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Design and deployment of an analytic
artifact — investigating mechanisms for
Integrating analytics and manufacturing
execution system

Abstract:

Integrating Enterprise Information Systems (EIS) into companies have been researched over the last decades
and is considered well understood. However, the integration of analytics and EIS is lacking the same
research interest, which is increasingly becoming important due to the need for analysing enterprise data in
order to understand and manage the complexities of the supply chain and in particular manufacturing.
Correspondingly, this paper investigates the mechanisms for integrating an analytic artefact with
Manufacturing Execution System (MES), by constructing and deploying the artefact within two
manufacturing sites. The findings indicate that analytic artefacts, unlike EIS or IT integrations, can be
constructed based on a business problem and do not have to address specific factors such as IT-systems,
process, people, or tasks. As a consequence, an analytic artefact can be built centrally and deployed across
heterogeneous manufacturing sites, if they share a common data model.

Keywords: analytics, SCM, EIS, MES, action design research, machine learning
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1 Introduction

Managing a company in today’s environment is extremely difficult, as supply chains are becoming
more complex, as there is a need to reduce cost, increase quality, and flexibility to become and stay
competitive. Much of the complexity stems from the ever increasing information and data flows
introduced to the supply chain (Bose 2009; Beer 2018). Especially manufacturing companies have
the potential to generate massive amounts of data and consequently possess an untapped potential to
transform manufacturing data into actions to create a competitive advantage. Analytics is used to
address this complexity, by analysing data and identifying, so far unknown relationships.

The data of a supply chain company is stored and managed in Enterprise Information Systems
(EIS), which for analytical purposes, must be integrated with specialised analytics software, to deal
with the complexity of the supply chain enterprise data, and to be able to do advanced analytics e.g.
advanced planning, what-if analysis, and correlations analysis of complex systems, which is not
widely adapted in industry (Link and Back 2015; Ranjan, Jha, and Pal 2016; Koh, Gunasekaran,
and Goodman 2011; Benaissa and Benabdelhafid 2005; Addo-Tenkorang, Helo, and Kantola 2017;
Akyuz and Rehan 2009; Gupta and Jones 2014).

Further, there is a rising research interest within the theme of ‘factories of the future’, which
includes analytics as a sub-part, where legacy IT-systems need to be integrated with service-
oriented streams (Pei Breivold 2020). A part of the ‘factories of the future’ is to make
manufacturing smarter by e.g. making use of (big data) analytics (Dai et al. 2020) and enable the
use of cognitive computing (Kumar Sangaiah et al. 2020). However, the application of analytics in
enterprises appears fragmented and lacks clarity (Khanra, Dhir, and Méntyméki 2020).
Additionally, through a literature review Barbosa et al. (2017) finds that research within the areas of
supply chain and analytics is a premature research area, where most research have been within the
areas of demand planning and order fulfilment. They find that a research issue in dealing with the
integration between supply chain IT systems such as EIS, and analytical artefacts and recommend
research within this scope.

Thus, the aim of this paper is to investigate the mechanisms and gain learning and findings of
integrating an analytic artefact with an EIS. This paper addresses the issue by constructing and
deploying an analytical artefact with Manufacturing Execution Systems (MES) in an Action Design
Research (ADR) methodology. The findings and learnings are identified by constructing and
deploying an instance of an analytic artefact in two manufacturing sites. The construction and
deployment of the analytic artefact enables the research to address two aspects: one, to ensure the
practical relevance of the research and two, to prescriptively generate knowledge and learnings of
the mechanisms needed for integrating analytics and MES. It is expected that the findings from the
construction and deployment of the artefact within the two manufacturing sites, can be used to
understand the mechanism of integrating analytics and MES for manufacturing sites in general and
integrating analytical artefacts with other EIS. The analytic artefact is constructed as an IT artefact.
The analytic artefact is designed to incorporate the advanced levels of analytics, i.e. predictive and
prescriptive analytics, and solve a business problem defined by the workers at the first
manufacturing site.

The structure of the paper is as follows. Section 2 presents the methodology, Section 3 presents a
literature review and section 4 presents the construction and deployment of the artefact in the first
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manufacturing site. Section 5 presents the evaluation of the findings from the construction of the
artefact by deploying the artefact in the second manufacturing site. The paper is concluded by a
discussion in section 6 and a conclusion in section 7.

2 Methodology

Identifying the mechanisms for integrating analytics and MES requires the research to not only have
the expected academic rigor, i.e. ensure the reliability and validity of the research by reviewing the
knowledge base, but also do empirical research, as the research problems stems from a practical
problem. Further, the integration of analytics and MES is not widely used in the industry, which
makes it difficult to apply the classical explanatory sciences. Instead, the use of prescriptive
methodologies, enable the researchers to create solutions to problems, obtain learnings, and provide
recommendation for solutions to the problem.

ADR is chosen as a methodology as it provides the necessary guidance in developing and
evaluating an artefact and recognising the importance of the organisational context the research is
conducted within (Sein et al. 2011).Constructing an artefact on a case company, can provide
valuable design knowledge about specific mechanisms that enable a successful analytics integration
including not only the technical challenges, but also the organisational context. The design of an
artefact changes during the construction and consequently evaluating an artefact must be done
continuously and ends once the value and utility of the artefact is satisfactory. The value of ADR
lies not in the artefact itself, but in reflection and learning. The evaluation is based on the technical
integration between the analytical artefact and MES and not on the user’s evaluation of the artefact.

The paper will present the findings in the following way. Section three will provide the academic
foundation for which the artefact is constructed upon. The section provides an overview of the
analytic process, change in the analytic paradigm, and the application of analytics and MES. In
section 4, the artefact is constructed based on the literature review and the context of the
manufacturing site. The construction of the artefact is based on the CRISP-DM framework. The
section is concluded by summarising the findings and learnings about what mechanisms is needed
to successfully integrate an analytic artefact with MES. The aim of section 5 is to verify the findings
in another environment, by deploying the artefact in another manufacturing site producing different
products, with different people, task, and IT-systems. Section 6 discuss the impact of the findings of
the mechanism of integrating analytics and MES, as well as the impact on integrating analytic
artefacts with EIS, in regards to both an academic and managerial audience. The final section
summarised the overall findings and learnings in section 7.

3 Literature review

Identifying the mechanisms of integrating analytics solution with MES, requires an understanding
of the analytics process, as well as understanding how analytics and MES is connected. This paper
focuses only on the integration of analytics with MES and thus does not cover the general aspects of
‘factories of the future’ or concepts as smart manufacturing. However, other efforts have been made
in dealing with and taking advantage of the increasing data flow. Recent examples are, Zhang and
Ming (2020) introduces a reference subsystem for managing multi-process, multi-intersection, and
multi-operators with the aim of supporting personalised products and services, and Leng, Jiang, Liu,
and Wang (2020) proposes an approach for self-organising manufacturing processes for mass
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individualisation. While these approaches and concepts are relevant in making better use of the data
flows for companies, they do not provide a better understanding of the mechanisms, i.e. behaviours,
responses, and processes triggered by intervention of integrating analytics with MES, and as a result
the outcome of an intervention is unknown (Jonsson and Holmstrém 2016). Thus, will the
remaining of this section describe the analytical process, as well as how analytics and MES is
connected.

