desired EA models, the scope of the models and the notation to be used.

2.  Identify data sources
The DSM identifies the ESs storing data related to the concepts to be included in the desired EA model and the location
of  data in the ESs. For instance, production routing data in the ERP system is related to production processes.
Input: Purpose, scope and concepts to be included in the EA models.
Output: Name of the ESs with the relevant data and the location for extracting the data.

3.  Identify abstraction hierarchy
The architect selects the abstraction hierarchies relevant to abstract the data from the ESs to the concepts in the EA
model at the enterprise and site level. If no suitable abstraction hierarchies exist, the SME and architect may  search for
one  — e.g. industrial standards. If no satisfactory abstraction hierarchies are found, they develop a new abstraction
hierarchy. If this is the first application of the abstraction hierarchies, the architect imports them into the AMA4EA
environment and into an EA repository.
Input: Modelling notation selected in the first activity.
Output: Abstraction hierarchy with the concepts that will be represented in the EA models.

4.  Set-up the AMA4EA environment

For the EA model at the enterprise level, this activity does not change.
For the EA model at the site level, this activity needs to duplicate the “main” interface to create a “site” interface. The
architect needs to extend the structural metadata of the AMA4EA environment’s s̈iteïnterface adding the columns for
the  fields and abstractions of the data for the EA model at the enterprise level. In this way, in the “site” interface it will
be  possible to specify the mapping from the data for the EA models at the site level to the EA model at the enterprise
level.
Input: AMA4EA environment with only the “main” interface.
Output: AMA4EA environment with “main” and “site” interfaces, with the site interface that allows mapping the data
and abstraction from the site level to the enterprise level.

Table 4
The extensions of the three activities in the execution phase of AMA4EA for incorporating process heterogeneity.

Activity Description of AMA4EA

1. Extract data from ES to the AMA4EA
environment

An enterprise integration software or the DSM extracts data from the ESs for creating the EA models previously
identified. The data is imported in the dedicated storage area in the AMA4EA environment using the data import
algorithm.
Input: Name of the ESs with the data for the EA models and the location for extracting the data.
Output: AMA4EA environment with data from the ESs in the “main” and “site” interfaces.

2.  Abstract data in the AMA4EA
environment

This extension is executed after the abstraction from data to concepts using the abstraction hierarchy. In the
s̈iteïnterface, the abstraction algorithm or SME  map  concepts at the site level to the concepts at the enterprise level. For
instance, each activity in the production process at the site level is mapped to a sub-process of the process at the
enterprise level.
Input: AMA4EA environment with data from the ESs in the “main” and “site” interfaces.
Output: AMA4EA environment with an abstraction of the data to concepts for both the enterprise and site level. In
addition, the “site” interface maps the concepts at the site level to the concepts at the enterprise level.

3.  Create the desired EA model
The instantiate and position algorithm imports all the data, abstractions and mappings in the m̈ainänd s̈iteïnterfaces of
the  AMA4EA environment to the EA repository. The algorithm instantiates an EA model at the enterprise level using
the  data and abstractions from the m̈ainïnterface. The algorithm instantiates an EA model for each concept at the
enterprise level with the concepts at a site level mapped in the s̈iteïnterface. For instance, the algorithm instantiates
one  EA model for the process at the enterprise level with the sub-processes, as well as EA models that specify the
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activities for each of the sub-pr
Input: The output of the previou
Output: An EA model with the c

uction process measurements. To fulfil these requirements, we
xtended the activities of AMA4EA specified in (Nardello et al.,
019) as follows. The extensions of the activities in the preparation
nd execution phase are explained respectively in Tables 5 and 6.

. Industrial case application

The extended AMA4EA was applied using data from an engi-
eer to order company in discrete manufacturing with production
ites located in more than seven countries. The company has the
oal to share internally knowledge about their different produc-
ion processes to improve them. Some of these sites produce the
ame product specification. The product is a large metal product
ith electrical engines, electronic and mechanical components.

hese components are installed on the product during the pro-

uction process. Due to historical and environmental differences,
he sites are managed differently, therefore, causing the process
nd data heterogeneity problem. Related to process heterogeneity,
he production processes in different sites are specified at differ-
s at the site level.
vity.
ts at the enterprise level, and EA models that map these concepts at the site level.

ent levels of detail. In a production site, the production process of
a component is structured in 26 sub-processes. While in another
production site, the production process of the same component
is divided into more than 200 sub-processes. Related to data het-
erogeneity, the production process data is collected and stored
in different sites on different ESs and at different levels of detail.
Production data—i.e. timestamps and error data—and assembly
documentation—i.e. manuals for production site employees—are
available for each activity in the sites at very different levels of
detail (i.e. 20 activities vs. over 200 activities). The process and data
heterogeneity hinder international manufacturing companies in
directly comparing production processes across sites and improv-
ing the processes’ efficiency. Consequently, production managers
are missing a system that collects and relates production process
data and external resources with the overview of production pro-

cesses (i.e. at the enterprise level) and the detailed production
processes (i.e. at the site level).

