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Abstract
Current Manufacturing Execution Systems (MES) are not supporting a full integration into overall processes across the supply chain. Thus,
optimization is limited to single areas. The SemI40 project is aimed at developing an integrated concept of Smart Process Control System (SPCS),
which enhances the overall agility and productivity. The system, therefore, autonomously acquires and interprets process data to allow product
individual optimization and enhancing logistics management. It also provides full traceability across the supply chain in real-time and allows
model based process simulation and decision making support. The concept is developed based on requirements elicitation in cooperation with
industry partners and combines state-of-the-art technologies with current trends, like vertical integration, big data and machine learning.
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1. Introduction
Today’s manufacturing industry is concentrated on value
creation, based on existing production processes and
interconnected digital technologies [1]. In modern production
Enterprise
Resource
Planning
(ERP),
companies,
Manufacturing Execution Systems (MES) and Advanced
Planning Systems (APS) are pillars of IT architecture [2].
Nevertheless, digital transformation has reached the
manufacturing industry [3], and there are high expectations on
Cyber-Physical Production Systems (CPPS) [4]. While its
short-term impact is often overestimated, its long-term impact
tends to be underestimated [3].
In this paper, we describe a conceptual model for developing
a Smart Process Control System (SPCS), which has been
developed within the ECSEL JU project SemI40 [5]. It reflects
the impact of the current digital transformation on the
application of MES in the context of the semi-conductor
industry. In chapter 2, we introduce ten MES general functions
that are described in VDI standard for MES [6]. We use these
functions to structure our requirements analysis in chapter 3. In
order to capture requirements from five semi-conductor
companies, we have applied methods of requirements

engineering [7] and value stream mapping [8, 9, 10]. In
chapter 4, we use the results to create the conceptual model,
including a conceptual design of a Decision Support System
(DSS) [11, 12, 13]. Chapter 5 discusses the key findings,
limitations, applicability and transferability of the integrated
approach to other industry sectors. Finally, we conclude and
present future research work, in which the focus is placed on
how our results can be used in the further course of the SemI40
project (cf. chapter 6).
2. Background: MES general functions
A MES aims to plan and manage manufacturing processes
in semi- or even in real-time [2]. It guarantees transparency
over processes, as well as information and material flows
within the supply-chain [6]. The MES acts in addition to ERP
systems, which focus on mid- or long-term goals and a higher
company level [2]. According to [6], a state-of-the-art MES
contains the following functions:
x Order management is a central component within a MES.
Usually, an order is the trigger for activities in
manufacturing. It contains data that is required for or
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generated during the processing of the order. Various order
types reflect the different production steps, like mechanical
manufacturing, assembly or maintenance.
Detailed scheduling and process control supports the
processing of orders. It considers the availability of
resources, like materials, manufacturing systems and work
force, and sets them into a chronological order. Besides its
focus on planning of manufacturing sequences, it must be
able to react on unexpected events in semi- or even in realtime.
Equipment management secures the availability,
functionality and reliability of equipment and utilities, and
so supports the maintenance process. It can be divided into
machines and manual workplaces, tools and supporting
equipment, and immaterial operating resources, like
Numerical Control (NC) programs.
Material management organizes the appropriate supply and
disposal of materials for manufacturing. It especially
manages work in process (WIP) goods, e.g. raw materials,
semi-finished goods and final products, when they leave an
inventory-managed stock.
Human resources management provides the required
personnel with the right qualifications and competences. It
considers individual data of single persons or groups, like
working time, shift plan and time accounts. Besides realtime applications, it is used for capacity planning and
historical analysis.
Data acquisition captures and processes event-driven
information, like operating and machine data, as well as
records of process, quality and personnel. Data transfer and
capture can be automated, semi-automatic (e.g. scanner)
and/or manual (e.g. typing).
Performance analysis creates control loops to correct
operational deviations (short-term) and to optimize and
qualify processes (long-term). It enables the creation of
reports and Key Performance Indicators (KPIs), comparing
expected with real-time data, as well as DSS. It also takes
care of process and product improvements, as well as rootcause analysis, enabled by performance and data analysis.
Quality management secures and improves product and
process quality. It covers (advanced) quality planning,
quality control, gauge and complaint management. It can
immediately react to quality issues, which can lead to an
adaptation of manufacturing orders or processes.
Information management integrates other MES functions in
order to enable the processing of manufacturing processes
and their optimization. It distributes and provides required
information and can influence and control processes in
manufacturing. It enables the allocation of order and
resource data to process parameters. It also provides
required information for tracking and tracing, as well as
specific documents for the corresponding manufacturing
step.
Energy management plans, monitors and controls the energy
consumption within manufacturing in order to reduce it. It
creates transparency and supports an energy-efficient
production. Targets can be economically or ecologically,
e.g. a reduction of the total energy consumption, an increase
of the energy efficiency or energy recovery.