Analytic is in this article defined as ‘The extensive use of data, statistical and quantitative analysis,
explanatory and predictive models, and fact-based management to drive decisions and actions. The
analytics may be input for human decisions or may drive fully automated decisions. Analytics are a
sub-set of [ ...] business intelligence.” (Davenport and Harris 2007).

The analytics process includes everything from gathering, processing, manipulating, modelling, to
visualising data, and is seen as a group of approaches, procedures and tools (Trkman et al. 2010).
Analytics can provide solutions to business problems either by descriptive, diagnostic, predictive, or
prescriptive methods (Mortenson, Doherty, and Robinson 2014; Herden 2017; Hindle and Vidgen
2018; Nguyen et al. 2017; Porter and Heppelmann 2015; Demirkan and Delen 2013). Most business
have or are using descriptive and diagnostic analytics, where predictive and prescriptive analytics
become more complex and must be meet with exploratory and experimental iterative approaches,
changing the design and course of actions based on insights gained (Herden 2019; Bose 2009;
Viaene and Van Den Bunder 2011; Marchand and Peppard 2013; Larson and Chang 2016; Carillo
2017). The analytic approach is notably different than IT approaches, for which analytics projects
usually are conducting within (Viaene and Van Den Bunder 2011; Marchand and Peppard 2013).

The process usually starts by identifying and understanding a business problem, by ideally
interviewing the end users, which ensures fit to business processes and user’s needs, is more likely
to be operationalised, and shows better performance (Herden 2019). The next steps include
collecting, preparing, analysing the relevant data to finally create a model that solves the business
problem (Herden 2019; Provost and Fawcett 2013; Leventhal 2015; Janssen, van der Voort, and
Wahyudi 2017; Shearer 2000). The model is then deployed and maintained to continuously support
the users of the model (Larson and Chang 2016). The process of constructing analytical artefacts is
usually exploratory and thus outcomes of the process is unknown. However, the analytical process
can be structured by e.g. use of the CRISP-DM framework (Herden 2019; Kridel and Dolk 2013;
Subramaniyan et al. 2018; Nagorny et al. 2017; Shearer 2000).

Some authors argue that the analytics paradigm is shifting away from relying solely on statistical
modelling to discover relationships based on correlations from large and feature-rich data (Delen
and Zolbanin 2018; Breiman 2001). The new paradigm therefore contradicts the notion that
correlation is not causation and one should be careful to draw conclusion, as the correlations could
be a coincidence (Delen and Zolbanin 2018). This shift in paradigm is influenced by rise of big data
analytics (BDA) where bigger dataset are available, as well as more processing power able to
analyse both structured and unstructured data (Barbosa et al. 2017; Gandomi and Haider 2015;
Nguyen et al. 2017; Kache and Seuring 2017)

3.1 Analytics and MES
With the recent focus on BDA, the MES system have been identified as a competitive enabler, as it
can store data from heterogeneous systems, enabling real-time data analysis via internet of things,
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advanced analytics and better information sharing for e.g. flexible manufacturing (Cottyn et al.
2011; Weihrauch, Schindler, and Sihn 2018; Jeon et al. 2017; Mansour, Millet, and Botta-Genoulaz
2018; Cupek et al. 2018; De Ugarte, Artiba, and Pellerin 2009). The data gathered in the MES
system can be used to make detailed planning and execution on a per production unit basis, as well
as create higher degrees of traceability, and is seen as an enabler of predictive and prescriptive
analytics. MES is identified as being essential for future supply chain analytics (De Ugarte, Artiba,
and Pellerin 2009; Koupaei, Mohammadi, and Naderi 2016; Wang et al. 2018). The current use of
analytics in companies is mainly descriptive and diagnostic based on aggregated data (Appelbaum
et al. 2017; Hahn and Packowski 2015; Ishaya and Folarin 2012).

A challenge in implementing analytics is that there are no generic analytic solutions available and
analytic solutions must be constructed to fit the needs of the specific context. There is therefore a

need to create analytic solutions or frameworks to ensure a fit for a given context. To successfully
implement analytics in an EIS environment requires IT, supply chain, and managerial knowledge

(Asmussen and Meller 2020; Herden 2019).

One of the major challenges in integrating analytics is dealing with system and data heterogeneity.
Different IT-systems will often have different data models which leads to errors (Mansour, Millet,
and Botta-Genoulaz 2018; Saberi, Hussain, and Chang 2017; Cupek et al. 2018). This is becoming
an even greater issue as both structured and non-structured data, along with real-time data is
introduced (Saberi, Hussain, and Chang 2017). Several researchers have presented frameworks and
models addressing the issue of capturing, managing, and storing real time data for manufacturing
companies (Weihrauch, Schindler, and Sihn 2018; Cottyn et al. 2011; Jeon et al. 2017; Cupek et al.
2018; Mansour, Millet, and Botta-Genoulaz 2018; Jiang et al. 2007), however the research have not
been empirically proven. Omar, Minoufekr, and Plapper (2019) found prerequisites for enabling
analytics in manufacturing data, where data must be standardised, aggregated and stored. These
challenges become particular difficult, and highlight an issue with scalability, once the analytics
methods are to be used across manufacturing sites, due to the heterogenic data models, systems, and
processes. Further, MES is in the industry mostly used reactively, which can be an issue in dealing
with the unforeseen events (De Ugarte, Artiba, and Pellerin 2009)

4 Construction of an artefact

The goal of this section is to create an analytic artefact and, in the process, gain valuable design
knowledge. The artefact is constructed based on the manufacturing data from a single
manufacturing site, where the aim of the artefact is to transform that data into valuable information
and actions. The construction of the analytics artefact is based upon the CRISP-DM framework.

As the use of descriptive and diagnostic analytics is prevalent in the industry, and therefore lacks a
relevance for both industry and research, entails that the analytics artefact must either be predictive
or prescriptive. Further, the analytic artefact should be constructed with the end-user in mind,
ideally enabling the end-user to facilitate execution and use of the analytics artefact themselves
(Herden 2019).

The analytics artefact must integrate MES, who stores and manages manufacturing data, with tools
that has analytic capabilities. The most used analytics tools in industry are the programming
languages R and Python, which will be used in constructing the artefact. To enable the use of
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analytics for manufacturing data requires the data to be standardised and aggregated (Omar,
Minoufekr, and Plapper 2019), where the standardisation of manufacturing data in the industry
often follows the ISA-88/95 standards. However, it is unclear how these standards can be used for
analytics, as they are designed for control and execution purposes (Scholten 2007). Further, an aim
is to create a cross-manufacturing site scalable analytic artefact, as researchers have identified
scalability as important for value creation, which is thought difficult due to heterogenous data
models, IT-systems, and processes. This section creates an analytic artefact addressing these issues,
in a manufacturing site, where the academic value lies in the design knowledge obtained during its
construction and deployment.