Process and data heterogeneity hinder companies from compar-
ing and sharing data across different sites. This creates three main
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Table  5
The extensions of the four activities in the preparation phase of AMA4EA for incorporating data heterogeneity.

Activity Description of AMA4EA

1. Define the desired EA model
The stakeholder and the architect acknowledge the need for including external resources in the EA models at two
levels of detail. This requires defining the external resources relevant for the purpose, scope and concepts at each
level.  For instance, KPIs or documentation. In addition to choosing the type of EA model, the stakeholder and the
architect decide how the external will be visualized for each level. For instance, KPIs can be visualized with different
colour coding and different documentation can have different icons on the EA models. These visualizations can be
different for the two levels.
Input: The stakeholder presents how the problem can be addressed with the EA models that include external
resources.
Output: Definition of the desired EA models including the external resources and their visualization.

2.  Identify data sources
The DSM identifies the ESs used for managing the external resources to be included in the desired EA model and the
location of data in the ESs. For instance, the assembly documentation can be accessed through URL and the data for
the  KPIs can be accessed through a database query.
Input: Definition of the desired EA models including the external resources.
Output: Name of the ESs with the relevant data and the URL or query for extracting the data.

3.  Identify abstraction hierarchy (No extension is necessary)

4.  Set-up the AMA4EA environment
For both m̈ainänd s̈iteïnterfaces, the structural metadata of the AMA4EA environments’ is extended with one column
for  each external resource. This column stores the URL or query for accessing the external resource. For instance, one
column can store URLs to access assembly documentation and another column can store database queries to retrieve
performance measurements.
Input: AMA4EA environment with “main” and “site” interfaces
Output: AMA4EA environment with “main” and “site” interfaces, with the columns for storing the URLs and queries to
access  external information.

Table 6
The extensions of the three activities in the execution phase of AMA4EA for incorporating data heterogeneity.

Activity Description of AMA4EA

1. Extract data from ES to the AMA4EA
environment

Following the extraction of data from ESs to the AMA4EA environment, the DSM inserts the queries and URLs
necessary to access external resources in the dedicated columns created in the set-up the AMA4EA environment
activity.
Input: Name of the ESs with the relevant data and the URL or query for extracting the data.
Output: AMA4EA environment with the URLs and queries in the “main” and “site” interfaces to access external
resources.

2.  Abstract data in the AMA4EA environment (No extension is necessary)

3.  Create the desired EA model
The instantiate and position algorithm stores queries and URLs to external resources in elements in the EA repository.
During the instantiation of the elements in the EA models, URL visualized for each element with a predefined symbol.
In  addition, if the queries return numerical results they are visualized for each element. This visualization can be
enhanced by predefined colour schemes.
Input: AMA4EA environment with data from the ESs in the “main” and “site” interfaces including URLs and queries to
access  external resources.
Output: EA models with elements that provide access to external resources and visualize performance measurements.

Table 7
Problems of the company in the industrial case application and solutions of the extended AMA4EA.

Problems of the international manufacturing company The extended AMA4EA

Production processes of the same component are specified at different levels
of detail based on the site:
•  26 activities in one site
•  Over 200 activities in another site
Therefore, it is problematic to identify which activities from one site
correspond to those at another site.

Automated creation of EA models of production processes at two
levels of detail: enterprise and site. From the production process at
the enterprise level, it is possible to access the specification of the
production processes at different sites, and vice-versa.

Performance improvement analysis is independent for each site. It is
problematic to identify potential opportunities for improvement across sites.

The EA models at both levels aggregate performance
measurements to identify potential opportunities for
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Assembly documentation is available on different platforms and at different
levels of detail based on the site.

roblems for companies. First, it is problematic to identify how the
ub-process is executed at each site. Second, data analysis for per-
ormance improvement is independent for each site, even for sites
hat are manufacturing the same product specification. Therefore, it
s not possible to identify which sub-process has the biggest poten-
ial for improvement among all sites. Third, the lack of relations for
ssembly documentation for similar processes hinders managers
rom different sites in learning about practices at other sites. The

roblems and the solutions provided by the extended AMA4EA are
ummarized in Table 7.

