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Summary 

Manufacturing Execution System (MES) refers to a process-oriented IT-solution for the 

management of manufacturing processes and acts as the middle layer between the shop floor 

and the enterprise level. By implementing an MES, the sectors in the food and beverage industry 

can achieve increased energy and production efficiency, elevated product safety and 

traceability, and enhanced transparency in their process and the complete supply chain. Due to 

the fragment in nature, few exchanges of experience regarding novel technologies, low-profit 

margins, and limited resources for new investment, the implementation of the MES is for the 

enterprises (more than 99 % are small and medium-sized) in the food and beverage industry not 

applicable. As the MES manages, processes, and delivers manufacturing information from and 

to different sources and systems, the loads for integration, programming, and customizing 

complicate its implementation. Model-driven Engineering (MDE) is the term used for 

developing software systems with the model as the primary artifacts to represent the systems in 

a high-level abstraction and to be transformed into other models and/or codes. The focus of the 

design and development of software systems has shifted from code-centric to model-centric 

approaches by MDE, which are capable of reducing the complexity, and subsequently, the costs 

for implementing MES since the transformation between models and the generation of final 

systems can be performed automatically. However, though some rudiments concerning the 

application of the model-driven approaches for the engineering of MES have been mentioned 

in existing literature, none of them can cover the respective process in the software engineering 

or meet the requirements from the food and beverage industry. This work aims to develop a 

feasible model-driven approach for the engineering of MES that practical and applicable for the 

food and beverage industry with low integrating, programming, and customizing efforts. 

A model-driven approach with six phases (e.g., the analyzing, modeling, specifying, generating, 

applying, and improving phase) that cover the whole life-cycle of the MES engineering is 

presented in this work. In the analyzing phase, an analysis is conducted on the actual production 

state, available data sources, required MES functions, and expected MES reports. Based on the 

results of the analyzing phase, the MES is modeled graphically with predefined modeling 

elements from domain-specific libraries at the modeling phase. The achieved MES model 

consists of four models that ensure that the modeling method in different application scenarios 

is compatible with each other, i.e., the plant model illustrating the technical systems of the plant 



Summary 

IX 

and the data sets that can be collected from them, the process model describing the production 

process and providing information for process-related MES functions, the MES function model 

representing the required MES functions and the necessary data to realize the functions, the 

report model serving as the communication interface between the MES and the end-user. 

Following the modeling phase, the information existing in the graphical models is transformed 

in the specifying phase into a format that can be utilized by the software. As a platform to 

contain the information, the MES specification is defined using database tables with definite 

relationships. After that the information in the specification has been read, the MES with 

demanded functions is generated automatically in the generating phase by the fore-programmed 

MES generator, which consists of a front-end as the user interface to parameterize the MES 

functions, as well as a back-end for the data processing to realize the functions. In the applying 

phase, complying with the specific business processes, the MES is executed to meet the 

requirements from the end-user. To improve the MES dealing with further requirements, the 

improving phase accounts for defining new MES functions and integrating them into the current 

environment. To ensure the data consistency for the communication between the technical 

systems, the MES, and other software systems, the Weihenstephaner Standards, which are 

dominant communication standards in the food and beverage industry, have been introduced 

into this model-driven approach. The whole approach has been applied in a series of different 

use cases to prove its feasibility and practicality. Moreover, the application to two use cases 

with real production data, in the processing area and the packaging area, respectively, 

representing the two essential areas of the food and beverage industry, has indicated that the 

developed approach can also generate MES that should be customized to fulfill different 

requirements, which ensures the possibility and sustainability of the presented approach to be 

applied to other industries. 

In summary, a model-driven approach for the MES engineering in the food and beverage 

industry is developed, and its feasibility and practicality have been proven by applying the 

approach in food and beverage processing and packaging areas. For subsequent studies, more 

MES functions for the process execution in real-time should be defined and implemented in the 

manufacturing enterprises, and the service-oriented architecture can also be integrated with the 

model-driven approach for modularizing the MES. 
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Zusammenfassung 

Das Manufacturing Execution System (MES) ist eine prozessorientierte IT-Lösung, um die 

Fertigungsprozesse zu verwalten. Es dient als die mittlere Schicht zwischen der 

Automatisierungsebene und der Unternehmensführungsebene. Die Sektoren in der 

Lebensmittel- und Getränkeindustrie können von der Implementierung des MES profitieren, 

um die Energie- und Produktionseffizienz zu steigern, die Produktsicherheit und 

Rückverfolgbarkeit zu verbessern und die Transparenz in ihrem Prozess und der gesamten 

Lieferkette zu erhöhen. Aufgrund der fragmentierten Natur, des wenigen Erfahrungsaustauschs 

über neue Technologien, der geringen Gewinnspannen und der begrenzten Ressourcen für neue 

Investitionen ist die Implementierung des MES für die Hersteller in der Lebensmittel- und 

Getränkeindustrie nicht durchführbar, die sich hauptsächlich aus kleinen und mittleren 

Unternehmen zusammensetzt. Da das MES die Informationen aus der Fertigung von 

verschiedenen Quellen erfasst, bearbeitet und verwaltet, und auch an eine Reihe von Systemen 

liefert, wird die Komplexität der Implementierung von dem MES durch die Arbeit für die 

Integration, Programmierung und Individualisierung erhöht. Model-driven Engineering (MDE) 

ist ein Begriff für die Entwicklungsprozesse von Softwaresystemen, bei dem das Modell als 

primäre Artefakte verwendet wird, um die Systeme auf einer hohen Abstraktionsebene 

beschreiben und in andere Modelle und/oder Code zu transformieren. Der Schwerpunkt der 

Gestaltung und der Entwicklung von Softwaresystemen wurde durch das MDE vom 

codezentrierten zum modellzentrierten Ansatz verlagert, der das Potenzial hat, die Komplexität 

und dann die Kosten der Implementierung von MES zu reduzieren, da die Transformation 

zwischen den Modellen und die Generierung der endgültigen Systeme automatisch ausgeführt 

werden kann. Obwohl einige Ansätze zur Anwendung der modellgetriebenen Ansätze für die 

Entwicklung von MES in den Literaturen erwähnt wurden, kann kein einziger Ansatz jeden 

Prozess im Software-Engineering abdecken und darüber hinaus die Anforderungen aus der 

Lebensmittel- und Getränkeindustrie erfüllen. Das Ziel dieser Arbeit war es, einen praktikablen 

modellgetriebenen Ansatz für die Entwicklung von MES zu entwickeln, der mit geringem 

Integrations-, Programmierungs- und Anpassungsaufwand für die Lebensmittel- und 

Getränkeindustrie anwendbar ist. 

Ein modellgetriebener Ansatz mit sechs Phasen, die den gesamten Lebenszyklus des MES-

Engineerings abdecken, wurde in der Arbeit präsentiert, nämlich die Analysephase, die 
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Modellierungsphase, die Spezifizierungsphase, die Generierungsphase, die Anwendungsphase 

und die Verbesserungsphase. In der Analysephase werden der tatsächliche Produktionszustand, 

die verfügbaren Datenquellen, die erforderlichen MES-Funktionen und die gewünschten MES-

Berichte analysiert. Basiert auf den Ergebnissen der Analysephase wird das MES in der 

Modellierungsphase mit vordefinierten Modellierungselementen aus domänenspezifischen 

Bibliotheken grafisch modelliert. Das MES-Modell besteht aus vier Tochtermodellen, die die 

Kompatibilität der Modellierungsmethode für verschiedene Anwendungsszenarien 

gewährleisten, d.h. das Anlagenmodell, das die technischen Systeme der Anlage und die daraus 

erfassbaren Datensätze abbildet; das Prozessmodell, das den Produktionsprozess beschreibt und 

Informationen für prozessbezogene MES-Funktionen liefert; das MES-Funktionsmodell, das 

die erforderlichen MES-Funktionen und die erforderlichen Daten zu ihrer Realisierung 

darstellt; das Berichtsmodell, das als Kommunikationsschnittstelle zwischen dem MES und 

dem Endbenutzer dient. Nach der Modellierungsphase werden die Informationen in den 

grafischen Modellen in ein software-verwendbares Format transformiert, was in der 

Spezifizierungsphase geschehen ist. Als Plattform zur Aufnahme der Informationen wird die 

MES-Spezifikation unter Verwendung von Datenbanktabellen mit eindeutigen Beziehungen 

definiert. Nachdem die Informationen in der Spezifikation gelesen wurden, wird das MES mit 

den angeforderten Funktionen in der Generierungsphase automatisch durch den 

vorprogrammierten MES-Generator generiert, der aus einem Front-End als 

Benutzerschnittstelle für die Parametrierung der MES-Funktionen und einem Back-End für die 

Datenverarbeitung zur Realisierung der Funktionen besteht. In der Anwendungsphase wird das 

MES nach den spezifischen Geschäftsprozessen ausgeführt, damit die Anforderungen des 

Endbenutzers erfüllt werden können. Um das MES zu verbessern, damit sich das MES mit 

weiteren Anforderungen erweitert und aktualisiert werden kann, ist die Verbesserungsphase für 

die Definition neuer MES-Funktionen und deren Integration in die aktuelle Umgebung 

verantwortlich. Die Weihenstephaner Standards, die in der Lebensmittel- und 

Getränkeindustrie dominierende Kommunikationsstandards sind, wurden in diesen 

modellgetriebenen Ansatzeingeführt, um die Datenkonsistenz für die Kommunikation 

zwischen den technischen Systemen, dem MES und anderen Softwaresystemen sicherzustellen. 

