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Abstract—In Production Systems Engineering (PSE), domain
experts aim at reusing production processes implemented as
Industry 4.0 assets and software. However, the knowledge on
reusable assets is often scattered on multi-disciplinary engineer-
ing artifacts and domain experts, making it hard to find suitable
reusable assets and map them to requirements. In this paper,
we (i) identify challenges and requirements for reuse in PSE
based on a domain analysis; (ii) introduce the Industry 4.0 Asset
Network (I4AN) that integrates multi-disciplinary dependencies
between the assets and exposes recurring patterns; and (iii)
present four patterns for reuse in PSE that aim at improving
reuse efficiency and risk. We evaluate the I4AN with reuse
scenarios in a feasibility study. The study results indicate that the
I4AN model satisfies the elicited requirements and enables PSE
domain experts to identify patterns for reuse in their contexts.

Keywords—Reuse, Production Systems Engineering, Industry
4.0 asset, Industry 4.0 component.

I. INTRODUCTION

The Industry 4.0 (I4.0) initiative1 has led to an increased
focus on research related to Production Systems Engineering
(PSE) in various research fields [1]. The I4.0 initiative en-
visions flexible and highly customizable production systems
that interconnect modern manufacturing with the latest in-
formation and communication technology, so-called Cyber-
Physical Production Systems (CPPSs) [2] that can self-adapt
to particular conditions. These CPPSs incorporate I4.0 assets
representing objects of perceived or actual value, such as
products, processes, or resources [3]. The Asset Administration
Shell (AAS), their standardized digital representation [3], can
describe their skills [4] and adapt the I4.0 assets to changes in
the production environment. The aim is to fulfill business de-
mands for increased flexibility and distribution of production,
i.e., production as a service, and to react to shorter product
life-cycles with reduced PSE project duration and effort [5].

These demands require the (partial) reuse of process and
resource solutions from previous projects or standardized
catalogues [6], [7]. Examples in automotive manufacturing are
position and screw tasks, like screwing a dashboard into a car.
In such cases, product type variants and their parameters vary,
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e.g., where and how tightly to screw which kind of screw
to a dashboard. Yet, the processes and production resources
executing these tasks, like robot arms, are quite similar. In
addition, parts of the software controlling the resources and
orchestrating the overall production system can be reused.

Reuse in PSE depends on efficiently identifying recurring
patterns that can be integrated into a production system. These
patterns need to follow reference architectures [8], [9] of
(i) product types, e.g., car types, (ii) production processes, e.g.,
screwing processes, and (iii) production resource types and
instances, e.g., screwing robots. Reuse also requires a pattern
description on type and instance levels to facilitate referring
to vendor catalogues or previous projects [6], [10].

The engineering of a production system is a collaborative
effort of experts coming from many disciplines, like me-
chanical, electrical, and software engineering [11]. However,
traditionally much of the engineering information is hidden
in scattered engineering artifacts and much of the knowl-
edge is implicit domain knowledge of engineering experts [5]
(cf. Section IV). Furthermore, there is insufficient interdis-
ciplinary exchange between the domains, leading to hard
to extract/collect/validate dependencies from heterogeneous
engineering artifacts and domain experts [12]. Hence, it is
crucial in this multi-disciplinary environment to thoroughly
model the (interdisciplinary) dependencies and boundaries in
pattern analysis to reduce the risk of broken reusable assets.

Hence, we raise the main research question: What approach
can PSE experts use to efficiently identify patterns from
existing engineering knowledge for reusing Industry 4.0 assets
and related artifacts?

In this paper, we (i) identify challenges and requirements for
knowledge reuse in PSE, (ii) introduce the Industry 4.0 Asset
Network (I4AN), a model to integrate the scattered knowledge
and enable engineers to identify patterns for reuse to improve
the effectiveness and efficiency of the PSE life-cycle, and
(iii) present four recurring high-level patterns in PSE as a basis
for identifying applied solution patterns for similar problems.
We evaluate these contributions with an instance of an I4AN.
Therefore, we investigate to what extent typical reuse scenario
questions can be answered as queries to the I4AN.