In this industrial case application of the extended AMA4EA, we
bstracted data from the enterprise’s ERP system. The extended
improvement across plans.
Link external resources to the elements in the EA models.

AMA4EA automatically created the EA models in QualiWare’s EA
repository. These models included measurements and links to
external resources and the process at the enterprise and site levels.
The stakeholders from the enterprise were a production man-
ager, a production engineer and the head of business intelligence.
The DSM was  a system administrator from the enterprise. The
first author acted as architect and SME. The production engineer
acted as additional SME. The ESs used were SAP ERP system, a

manufacturing operations management (MOM)  software, a data
analytics platform, QualiWare’s EA repository (QualiWare, 2018)
(QLM version 6.6) and a Microsoft Excel file as the AMA4EA envi-
ronment.
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Fig. 4. “Main” interface of AMA4EA with the production process at the enterprise level. The blue columns contain the data from the ERP system, the green columns are used
for  the abstractions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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ig. 5. “Site” interface of AMA4EA with the mapping of the production process at the
ave  been omitted in the figure.

.1. Preparation phase

Define the desired EA model is the first activity of the extended
MA4EA. The stakeholders agreed that the desired EA model should
rovide a unified visual representation of production processes
sing the modelling notation of the production process classi-
cation. Alternatively, BPMN extensions for the manufacturing
omain (Zor et al., 2011) could have been used, but the stake-
olders preferred not to use them. The scope was restricted to
wo production processes for a specific component at different
ites. At the enterprise level, the selected production process was
omposed of 26 activities. In addition, the stakeholders decided to
se the “number of errors reported in a week” as a performance
easurement. Although better operations management perfor-
ance measurements are available (ISO, 2014), the stakeholders

efined themselves a performance measurement that could be eas-
ly implemented. Furthermore, the stakeholders requested to link
he assembly documentation in the EA models at the site level.

The DSM and architect jointly performed the identify data
ources activity. They selected SAP ERP for the production processes,
he enterprise’s data analytics platform for the performance mea-
urements, and their MOM  software for assembly documentation.

In the identify abstraction hierarchy activity, the production pro-
ess classification was chosen as the abstraction hierarchy. This
ierarchy classifies production processes in discrete manufactur-

ng at four levels (Sorensen et al., 2018): category, family, class
nd subclass. The abstraction hierarchy was already available in
he AMA4EA environment and QualiWare’s EA repository.

In the set-up AMA4EA environment activity, the architect
repared the AMA4EA environment as follows. The structural
etadata of the interface for the production process at the enter-

rise level was the following:
Three columns for the production process from the ERP system:
Operation ID, Work center ID, Description of the Operation;
Four columns for the production process classification, one for
each hierarchy level;
vel to the production process at the enterprise level. The external resource columns

• A column to specify the name displayed in the EA model;
• The “Next Operation” column.

In addition to the structural metadata above, the structural
metadata of the “site” interface for the production process at the
site level included the following columns:

• Three columns for mapping each sub-process at a site level to the
sub-process at the enterprise level: Operation ID of the enterprise
process, Work center ID of the enterprise process, Description of
the Operation in reference process;

• Two  columns for including the query to the data analytics plat-
form with the performance measurements and a URL to the
production work instructions in the MOM  software.

In this industrial case application, the mapping between the
structural metadata from the ESs and the structural metadata of
the elements in the EA repository was  included in the instantiate
and position algorithm.

5.2. Execution phase

Continuing with the extended AMA4EA method, the extract data
from ES to the AMA4EA environment activity was executed. The pro-
duction process data in SAP ERP, data analytics platform and MOM
were imported into the AMA4EA environment. Fig. 4 presents the
“main” interface of AMA4EA with the data from the ERP system
about the process at the enterprise level (in blue and white) and its
abstractions with the production process classification (in green).
Fig. 5 shows the “site” interface of AMA4EA with the data from
the ERP system about the process at the site “BBBB” (in blue and
white), the abstractions with the production process classification

(in green) and the mapping to the production process at the enter-
prise level (in light-blue). For the same process, Fig. 6 presents
the “site” interface the data from the ERP system, the abstraction
and the external resource columns, one for the SQL  query for the
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Fig. 6. “Site” interface of AMA4EA with the external resource columns of the production process at the site level. The columns for the mapping of the production process to
the  enterprise level have been omitted in the figure.
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sub-process it is possible to compare the 1 activity at site AAAA with
the 9 activities at site BBBB. In this way, the production manager
of site AAAA is able to understand how the same sub-process is
Fig. 7. The production process at the enterprise lev

erformance measurements and one for the URL for the assembly
ocumentation.