Der gesamte Ansatz wurde auf eine Reihe verschiedener Anwendungsfälle angewandt, um 

seine Durchführbarkeit und Praxistauglichkeit zu validieren. Darüber hinaus wurde der Ansatz 

auf zwei Anwendungsfälle mit realen Produktionsdaten implementiert, jeweils im 

Prozessbereich und im Verpackungsbereich, die die beiden essentiellen Bereiche der 

Lebensmittel- und Getränkeindustrie repräsentieren. Die Anwendungsfälle haben gezeigt, dass 
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der vorgestellte Ansatz auch das MES generieren kann, das an unterschiedliche Anforderungen 

angepasst werden muss, was die Möglichkeit und Nachhaltigkeit des vorgestellten Ansatzes für 

die Anwendung in anderen Branchen gewährleistet. 

Zusammenfassend wurde ein modellgetriebener Ansatz für das MES-Engineering in der 

Lebensmittel- und Getränkeindustrie entwickelt, dessen Durchführbarkeit und 

Praxistauglichkeit durch die Anwendung auf die Bereiche in Lebensmittel- und 

Getränkeverarbeitung und -verpackung nachgewiesen wurden. Für zukünftige Studien sollten 

weitere MES-Funktionen für die Prozessausführung in Echtzeit definiert und in den 

Fertigungsunternehmen implementiert werden, in dem die serviceorientierte Architektur mit 

diesem modellgetriebenen Ansatz zur Modularisierung des MES integriert werden kann. 
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1 Introduction 

The increasingly competitive environment in the manufacturing sectors leads to the application 

of computer-aided management systems in enterprises. Manufacturing Execution System 

(MES) is a process-oriented manufacturing system to facilitate manufacturers in improving 

product quality, increasing production efficiency, reducing production costs, minimizing lead 

time, and optimizing machine availability. It is connected directly to the process on the shop-

floor for collecting, managing, processing, and delivering the information in real-time, serves 

as a middle layer between the production process on the shop floor and the business process on 

the Enterprise Resource Planning (ERP) level. On the one hand, MES implements gross 

production plans from enterprise systems into a detailed operative plan to the production areas 

and reacts to the actual state of the process. On the other hand, the MES processes the data at a 

high level and provides important key performance indicators (KPIs) to the company for 

making commercial decisions and improving the performance of the production. Some studies 

through the applications of MES indicated that the MES could provide manufacturing 

enterprises with impressive benefits of any manufacturing software, such as an average 45 % 

reduction in manufacturing cycle time, 32 % improvement of productivity, 57 % reduction in 

energy consumption, and significant improvement of the flexibility to respond to customer 

demands [1–4]. 

The food and beverage industry is a sector with special characteristics in the manufacturing 

industry: i) its production processes usually consist of divergent processes combined with 

convergent processes, as the splitting and mixing of lots are common activities; ii) production 

yields are uncertain, as the raw materials and semi-manufactured products often have dynamic 

characteristics changing over time; iii) recipes are variable and multi-level, e.g., different 

materials can lead to similar products; recycling of products or semi-finished products is typical 

in the food processing; iv) final products can be perishable and have a limited shelf-life [5,6]. 

The products of the food and beverage industry are meant for human consumption, which is 

facing more strict regulations from the domestic government and the global organizations 

outside of the country. The low profit-margins force the manufacturers in reducing energy 

consumption, saving materials and resources, and improving the efficiency so that their 

products can be priced reasonably with consideration of the production cost [7]. The demand 

from the consumers on variety and personality increases the complexity of the food and 
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beverage production to be flexible against the unpredictable changes in the market. The food 

and beverage retailers’ wish to optimize logistical management and reduce the inventory cost 

resulted in the transform of the production strategy from make-to-stock to make-to-order. 

The application of MES, which contributes to achieving process transparency, efficiency 

improvement, on-time performance, and compliance with production plans, can benefit the food 

and beverage manufacturers in improving their production processes and competitiveness. 

However, the implementation of the MES was not widespread in the food and beverage 

industry, and the MES functionalities were still realized by manual documentation and 

calculation, or stand-alone software systems. In the following sections, the development and 

the definition of the MES, the particular characteristics of the food and beverage industry, the 

benefits that the MES can bring to the food and beverage industry, and the application of the 

model-driven concept to the software engineering are presented. 
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1.1 Development and definition of the MES 

The application of software systems in the manufacturing industry to automate the financial 

area is the beginning of the development of manufacturing management software systems since 

the 1960s. With the change of the manufacturing strategy from the minimization of cost to 

production forecasting and precise process control, the Material Requirement Planning (MRP) 

systems and the MRP II were developed in the late 1970s and 1980s to improve the meeting of 

delivery, production scheduling, reaction to volume/product changes, and cost estimation [8,9]. 

In the late 1970s, the main challenges faced by the manufacturers are design and manufacturing 

lead time, inventory turnover period, production equipment preparation time, employee 

productivity, product quality, product improvement [10]. Resolving only a part of them and 

ignoring other issues did not lead to overall benefit improvement, the manufacturing enterprises 

needed a holistic solution. In 1973, the concept of Computer Integrated Manufacturing (CIM) 

was firstly coined by Harrington [11], but until the early 1980s, CIM was not a commonly 

known term [12]. At the end of the 1980s, IBM introduced a CIM framework to integrate 

information across the enterprise, including the areas of marketing, research and engineering, 

production business planning, plant operation, finance accounting, and administration [13,14]. 

The development roadmap of manufacturing systems was drawn from MRP to MRP II to CIM, 

and further to Enterprise Resource Planning (ERP). The ERP aimed at achieving effective 

management of the entire supply chain integrating the functionalities such as accounting, 

manufacturing, and inventory to improve business performance and rapid response of the 

enterprise. However, the ERP focuses on the business operations to manage the specified work 

within the existing time constraints at the planning level and production timelines for particular 

products on a daily, weekly or monthly basis [15], which cannot fulfill the granularity and speed 

required for the shop floor activities, i.e., in real-time. At this background, the development of 

real-time data collection software applications has gained attention, which becomes the MES 

today. The definition of MES was firstly mentioned by AMR Research in 1992, and the 

Manufacturing Enterprise Solutions Association (MESA) was also established in the same year. 

The MESA defines the MES as: “The MES delivers information that enables the optimization 

of production activities from order launch to finished goods. Using current and accurate data, 

the MES guides, initiates, responds to, and reports on plant activities as they occur. The 

resulting rapid response to changing conditions, coupled with a focus on reducing non-value-

added activities, drives effective plant operations and processes. The MES improves the return 
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on operational assets as well as on-time delivery, inventory turns, gross margin, and cash flow 

performance. The MES provides mission-critical information about production activities across 

the enterprise and supply chain via bi-directional communications” [16]. To fulfill the 

requirements from different manufacturing environments, twelve MES functionalities were 

defined [17]: 

- Resource allocation and control: managing resources directly associated with control 

and manufacturing. The resources include machines, tools, labor skills, materials, other 

equipment, documents, and other entities that are required for work to start and to be 

completed. 

- Dispatching production: managing the flow of production in the form of jobs, orders, 

batches, lots, and work orders, by dispatching production to specific equipment and 

personnel.  

- Data collection and acquisition: obtaining the operational production and parametric 

data that are associated with the production equipment and production processes; 

- Quality management: providing real-time measurements collected from manufacturing 

and analysis in order to assure proper product quality control and to identify problems 

requiring attention; 

- Process management: monitoring production and either automatically corrects or 

provides decision support to operators for correcting and improving in-process 

functions; 

- Production tracking: providing the status of production and the disposition of work; 

- Performance analysis: providing up-to-the-minute reporting of actual manufacturing 

operations results along with comparisons to past history and expected results; 

- Operations and detailed scheduling: providing sequential and timely processing of 

operations based on priorities, attributes, characteristics, and production rules associated 

with specific production equipment and specific product characteristics; 

- Document control: controlling records and forms that are maintained with the 

production unit; 

- Labor management: providing the status of personnel including time and attendance 

reporting, certification tracking, and the ability to track indirect functions; 

- Maintenance management: maintaining equipment and tools; 
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- Transport, storage and tracking of materials: managing and tracking the transport and 

storage of materials, in-process products and end products, and transfers between and 

within plants. 