4.1 Case company presentation

The selected case company is an international dairy cooperative who produces a range of products
within the product categories of cheese, milk, yogurt, butter, and milk-powder. The company has
more than sixty manufacturing sites, also called dairies, with a wide variety in IT systems, data
models, processes, people, and tasks. The company has ambitions of using advanced analytics, i.e.
predictive and prescriptive analytics, to increase its manufacturing performance, but is having
difficulties in generating value. The company is facing many of the same difficulties of managing
heterogenous data and IT-systems, where their current analytics approach is based upon having
experts create a purpose-built statistical model for each business problem at each manufacturing
site, which are proven to be expensive to construct. The result of the approach is that very few
manufacturing sites, utilize any form of advanced analytics. As such, the case company is facing
several of the identified challenges of integrating analytics with MES and thus is deemed to be a
suitable case to study.

The selected manufacturing site, for which the artefact is constructed, is medium sized with about
150 employees and produces blue cheeses, which is classified as a batch type production. The
manufacturing processes of the production site is mapped in Figure 1, where the mapping is based
on the area level of the ISA-88 standard. Further, the production unit for each production area is
presented, as well as the relationship to the next production area. The relationship between
production units is important for the batch production, as the production units change a lot from the
intake of milk, conversion to cheese curd, maturation of the cheeses, to palletizing the cheeses in
the warehouse.

Cheese curd
Raw milk tank tank Vat Form Stack

Milk and Milk Cheesery Filling Drain room Salt
Cream Intake |1 :n Treatment | 1:n n:1 1:1 1:1 N:1
q
%h a o > » —Z » = » —
00 OO0 — = =
. Individual o
Maturation Stack pieces finished goods pallets
Maturation washing-line Bag- Packaging Palletising Warehouse
rooms 1:1 1:1 | warehouse | 1:n n:1 1:1
> ;‘ > ;‘ > > =§ > =5
L1 = = A = =
= = =

Figure I - Overview of the manufacturing site
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4.2 Constructing an analytics solution for MES

The construction of the analytics artefact follows the CRISP-DM framework, as depicted in Figure
2. The framework is initiated by creating an understanding of a business problem and data, followed
by data preparation, modelling, evaluation, and deployment. This section presents the construction
of the analytic artefact in the same order, concluding with a section summarising the findings in
regards to the identified issues in the literature review. Naturally, the process of constructing the
analytic artefact is created in many iterative steps, however only the final solution is presented.

Business PEIC]
Understanding Understanding
Data
Preparation
Deployment —
— Modeling

a

Figure 2 - CRISP-DM framework (Shearer 2000)

4.2.1 Business Understanding

The process is initiated by interviewing key personnel at the manufacturing site, as recommended
by (Herden 2019), where specifically the head of production and quality engineer was interviewed.
During the interview it became clear that there is a need to create an understanding of the
correlations between the different manufacturing processes. Cheese production is essentially
producing batches of organic matter, that responds differently to an input depending on the
condition of the batch. As an example, measuring a temperature of 30 degrees for a cheese curd
means nothing without understanding, e.g. how much culture has been added and the current total
production time of the cheese curd batch. As a consequence, it is impossible to create general rules
for how to produce cheeses. Further, the complexity of the production of cheeses is so high, even
expert dairy engineers cannot fully understand the correlations between the cheese manufacturing
processes. Based on the interview and literature review, three aspects are found that an analytics
artefact must address, which are:

e Visualise the correlation between production processes on a per production unit level
(Explainable AT (xAl))

e Construct a predictive model to answer what-if questions on a per production unit level
(Predictive model)



This is an Accepted Manuscript of an article published by Taylor & Francis in Enterprise Information Systems on 8 April 2021,
available online: https://www.tandfonline.com/doi/full/10.1080/17517575.2021.1905881

e Construct a recommendation model for recommending optimal production values on a per
production unit level (Prescriptive model).

The quality engineer specifically mentions the importance of understanding the impact of the
production processes on the 24-hour pH value in the filling area for each batch, as too high or low
pH values will lead to serious quality issues. The analytic artefact will therefore be addressing the
mentioned aspects in regards to the 24-hour pH value.

4.2.2 Data Understanding

To gain an understanding of the data, the quality engineer and a local IT person, identified the
relevant data for the analytic artefact. All of the data were structured manufacturing data, based on
ISA-88, stored in excel spreadsheets or databases. Each production area has an individual database
storing the areas manufacturing data, where some of the areas has excel spreadsheets which are
manually updated. The execution and control data for the production is stored in a production
database, which contains a batch id, which can be used to join the execution and control data with
the areas respective manufacturing data. However, it is not possible in the current setup to identify
manufacturing data for the same batch across production areas, as a traceability id is not
maintained. Not all excel spreadsheets contain a batch id and as a result cannot be joined to a
specific production batch. Only a selection of batches has manufacturing data, as data is recorded
by sampling. As a consequence, batches with full data from milk intake until warehousing accounts
for 6.5% of all batches. The manufacturing data for each production area is recorded on the areas
respective production unit, where e.g. the data in the cheesery is recorded in vat’s, a container
containing cheese curd, and the data in the filling area is recorded in form stacks, which is several
vat’s stacked on each other. An overview of the different production unit for the production is
depicted in Figure 1.

The pH values relevant to the business problem is stored in the filling area database. Based on the
business problem and data understanding it was found that excel spreadsheets should be excluded
and limit the selection of databases to the cheesery and filling area databases. Further, the selected
data is limited to data recorded in 2018 and for their highest selling cheese which accounts for more
than 80 percent of production volume. The reason for the limitations is that most of the
manufacturing data is generated within the cheesery area and should be sufficient for a first iteration
analytical artefact. Further, both databases have a high rate of sampling per production unit, which
ensures a higher percentage of batches with data from both the cheesery and filling area, in this case
the percentage of full data on batches is roughly 30%. Though the quality engineer noted she would
like to incorporate milk intake data, such as protein and fat content in future iterations.

Based on the business and data understanding two main challenges are identified. One, traceability
is needed on a production unit level to ensure that manufacturing data can be compared across
production areas, and two to aggregate the manufacturing data to a form stack level.