Fig. 1. MES general functions.

Figure 1 shows the correlation between the described MES
functions and manufacturing processes. The inner functions
interact directly with the processes, whereas the outer ones
interact indirectly via the inner functions. The importance of
information management will increase in the future with
progressing digitalization [3], because it connects all other
functions with each other.
3. Requirements from industry partners
In order to create a conceptual model for developing a
SPCS, we identified and compiled requirements from five
semi-conductor companies. To get a comparable view on the
same level of detail and functional category, we designed a
questionnaire. The companies were asked to describe their
current and their target implementation of the ten general MES
functions, listed in chapter 2. The answers have been evaluated
by assigning a score, ranging from 0 (no implementation) to 4
(beyond state-of-the art). Afterwards, the results were
processed by the requirements engineering team and have been
presented in Table 1.
Energy management, human resource management and
performance analysis are currently the functions with the
lowest score. Mostly, they are implemented using independent
software solutions with no automated interface to the MES. In
contrast, data acquisition is implemented most sophistically,
followed by material management. This is reflecting the typical
situation in the semi-conductor industry with high quantities
and required knowledge of a single product and related
processes. The highest need for a future improvement is on
equipment management (+1.8), detailed scheduling and
process control (+1.6), as well as human resource management
(+1.4). In general, the planned developments are going in the
direction of automation, i.e. either creating interfaces between
separate tools or integrating them into one.
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Table 1. Current and target implementation of MES functions in five semiconductor companies, evaluation in points from 0 (no implementation) to 4
(beyond state-of-the-art), average scores

Table 3. Definition of SPCS features
No

Description

F1

Live virtual representation of the manufacturing process

F2

Providing access to past manufacturing and quality records

Current
implementation

Target
implementation

Change

Order management

1.6

2.8

+1.2

F3

Simulation and prediction of future states in manufacturing

Detailed scheduling
and process control

1.6

3.2

+1.6

F4

Supporting decision making activities

Equipment
management

1.4

3.2

+1.8

Material management

1.8

2.8

+1.0

Human resources
management

0.6

2.0

+1.4

Data acquisition

2.4

3.2

+0.8

Performance analysis

1.0

2.0

+1.0

Quality management

1.6

2.6

+1.0

Information
management

1.2

2.0

+0.8

Energy management

0.0

0.2

+0.2

MES general function

Fig. 2. Correlations between the defined SPCS features.

In addition to this general evaluation, we conducted several
on-site workshops and observations together with three of the
companies. Therein, we analyzed their production, planning
and scheduling processes by recording value streams under
consideration of the activity, material and information flows
[9]. As a result, we identified several improvement potentials
that lead to the requirements listed in Table 2.
Table 2. MES requirements, identified in observations and value stream
analyses of the manufacturing processes of three semi-conductor companies
No

Description

R1

The system shall calculate cycle times in real-time, considering
changing production parameters.

R2

The system shall analyze the performance of equipment in realtime and provide specific KPIs in an aggregated format.

R3

The system shall trace products, record their exact location on the
carrier (wafer) and link relevant process and quality data to it.

R4

The system shall support the decision making process by
identifying events that occur within the manufacturing process,
simulating their effects and proposing choices to the user.

R5

The system shall create quality control plans semi-automatically,
based on the product definition and configuration.

R6

The system shall allow a dynamic adjustment of detailed planning
in case of unexpected events.

R7

The system shall support a predictive maintenance process by the
usage of statistical process control charts.

4. Conceptual model for developing a SPCS
We used the previous requirements to specify required
features and build up our conceptual model for developing a
SPCS. It consists of four main features, listed in Table 3, which
are described in the subsequent sub-chapters.