The International Society of Automation (ISA) has published the ISA-95 standard to solve the 

integration issues between different software systems in the manufacturing industry [18–22]. 

According to the ISA-95 standard, four control levels were defined in an enterprise [18,23]: 

- Level 0 and 1: the actual physical processes and its sensing and actuation 

- Level 2: manufacturing processes, especially Supervisory Control And Data 

Acquisition (SCADA), Programmable Logic Controller (PLC) and Distributed Control 

System (DCS) 

- Level 3: systems which manage the workflow of batch, continuous or discrete 

production operations, the MES 

- Level 4: business planning and logistics systems that manage business-related activities 

of production 

Classically, the automation pyramid was used to describe the different levels in the industrial 

automation, and the MES as the production management level is located between the 

automation level and the enterprise planning level [24]. This pyramid model has been chosen 

because of the detailing grad of information on the different levels due to the amount of data 

and frequency of acquisition and transportation and the time horizon for data processing and 

decision making. Figure 1 presents the hierarchical location of MES together with the MES 

functions [25] and the decreasing data amount and the increasing time horizon from bottom to 

top in the automation pyramid [26]. 
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 Figure 1: Location of the MES in the automation pyramid [25,26] 

With the development of automation technology, three drivers can be indicated, which have 

changed the production organization, i.e., more intelligent field devices with enormous 

computational power implementing functions like maintenance support and asset management; 

extension in device communication to industrial Ethernets derivatives reducing the variation of 

industrial digital communication systems; more intelligent field bus components that capable 

of running their own PLCs to allow decentralized automation [27]. These changes make the 

MES to a powerful information center to increase efficiency and transparency in production. In 

this background, Vogel-Heuser et al. have introduced a new automation architecture named 

automation diabolo, which consists of two cones (shown in Figure 2) [27]. The lower cone that 

located directly above the production process represents the field and control elements, the 

upper cone that framed on the top by the enterprise resource planning represents the production 

management and production organization, and between the two cones is the information model 

serving as the connection level for the communication [28]. 



Introduction 

7 

 

Figure 2: Automation diabolo as the new model for industrial automation [27] 

Nowadays, with the publication of the concept of Industry 4.0 from the German government 

[29], terms like the Internet of Things (IoT), Cyber-Physical System (CPS), and Smart Factory 

are becoming high topicality. The technology of the IoT established the infrastructure enabling 

the interconnection of different types of devices to exchange data through the internet. CPS 

emphasizes the real-time dynamic information cycling and feedback process between the 

physical world and the information world. It consists of computation, communication, and 

control components combined with the physical processes of different domains to monitor and 

change the production applications autonomously, intelligently, dynamically, and 

systematically [30]. Based on the IoT and CPS, the manufacturing processes in a Smart Factory 

that are able to efficiently and profitably produce customized and small-lot products can be 

realized [31]. To implement the manufacturing strategy according to Industry 4.0, three key 

features should be considered: horizontal integration through value networks, vertical 

integration, and networked manufacturing systems; end-to-end digital integration of 

engineering across the entire value chain [32]. The MES that located in the center of the 

industrial automation is indispensable for the vertical integration from shop-floor level to ERP 

level, the horizontal integration of continuous and compatible communication and cooperation 

between different systems on the production management level, and the delivery of information 

over the manufacturing enterprises and the production plant [33]. 
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1.2 The food and beverage industry and the implementation of MES 

The manufacturing processes in the food and beverage industry are an integration of the various 

components of the food supply chain. It comprises all actors and activities from primary 

production, food processing, distribution, retailing, and, finally, consumption by consumers 

[34]. As the final products of the food and beverage industry are for human consumption, high 

quality and safety standards must be met in the whole life-cycle of the products [35]. On the 

one hand, the manufacturing enterprises must comply with the strict regulations from the 

domestic and global organizations, such as U.S. Food and Drug Administration (FDA), 

European Commission (EC), and World Health Organization (WHO). On the other hand, with 

the emergence of food incidents and scandals [36–39], consumers are becoming more sensitive 

to the information about the origins of raw material, the processing activities and methods, the 

safety and hygiene levels, and environmental issues such as greenhouse gas emissions of the 

enterprises and the treatment of wastewater [40]. Therefore, the safety and traceability of the 

food and beverage products must be ensured. 

Compared to other considerations from the consumers to determine the food choice, the price 

emerged as the primary influence [41]. The European food and beverage sector has consumed 

the most energy in the manufacturing industry, equivalent to 26 % of the EU’s final 

consumption in 2013, and 28 % of this consumption comes directly from industrial processing 

[42]. The rising energy price, new environmental regulations with associated CO2 emission 

costs, and the growth of the awareness from consumers on the eco-efficient products are forcing 

the manufacturers in the food and beverage industry to reduce the energy consumption [43,44]. 

Furthermore, the food packaging machinery remains under-utilized [45], and the food and 

beverage industry needs efficiency-improving production methods to control the price of their 

products within a reasonable range [46]. Therefore, because of the low-profit margins in most 

food and beverage sectors, the awareness to reduce the energy consumption and to improve the 

production efficiency is growing [47]. 

The changed consumer behavior with increasing demand on new product features and 

personalization [48,49] and the retailer’s restructuring of the supply chain to reduce the 

inventory pressure [50] has resulted in the movement of production strategy in the food and 

beverage industry from Make-to-Stock (MTS) to Make-to-Order (MTO) so that more flexibility 

can be gained [51]. To satisfy the wishes from the market and remain competitive, the volume 
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and density of product variety increase over the product life span [52]. For the manufacturers 

in the food and beverage industry, to decide the production policy and the production plan for 

different types of products, effective scheduling, and fine planning method must be developed. 

As introduced in Section 1.1, the MES can help sectors in the food and beverage industry to 

comply with the regulations from the government and organizations, the high-level demand 

from consumers and requirements from themselves for the product manufacturing with high 

quality, low cost and minimum the lead time [53]. The MES is connected directly to the shop-

floor and supports the understanding of the energy consumption and availability of material 

resources in the process. The energy-saving potential can be clarified by the support from the 

MES, and it helps the sectors to manage and reduce energy consumption [54]. Besides that, 

MES that integrates the information systems in the horizontal and vertical dimensions can 

collect, process, and collaborate the data to ensure food safety and traceability by linking the 

information regarding the product and process characteristics in the supply chain and product 

life cycle [55,56]. The application of lean principles in manufacturing sectors can be supported 

by MES to provide useful real-time production information and to validate the lean decision-

making processes for better production efficiency [57]. The MES is the basis for scheduling in 

the process industry, typically in the food and beverage industry [58] and can be integrated with 

the other technologies, such as radio-frequency identification (RFID), multi-agent systems 

(MAS) and holonic manufacturing, to schedule the production order in real-time and make more 

precise scheduling for short-series production [59–61]. 

Due to the software heterogeneity in the manufacturing environment, the adoption of 

communication interfaces among different software systems to ensure the smooth flow of 

information limited the implementation, integration, and maintenance of the MES [62]. 

Moreover, as the MES is directly connected to the operations on the shop-floor and the 

production processes vary from one enterprise to another, the MES must be adapted to the 

specific production process with much customizing and programming effort, which is cost-

intensive and error-prone [63]. Conventionally, for the engineering of an MES project, the 

following seven stages must be accomplished, as shown in Table 1 [64]: 
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Table 1: Standard project structure plan for engineering MES [64] 

 

Because of the complexity of information integration and the high engineering costs for 

customizing and programming of the MES projects, the large companies are able to afford it 

while the small- and medium-sized enterprises (SMEs) do not have the resources to complete 

the MES projects [65].  The food and beverage sector, as the largest manufacturing sector in 

the European Union (EU), represents 15% of the total manufacturing turnover, 14% of the total 

number of companies, and 15% of total employment [66], there are 294000 companies in the 

European food and beverage industry in 2018 and 99.1% of them are SMEs, which have less 

than 250 employees [67]. The fragment in nature, the few communication about advancements, 

the low-profit margins, and the limited financial flexibility in the food and beverage industry 

resulted in few implementations of the MES [68]. Instead of a centralized MES, the food and 

beverage manufacturers are still using cheap but unreliable solutions to provide partial MES 

functionality, e.g., manual calculation of the key performance indicators and production 

scheduling in spreadsheet programs [69]. 
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1.3 Model-driven engineering 

Model is a simplified representation of a system [70]. They are widely used in the development 

of software for communication between co-workers, analyzing the problem, and documenting 

the system. However, the detailed design of today’s software system is still code-centric [71], 

which may have reached the point of exhaustion because of the pressure to reduce the cost and 

time for the software engineering [72]. Opposed to the code-centric development paradigm, the 

term model-driven engineering (MDE) presents the model-centric development processes, 

which can reduce the complexity of software system engineering and the cost for programming 

effort, as the final implementation is generated automatically with the transformation of models. 