4.2.3 Data Preparation

The first issue of traceability is addressed by creating a script that utilized the control logic from
ISA-88 to follow the individual batch throughout the production processes. The script follows the
procedures from the production information management control activity (ISA 1995), where a batch
is identified by following the control loops of area, to process control, to unit, and equipment. The
script tracks the batch through a process and assign a new ID each time a new production unit is
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encountered. Because the script is used on historic data, the script is applied backwards, meaning
the script starts from the warehouse, where the final product is stored to the milk intake. An
example of the logic is depicted in Figure 3. In the example, the traceability script starts from a
single pallet and moves backwards in the production, where it will get an id of ‘P1°. Then going
backwards until it encounters a new production unit, it will receive a new id in the following
production unit step, which will respectively be ‘P1P1°, ‘P1P2’ for the pieces level, and ‘PIP1M1°,
‘P1P2M1°, ‘P1P1IM2’, ‘P1P2M?2’ for the maturity stack level, and continue until there is no more
new production units. The process ends when the traceability script is run on all selected batches.
The presented example in the figure, is not a full representation of all traceability values for a pallet,
as it becomes too big to visualize, where a limitation of two levels per production unit and one level
for pieces and maturation stack, is applied.

Finished goods pallet _75_‘!
Maturation stack =

" v
e @ =
Cheese Milk Tank -J

» g
Raw Mik Tank -J

LV,

Figure 3 - Example of the traceability script

Executing the script saves the traceability values into a new table in the production database, which
is used to uniquely identify all manufacturing data for a pallet, and thus ensures full traceability of
the manufacturing data. Next step is to join the databases based on the batch id from ISA-88 and
add the corresponding traceability id from the newly created traceability table. Once that task is
complete, the data is transformed into a ‘tidy’ dataset (Wickham 2014), where an example is shown
in Figure 4.

) Trace ID Temperature pH
Filling DB

P1 NA NA

P1P1 NA NA

P1P1IM1 NA

Trace Table P1P1M1F1 4.8

Production DB

P1P1IM1F1V1

Figure 4 -Example of tidy data and join of data
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The next challenge for the data preparation stage is to aggregate the data for each production unit
level. As can be seen in Figure 4, there are many NA values, where the process values are only
stored on the production unit level for which it has been recorded. In the example, the pH value is
recorded on the VAT level and temperature on the form stack level. The data is aggregated based on
the traceability hierarchy established by the traceability id. The aggregation will take a summary
metric, such as the mean, median, maximum, or minimum of the values, when moving up in the
hierarchy and the values will be inherited when going down in the hierarchy. An example is
presented in Figure 5, where the pH values recorded at the form stack level, is inherited to the VAT
level, and the mean of the pH values in the form stack is aggregated to higher levels.

Finished goods pallet E T Mean of
— pieces

Pieces ‘ ‘ Mean of P1P1
maturation stacks P1P1IM1

Mean of P1P1IM1F1

form stacks P1P1M1F2
46 Recorded pH P1P1M1F1V1
‘ Value P1P1IM1F1V2
. 26 Inherit from P1P1M1F2V1
¢ ‘ formstack P1P1M1F2V2

Maturation stack

i
AR

Form stack

PR . #

i
VAR

Figure 5 - Example of aggregation by the mean for pH values

The aggregation is performed on all selected process data, for all production unit levels and for the
summary metrics mean, median, maximum and minimum.

Having created full traceability on a production unit level, as well as aggregating and ‘tidying’ the
data concludes the data preparation stage.

4.2.4 Modelling

The purpose of the modelling stage is to address the business problems identified in the business
understanding phase, by creating an analytic artefact based on the transformed manufacturing data.
As there are three business problems to address the analytic model will be based upon three
different analytical methods. To summarise the analytical artefact must provide visualisation of the
correlations between the production processes, construct a predictive model to predict the 24-hour
pH value, and construct a prescriptive model to recommend which actions to take to reach a desired
pH level. The selected analytical approach must be using a supervised regression model, as the
target variable is known and is non-categorical. Each business problem will now be addressed
sequentially in relation to how they can be addressed by an analytical method. Further, it is also
important to design an evaluation test for the model to ensure reliability and high performance,
which is also known as monitoring the variability and bias of the model.

4.2.4.1 Identifying analytical models

A trained analytical model can often be considered a black box, where the complexity and
underlying logic of the model is too difficult for a person to understand. This signifies a need to
unlock the black box, where the underlying logic of the model can be presented in a form
consumable for a worker at the dairy. The field of xAI are working on ways to simplify and
visualise the complexities of a model, enabling the possibility to extract information from a trained
model. The methods within xAi is rapidly evolving and are currently able to interpret linear,
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logistic, decision trees, naive bayes, and k-nearest neighbours (Molnar 2019), and some
experimental research shows that xAi can be used on neural networks as well (Lundberg et al.
2020). However, many of the xAl methods are not consistent in assigning feature importance
(Lundberg, Erion, and Lee 2018; Lundberg and Lee 2017), which essentially means the importance
of features can change when a model is retrained on new data, which can possible contradict old
models, and consequently loose the trust of the user of the model. As an analytical model would
likely be retrained during its lifetime, means it is essential, that the presentation of the underlying
logic does not change from each time the analytic model is retrained. The SHAP method, however
does not suffer from these issues, as it is both globally and locally interpretable, as it is based on
additive feature attributes. SHAP is based on shapley values which is the only method which is
based on a solid theoretical foundation from game theory (Molnar 2019). The predictions from
SHAP is fairly distributed between feature values and enables contrastive explanations, which
means the effect of changing a single value can be evaluated. The use of SHAP enables the
visualisation of interaction, importance, dependence and clustering of features. As calculating
shapley values are computationally heavy, a package is developed that speeds up the calculations,
but limits the available analytical models to XGBoost, LightGBM, and CatBoost (Lundberg et al.
2020). For this analytical artefact any of the models could be applied, however the XGboost method
was chosen, due to the researcher’s familiarity with the method. A familiarity with the method was
evaluated to be important, as special care is needed to be taken in regards to handling the missing
data due to the sampling of data, and in knowing how the model interacts with correlated features.

Having identifying the requirements for the first two business problems, leaves the last task of
identifying an analytical method to create a prescriptive model. Prescriptive models are
conceptually optimization or simulation methods, which usually will find an optimal solution based
on a fitness function. It can be difficult, though not impossible, to create such a fitness function
based on statistics, as it requires a high degree of domain and statistical knowledge to succeed.
While this can be done by workers with the right capabilities, the approach is costly to construct and
can be difficult to scale. Instead what is needed is a prescriptive model that can be trained and
learns on data. In many cases this entails the use of a machine learning algorithm. Many machine
learning algorithms can be used to address such an issue. However, it can be difficult, before use, to
select the best method. Usually, this should be meet with benchmarking different machine learning
algorithms, however the aim of the research is to identify the mechanisms for integrating analytics
with MES, where it is found that an optimal selection of machine learning method is not important,
as a model with a lower error-rate would likely not present new mechanisms. Consequently, the
approach is to select a single suitable machine learning method and apply it. The machine learning
model genetic algorithm has been chosen for this project, as it can take a predictive model, in this
case the XGBoost model, and add a fitness function to identify cases with the lowest overall error
rate.