Figure 2 depicts the correlations between the
aforementioned features. Data from the live virtual
representation (F1) is used to generate manufacturing and
quality records (F2). Algorithms for simulation and prediction
of future states (F3) use data from (F1) and (F2) to determine
possible effects of events or decisions. The DSS (F4) finally
uses data from all sources (F1-F3) to provide a holistic view of
the current situation, past events and possible future
developments.
4.1. Live virtual representation of the manufacturing process
(F1)
The SPCS shall provide a live virtual representation of the
manufacturing processes, i.e. it should reflect the real states and
processes that are currently existent in production. It includes
objects, like orders, raw materials and products, equipment, the
transport systems, processes, etc. Figure 3 shows an exemplary
presentation of a set of manufacturing processes.
Production starts at the left inventory with a transport order.
The grey arrow routes the semi-finished product via the
transportation system to process A. The grey bar below
indicates the filling level of the entrance queue. Process A
consumes the manufacturing order, the required equipment,
energy, raw material and workforce. It improves the product,
generates process data, and creates waste material. Then, the
processed semi-finished product is forwarded to the subsequent
processes, until it reaches the inventory at the right. In the
example of Figure 3, process B is in a critical state. An event
has caused its shutdown and disturbances in the production
process. Products and materials have to be rerouted to the
parallel process D, which affects other products as well. Then,
the product flow is separated and goes to the two parallel
processes C and E. Finally, the product arrives at the inventory
at the right.
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4.3. Simulation and prediction of future states in
manufacturing (F3)

Fig. 3. Live virtual representation of the manufacturing process.

In order to create such a live virtual representation of the
production process, real-time data of the related objects (e.g.
products, equipment or processes) is required. Sensors,
distributed across production, capture the location of every
product, raw materials, equipment and transport system.
Process parameters and quality data are recorded along
manufacturing and stored within a database. The desired
implementation level determines which data has to be recorded
and depends on the use case. As a result, we have identified the
following benefits:
x A real-time tracking of products is possible, which can be
used to reduce searching time in production.
x Transparency in production is increased, in particular the
view on the availability of critical parts.
x Suppliers can be given a more accurate picture of when a
part is required and what is the consequence if it not comes
at the right time.
x Customers can be updated about the production process and
when they can expect their products.
x Events that could cause a disturbance can be identified faster
and so allow an immediate reaction to minimize their
negative impact.
4.2. Providing access to past manufacturing and quality
records (F2)
The SPCS shall record data sets from the live virtual
representation of the production process in specific intervals.
The size of the interval defines how often a snapshot is made
and can be specific for a type of data. The system can then
analyze the recorded data in order to optimize the production
processes. Algorithms can run constantly in the background
searching for already known patterns or help users to generate
reports, like evaluating the dependence of the energy
consumption from the production program for the last year.
Machine learning algorithms could also be applied to increase
the extent and quality of the results [14]. At this stage, we have
identified the following benefits:
x Upstream and downstream traceability of products is
enabled, including records about the product’s location,
related process parameters and quality data.
x Predictive maintenance is supported, which brings down
maintenance costs and disturbances of the production
process.
x Recurring problems and their root causes can be identified
and consequently solved in order to optimize the production
process in detail or as a whole.

The SPCS shall be able to simulate and predict the
production process based on the current live virtual
representation and past records. In order to simulate future
states, a model of the production system needs to be created. In
order to predict future states, statistical analysis of records,
combined with a self-learning algorithm can be used.
Depending on the use case and type of data, an appropriate
approach will be employed. Scenarios with a simplified data
set and strict constraints can be evaluated against a set of KPIs
in order to determine the overall quality of each solution. The
following benefits have been identified:
x Cycle time calculation [15] for specific products or orders is
enabled. This allows an improved production planning and
knowing exact delivery dates for customers in case of order
changes or unexpected events.
x Prediction of future capacities demands and bottlenecks is
enabled.
x Prediction of recurring events with a negative impact is
enabled and allows counteracting in advance.
4.4. Supporting decision making activities (F4)
The SPCS shall support the decision making process.
Information is the foundation of a robust decision making
process and is required to react effectively on events [11, 16].
An event can be anything that affects the process, e.g. an order
modification by a customer, an unexpected energy shortage or
a scheduled maintenance of a machine. A decision making
process requires:
x A complete picture of the current situation in manufacturing
to understand the event and its context.
x Records of the past manufacturing process, as well as data
about previously occurred events.
x A tool to simulate or predict the effect of an event or a
decision within definable what-if scenarios.
Figure 4 shows a flow chart of a DSS. The DSS monitors
the production system constantly and is searching for events. If
an event has been identified, the system analyzes it and tries to
identify the root cause(s). In the next step, it simulates or
predicts the effects of the event. If there is a significant effect
on the production system, possible choices (decision
alternatives) are identified. Then, the DSS simulates or predicts
their effects on the production system. If the effect is minor
(below a specifically defined threshold), decision making could
be automated. If the effect is major, the DSS proposes
preselected choices, including their simulated effects. The user
selects one of the decision alternatives or defines a new one.
Finally, the decision is implemented by the system.
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5.2. SPCS conceptual model

Fig. 4. DSS flow chart.