The remainder of this paper is structured as follows: Sec-



tion II summarizes related work. Section III presents the
research questions and method. Section IV introduces an
illustrative use case and identifies requirements for reuse in
PSE. Section V introduces the Industry 4.0 Asset Network
(I4AN) for reuse in PSE and four high-level reusable patterns.
Section VI reports on a feasibility study to evaluate the I4AN
capabilities and discusses the results and limitations of the
research. Section VII concludes and outlines future work.

II. RELATED WORK

This section summarizes related work on Production Sys-
tems Engineering (PSE), knowledge management, and reuse.

A. Production Systems Engineering

PSE is a multi-disciplinary process that involves various
disciplines, like mechanical, electrical, and software engineer-
ing [11]. Engineering teams iteratively perform tasks, like me-
chanical design or implementation of the control software [13],
to engineer the desired production system.

In PSE, engineers create various types of engineering arti-
facts and models [5], [14]. However, the used formats and tools
have traditionally been optimized for a single discipline, and
while engineers are well connected within their domains, there
is often an insufficient interdisciplinary exchange. Further, the
engineering artifacts and information are scattered through-
out the engineering landscape [5]. Much of the engineering
knowledge is implicit knowledge of the domain experts. These
issues pose an increasing challenge related to information
management and reuse within PSE projects [15].

Yet, for the suitable and correct production system design,
it is crucial to exchange information and knowledge between
the disciplines effectively and efficiently [16]. In addition, the
reuse of designs and specifications for recurring problems, e.g.,
using a robot type for similar tasks, improves the quality and
helps to reduce PSE project duration, effort, and risk [8].

In this paper, we introduce a network, based on explicitly
linked assets and artifacts, to provide the foundation for do-
main experts to link their specific knowledge representations.

Industry 4.0 (I4.0) addresses the overall digitalization and
networking of production system elements, i.e., I4.0 assets,
towards Cyber-Physical Production Systems (CPPS). I4.0 as-
sets are physical or immaterial objects of perceived or actual
value [3]. An increasing focus can be recognized on product,
process, and resource-related I4.0 assets, which we mainly
refer to. An Asset Administration Shell (AAS) provides a digital
representation [3] of I4.0 assets with their property views
and skills. These descriptions should include the information
and knowledge for an automated orchestration, which requires
explicit knowledge on the I4.0 assets and their dependencies.

Pfrommer et al. [17] define a skill as the ability of a
resource to perform a process, while a production skill gives
the requirements [4]. Candidio et al. [18] understand a skill
as ability to perform actions that are needed to support the
production process. Meixner et al. [10] described how to
abstract skills of resources from process requirements. Hence,
models must represent the required skills of processes and the

provided skills of resources [17], [19]. However, the identifi-
cation of reusable I4.0 Asset candidates requires representing
skills as I4.0 Assets to provide the abstraction for the digital
representation of boundaries between reusable patterns.

In this paper, we represent skills for the first time as I4.0
Asset, as an abstraction between processes and resources to
foster the identification of reusable I4.0 Asset candidates.

B. Modeling Engineering Knowledge in PSE

Sabou et al. [20] introduced a knowledge graph for reuse
in the software engineering domain, but without multi-model
links that facilitate reuse in PSE.

For modeling Cyber-Physical Production Systems (CPPSs),
two main research and development directions have been
pursued. First, IT systems engineering uses CASE tools based
on UML [21]. As a result, systems engineering methodologies
have been created utilizing domain-crossing modeling stan-
dards like SysML2 [22]. Second, engineering data exchange
preserves the multi-model nature of PSE knowledge and builds
on standardized data formats like AutomationML3 [16] to make
data integration more efficient. In this paper, we build on
cross-linking assets and engineering artifacts as a basis for
an improved reuse considering dependencies.