The final analytic artefact is depicted in Figure 6, which addresses all three business problems. The
artefact is based upon the XGBoost method, for which all three business problems can be
addressed. The benefit of combining the use of a single analytical model with the three business
problems, is that a user will understand why the models make predictions or recommendations, as it
can be visualised by the use of XAl and it ensures that the models does not contradict each other.
Lastly, as the outputs of the analytical models must be usable and presentable for the end user,
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entails that a dashboard is built as a part of the analytical artefact to integrate the analytical
methods.

S 2 Prescriptive model

Dataset XGBoost

N N . Predictive Model Dashboard

Figure 6 - Analytic artefact

The evaluation of the model will be based on the standard evaluation metric for regression model,
which is the root mean square error (RMSE), where the data will be split in a training and test set to
avoid the risk of overfitting. As it can be difficult to evaluate what a good error rate is, then a
baseline prediction has been made applying a naive approach, where all predictions are set to the
median pH value. This approach produced a RMSE of 0.15

4.2.4.2 Constructing the analytical artefact

The construction of the analytical artefact is built by first training a XGBoost model, then apply the
SHAP method on the XGBoost model, and lastly training the genetic algorithm. The overall
objective function for all models is to minimize the RMSE in predicting the 24-hour pH value.

The first step in training a model is to select the data to train the model on. In this case there are two
parameters that needs to be addressed. One, selecting the aggregation level based on the production
units and two, select which summary values to include. As a general rule of thumb, it is nearly
always best to choose the aggregation level, where the target variable is stored. In this case, the data
is selected on a form stack aggregation level. The data has been aggregated to a mean, median,
maximum, and minimum values, where the mean values are removed from the analysis, as there
was practically no difference between the mean and median values. The reason for removing the
mean values is that having too many covariant features can negatively impact the performance of
the model. All available manufacturing data for the cheesery and filling area is selected. The data is
then split into a test and training data set, where 80 percent is selected randomly for the training
dataset and the remaining data is selected for the test dataset.

Next step in the construction process is to identify hyperparameters for the XGboost model. To
identify the hyperparameters a Bayesian optimization method from the R package
‘ParBayesianOptimization’ is used. The optimization method is applied on the parameters
maximum depth, minimum child weight, and subsamples, using a three folds approach on the
training data, a learning rate of 0.001, squared error objective function, evaluation metric of RMSE,



This is an Accepted Manuscript of an article published by Taylor & Francis in Enterprise Information Systems on 8 April 2021,
available online: https://www.tandfonline.com/doi/full/10.1080/17517575.2021.1905881

and is run for 30.000 iterations. The optimal hyperparameters is found to be a maximum depth of 4,
a minimum child weight of 18.83369, and a subsample value of 0.34039.

The next step is to run the XGBoost model with the selected hyperparameters. The results of the
execution of the model is an RMSE for the training set of 0.057 and 0.069 for the test set. The mean
average error is for the training set 0.025, which means that each prediction is on average 0.025 pH
value wrong. These results provide a significant better model than the baseline model, where the
XGBoost model provides predictions with a 54% lower RMSE. To further evaluate if the model
prediction is satisfactory, the prediction model is run on the full data set, where the result is
presented in Figure 7.
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Figure 7 - Predictions of 24-hour pH values

The next task is to interpret the model using the SHAP method. The outcome of the SHAP method
is a range of shapley values for each batch, which in itself does not provide a user with much value.
The values need to be visualised. The calculations and visualisation of the SHAP values are done by
the use of the python package ‘shap’ and R package ‘SHAPforxgboost’. The visualisations provide
an understanding of how the different process values for different process steps impact the 24-hour
pH value. Two examples are presented in respectively Figure 8 and Figure 9, where the variables
names have been anonymised due to confidentiality reasons. The overview plot shows on a
summarised level the most important variables that impacts the prediction of the 24-hour pH value
in order of importance and plot how the individual values for each variable impact the prediction.
As an example, it can be seen that high values for variable 34 will lower the prediction for the 24-
hour pH value.
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Figure 8 - SHAP Overview

The decision plot shows the impact that each variable for each individual batch have had on the 24-
hour pH value. The plots can be used to visualise and create an understanding of the complexity
within the manufacturing processes and can identify when and why a 24-hour pH value for a
specific batch is high or low.
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Figure 9 - SHAP decision plots for respectively all (left), high (middle), and low (right) 24-hour pH values for individual batches
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Further, a dashboard is built using RShiny, to present all of the plots and enable filtering and
selection of data for the individual plot. Additionally, a prediction model from the XGBoost model
is also implemented in the RShiny dashboard to enable users to conduct what-if analysis.

The final step of the construction of the analytic artefact is to train the genetic algorithm. To train a
genetic algorithm requires two inputs: 1. Fitness function, and 2. selecting hyperparameters. The
purpose of the genetic algorithm is to provide recommendations for production values for each
production variable in the data. This is realised by reusing the XGBoost model to predict the 24-
hour pH value in different scenarios, as a simulation, and compare that with the desired pH value.
Thus, the genetic algorithm simulates different predictions made by applying the XGBoost model,
and progressively learning which combinations of the variable values results in the desired pH-
value. Thus, the fitness function must meet these requirements.

The fitness function for this analytic artefact reuses the trained XGBoost model, by taking the
absolute difference between a prediction made by the XGBoost model and the desired pH-value.
The genetic algorithm will insert different values for each variable, which is processed by the
XGBoost model and calculate an error. The solution space for the genetic algorithm is limited by
the minimum and maximum values from the manufacturing data for each variable. Further, as a
result of the aggregation of the data, means that each variable has a median, minimum, and
maximum value. To ensure that the recommended median and minimum value are not higher than
the maximum recommendation, and that the maximum and median recommendation are not lower
than the minimum has a penalty been inserted into the fitness function. The fitness function is
presented in pseudo code below, where it should be noted that the genetic algorithm always
maximises the function, for which the score is transformed to a negative number to practically
minimize the error.

Fitness function = (
error = —abs(desired pH value — xgboost prediction)
if max < median then error = error * 2
if min > median then error = error * 2

return error)

The following hyperparameters has been selected for the genetic algorithm: population size=92,
elitism=0.1, probability of mutation=0.2, probability of cross over = 0.8, and with a mutation based
on the normal distribution. The hyperparameters has been selected to ensure that a large part of the
solution space is used, as to ideally avoid locally optimised solution, and to simulate different batch
production scenarios. The algorithm is run for 50.000 generations, where the results are depicted in
Figure 10.
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Figure 10 - Genetic algorithm results

The figure visualises a simulation of 50.000 different batch productions and the error for the
individual batch in relation to the desired 24-hour pH value. The batch with the lowest error can be
considered the optimal way of producing a batch in relation to reaching the desired 24-pH value.
However, it can be difficult, in a real-world setting, to produce a batch in exactly the same way for
every batch. Therefore, the recommendation model must provide actions for batches, which have
not been following an optimal route, to get as close to the desired 24-hour pH value as possible. The
simulation is transformed into a recommendation model by identifying the similarity between a
batch being produced and the 50.000 simulated batches, calculated as a percentage difference. The
recommendation for actions is based on a weighted criterion, where the similarity between the
batches and the error is multiplied with each other, and the simulated batch with the lowest
weighted error is recommended. By applying this model, the workers at the manufacturing site can
get recommendations for actions on a batch level, which updates as the production of a batch
progresses. The performance and usefulness of the genetic algorithm can be difficult to evaluate,
where in this case the trustworthiness is based upon the use of and inclusion of the XGBoost model.
The trained genetic algorithm identified tens of thousand solutions, where the predicted 24-hour pH
value is less than 0.025 pH value from the desired pH value. Thus, it is evaluated that the genetic
algorithm succeeded in providing recommendations for how to reach a desired pH-value. The
genetic algorithm model is implemented in the dashboard alongside the other models, which
concludes the construction of the analytic artefact.