In this case, we identified the following benefits:
x A formalized and supported decision making process, which
leads to a better understanding of connections in production
and finally to better and faster decisions.
x The identification of root causes is supported.
x The simulated or predicted effects show the impact induced
by a decision and can evaluate the quality of a decision.
x Machine learning algorithms can be used to improve the
simulation and prediction and lead to better decisions in the
future.
5. Discussion
Hereafter, we discuss our key findings and limitations
within the requirements analysis phase and in relation to the
SPCS conceptual model. Subsequently, we present current
developments in integration and decentralization of IT
architecture and related infrastructures.

5.1. Requirements analysis
The resulting conceptual model reflects the requirements
taken from five semi-conductor companies. Our approach
allowed us to get comparable view on the companies from
different areas, as well as company specific requirements. The
examined companies seem not to use the full theoretical
potential of a modern MES. The average implementation score
over all MES functions is 1.3 out of 4 points (cf. Table 1). We
can explain this by our experience that e.g. a function is often
not available or sufficiently implemented in the company’s
MES. In these cases, different software tools are used without
an appropriate MES integration or automated interfaces. This
missing integration is creating waste and decreasing efficiency.
On the other hand, all of the involved companies show a high
interest in improving the current implementation status (+1.1
points in average per MES function). Additionally, for seven of
the ten MES functions, at least one company aims for a target
implementation beyond the state-of-the-art.

We have designed the SPCS conceptual model in a general
way, so that it is not only limited to applications within the
semi-conductor industry, but also transferable to a wide range
of industries. The model follows the propagated idea of the
Internet of Things (IoT) to create a virtual image of the physical
world [17]. The increased transparency and traceability allows
improving the manufacturing process in detail or as a whole
and enhances the overall agility and productivity across the
supply chain [18]. A pre-requisite is the availability and quality
of data, which is captured and processed autonomously [19]. In
addition, the SPCS should fulfill “smart” characteristics, which
is reflected by i) self-management through use of machine
learning algorithms within the advanced DSS and ii)
adaptability by analyzing the quality of decisions and
improving its algorithms. Moreover, we recommend
implementing a SPCS using a modular approach on a
decentralized IT architecture. It can be seen as a framework or
platform, thus, it is more adaptive to changes in the
manufacturing setup and can be extended with less effort over
time.

5.3. Integration and decentralization
Traditional MES have a centralized IT architecture. They
are often monolithic and do not use open standardized
interfaces [20]. High efforts in development, integration and
maintenance make them expensive and highly inflexible. So, a
full vertical and horizontal integration is usually not realized.
Even though a centralized MES is quite powerful when is
employed, it can hardly adapt and respond to a volatile and fast
moving market on time [20].
However, there are ways to deal with the aforementioned
challenges. The MES/SPCS of the future is built to support the
paradigm shift of the fourth industrial revolution. In his letter
from industry [21], Francisco Almada-Lobo describes a
decentralized system, allowing autonomous decisions in a
market-like manufacturing environment. It contains
negotiating service providers and service consumers. It is
vertically and horizontally integrated, and aligns with
manufacturing business processes and the overall supply chain.
A cloud-based platform [22, 23] such as Virtual Fort Knox
(VFK) already incorporates these thoughts. The developers
promise an efficient and secure access to modular and flexible
software solutions, which are independent of manufacturers.
VFK provides an open marketplace environment for ITservices and applications, so that companies can digitalize their
processes fast with low implementation efforts.
6. Outlook and future research agenda
Our next step is to apply single aspects of the SPCS
conceptual model in the context of the SemI40 project. Thus,
company-specific use cases have been defined, which are
particularly focused on:
x The prediction of cycle times considering changing
production parameters (R1)
x The development of a decision support system (R4, F4)
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In the long-term, we will work on elaborating the SPCS
features, adding additional ones, and investigating possibilities
of an easy and cost-efficient integration in existing
manufacturing environments.
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