Both directions require for explicitly modeling PSE knowl-
edge to reflect the specifics of this domain, including (i)
modeling part-whole relations, (ii) connections between com-
ponents [23], and (iii) technical dependencies of the vari-
ous involved technical disciplines [24] The authors observed
in PSE containment hierarchies to be well-established and
frequently used to organize assets in PSE models. Further-
more, discipline-specific dependencies are often represented
in discipline-specific models as interfaces.

Feldmann et al. [25] introduced an approach for managing
inconsistencies in a multi-disciplinary multi-model environ-
ment using links between objects in PSE. However, the
approach by Feldmann et al. [25] does not consider I4.0
assets and skills as first-class citizens in PSE. However, this
integration is a foundation for better identifying reusable assets
based on the digital representation of their skills. In this paper,
we build on their meta-model [25] to integrate links between
I4.0 assets coming from several engineering disciplines.

C. Reuse in Production Systems Engineering

Main approaches to reuse are (i) clone and own [26] and
(ii) reuse of components, such as software libraries. However,
these general reuse approaches do not sufficiently cover re-
quirements in multi-disciplinary environments, like PSE.

In PSE, several reference frameworks address the reuse of
assets. The guideline VDI 2206 [27] describes the V-Model
as a procedure for structured PSE. It encourages to reuse re-
quirements and partial implementations in later phases, like the
test phase, without mentioning how. Jazdi et al. [8] provided
first methodologies related to the systematic identification of

2SysML: https://www.sysml.org
3AutomationML: https://www.automationml.org



reusable system components. Most of them are based on the
idea of mechatronic systems [28] following the VDI 2206 [27].

The guideline VDI 3695 [29] understands reuse as a method
for engineering optimization and defines five types of reuse,
i.e., Reuse Levels (RL): Reuse (i) by employees on their
own accord (RL-A), (ii) controlled within the project (RL-B),
(iii) controlled from a central point across all projects (RL-C),
(iv) based on a reference model (RL-D), and (v) based on
internal and external standards (RL-E). The effectiveness and
efficiency of reuse of assets depends on the level of reuse
maturity [29] and the relations between assets [9]. Yet, this
information is insufficiently available in PSE due to scattered
artifacts and information.

In software engineering, one specific domain in the PSE
engineering process, design patterns [30] are a widely adopted
standard for reuse. Design patterns aim at developing software
faster and in better quality while reducing risks and cost [30].
Therefore, design patterns provide adaptable design solution
templates to general problems that software developers face. A
design pattern consists of (i) a pattern name, (ii) a description
of a problem that should be solved, (iii) a solution description
with its elements and dependencies, and (iv) implications of
the pattern, such as benefits and limitations. Software design
patterns can serve as a blueprint for PSE design patterns but
need to be adapted to the multi-disciplinary context of PSE.

In this paper, we build on the guideline VDI 3695 to
describe the reuse maturity in PSE and the idea of mechatronic
units as reusable entities [28]. Furthermore, we build on design
patterns as a concept to identify reusable patterns in PSE.

III. RESEARCH QUESTIONS AND APPROACH

In this paper, we follow the Design Science methodol-
ogy [31] to investigate how to improve identifying I4.0 assets
for reuse in PSE. Therefore, we (i) conducted a domain anal-
ysis in the automotive industry, (ii) condensed a representative
use case, and (iii) elicited requirements on I4.0 asset reuse with
domain experts at medium-to-large European PSE companies
(cf. Section IV).

Considering identified gaps in the related work and require-
ments in PSE, we formulate the following research questions.

RQ1a. What model and elements facilitate identifying I4.0
assets for reuse in PSE? The systematic reuse of I4.0 assets
in engineering fosters quality and efficiency [8]. However, in
PSE, the knowledge required for reuse often consists of hetero-
geneous information and implicit knowledge, scattered across
the engineering landscape. To address RQ1a, we investigated
recurring engineering artifacts from the domain analysis to
identify knowledge elements that help engineers in efficiently
identifying reusable assets. Our contribution is the Industry
4.0 Asset Network (I4AN) as a foundation to explore assets
suitable for reuse.