The extended AMA4EA was demonstrated for the first time in
 real industrial context. Therefore, the AMA4EA environment did
ot store abstractions and the execution of the activity abstract data

n the AMA4EA environment was performed manually. The archi-
ect abstracted the production process data at the enterprise and
ite levels using the production process classification. For exam-
le, Operation 100 “Install electrical equipment” was  abstracted to
he “Insert&PutIn” production concept, see the green columns in
ig. 5. In addition, the architect mapped the production process at
he site level to the production process at the enterprise level using
uggestions given by the production engineer. The last two  columns
n Fig. 5 include the mapping from site level production process to
nterprise level. The last two columns in Fig. 6 include the query
nd URL to access external documentation. The queries and URLs
o retrieve external resources and link them to the processes were
lso specified for each activity. The following is an example SQL
uery used to retrieve the data for measuring the number of errors
eported by the operator during the execution of an activity at the
ite level.
select count(*) from BBBB.tblErrors where (Activ-

ty = 0072) and (DateTimes <= Date()) and (DateTimes
= (Date() - 7));

The following is a simplified example of URL to retrieve the
ssembly documentation of an activity at the site level.
https://man-my.sharepoint.com/:f:/g/BBBB/0072

In the create the desired EA models activity, the instantiate and

osition algorithm imported data from the AMA4EA environment to
ualiWare’s EA repository. It created the EA model with the enter-
rise process, see Fig. 7, and then it created other EA models for
omatically created in QualiWare’s EA repository.2

specifying the site sub-processes of each enterprise sub-process,
see the example in Fig. 8. The information related to the abstrac-
tion hierarchy and external resources were stored by the algorithm
in the elements in the EA repository. The instantiate and position
algorithm step also determined the position of the elements in the
business process model, as shown in Fig. 7. The performance mea-
surements were automatically aggregated from the activities at the
site level to the sub-process at the enterprise level. In the exam-
ple below, in both sites, the activities related to the sub-process
of “Mounting of additional equipment” reported a high number of
errors, see the activities with the red dot in Fig. 8. This measure-
ment was aggregated and visualized in the production process at
the enterprise level, see the sub-process with a red dot in Fig. 7.

5.3. Addressing process heterogeneity

The extended AMA4EA create an EA model at the enterprise level
that provides an overview of a production process, as shown in
Fig. 7. From this EA model, it is possible to access the EA models
at the site level. The EA models at the site level document how a
sub-process at the enterprise level is performed at different sites.
As shown in Fig. 8, by opening the EA models referring to the same
2 The aggregation of the performance measures at the enterprise level is the addi-
tion of the performance measures of the activities at the site level. The three levels
of  the performance measure are predefined in QualiWare’s EA repository as follows:
value 0 “green”, values 1-3 “yellow” or values higher than 3 “red”
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ig. 8. The production process at the site level automatically created in QualiWare
dditional equipment.

xecuted at site BBBB. With the extended AMA4EA, we  were able
o compare two production processes of the same component that
ere specified at two different levels of detail: one 26 activities,

he other over 200 activities.

.4. Addressing data heterogeneity

The extended AMA4EA included in the EA models at the site
evel the assembly documentation for each activity. Documentation
roduction processes at different can be accessed by production
anagers through the MOM.  Sharing data and documentation

cross production sites is important to continuously improve pro-
uction processes. But if the manager of site AAAA does not know
ow his production process is related to the one of site BBBB, he
annot access the assembly documentation for the production pro-
ess at the other site. The fact that production processes can be
ompared with EA models and that documentation is included in
hese EA models enables production managers to share documen-
ation from different sites that is structured at different levels of
etail.