With MDE, the terms of model-based engineering (MBE), model-driven development (MDD), 

and model-driven architecture (MDA) also appear together. The MBE is an engineering process 

in which the models play an essential role, although they are not the key artifacts of the 

development [73]. In contrast, MDD treats models as the primary artifact of the development 

process to represent the system in different levels of abstraction, and the implementation is 

automatically generated from the models [73]. In addition to MDD, MDE comprises all the 

other tasks of the software engineering process, such as testing and maintenance, which is 

considered as the superset of MDD [74]. MDA was firstly proposed by Object Management 

Group (OMG) in 2000. In the newest version of “MDA guide” that published by OMG, “MDA 

provides an approach for deriving value from models and architecture in support of the full life 

cycle of physical, organizational and IT systems” and “enables us to deal with complexity and 

derive value from models and modeling is defining the structure, semantics, and notations of 

models using industry standards” [75], which is a specific kind of MDD. The relationship of 

MBE, MDE, MDD, and MDA is shown in Figure 3. 

 

Figure 3: Relationship of MBE, MDE, MDD, and MDA 
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The benefits from applying MDE can be summarized as follows: increasing productivity by 

maximizing compatibility between systems by reusing standardized models; simplifying the 

design process by recurring design patterns; promoting communications of co-workers by 

standardizing terminology and best practices; improving the systems by changing the models 

without further programming effort [76,77]. MDE has been applied in different scenarios. To 

remove the gap between Web design and the final implementation, the MDA principles of 

automatic generation of software systems based on model transformation has been used during 

the development of Web application [78]. The usability and benefits of MDA to generate 

distributed real-time and embedded applications have also been proven in [79]. The 

implementation of methods and tools for the development of multi-agent systems can be 

supported by a model-driven development process with agent-based models [80]. There are 

also rudiments for the application of the MDE to the engineering of the high-level production 

system in the manufacturing enterprises. The model-driven approach with the MDA framework 

was applied by [81] to generate the ERP system. A prototype has been implemented to prove 

the applicability of MDE to the engineering ERP systems, which need to be customized related 

to specific application scenarios. The MDA was also introduced for the development of the 

MES in the machine processing industry by [82], in which the MES was modeled with Unified 

Modeling Language (UML) and transformed into Extensible Markup Language Metadata 

Interchange (XMI) as intermedia for the code generation. However, because of the limitation 

of the standardized general-purpose modeling language, namely the limited availability of 

modeling experience for exchange and analysis in every specific application scenario [83], the 

portability of this approach to other industries cannot be clarified. The modeling of the MES 

involves disciplinary information from co-workers, such as machine operators, employees, 

managers, and executives, with different viewpoints on the same production process in the 

manufacturing enterprise [84]. In the most successful implementation of MDE, small and non-

standardized modeling languages must be developed for the domain-specific modeling [85]. To 

integrate the different viewpoints [86], with the analysis of the modeling requirements and 

comparison of the existing modeling notations, a formal specification framework for the MES 

was proposed in [87–89], which has divided the MES specification model into three parts, 

technical system (plant) model, production process model, and MES function model. With this 

division, it is possible to integrate the different views and domains in the specification process 

of MES. 
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Although researches about the application of MDE to implement MES in the manufacturing 

enterprise can be found, which has the potential to reduce the customization and programming 

effort and further the implementation cost to benefit the SMEs However, because of the specific 

characteristics of the production process and requirements on the MES (Section 1.2), a feasible 

MDE approach for the engineering of the MES in the food and beverage industry was not 

established. 
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1.4 Motivation and objective 

In summary, the model-driven concept can be a solution to simplify MES implementation, in 

which the MES can be modeled at an abstract level for the efficient communication between 

co-workers, subsequently, be transformed and generated automatically without considering the 

details for programming and customizing efforts for the integration and adoption of the MES 

to the related business and production process. With a model-driven engineering approach, the 

sectors in the food and beverage industry, in which SMEs take a share of 99% of the total 

enterprises with limited flexibility to be invested in the MES projects, can exploit the 

implementation of MES (e.g., the increase in the energy and production efficiency, the 

enhancement of the safety and traceability of the product, refining the manufacturing processes 

in the shop floor, and the improvement of the transparency of the whole supply chain). 

The objective of this work is to develop a model-driven approach for the engineering of the 

MES, which can reduce the programming and customizing effort in an MES project for the 

food and beverage industry. The requirements that should be satisfied by this approach are 

defined as: 

- Requirement 1 (R1): Development of a feasible model-driven approach 

The model-driven approach should be designed in a way that it covers the necessary phases 

to carry the information in the established MES model, during the model transformation, 

and then for the MES generation. Furthermore, the approach should ensure the sustainability 

of the generated MES so that new demands on the MES can be fulfilled. Furthermore, to be 

feasible in different domains of the food and beverage industry, the easy exchange of 

domain-specific information is necessary for the mentioned models. Accordingly, the 

approach should adopt a suitable modeling language that supports the division of the MES 

model into independent sub-models. 

- Requirement 2 (R2): Definition of modeling elements for the food and beverage industry 

The modeling elements as components of the MES model should be predefined. On one 

hand, they should be known to the later steps after modeling so that the MES can be 

generated automatically. On the other hand, the reuse of the predefined modeling elements 

can hinder the modeling effort. The generated MES should apply to enterprises in the food 
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and beverage industry. For this reason, the MES functions relevant to the food and beverage 

manufacturing enterprises should be correctly represented (e.g., production efficiency 

evaluation, energy management, production scheduling, and predictive maintenance). 

- Requirement 3 (R3): Support of a standard information model 

To avoid the effort to redefine the information interface between the shop floor and MES 

for every specific application and to integrate the MES with other software systems in the 

enterprise, the developed approach should adhere to a standard information model for 

consistent communication in the vertical and horizontal direction. Moreover, the portability 

of the predefined modeling elements reused in various application scenarios can also be 

ensured using the standard information model, since the data flow for exchange and 

processing within and without the MES remain uniform. 

- Requirement 4 (R4): Support of a generic specification of the MES 

It is common in an MES to have to implement MES functions with different focuses or 

platforms to meet the demands. The specification covers the information transformed from 

the models and serves as the bridge between the modeling phase and the generating phase 

in the model-driven approach. It should be generic so that different types of MES functions 

can be adopted into the specification. Considering the relatively limited adoption of 

emerging technologies by enterprises in the food and beverage industry, the specification 

should also comply with the commonly used technology by those manufacturing 

enterprises. 

- Requirement 5 (R5): Dynamic generation of the MES 

The modeling elements in this model-driven approach should not be defined for specific 

application scenarios but be exploited to compose distinct MES functions satisfying a range 

of demands. Thus, in terms of the flexible sequence and information flow among modeling 

elements, the MES should still be generated automatically and dynamically, which also 

requires the flexible transformation of models and generation of the final MES. 
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This thesis is structured as follows: 

I. Literature study for state of the art: 

Implementation of the Manufacturing Execution System in the Food and Beverage 
Industry 

II. Development of the modeling language: 

Model driven engineering of manufacturing execution systems using a formal 
specification – Extension of the MES-ML for the generation of MES code 

III. Modeling phase of the model-driven approach: 

Basis for the Mode-Driven Engineering of Manufacturing Execution Systems: 
Modeling Elements in the Domain of Beer Brewing 

IV. Transformation phase and generation phase of the model-driven approach: 

Manufacturing Execution Systems for the Food and Beverage Industry: a model-
driven Approach 

V. Further development and validation of the model-driven approach: 

Model-driven generation of customizable Manufacturing Execution Systems for 
the implementation in the food and beverage industry 

To explore the research area of MES implementation in the food and beverage industry, a 

literature review (Publication I) has been made. In this review article, two different viewpoints 

have been considered, namely the characteristics of the food and beverage manufacturing 

processes and the development of the MES, to analyze the barriers, the requirements, and the 

possible solutions for the feasible and efficient MES implementation in the food and beverage 

industry. As a result, the standardization of the information model, the service-oriented 

architecture (SOA), and the model-driven engineering have been considered as the valuable 

research direction to face the challenges and fulfill the requirements. To be suitable for the 

model-driven MES engineering, the modeling language, Manufacturing Execution Systems – 

Modelling Language (MES-ML), has been extended in Publication II. With this extension, the 

MES can be modeled with four components, the plant model, the process model, the MES 

function model, and the report model. Using the concept of the SOA, reusable basic functions 
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have been defined as the smallest elements to compose the final MES functions in a wide range. 

In Publication III, a model-driven approach with three steps, i.e. modeling, specifying, and 

generating, has been proposed. In this approach, the standardized information model, 

Weihenstephaner Standards, has been integrated to define modeling elements that relevant to 

the food and beverage industry, which can compose the MES functions for the management of 

energy consumption and evaluation of the production efficiency. As this research has focused 

on the modeling, and the further steps have not been clarified with more details, a more concrete 

model-driven approach with five phases has been proposed in Publication IV, i.e., the analyzing 

phase that analyzes the actual state of the targeted process and defines the demands on the MES, 

the modeling phase that models the components of the MES with a suitable modeling language, 

the specifying phase that transforms the information from the models into the format that the 

software can utilize, the generating phase that creates a user interface and establishes the inner-

connections among the components of the MES, and the application phase that configures the 

MES according to the specific business processes. In this research, the further steps that 

mentioned in Publication III have been clarified. With the use case in a fictitious brewhouse for 

the MES function of energy management, the feasibility of the whole approach has been proven. 