4.2.5 Evaluation

The evaluation part of the CRISP-DM framework is not to evaluate the performance of the model,
as that was part of the model building phase, but to evaluate if the outcome of the model building
phase sufficiently addressed the business problem.

To iterate, the goals was to construct an analytic artefact with a predictive and prescriptive model
and present visualisations of the correlation of the production processes impact on the 24-hour pH
value. The analytic artefact was successfully constructed, as it addressed all three business
problems. Further, the analytic artefact was implemented into a dashboard, which enabled both user
and researchers to evaluate the artefact.
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4.2.6 Deployment

The deployment of the analytic artefact is made in the cloud on a virtual machine, where
manufacturing data from the MES-system can be loaded, transformed, and analysed. The dashboard
is also deployed on the virtual machine, for which all relevant user and participants have access to.

4.3 Summarised findings
This section presents the summarised findings and learnings in the construction of the analytic
artefact in regards to identifying the mechanism of integrating analytical artefacts and MES.

The main finding is that it was possible to construct an analytical artefact by only addressing the
data model. The specific processes, people, IT-systems, and tasks of the manufacturing site were
not considered in the construction of the artefact and relied solely on the manufacturing data
formatted to the ISA-88 standard. While the users of the manufacturing site identified the business
problem, they had no impact on the construction of the artefact. The construction of the artefact was
built based on the business problem identified and the transformed manufacturing data. This finding
indicates that it is possible to implement the same artefact in another environment with other IT-
system, processes, people, and task, as long as the data model is similar.

While the findings indicate that a similar data model is required to implement the analytic artefact
in another environment, it was also found that several transformations of the data was required. The
data from the manufacturing site follows the ISA-88 standard which is designed for execution and
control of production processes (ISA 1995), but not for analytical purposes. To transform the data
to also support the use of analytical models, required the data to be traceable on a production unit
level, as well as aggregating the data on a production unit level.

The modelling approach was based on the analytic paradigm of extracting relationships and
correlation from the data instead of creating purpose built statistical models. In practice the
application of the analytical artefact showed that off-the shelf methods can be used on the
manufacturing data to get a good analytical model. While there are many other factors for obtaining
and securing value through analytical models, such as change management, these findings indicate
that from an IT perspective, it is possible to scale an analytic artefact across heterogeneous
manufacturing sites to solve similar business problems.

Further, extrapolating the findings indicate that an analytical artefact can be built, which can be
deployed to several heterogeneous manufacturing sites, if the data is traceable and aggregated on a
production unit level. This concept is visualised in Figure 11, which essentially shows the
mechanism needed to integrate analytics with MES, which will be evaluated in chapter 5.
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Figure 11 - Analytic product concept

A part of applying the design science methodologies, is that the design process can present
unintended findings. An unintended finding in the development and construction of the analytic
artefact, are two types of barriers for maturing the use of analytics. The barriers for maturing the use
of analytics are respectively, a data barrier which must be passed to enable the use of diagnostic
analytics, and an analytical expertise barrier which limits the ability to apply predictive and
prescriptive analytics. The barriers are visualised in Figure 12, where the data barrier limits the use
of diagnostic, predictive, or prescriptive analytics, and the analytic expertise barrier should be
passed before predictive or prescriptive analytics can be applied. The data barrier in this case was
passed by the transformation of data to include traceability and aggregation of manufacturing data
on a production unit level. The analytical expertise barrier is understood as the need for human
knowledge and capabilities within applying predictive and prescriptive analytical models.
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Figure 12 — Barriers for maturing analytics

As a consequence, it is possible to identify the capabilities needed for maturing the use of analytics,
which is presented in Table 1. The table should be read from left to right, where e.g. the reason for a
low score for the data management capability for the predictive maturity stage is that the data has
already been transformed in the diagnostic stage. These findings show that as companies are
implementing BI solutions, they are unintendingly preparing for the use of more advanced levels of
analytics. For these companies to mature to the predictive or predictive stage requires people with
analytical capabilities to develop analytical models alongside domain experts.

| | Descriptive | Diagnostic | Predictive | Prescriptive |
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Data Low High Low Low
management
capability
Analytical Low Low-Medium Medium High
capability
Domain expertise Low Low Medium Medium

Table 1 - Capabilities needed for maturing the use of analytics

The software used are all open source, which are the statistical programming language R, python
and Microsoft SQL server management. The cost for the project consisted of the working time for
the researchers and for the cost of hosting a virtual machine. However, the project could have been
conducted on a standard issue laptop, removing the cost of the virtual machine. The project shows
that by leveraging the analytic capabilities of open source software, enables the ability to load and
process the data from the MES system into advanced analytical models.

S Evaluation of findings

This section will evaluate the findings from the previous section by deploying the artefact into
another environment, i.e. another manufacturing site. The deployment will transform the data model
of the manufacturing site into a shared data format, and as a result will deploy the artefact without
considering other parameters such as different IT-systems, process, people, and tasks. As the
artefact is already constructed there is no need to use the CRISP-DM framework.

The second manufacturing site is a large dairy within the same company, who produces mozzarella
cheeses, which is also classified as a batch type production. The manufacturing processes of the
production site is mapped in Figure 13, according to the same standards as figure 1.
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Figure 13 - Overview of the second manufacturing site
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The manufacturing of mozzarella cheeses is very different than making blue cheeses, where
producing mozzarella is significantly faster and goes through fewer manufacturing steps. The
manufacturing site have a different IT-system landscape compared to the first manufacturing site,
and while they also apply the ISA-88 standard, they do so in a different way as e.g. the naming
conventions is different. All data is stored in a single database, meaning control, execution and
manufacturing data is stored alongside each other, with a batch ID to join the process data.
However, there is no traceability id on a production unit level. The process data is collected by
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sampling however, the manufacturing site have a higher sampling rate, compared to the first
manufacturing site.