RQ1b. What connections between system parts and en-
gineering artifacts represent dependencies in an I4.0 asset
network as a foundation for identifying sets of reusable assets?
Connections and relationships between I4.0 assets provide data
to understand internal and external dependencies of CPPS

assets. These dependencies are crucial to coherently identify
and explain which potentially reusable assets can be reused
as-is or require further assets to be included to correctly reuse
them. To address RQ1b, we build on the Industry 4.0 Asset
Network (I4AN) , coming from RQ1a, and investigated which
links represent internal and external dependencies that are
relevant to facilitate the reuse of assets. Our contributions
focus on the classification of dependencies in the I4AN that
are crucial to identify sets of reusable assets.

RQ2. Which basic patterns for reuse facilitate identifying
best-practice pattern candidates for PSE? For identifying
patterns for reuse, engineers require a starting point in their
particular context. For instance, engineers are likely to recog-
nize a pattern as an initial set of assets and their dependencies
to other assets. Basic patterns, which occur independently
from the particular context of the PSE project, can represent
such a starting point. From domain analysis and discussions
with engineers, we identify basic patterns that regularly occur
in PSE. These patterns provide blueprints to help engineers
identify reusable assets in I4AN instances.

Each research question addresses parts of the overarching
question (cf. Section I) tying together model elements, their
dependencies, and patterns for the efficient reuse of CPPS
knowledge. We evaluate the I4AN in a feasibility study for the
use case “Car Body with Screwed-on Parts” (cf. Section IV).
Therefore, we use data from a sample of artifacts from the
domain analysis. We investigate to what extent advanced reuse
scenario questions can be answered by queries to the I4AN.

IV. ILLUSTRATIVE USE CASE

This section introduces the use case “Car Body with
Screwed-on Parts”. We condensed the use case from a domain
analysis in the automotive manufacturing domain. The analysis
was conducted in a setting with 80 types of screwing robot
cells and 27 robot types.

In automotive manufacturing, human workers collaborate
with industrial robots in mounting lines to place and screw
various components onto a car body using screwdrivers. Typ-
ical mid-class cars contain screws of 80 screw types at 1,500
to 1,800 screw positions. Figure 1 shows the use case with its
I4.0 assets and their connections. The left-hand side shows
a screwing process consisting of two steps: (i) positioning
the dashboard and the screws and (ii) fastening the screws.
Both steps are characterized by process requirements, defining
the necessary skills of the resources including technical or
economic parameters. In PSE, relevant resources, i.e., resource
hierarchies, (see right-hand side of Figure 1) are selected and
orchestrated to provide the required skills [17], [19].

In theory, one can engineer an optimized robot-screwdriver
combination for each screw type to maximize production
effectiveness and efficiency. Yet, this approach might lead to
around 80 different robot and screwdriver types, adding signifi-
cant costs for installation, maintenance, and expert knowledge.

In practice, PSE aims at cost-optimized system designs [32].
Hence, a sufficiently effective and efficient robot-screwdriver
combination to each screw type can be assigned, minimizing
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Fig. 1. Reuse Patterns (dashed boxes) in an asset network for the use case “Car Body with Screwed-on Parts” (in adapted VDI 3682 notation [10], [29]).

the number of robot types and investments in spare parts and
know-how. This approach may significantly reduce costs in
comparison to a high-variety approach.

Identifying an optimized set of robot-screwdriver combi-
nations for the high number of different screws types and
positions requires the identification of (i) resources that can
execute several varying screwing tasks and (ii) engineering ar-
tifacts that can be reused, such as control programs. However,
identifying suitable solutions is difficult due to the scattered
information and the engineers’ implicit knowledge.

Achieving these advantages requires a set of reusable pat-
terns. This set of patterns can be completed by (i) identifying
similar components within existing engineering projects, (ii)
mapping these components to expected future requirements,
and (iii) abstracting these components with respect to possible
adaptations for application-case related parameterization [8].

Requirements for I40 Asset Reuse. From the domain
analysis, we elicited the following requirements Rx towards
asset reuse in PSE with eight domain experts from five
medium-to-large European PSE companies4.