However, it lacks the verification of the presented approach with real production data and 

demands from the manufacturers in the food and beverage industry. Therefore, in Publication 

V, based on the interviews with the manufacturers in the food and beverage industry, the 

approach has been extended with an improving phase for adopting the generated MES to the 

new demands from the manufacturing processes, and two use cases either in the processing and 

packaging areas in the food and beverage industry with real production data have completed 

the verification of the presented approach with a more convincing result. 
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2 Results – Thesis Publications 

2.1 Publication I – Literature study for state of the art 

Implementation of the Manufacturing Execution System in the Food 

and Beverage Industry 

Xinyu Chen; Tobias Voigt 

In Journal of Food Engineering, Volume 278, August 2020 

DOI: 10.1016/j.jfoodeng.2020.109932 

Page 18 – 32 

To support the manufacturers in the food and beverage industry to face the challenges, e.g., 

rigorous regulations from domestic government and global organizations, increasing demand 

on product diversity from the consumers, changing production strategies to reduce the inventory 

of the retailers, and own requirements to reduce the energy consumption and enhance the 

production efficiency, the implementation of modern IT solutions is indispensable. The 

Manufacturing Execution System (MES), the middle layer between the production process on 

the shop floor and the business process on the enterprise level, guides the execution of rough 

production plans into detailed operations on one hand, and provides key performance indicators 

for making commercial decisions on the other hand. The implementation of the MES enables 

the improvement of the process transparency and the information exchange in real-time. 

However, the implementation of the MES is not widespread in the food and beverage industry. 

In this study, with the literature review, the requirements of the food and beverage 

manufacturing processes are analyzed in three aspects, i.e., safety and traceability, energy and 

production efficiency, and flexibility and scheduling. In consideration of the requirements, the 

support from the MES is discussed. To answer the questions, why the MES implementation is 

limited in the food and beverage industry, and how those hindrances can be overcome, the 

barriers and solutions for the implementation of the MES are presented. 

Contributions of the doctoral candidate – Conceptualization, Methodology, Investigation, 

Resources, Writing - Original Draft, Writing - Review & Editing 
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2.2 Publication II – Development of the modeling language 

Model Driven Engineering of Manufacturing Execution Systems 

using a formal Specification 

Benedikt Weißenberger; Stefan Flad; Xinyu Chen; Susanne Rösch; 

Tobias Voigt; Birgit Vogel-Heuser 

In IEEE 20th Conference on Emerging Technologies & Factory 

Automation (ETFA), September 2015 

DOI: 10.1109/ETFA.2015.7301430 

Page 33 – 41 

For the interdisciplinary specification of the Manufacturing Execution System (MES), a 

modeling language has been developed, namely the MES Modeling Language (MES-ML). It 

was evaluated to be suitable for the engineering of MES in interdisciplinary workshops and 

easily comprehensible as well as efficient in communicating MES specification details. 

However, in the area of model-driven engineering of MES, there is no suitable modeling 

language that has been defined. This study presents the extension of the MES-ML so that this 

modeling language can provide a solid foundation for the model-driven approach including 

generic modeling of the MES components and automatic MES generation. In the extended 

MES-ML, the division of the complete MES model into separate models is a core concept for 

an independent modeling. To be suitable for the automatic generation of the final MES, 

requirements for each model have been presented in this study, thereby impacting the semantic 

and the structure of the metamodel of the modeling language. As a result, the technical systems 

can be described with six hierarchy levels in the plant model, i.e., factory, area, plant, line, 

machine, and aggregate; the process model consists of three hierarchy levels with increasing 

degree of detail, i.e., process, process stage, and process operation. The MES function can be 

divided into basic functions and MES functions. The MES function related report model is the 

communication interface between the end-users and the MES. Based on a use case to model the 

brewing process in a brewhouse, the requirements for the modeling language have been 

evaluated. It has been proven that the requirements are satisfied by the proposed extensions of 

the MES-ML, and the suitability of the extended MES-ML for the model-driven approach to 

the engineering of MES, including automatic code generation, has been confirmed. 

 Contributions of the doctoral candidate – Methodology, Validation, Writing – Original Draft, 
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2.3 Publication III – Modeling phase of the model-driven approach 

Basis for the model-driven engineering of manufacturing execution 

systems: Modeling elements in the domain of beer brewing 

Xinyu Chen; Fabian Gemein; Stefan Flad; TobiasVoigt 

In Computers in Industry, Volume 101, October 2018 

DOI: 10.1016/j.compind.2018.07.005 

Page 42 – 53 

To develop a model-driven approach, the basis, namely the modeling language and modeling 

elements, should be defined rigorously. This study is dealing with the definition of modeling 

elements in the domain of beer brewing for model-driven engineering of MES. According to 

the metamodel of extended MES-ML, the MES model can be divided into four sub-models, 

i.e., the plant model in a tree diagram that illustrates the technical systems, the process model 

with three hierarchies that describes the production processes, the MES model composed of 

basic functions that represent the required MES functions, and the report model connecting the 

three models that shows the results. Dependent on the result of requirements analysis, the 

modeling elements are defined to realize two main MES functions: management of energy 

consumption and analysis of production efficiency. The modeling elements are assigned to 

domain-specific libraries so that they can be reused concerning the application scenarios. 

A use case of the defined modeling elements applied to a traditional brewhouse has shown the 

usability of the defined modeling elements to represent the relevant MES functions in the food 

and beverage industry. The use case has also been evaluated by experts with the implementation 

experience of the MES in the food and beverage industry following five criteria, i.e., 

profitability, comprehensibility, simplicity, completeness, and sustainability. It was confirmed 

that the defined modeling elements had sufficiently underpinned the model-driven approach 

with later steps for automatic transformation, specification, and generation. 

Contributions of the doctoral candidate – Conceptualization, Methodology, Validation, 

Investigation, Resources, Writing - Original Draft 
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2.4 Publication IV – Transformation phase and generation phase of the 

model-driven approach 

Manufacturing Execution Systems for the Food and Beverage 

Industry: a model-driven Approach 

Xinyu Chen; Christoph Nophut; Tobias Voigt 

In Electronics, Volume 9, Issue12, December 2020 

DOI: 10.3390/electronics9122040 

Page 54 – 75 

In this study, the model-driven approach was extended to contain five phases: the analyzing 

phase to define the requirements on desirable MES; the modeling phase to build the MES model 

according to the requirements; the specifying phase to transform the information from the 

model into a software-utilizable format; the generating phase to prepare the user interface and 

establish the inner-connection of the MES based on the specification; the application model to 

employ the MES in the specific application scenario. This study primarily aims to define the 

design of the specification in the specifying phase and develop the method for the automatic 

generation of the MES in the generating phase. The specification should represent the 

information in the graphical MES model without losing any details to ensure the successful 

transformation, and it should be available and cost-efficient for the most manufacturing sectors 

and system providers in the food and beverage industry. The database table acts as the platform 

for the specification to represent the information after the graphical models are transformed. 

The Entity-Relationship Diagrams (ERD) are adopted to clarify the correspondence between 

the tables and the metamodel of the modeling language. The generator is split into two parts, 

i.e., toolbox as the storage for procedures that can be invoked for data processing and 

connection finder to transfer values in the correct order. 

The presented model-driven approach is applied in a fictive brewhouse as the data provider, in 

which the MES meeting the requirements from the brewing process is generated automatically. 

The feasibility of the defined specification, the method for the generation, and the whole model-

driven approach has been proven. 

Contributions of the doctoral candidate – Conceptualization, Methodology, Software, 

Investigation, Resources, Data Curation, Writing - Original Draft, Visualization 
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2.5 Publication V – Further development and validation of the model-

driven approach: 

Model-driven Engineering of customizable Manufacturing Execution 

Systems for the Implementation in the Food and Beverage industry 

Xinyu Chen; Christoph Nophut; Tobias Voigt 

Submitted at The International Journal of Advanced Manufacturing 

Technology of Springer, under review 

Page 76 – 96 

This study has expanded the model-driven approach in a closed ring to cover the complete life-

cycle of MES engineering. It consists of six phases, i.e., analysis of requirements on the target 

MES, modeling of the MES in four divided model components with graphical modeling 

language, specification of the graphical information into software-readable format, generation 

of the MES based on the specification, operation of the MES according to the specific 

application scenario and enhancement of the MES to cope with further requirements. 