The extended AMA4EA included in the EA models also per-
ormance measurements. EA models at the site level include the
erformance measurements for each activity, as shown in Fig. 8.
ut since even the same production process is specified with a
ifferent number of activities, it is very difficult for production
anagers to compare the performance of their production lines

sing the performance measurements at the activity level. The EA
odel at the enterprise level addresses this problem and aggregates

erformance measurements from different sites. The performance
easurements at the activity level from different sites are aggre-

ated to a performance measurement at the sub-process level.
s depicted in Fig. 7, aggregating the performance measurements
nables to identify potential for improvement across sites. Fig. 7
hows that the sub-process of “Mounting of additional equipment”
s the one registering most errors per week. Fig. 8 shows the spe-
ific activities at each site that are registering many errors per week.

he comparison of performance measurement across sites and the

dentification of the cause of the error at the activity level enables
he production manager to effectively and efficiently improve pro-
uction processes.
epository.2 This example visualizes the activities of sub-process 30 – Mounting of

6. Discussion

In this paper, we  extended AMA4EA to address the process
and data heterogeneity problem. The extended AMA4EA creates
EA models at the site and enterprise levels and included exter-
nal resources from different ESs in the EA models. We  applied
the extended AMA4EA to an international manufacturing com-
pany. We  used data from two  industrial production processes and
demonstrated that the extended AMA4EA can solve the process
and data heterogeneity problem of an international manufacturing
company.

6.1. Contributions of the extended AMA4EA to EA research

The extended AMA4EA contributes to EA research in three main
ways: (1) supports holistic EA approaches, (2) includes external
heterogeneous data in EA models at both enterprise and site lev-
els, and (3) extends the applicability of automated EA modelling
approaches to heterogeneous processes and data.

The extended AMA4EA supports holistic EA approaches by
automatically creating EA models that address the process het-
erogeneity problem of international manufacturing companies by
modelling the different realities of companies. EA approaches with
a reductionist stance do not model the different realities of com-
panies and, as a result, they are often inadequate (Lapalme, 2012).
Holistic EA approaches are required to model the different realities
of an enterprise (Lapalme, 2012). The extended AMA4EA auto-
matically creates an overview of the production processes (i.e. at
an enterprise level), models the different implementations of the
production processes at different sites, and relates production pro-
cesses at the site level to the overview of the production processes
(i.e. at an enterprise level). In the industrial case application, the
extended AMA4EA creates an overview EA model with 26 activi-
ties and detailed EA models of two  production processes with 26
and 200 activities.

The extended AMA4EA addresses the data heterogeneity prob-
lem of international manufacturing companies. Currently, data
is stored on different systems and production managers access

it separately. Fragmented data hinders international manufac-
turing companies from using this data effectively and efficiently
to improve production processes. Enterprise-wide technologi-
cal solutions (i.e. ERP system) are used inconsistently across
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he subsidiaries of International manufacturing companies. EA
as traditionally not emphasized modelling different uses of
nterprise-wide technological solutions. New EA approaches are
equired to include these different uses [Tambo and Bækgaard,
013, p. 293]. The extended AMA4EA includes heterogeneous data
nd external documents from different subsidiaries in EA models,
ggregates the data and allows the data to be shared and compared.
n the industrial case application, the extended AMA4EA created
A models with external data and links to the documentation at
he enterprise and site levels. The EA model at the enterprise level
rovided an overview of the production process, including aggre-
ated production process data from the different sites, see Fig. 7.
he extended AMA4EA enables EA to address the data heterogene-

ty problem by including production processes data and external
esources in EA models, therefore, allowing the comparison of these
ata from different data sources.

The extended AMA4EA addresses the problem of automated
A modelling methods when using heterogeneous data to create
A models [Farwick et al., 2016, p. 421]. The extended AMA4EA
emonstrates how automated EA modelling approaches can be
dapted to address the heterogeneity problem. Automated EA mod-
lling methods (Holm et al., 2014; Nardello et al., 2019; Farwick
t al., 2016) did not fully address the data heterogeneity problem.
n fact, existing methods maintain the same level of detail (i.e. gran-
larity) of the data in ESs in the EA models. The extended AMA4EA
ddresses this shortcoming, creating EA models at the enterprise
nd site levels that are at two different levels of detail.

.2. Implications of the extended AMA4EA for international
anufacturing companies

The extended AMA4EA contributes to practice, especially to
upport the whole practice of production managers at interna-
ional manufacturing companies. The three main contributions are:
1) directly identifying activities that production sites execute in
he same sub-process, (2) identifying potential opportunities for
mprovement by cross-site analysis, and (3) accessing data and
ocumentation stored on different ES using EA models.