5.1 Preparing data for the analytic artefact

As the analytics artefact is already constructed, the only pre-processing step needed is to create
traceability on a per production unit level and aggregating the data. A traceability script is created
using the same logic as for the first manufacturing site, where the script had to be rewritten from
scratch, as the implementation of the ISA-88 standard was different. Writing the script took
approximately two days. Next, all of the manufacturing data was aggregated to each production unit
level, using the same logic as for the first manufacturing site, which took about an hour to complete.
Having finished the two data preparations steps, concludes the data preparation step.

5.2 Applying the analytic artefact

To apply the analytic artefact means that the XGboost model must be retrained on new data, as well
as identifying hyperparameters. Further, the shap method should be executed based on the new data
and trained XGboost model, as well as executing the genetic algorithm on the new data. The
XGboost model will be trained to predict the pH values recorded in the cheesery production area
and include all data from the previous production areas.

The first step of applying the analytic artefact is to identify hyperparamters for the XGboost model.
The hyperparameters are found by using the same function from the R library
‘ParBayesianOptimization’, where the optimal hyperparameter values have been found to be:
learning rate of 0.001, maximum depth of 7, minimum child weight of 18.83369, a sub sample rate
0f 0.34039 and evaluated by the RMSE. The manufacturing data is split into a training and test set,
by respectively randomly selecting 80 and 20 percent of the manufacturing data.

The XGboost model is trained on the training data, with an RMSE on the test data of 0.16 and 0.11
for the training data, and a score of 0.12 for the mean average error. This needs to be compared with
the naive prediction using the median prediction method, which resulted in an RMSE of 0.31, which
is an improvement of 49%. Finally, to visualise the results of the prediction model, the model is
used on all manufacturing data, where the result is presented in Figure 14.
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Figure 14 - Predictions for the pH value for the second manufacturing site



This is an Accepted Manuscript of an article published by Taylor & Francis in Enterprise Information Systems on 8 April 2021,
available online: https://www.tandfonline.com/doi/full/10.1080/17517575.2021.1905881

The next step is to calculate the shap values and visualise the results. The shap values are calculated
by the use of the python package ‘shap’, where an overview plot is presented in Figure 15, and a
decision plot is presented in Figure 16.

The manufacturing site can use the overview plot to e.g. identify that high values of variable 49 will
lower the predicted pH value, and high values of variable 58 will make the prediction of the pH
value higher.
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Figure 15 - SHAP overview plot for the second manufacturing site

The decision plots show that there are distinct patterns for the individual production batch, for
reaching a high or low pH value. Specifically, it seems that once the variables indicate a low pH
value, the end result is usually a low final pH value. Knowing this, the workers of the
manufacturing site can make sure to change the manufacturing of the cheese batch to adjust for a
higher pH value.



This is an Accepted Manuscript of an article published by Taylor & Francis in Enterprise Information Systems on 8 April 2021,
available online: https://www.tandfonline.com/doi/full/10.1080/17517575.2021.1905881

4.5 4.6 4.7 48 4.9 5.0 5.1
Model output value

4.00 4.25 4.50 4.75 5.00 5.25 5.50 4.0 42 44 4.6 48 5.0 5.2 5.4
Model output value Model output value

Figure 16 - SHAP decision plots for the second manufacturing site, respectively all (left), high (middle), and low (right) pH values
for individual batches

The final step in applying the analytical artefact is to apply the genetic algorithm. The application of
the algorithm is fairly simple, as both the fitness function and hyperparameters have been created
and selected. Essentially, this leaves the simple task of execution the genetic algorithm on the new
manufacturing data and the newly trained XGboost model, which is done 50.000 times and the
results are depicted in Figure 17.
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Figure 17 - Genetic algorithm results for the second manufacturing site

Lastly, all of the methods are implemented into a dashboard, which is deployed onto a virtual
machine where both users and researchers have access to.

5.3 Summarised findings

The purpose of this section is to evaluate if the findings and learnings from the construction of the
analytics artefact, can be reproduced in another environment. The findings that are addressed in the
evaluation are threefold. One, can an analytical artefact be deployed by only transforming the
manufacturing data to a common data model, two, is there a data and analytical expertise barrier,
and three, are the same capabilities for data management, context knowledge, and analytical
capability needed for the deployment of an analytic artefact.

The first finding is considered verified, as the analytic artefact is applied successfully by only
transforming the manufacturing data into a common data model, without considering other
parameters such as it-systems, people, processes, or tasks. The total time of applying the analytic
artefact to the second manufacturing site took about three days in total, by a single person, which
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indicates a great potential for scalability. The finding also confirms the possibility to construct an
analytical model to address a specific business problem, centrally and deploy the artefact to
multiple heterogeneous manufacturing sites.

The application of the analytical artefact showed that there are different requirements for
capabilities between constructing and deploying an analytical artefact. While the same degrees of
data management capabilities were needed for deploying the artefact, due to having to create a new
script to ensure traceability and aggregate the data on a production unit level, the same levels of
domain and analytical capabilities where not needed. In fact, all of the analytical applications can be
automised, by e.g. auto-tuning hyperparameters, automate the calculation and visualisation of shap
values, automatically executing the genetic algorithm, and deploying the results to a dashboard.
While having domain knowledge is not technically needed for applying the analytical artefact, it is
likely to be essential for extracting value out of the analytic artefact, to ensure that the outcome of
the artefact is business relevant. As a consequence, the data barrier also exists for deploying an
analytical artefact, however there is no to little need for analytical expertise in deploying an analytic
artefact.

6 Discussion

The aim of the paper was to investigate the mechanism for integrating MES with an analytical
artefact, which was achieved by designing, constructing and deploying an analytical artefact in two
manufacturing sites. The outcome is design knowledge which have led to both managerial and
research findings, which is discussed in this section.

6.2 Managerial Implications

6.2.1 Integrating an analytic artefact

Integrating an analytical artefact is very different than integrating EIS solutions into a company.
Unlike EIS integrations, an analytical artefact can be constructed based on the available enterprise
data, human capabilities, and open source software. The integration of an artefact does not need to
be a big and costly project, but can be done by few people and be deployed as a microservice. As
such there is no need to replace the software a company uses, as an analytical artefact can simply
read the available data through an API and thereby provide insights and actions. In fact, the
application of an analytical artefact, is not limited to a manufacturing context, but can be
constructed to be applicable for most planning and execution processes for the supply chain
company. An analytical artefact could provide better and more detailed insights and actions in e.g.
production scheduling or demand planning than what is offered in the current MES, ERP or APS
offerings. The current EIS offerings are often tailored toward reporting or executing purposes and in
most cases lacks access to predictive or prescriptive analytical methods. On the other hand, open
source software such as R and Python, both have access to state-of-the-art analytical methods,
which are updated at least weekly. While EIS do not possess much capability within advanced
analytics, they are very capable of ensuring good planning and executing processes. As a
consequence, there is a great potential in integrating analytical artefact with EIS, by improving the
planning and execution activities and provide additional insight into the manufacturing and supply
chain complexities by the use of analytics. The integration can be achieved in many ways, but as the
with the rise of cloud technology, a likely deployment strategy would be by the use of
microservices often deployed in a containerised environment.
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To enable a deployment of an analytical artefact for several manufacturing sites, it was found that
two prerequisites must be fulfilled, namely having traceability and aggregation on a production unit
level. The case company in this instance used ISA-88, and the scripts for constructing the artefact
was based on that standard. However, the logic used for creating both the traceability and
aggregation scripts can likely be used in manufacturing sites with other data standards. The script
constructed for the analytical artefact would likely also be applicable for ISA-95, as ISA-88 and
ISA-95 to a large degree share terminology and aims (Scholten 2007). However, the scripts for
creating traceability and aggregation, should be improved in regards to speed and resource usage, if
it is to be integrated into a production environment.