Since this approach is first to be employed to benefit the small and medium-sized enterprises 

(SMEs) in the food and beverage industry, two representative processes from the processing 

area and the packaging area are selected as the target processes to apply the model-driven 

approach, i.e., the raw milk processing in the operating room of a dairy and the beer brewing in 

the brewhouse in a brewery. The presented model-driven approach has been validated with real 

production data. With the identical approach, two different MES to analyze the energy 

consumption in the processing area and the production efficiency in the packaging area were 

automatically generated. In this sense, it has been confirmed that the developed approach can 

be exploited for the engineering of MES that should be customized in accordance with specific 

application scenarios. Furthermore, to improve the actual MES, this approach has provided a 

convenient way: only the MES model in the modeling phase should be modified manually, and 

the new MES to fulfill the upgraded requirements can be automatically generated again, which 

is a sustainable approach for the engineering of MES. With the results of this study, a feasible 

model-driven approach for the engineering of the MES in the food and beverage industry has 

been fully developed. 

Contributions of the doctoral candidate – Conceptualization, Methodology, Software, 

Investigation, Resources, Data Curation, Writing - Original Draft, Visualization 
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3 Discussion and conclusion 

This thesis initially reviewed the benefits of the MES that can be brought to the food and 

beverage industry and the possible solutions to reduce the complexity of the MES 

implementation. Standardized information models for the communication in the vertical and 

horizontal direction, service-oriented architecture (SOA) to divide the MES functions as 

services, and model-driven engineering (MDE) of the MES with automatic generation have 

been considered as the rudiments that are capable of implementing the MES with low 

programming and customizing efforts during the engineering process. As a result, a model-

driven approach integrated with the standard information model and concept of SOA for the 

engineering of the MES that can fulfill the requirements from the food and beverage industry 

was developed. This thesis consists of five pieces of research in a logical order that 

progressively delves into the model-driven approach, i.e., from the literature review, to the 

development of the modeling language, the definition of the modeling elements, the 

development of the specification design and the generation method, and further to the extension 

of the engineering process and the application in different areas with validation based on real 

production data. According to the requirements defined in Section 1.4, the findings of this thesis 

are discussed and summarized in the following sections. 

3.1 R1: Development of a feasible model-driven approach 

The development of the model-driven approach has been evolved through three stages. As the 

pre-work for the whole approach, the modeling language MES-ML has been extended in 

Publication II. With the extended MES-ML, the MES can be modeled in four independent 

components, i.e., the plant model that illustrates the technical systems, the process model that 

describes the production processes, the MES function model that represents the required MES 

functions, and the report model that acts as the interface between the MES and the end-users. 

In Publication III, the model-driven approach was proposed as consisting of three steps, i.e., 

modeling, specifying, and generating. The emphasis of this publication is placed on the 

establishment of the basis for the model-driven approach, i.e., the definition of modeling 

elements. Publication IV has considered the analysis phase to define the requirements on the 

expected MES and the application phase to parameterize the MES as the required phases. It 

extended the model-driven approach in five phases, i.e., analyzing phase, modeling phase, 
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specifying phase, generating phase, and application phase. Moreover, the design (content and 

structure) of the specification and the generating method of the final MES have been clarified 

in this study. The approach in a closed ring with six phases has been proposed in Publication 

V, which has covered the whole life-cycle of the engineering process for the MES using a 

model-driven concept: i) primary analysis of requirements on the expected MES following the 

actual state of the manufacturing process and data availability; ii) MES modeling phase to build 

the graphical models of four components relevant to the MES, i.e., plant model, process model, 

MES function model, and report model; iii) MES model specifying phase to transform the 

information in graphical models into a software-utilizable format; iv) MES generating phase to 

generate the graphical user interface and establish the inner-connection of basic function 

procedures for data processing; v) MES operation phase to parameterize the completed MES 

that can fulfill specific requirements in a concrete application scenario; vi) MES improving 

phase to update the MES dealing with new demands. 

The feasibility of the presented model-driven approach has been proven with the validation in 

two use cases with real production data in Publication V. In the first use case, this approach has 

been applied to the raw milk processing in the operating room of a dairy, and the MES to 

analyze the process-related energy consumption has been implemented with the presented 

model-driven approach. The process of beer bottling in the filling room of a brewery was 

selected as the target process in the second use case. Here, the MES has been generated using 

the same approach to analyze the technical efficiency of the production plant to assess its 

production efficiency. The two use cases represent the essential areas in the food and beverage 

industry, i.e., processing area and packaging area, raising different requirements on the MES. 

Through their successful implementation, the developed approach can be proven to be suitable 

for MES engineering in the food and beverage industry that should be customized to be adapted 

in specific application scenarios. 

Compared with the conventional process of the MES implementation introduced in Section 1.2, 

the model-driven approach requires only manual effort at the modeling phase, and the final 

MES can be generated automatically without additional programming and customizing effort. 

Although the developed model-driven approach has been applied to generate limited MES 

functions (energy management and performance analysis), the fundamental elements of this 

approach, i.e., the modeling language for the MES, the predefined modeling elements 

assemblies, the MES specification, the MES generator, and the transformation between them, 
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have been constructed completely and designed generally for any MES function, i.e., there is 

no notation or constrain in the fundamental elements related to the MES functions and other 

MES functions can also be generated using the presented approach. 

3.2 R2: Definition of modeling elements for the food and beverage industry 

Through the interviews with manufacturers in the food and beverage industry, three 

representative production processes have been selected as the first use cases, namely the wort 

producing process in the brewery, the milk operating process in the dairy, and the beverage 

filling process in the filling factory, in accordance to three main process types (the batch 

process, the continuous process, and the discrete process). Besides that, the identification of the 

energy consumption and the assessment of the production efficiency with Overall Equipment 

Effectiveness (OEE) indicators have been considered as the functions needed to be realized by 

the MES initially. 

Based on the interview results, modeling elements have been defined as assemblies in libraries 

of each model for reuse (Publication III). Table 2, Table 3, and Table 4 present the modeling 

elements of the brewhouse, the milk operating room, and the filling hall in the plant model 

library. The modeling elements in the process model library can be found in Appendix I. 

Table 2: Modeling elements for the technical systems in the brewhouse (from Publication III & IV) 

Level Element Model (in extended MES-ML) 

Factory Brewery 

 

Area Brewhouse 

Plant Brewing Plant 

Line Brewing Line 

Machine 

Mash Tun 

Lauter Tun 

Wort Kettle 

Heat Exchanger 
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Table 3: Modeling elements for the technical systems in the milk operating room (from Publication V) 

Level Element Model (in extended MES-ML) 

Factory Dairy 

 

Area Operating Room 

Plant Operating Plant 

Line Raw Milk Operating Line 

Machine 

Heat Exchanger (Heating) 

Centrifuge 

Heat Exchanger (Cooling) 

Table 4: Modeling elements for the technical systems in the beverage filling hall (from Publication V) 

Level Element Model (in extended MES-ML) 

Factory Beverage Filling Factory 

 

Area Filling Hall 

Plant Filling Plant 

Line Bottling Line (Glass) 

Machine 

Depalletizer 

Crate Unpacker 

Empty Bottle Unpacker 

Bottle Washing Machine 

Bottle Filling Machine 

Bottle Labeling Machine 

Full Bottle Packer 

Crate Packer 

Palletizer 

Crate Washer 

To realize the two MES functions, namely energy management and performance analysis, six 

categories of basic functions (as the smallest elements to compose the final MES functions) 

have been defined as modeling elements in the library of the MES function model, i.e., 

mathematical basic functions, basic functions for plant data processing, basic functions for 
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process data processing, basic function for production order and batch data processing, basic 

functions for energy management, and basic functions for OEE indicator analysis. Table 5 and 

Table 6 describe the basic functions named “summation” and “energy consumption calculation” 

in categories of basic functions for mathematical operation and for energy management. More 

description of the defined basic functions can be found in Appendix II. 

Table 5: Description of the basic function named “Summation” 

Category Mathematical Basic Function 

Name Summation 

Formula x_Sum = x_1 + x_2 

Model 

 
 

 
 
 

Description The function calculates the sum of two values, x_1 and x_2. 

Table 6: Description of the basic function named “Energy Consumption Calculation” 

Category Energy Management 

Name Energy Consumption Calculation 

Formula ∆W=W2| WS_Cons at end time-W1|WS_Cons at start time 

Model 

 
 

 
 
 

Description 

This basic function determines the consumption of a specific energy form 

in the period [StartTime, EndTime]. WS_Cons ist a group of data points 

representing the energy consumption of different energy forms. 
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Related to the two MES functions, the defined modeling elements for the report model have 

also been divided into two categories, energy report and performance report. Table 7 presents 

the energy report for the energy consumption of two machines. More modeling elements can 

be found in Appendix III. 

Table 7: Description of the Energy report named “Energy Consumption of two Machines” 

Category Energy Report 

Name Energy Consumption of two Machines 

Model 

 

 
 

Description 

This report presents the energy consumption of two machines. Their 

energy consumption can be determined according to the data points for 

energy forms on both machines as input parameters of the report. Three 

output parameters can be chosen as the results to be shown in the report, 

the energy consumption of the machine No. 1, the energy consumption of 

the machine No. 2, and the total energy consumption of the two machines. 