The extended AMA4EA allows production managers to directly
dentify the activities within a sub-process that different sites exe-
ute and compare these activities—i.e. using the EA models at the
ite level. As reported in [Netland and Aspelund, 2014, p. 393]
nd confirmed by several Danish international manufacturing com-
anies, comparing production processes for the same or similar
omponents across subsidiaries was done manually and was  prob-
ematic. Production managers were missing a solution to meet
he following three requirements: (1) an overview of production
rocesses (i.e. enterprise level), (2) the detailed representation of
hese production processes at the site level, and (3) the connection
etween processes at the enterprise and site levels. The extended
MA4EA fulfils these requirements as follows. First, it automati-
ally creates EA models for production managers, representing the
roduction process at the enterprise level with an overview of the
roduction process. Second, it creates EA models representing pro-
uction processes at the site level. Third, it relates the EA models
t the two levels and allows production managers to easily access
he production processes at both levels.

The extended AMA4EA supports production managers in iden-
ifying the sub-processes and activities that have the most
otential for improvement across different production sites. This

s expected to lead to an improvement in production processes
nd their performance that could not be obtained through inde-

endent site analysis. Comparing production processes across
ubsidiaries was performed manually and was problematic for
roduction managers. The extended AMA4EA addresses data het-
rogeneity by including production process data (i.e. performance
ters in Industry 115 (2020) 103178 11

measurements) and access to external resources (i.e. assembly doc-
umentation) at a site level in the EA models. The extended AMA4EA
allowed sharing performance measurements and documentation
between different sites and aggregated data to compare them at
the enterprise level. In the industrial case application, the EA model
of the process at the enterprise level aggregates two “medium”
problems present in both sites, enabling the managers to discover
common problems across sites. A core improvement of the Industry
4.0 trend is to make this type of analysis more accurate.

The extended AMA4EA supports production managers by pro-
viding direct access to fragmented data and documentation stored
on different ESs through EA models. The production process data
and external resources at the site level are heterogeneous across
sites and were accessible separately on different ESs. The extended
AMA4EA visualizes data and documentation from different ESs in
EA models. In the industrial case application, the method visual-
ized data and provided access to documentation stored on different
systems. The increased data availability brought by Industry 4.0 is
mostly at a machine or activity abstraction level. Extended AMA4EA
method is important in this context because it enables to relate
activities at a site level to sub-processes at an enterprise level.
Therefore, providing a way to aggregate and analyse the data from
the machine at an enterprise level. This significantly contributes to
extracting value from the data availability related to Industry 4.0.

7. Conclusions

In this article, we extended the AMA4EA method to abstract
data to create EA models in two  ways: (1) to create EA models
at two levels, enterprise and site; and (2) to include production
process data and documentation, e.g. performance measurements,
in the EA models. The extended AMA4EA supports EA approaches
to address the heterogeneity problem by creating EA models with
both the overview and the details of production processes. These
EA models represent the production process data and external
resources from different subsidiaries at different levels of detail.
The industrial case application using data from a Danish interna-
tional manufacturing company provides sufficient evidence that
the extended AMA4EA addressed the process and data heterogene-
ity problem. In detail, the extended AMA4EA enables production
managers to access the production processes at different sites from
an automatically created overview model. Furthermore, it allows
sharing and comparing performance measurements and documen-
tation from different sites and aggregates the data in an overview
EA model.

The extended AMA4EA can be applied for different types of EA
models. The industrial application used ERP production process
data to create a business process model. Other EA models can be
created if the data to create these models can be extracted from the
ES and a relevant abstraction hierarchy is either identified or cre-
ated. The main limitations of our research are that the extended
AMA4EA was  tested with only one international manufacturing
company. However, the problem addressed is common for interna-
tional manufacturing companies. The application was focused on
one domain, production processes. The method could be applied
in other domains and industries. In addition, the production pro-
cess from different production sites were sequential activities in the
same order. Solutions to manage branching and decisions as well
as different execution order of the activities need to be developed.
Finally, the method does not automatically update the EA model it
creates.
Future research could focus on applying the method in other
companies and domains. Another research direction could be to
develop a solution to manage branching and decisions, for exam-
ple improving the instantiate and position algorithm.  Based on this
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olution, another solution could be developed to address the prob-
em of different order of execution of the activities. When the order
f the sub-processes at the enterprise level is not constrained and
he sub-processes can be executed in a different order, the EA model
t the enterprise level could represent sub-processes at an enter-
rise level as parallel to each other and not sequential. Moreover,
MA4EA could be further extended to be able to automatically
pdate the EA models it creates following the method presented
y (Roth et al., 2013). This extension would provide constantly
p-to-date EA models that are aligned with reality.
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