While it is recommended to deploy the analytical artefacts as microservices for companies, they do
present their own set of challenges. With an increase of microservices requires a company to
manage these microservices, which can potentially present a cost greater than the combined cost of
constructing and deploying an analytical artefact (Sculley et al. 2015). While the construction and
deployment of the analytical artefact was conducted within batch production manufacturing sites, it
can be assumed that the findings are also relevant for other types of manufacturing.

6.2.2 Capabilities

It was found that human capabilities are essential for constructing an analytical artefact, where it is
found that analytical, data management, and IT capabilities as well as domain knowledge is
required. Further, constructing and deploying analytical artefacts require different capabilities, as
well as different capabilities were needed for the different construction phases.

The first phase of constructing an analytical artefact, i.e. understanding the business and data,
mostly relies on domain knowledge and analytic capabilities to identify a relevant business issue
and identify analytical models to solve the business problem. The data preparation and modelling
stages requires data management, IT, and analytic capabilities. The deployment phase did not
require the use of domain knowledge or analytical capabilities, and can mainly be seen as an IT
task. As a consequence, it is likely that the deployment of an analytical artefact can be automatically
deployed to many sites without human involvement, which presents an opportunity to scale an
artefact at a low cost. Managing the construction and deployment of an analytical artefact, will be
different, as e.g. the construction can be made centrally by a team consisting of analytical expert
and data scientist, which then is deployed by the local IT departments of the heterogeneous
manufacturing sites.

In addition, it is found that analytical artefact can be constructed to answer generic business
problems. In this case, an artefact is constructed to explain, predictive, and recommend actions
based on the correlations between manufacturing processes. The artefact constructed in this paper
uses the target variable 24-hour pH value, however almost any variable within the manufacturing
site could have been chosen as the target variable. Consequently, introducing a graphical user
interface and auto-ML functionalities would enable users with limited IT and analytical capabilities
to use an artefact to solve their specific business problem. This could lead to a user focused self-
service analytical solution, where the application of advanced analytics is democratised to the users.

6.3 Research implications
The research domains of EIS and SCM have had a lot of research interest in regards to
understanding the mechanism for a successful implementation and assimilation primarily by
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researching critical success and failure factors (Nazemi, Tarokh, and Djavanshir 2012; Stefanou
2001; Koh, Gunasekaran, and Goodman 2011). However, there has been little research interest into
how analytics can be integrated with EIS. This paper provides insight into the mechanisms needed
to integrate MES and analytics from an IT perspective, but does not address many other aspect of
integrating analytics into a company. It is uncertain which critical factors there is for implementing
and integrating MES and analytics, but especially top-management support, user training,
performance evaluation, and context depend configuration is highlighted as potential critical
factors.

This paper finds that the integration of an analytical artefact and MES is different than a typical EIS
implementation. The construction, deployment and integration processes are much less intrusive for
the company, and can be constructed and deployed without interrupting daily operations and can be
conducted at a fairly low budget. The processes of integrating analytics with EIS, is in its entirety
different where an EIS implementation usually consist of purchasing a standard software product
from a vendor, and customizing the product to fit to the company. On the other hand, integrating
analytics consist of constructing a small piece of software, using open source software tools, to
address a specific business need, which can be accomplished at low cost, in a short time with a few
people. The scope of the implementations is therefore vastly different and as a consequence, must
be treated differently, which presents an opportunity for researchers to address this particular issue.

The mechanism for integrating analytics and EIS has for this paper been researched within the
scope of MES, however it is believed that the findings are generally applicable for all EIS. Though,
there is still a need to identify how specifically analytics can improve the planning and execution
processes of EIS. While the research fields of SCM, analytics, and EIS is often regarded as an
applied science, most of the research produced are not relevant for practice (Jonsson and
Holmstrom 2016). As a consequence, there is a need to identify the mechanisms of how the many
analytical and OR models produced by researchers can be integrated into EIS environments. If this
is accomplished and the mechanism are understood, could potentially lead to an analytical
revolution within the domain of SCM. The research in this paper aids in that regard in closing the
gap, as it provides empirical research to a field which primarily has conceptual research (Asmussen
and Magller 2020).

7 Conclusion

This paper investigated the mechanisms for integrating an analytical artefact with MES by the use
of the ADR methodology. The analytical artefact was constructed and deployed to a single
manufacturing site, and later deployed to a second manufacturing site. The construction and
deployment of the analytical artefact have led to the prescriptive generation of design knowledge,
which have identified mechanisms for integrating MES with an analytical artefact from an IT-
perspective.

The findings in this paper show that the current implementation of MES, which are implemented for
control and execution purposes, can be transformed to also incorporate advanced analytics, by
transforming the data model and process the transformed data by the use of state-of-the-art
analytical models found in open source software.
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It is found that analytic artefacts can be constructed and deployed based on a business problem,
where the specific context of the manufacturing site does not matter, i.e. an artefact can be
constructed without considering the IT-systems, processes, task, and products of the manufacturing
site. However, to integrate the artefact with MES requires the manufacturing data to be transformed
into a data model which has traceability on a production unit level and is aggregated on a
production unit level. If these requirements for the data model is fulfilled, then the artefact can be
deployed at scale across heterogeneous manufacturing sites.

Constructing the analytical artefact is restricted by two barriers. One, is a data barrier, which must
be passed to enable diagnostic, predictive and prescriptive analytics, and an analytical capability
barrier which is a requirement for enabling predictive and prescriptive analytics. Constructing an
analytical artefact using advanced analytics require that the data is available in the right formats,
and that there are human capabilities to construct an artefact based on open source software. It is
found that the construction and deployment of an analytical artefact is different than IT or EIS
integrations, where the integration of an analytical artefact is smaller in scope, faster to integrate,
and require a different set of skills to construct, i.e. analytical, IT, and data management skills, as
well as domain knowledge. Further, it is found that the deployment of an artefact can be treated as
an IT integration project, where the artefact can be integrated into a new manufacturing site,
without any analytical skills by automating the execution of the artefact and the use of auto-ML.
Further, introducing a graphical interface to the artefact would enable non-analytical experts to use
the artefact for advanced analytics, effectively creating a scaling self-service advanced analytics
artefact.
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