The modeling method and the defined modeling elements were evaluated with a use case of a 

traditional brewhouse and compared with the actual state of the MES engineering method by 

the MES experts in the food and beverage industry. As a result, the predefinition of the 

modeling elements before the implementation of the model-driven approach has been evaluated 

as the necessary basis for the automatic generation of the MES. The graphical and reusable 
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modeling elements have simplified the interdisciplinary communication of co-workers with 

different backgrounds in an MES project and reduced the modeling complexity. The model-

driven approach with predefined modeling elements has also been considered as portable to 

other industries. 

According to the interviews with manufacturers in the food and beverage industry, the modeling 

elements have been defined aiming at generating two main MES functions, energy management 

and performance analysis, which are considered as the first functions that should be realized by 

the implementation of the MES. The functions for real-time reaction to changes in the 

production process and those for scheduling of the production orders have not been covered by 

the already defined modeling elements, such as process management, production tracking, and 

maintenance management, which are also relevant to the manufacturers in the food and 

beverage industry and can contribute to enhancing the production efficiency and reducing 

energy consumption. However, as the first rudiment to generate the MES using the model-

driven concept in the food and beverage industry, this work has established the fundamental 

framework of the model-driven approach and proven its feasibility. Because the requirements 

on the MES are related closely to the real business process, based on the results of this work, 

further real-time MES functions should be identified together with manufacturers, more related 

modeling elements should also be defined, adapted and integrated in the presented approach, 

and this approach should be verified and optimized with more use cases and production data. 

3.3 R3: Support of a standard information model 

The Weihenstephaner Standards (WS) define a universal communication interface for 

connecting different machines and process contrail systems to a higher ranking MES and also 

define the data that should be available for acquisition. Four domains, i.e., food processing, 

beverage packaging, baking processes, and beer brewing, are included in the WS. The WS have 

been introduced as the information model to the model-driven approach, which enabled the 

“plug-and-play” functionality and ensured the portability of the modeling elements so that 

various MES functions can be created with limited predefined basic elements. 

In this work, data points have been assigned to the modeling elements to indicate the necessary 

data that should be collected and processed to realize the MES functions, energy management 

and performance analysis, which are the first requirements based on the interviews with 
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manufacturers in the food and beverage industry. To enhance the reusability of each modeling 

element, data points have been classified. Table 8 presents the data points, which are related to 

the two MES functions and already defined in the WS (with the prefix “WS” based on WS_07). 

Table 8: WS data points related to the MES functions for energy management and performance analysis 

Data Point Class Data Point Number Data Point Name 

WS_Tracing 

00061 WS_Set_Batch_ID 

00062 WS_Cur_Batch_ID 

00063 WS_Set_Order_ID 

00064 WS_Cur_Order_ID 

WS_Mode 00100 WS_Cur_Mode 

WS_Prog 00200 WS_Cur_Prog 

WS_State 00300 WS_Cur_State 

WS_Mach_Spd 

00401 WS_Cur_Mach_Spd 

00402 WS_Set_Mach_Spd 

00403 WS_Mach_design_Spd 

WS_Amount 

50005 WS_Tot_Bottles 

50006 WS_Good_Bottles 

50220 WS_Tot_Packages 

50230 WS_Good_Packages 

WS_Cons 

50101 WS_Cons_Clean_Water 

50102 WS_Cons_Hot_Water 

50103 WS_Cons_Steam 

50104 WS_Cons_Sterile_Air 

50105 WS_Cons_CO2 

50106 WS_Cons_Detrergents 

50107 WS_Cons_Additives 

50108 WS_Cons_Lubricant 

50109 WS_Cons_N2 

50110 WS_Cons_Electricity 
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Besides that, new data points were defined specifically to realize functionalities that require 

other information, such as the start time of a process, the name of process operation, or the 

volume flow of a heat exchanger (with the prefix “AM” for “automatic generation of MES”). 

Table 9 presents the data points and their class used in the presented approach. 

Table 9: Defined data points to complete the functionality of the MES functions 

Data Point Class Data Point Number Data Point Name 

AM_Time 
09701 AM_Start_Time 

09702 AM_End_Time 

AM_TechnicalSystem 

09801 AM_Factory 

09802 AM_Area 

09803 AM_Plant 

09804 AM_Line 

09805 AM_Machine 

09806 AM_Aggregate 

AM_Process 

09901 AM_Cur_Process 

09902 AM_Cur_Sub_Process 

09903 AM_Cur_Prc_Operation 

AM_VolumeFlow 

59001 AM_Cur_VF_Heat 

59002 AM_Cur_VF_Cool 

59003 AM_Cur_VF_Recycle 

Although the two use cases (in Publication V) with real production data taken for the validation 

are located in the domains that are already covered by the WS, some deficiencies are identified: 

i) not all of the data can be collected automatically, such as the machine state can not be 

collected with a one-to-one correspondence to the definition in WS; ii) enterprises cannot keep 

abreast with the updating of their manufacturing equipment to support the WS; iii) to realize 

particular MES function (e.g., the function that requires time stamps of specific machine state 

or manufacturing process), more data points must be defined in WS, e.g., the data points that 

have been defined in Table 9. To enhance the consistency of data flow in the developed 

approach and its further application, co-work to define the data points and to promote their 

application in a broader range is required together with the WS working group. 
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3.4 R4: Support of a generic specification of the MES 

As presented in Publication IV, database tables were selected as the platform of the 

specification. On one hand, the design of the specification can be presented user-friendly with 

an entity-relationship diagram. On the other hand, the database refers to a mature technology 

extensively adapted in the manufacturing enterprises, which is accessible for most software 

systems, thereby underpinning information exchange in the whole enterprise. To represent the 

information of the whole MES model without losing any detail, the specification has been 

designed with four main components according to the metamodel of the extended MES-ML. 

Figure 4, Figure 5, and Figure 6 present the entity-relationship diagrams (ERD) of the MES 

specification using Crow’s Foot Notation (from Publication IV & V). 

 

Figure 4: ERD of the MES specification for plant model, process model, and the link between them 
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Figure 5: ERD of the MES specification for MES function model 

 

Figure 6: ERD of the MES specification for report model 

Based on the use cases in the processing and packaging area in the food and beverage industry 

(in Publication V), it was confirmed that the design of the specification is generic enough to 

carry the information of different MES functions, as the MES functions, energy management 

and performance analysis, have been successfully generated by using the same specification 

without any further modification. However, the two MES functions in the use cases are 

functions that analyze historical data, i.e., no real-time data and reaction is necessary, to prove 

the generality of the specification in a further step, the developed specification and the 



   Discussion and conclusion 

108 

completed approach should be verified in application scenarios that require both real-time and 

historical data-based MES functions, e.g., production scheduling and tracking. 

3.5 R5: Dynamic generation of the MES 

The MES is generated by a programmed generator, which utilizes the information in the 

specification. The generator consists of two parts, the front-end and the back-end (Figure 7). 

The front-end is a graphical user interface for the end-user to parameterize the generated MES. 

The input area and the output area are predetermined elements in the graphical user interface. 

The parameters in these two areas are dynamically dependent on the report model, which should 

be modified by the end-users according to their requirements from the business processes. The 

back-end is composed of two components, a toolbox and a connection finder. The toolbox is a 

group of finished programmed procedures that realize the functionality of each predefined basic 

function and can be invoked when the related basic functions are assigned in the specification. 

The connection finder establishes the inner-connection of each procedure of basic function to 

ensure the correct value passing and realize the composed MES functions. 

 

Figure 7: MES generator with the front-end and the back-end 

The use case in Publication IV has shown that the MES can be generated correctly in 

correspondence with the models. Moreover, by employing this model-driven approach in two 

different use cases, i.e., processing area and packaging area in the food and beverage industry 

(Publication V), it was proven that the customized MES for different application scenarios can 
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be generated automatically with the same generation method. In this sense, the presented 

generation method and the model-driven approach can be applied to implement different MES 

functions and meet various requirements on MES from different domains. 

3.6 Final remarks and outlook 

This thesis presents a model-driven engineering approach for manufacturing execution systems 

in the food and beverage industry. It has been developed with six phases, i.e., requirements 

analyzing phase, MES modeling phase, specifying phase, generating phase, applying phase, 

and improving phase. To realize this approach, the cornerstones have been established: i) the 

graphical MES modeling language MES-ML has been extended to be suitable for automatic 

generation of the MES with four models (plant model, process model, MES function model, 

and report model); ii) modeling elements have been defined to ensure the reusability of the 

models and the feasibility of the automatic generation of the final MES; iii) a generic MES 

specification in form of database tables was defined to represent the information from the 

graphical model; iv) an MES generator with a front-end (graphical user interface) and a back-

end (toolbox as the container for procedures of basic functions and connection finder for the 

establishment of data flow between basic functions) has been programmed to generate the MES 

according to the real business process. 