R1. I40 Asset Map. Domain experts require an Industry

4The experts rated their company’s maturity level of asset reuse, using the
VDI 3695 classification, at reuse levels RL-C (controlled from a central point)
or RL-E (reuse based on internal and external standards).

4.0 Asset Map, i.e., an overview on the assets in the planning
phase to explicitly represent implicit knowledge and relevant
information as a context for reuse, currently scattered across
various engineering artifacts. This requirement is adapted from
software engineering, i.e., documenting the project structure
and software artifacts, to multi-disciplinary PSE assets in the
Product-Process-Resource (PPR) scope.

R2. I40 Dependency Network. As a basis to identify
patterns for reuse in PSE, domain experts require an explicit
representation of the links and dependencies of and be-
tween assets coming from several engineering disciplines. This
concerns mainly three different views. Product engineering
requires links between product components, processes, and
their required skills that a process requires from a resource to
automate the process. Systems engineering concerns relation-
ships between resources and their provided capabilities. The
assets and dependencies can be represented in an Industry 4.0
Dependency Network that adds information and knowledge
required for reuse to the Industry 4.0 Asset Map.

R3. System Boundary. For reuse, a system or subsystem
containing the reusable assets needs to have a clearly defined
boundary. System boundaries are a means to group assets into
a meaningful set of assets that can be reused. A boundary also
allows to investigate incoming and outgoing dependencies.



Thus, system boundaries serve as a basis for systematically
reusing (parts of) a solution that was used in previous projects.
Without a clear boundary, it is unclear which elements can,
should, or have to be included in a set of reusable assets.
Furthermore, system boundaries enable developing and using
metrics, like complexity, to compare patterns.

R4. Solution Design Abstraction. As a foundation to iden-
tify reusable patterns, domain experts need a representation of
solution design candidates at a suitable level of abstraction.
This abstraction is required to allow the adaptability and
portability of a pattern to similar problems with varying
characteristics. For example, to make a solution for a posi-
tion task reusable requires hiding unnecessary attributes and
dependencies. In the use case, the robot positioning accuracy
is a relevant characteristic, while the way how the robot moves
might be irrelevant. Solution Design Abstraction facilitates (i)
generalizing from a particular solution instance to a more
general level of problems and (ii) finding reusable solution
candidates in similar or historic designs.

The following section builds on this use case to illustrate a
novel knowledge representation model for Industry 4.0 Assets
for identifying patterns for reuse.

V. PATTERNS FOR REUSE IN PSE

This section presents the Industry 4.0 Asset Network and
four basic patterns to identify concrete patterns for reuse.

A. I40 Asset based Network with Dependencies

To address RQ1a and RQ1b, we investigated the data of
robot cells with up to two robots from the use case context with
domain experts. From this data, we determined knowledge
elements that we can use for identifying abstract patterns
for reuse. These elements were used to build a condensed
metamodel as the foundation for the I4AN. This section
illustrates the metamodel and the I4AN using the car body
with screwed-on parts use case from Section IV.
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Fig. 2. Asset, (Engineering) Artifact and Link meta model, based on [33]

Figure 2 shows the metamodel (in UML notation) contain-
ing the Asset class, one of the Industry 4.0 Asset types product,
process, resource, or skill. An Asset can be a specialization (is-
a relation, e.g., an electric screwdriver is a type of screwdriver)
and/or a part (is-part-of relation, e.g., a bit is part of a
screwdriver) of another asset. An Artifact is an engineering
object created during design time, e.g., an electrical plan or

robot program, or during runtime, e.g., a set of qualitative
data. A particular Link can connect assets with each other
or to artifacts. Links can have different forms (cf. Figure 1)
realized using typed properties (not shown in the meta-model):
Functional links between production resources may represent
a resource composition. Technical links may represent a wired
connection from an Industrial PC (IPC) to a robot. To model
a connection between an Asset and an Artifact, we use Trace
Links, e.g., a robot controller requires a robot program. A
Link can be manifested as Dependency, if the link is strictly
required by an Asset. Assets, Artifacts, and Links can have
attributes that describe characteristics of the particular object.
These properties follow the I4.0 Asset Administration Shell
(AAS) [3] design to facilitate the standardized representation
of property views coming from several engineering disciplines.
A Boundary object represents a pattern boundary that contains
Assets and Artifacts, e.g., boundary (A).