Based on the interviews with the manufacturers in the food and beverage industry, two MES 

functions were considered as the first functions that should be implemented, namely energy 

management and performance analysis. Although the two MES functions are the first focus of 

this work, the cornerstones of this approach are designed and constructed generally for its 

application in various scenarios for different MES functions. By the realization of the automatic 

generation of the two MES functions, the feasibility of each fundamental element and the whole 

approach has been proven. Furthermore, as the first practical rudiment to apply the model-

driven engineering concept for MES implementation in the food and beverage industry, it has 

been considered as capable of simplifying MES implementation by minimizing the 

programming and customizing effort in the engineering process. However, the two MES 

functions are functions depending on historical data from the manufacturing processes, the 

functions, which can perform the real-time reaction to the processes, have not been applied with 

this approach. 
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In future work, the implementation of the MES with real-time functions in the food and 

beverage industry using the presented approach should be primarily highlighted to expand the 

scope of its application field. In such scenarios, more modeling elements should be defined to 

compose new MES functions, and subsequently, the compatibility of the specification design 

and the generation method should be verified and validated. Moreover, to enhance the data 

consistency, the co-work with the Weihenstephaner Standards working group is required, as 

data points providing information to realize more MES functions should be defined. 

Furthermore, given a broader analysis of the requirements, it is also planned to apply the model-

driven approach to generate MES for other industries. As the MES functions are split into small 

basic functions in this model-driven approach, which can be considered as a variant of service 

that provides its own information to others, the development of a service-oriented architecture 

for the MES and a cloud-based MES can also be a direction of the subsequent studies. 
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Appendix I – Modeling elements in process model library 

i) Defined modeling elements in process model library for wort producing and its model in extended MES-ML (in Publication III & IV) 

Level 
Area 

Process Process Stage Process Operation 

Brew House Wort Producing 

Mashing 
Heating 

Pause 

Lautering 

Lautering 

Stirring 

Pumping Master Brewing Water 

Pumping Sparging Brewing Water 

Removing Sprent Grain 

Wort Boling 

Heating 

Recirculating 

Adding Hops 

Sedimenting Sedimenting Hops 

Wort Cooling 
Cooling Wort 

Pumping Cool Wort 
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ii) Defined modeling elements in process model library for milk operating and its model in extended MES-ML (in Publication V) 

Level 
Area 

Process Process Stage Process Operation 

Milk Operating Room Milk Operating 

Raw Milk Preheating  

Raw Milk Separating  

Cream Operating 
Cream Heating 

Cream Storing 

Skimmed Milk 
Operating 

Skimmed Milk Preheating 

Skimmed Milk with high Temperature Sterilizing 

Skimmed Milk Precooling 

Skimmed Milk with Referigent Cooling 
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iii) Defined modeling elements in process model library for beverage filling and its model in extended MES-ML (in Publication V) 

Level 
Area 

Process Process Stage Process Operation 

Beverage Filling Room Beverage Filling 

Crate Depalletizing 

 

Bottle from Crate Unpacking 

Bottle Washing 

Bottle Filling and Capping 

Bottle Labeling 

Bottle in Crate Packing 

Crate Palletizing 

Crate Washing 
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Appendix II – Modeling elements for basic functions in MES 

function model library 

i) Basic functions in the category of mathematical basic functions 

Name Summation 

Formula x_Sum = x_1 + x_2 

Model 

 

 
 

Description The function calculates the sum of two values, x_1 and x_2. 

 

Name Subtraction 

Formula x_Sub = x_1 - x_2 

Model 

 

 
 

Description The function calculates the difference between two values, x_1 and x_2. 

 

Name Multiplication 

Formula x_Multi = x_1 × x_2 

Model 

 

 
 

Description The function calculates the multiplication of two values, x_1 and x_2. 
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Name Division 

Formula x_Div = x_1 / x_2 

Model 

 

 
 

Description The function calculates the division of two values, x_1 and x_2. 

 

Name Summation (Array) 

Formula x_Sum_Array= xi

n

i=1

 

Model 

 

 
 

Description The function calculates the sum of several values, x_n. 

 

Name 
 

Multiplication (Array) 

Formula x_Multi_Array= xi

n

i=1

 

Model 

 

 
 

Description The function calculates the multiplication of several values, x_n. 
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Name Great Or Equal 

Formula x_GOE=
1, if x_1 ≥ x_2
0, if x_1 < x_2

 

Model 

 

 
 

Description 
This function compares the two input values, x_1 and x_2, with each 
other. If x_1 is greater than or equal to x_2, the result of this function 
x_GOE is 1, otherwise 0. 

 

ii) Basic functions in the category of plant data processing 

Name Get Factory Element 

Model 

 

 
 

Description This function returns all areas assigned under the corresponding factory. 

 

Name Get Area Element 

Model 

 

 
 

Description This function returns all plants assigned under the corresponding area. 
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Name Get Plant Element 

Model 

 

 
 

Description This function returns all lines assigned under the corresponding plant. 

 

Name Get Line Element 

Model 

 

 
 

Description 
This function returns all machines assigned under the corresponding 
line. 

 

Name Get Machine Element 

Model 

 

 
 

Description 
This function returns all aggregates assigned under the corresponding 
machine. 
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iii) Basic functions in the category of process data processing 

Name Get Process Element 

Model 

 

 
 

Description 
This function returns all process stages assigned under the 
corresponding process. 

 

Name Get Process Stage Element 

Model 

 

 
 

Description 
This function returns all process operations assigned under the 
corresponding process stage. 

 

Name Get Process Information 

Model 

 

 
 

Description 
This function returns all processes with their start and end times within a 
given period [StartTime, EndTime] on a specific line. 
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Name Get Process Stage Information 

Model 

 

 
 

Description 
This function returns all process stages with their start and end times 
within a given period [StartTime, EndTime] on a specific machine. 

 

iv) Basic functions in the category of production order and batch data processing 

Name Get Order Information 

Model 

 

 
 

Description 
This function returns the start time and end time of the period, in which 
the order was processed, and the plant that was responsible for 
processing the order. 

 

Name Get Batch Information 

Model 

 

 
 

Description 

This function returns the start time and end time of the period, in which 
the batch was processed, and the machine that was responsible for 
processing the batch. For this basic function, the batch ID is identifiable 
together with the order ID. 
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v) Basic functions in the category of energy management 

Name Energy Consumption Calculation 

Model 

 

 
 

Description 
This function returns the energy consumption (according to the energy 
form) in the given period [Start Time, End Time]. 

 

vi) Basic functions in the category of OEE indicator analysis 

Name Loading Time Calculation 

Model 

 

 
 

Description 
The calculation of the loading time is carried out via the machine program. 
All the times during which the central unit is in the program “Production”, 
“Start Up” and “Run Down” must be summed by this function. 

 

Name Operating Time Calculation 

Model 

 

 
 

Description 

The operating time must be determined via the machine program and the 
machine operating state. For this calculation, all of the periods during 
which the central unit is in the program “Production”, “Start Up” and 
“Run Down” and in the operating state “Operating” must be summed by 
this function. 
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Appendix III – Modeling elements in report model library 

i) Modeling elements in the category of energy report 

Name Energy Consumption of a Machine 

Model 

 

 
 

Description 

This report presents the energy consumption of a definite machine. Its 
energy consumption can be identified according to the ID of this machine 
as input parameter of the report. The energy consumption of this machine 
is chosen as the output in the final report. 

 

Name Energy Consumption of two Machines 

Model 

 

 
 

Description 

This report presents the energy consumption of two machines. Their 
energy consumption can be identified according to the IDs of the two 
machines as input parameters of the report. Three output parameters can 
be chosen as the results to be shown in the report, the energy consumption 
of the machine No. 1, the energy consumption of the machine No. 2, and 
the total energy consumption of the two machines. 

 



Appendix III 

134 

Name Energy Consumption of a Line 

Model 

 

 
 

Description 

This report presents the energy consumption of a definite line. Its energy 
consumption can be identified according to the ID of the line as input 
parameter of the report. The energy consumption of this line is chosen as 
the output in the final report. 

 

ii) Modeling elements in the category of performance analysis report 

Name OEE Indicator: Planning Efficiency 

Model 

 

 
 

Description 
This report model presents the performance indicator named planning 
efficiency in the expanded OEE concept. The calculated loading time and 
the final planning efficiency are chosen as the outputs in the final report. 
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Name OEE Indicator: Availability 

Model 

 

 
 

Description 
This report model presents the performance indicator named availability 
in the OEE concept. The calculated loading time, operating time, and the 
final availability are chosen as the outputs in the final report. 

 

Name OEE Indicator: Performance Efficiency 

Model 

 

 
 

Description 
This report model presents the performance indicator named performance 
efficiency in the OEE concept. The calculated operating time and the final 
performance efficiency are chosen as the outputs in the final report. 

 