These concepts provide the foundation to build an I4AN
that explicitly represents PSE information and knowledge for
a wide range of applications, such as change impact analysis.
Figure 1 illustrates an I4AN with the relevant engineering
artifacts and the links between the assets. This model can be
created automatically by exploiting appropriate engineering
data logistic systems [12]. This overall model can be the
starting point to identify common reusable patterns [19].

B. Patterns for I40 Asset Reuse

This section describes four basic patterns for identifying
best-practice candidates for reuse in their context. These
identification patterns can be used as a starting point to identify
patterns in the particular PSE contexts of domain experts.

The reuse of assets requires considering the asset itself
and, beyond that, its embedding in the surrounding system
and functional intentions [6], [9], [28]. As described, PSE
comprises two main phases, rough and detail planning.

The rough planning phase consists of matching process
skills required by products and provided by resources. This
comparison shall be based on product creation (P1) and
process execution (P2) patterns.

P1. Product-Process-Skill Pattern. Product creation in
PSE aims at providing the combination of products with their
requirements and processes to manufacture them. Aim: The
Product-Process-Skill pattern (cf. Figure 1, tag A) supports
product engineers in selecting appropriate processes for their
products. This product creation pattern contains production
processes with their input and output materials, boundary
conditions, and required skills. Solution: The pattern can be
identified by collecting all assets connected to the related
processes by product-process-related links: For an output
product isolate the input products and determine their relevant
properties. For each input product determine the required
process steps and build the aggregated required skills of the
steps according to [10]. Group the products, process steps, and
skills into a boundary object. For the outgoing and incoming
links, determine whether they are strict dependencies. For de-
pendencies, decide if you need to either expand the boundary



or create a depending pattern object. Example: An example
are screw-screwing combinations. We identified different reuse
patterns from equivalence classes based on the screwing bit,
the applicable torque, and the screw material (magnetic vs.
non-magnetic) with industry partners.

P2. Skill-Resource Pattern. Process execution in PSE is to
identify resources able to execute a production process based
on their functional skills. Aim: The Skill-Resource pattern (cf.
Figure 1, tag B) helps to select appropriate resources matching
to the Product-Process-Skill pattern. This process execution
pattern contains resources with their properties, boundary
conditions, and provided skills. Solution: The pattern can be
identified by collecting all assets connected to the related
resource links: For a set of connected resources, determine
their provided skills and properties. From the skills, build
the aggregated provided resources skills according to [10].
Group the resources and skills into a boundary object and
determine the dependencies. For dependencies, decide if you
need to either expand the boundary or create a depending
pattern. Example: The pattern supports the definition of skills,
e.g., positioning, with predefined attributes, like positioning
accuracy, which are fulfilled by a set of resources.

The main concern within the detail planning phase is
realizing production resources providing all necessary func-
tionalities to fulfill the required skills. Here, patterns related to
resource structuring and functionality are relevant. Thus links
shall be considered depending on the use case.

P3. Resource-Resource Composition Pattern. The goal of
detailed engineering in PSE is detailing and programming the
selected resources. Aim: The Resource-Resource composition
pattern (cf. Figure 1, tag C) represents the composition of a re-
source from sub-components, with the knowledge on technical
parameters and dependencies on the type and instance levels.
A quality ensured resource tree pattern could be applied at
this point, reflecting the optimized orchestration of resources.
Solution: For a group of connected resources (part-of relation)
determine which resources are required to either fulfill a
particular skill or if they require each other for functionality.
Group the strictly required resources into a boundary. For de-
pendencies, decide if you need to either expand the boundary
or create a depending pattern object. Example: Screwdrivers
can be driven, e.g., electrically or pneumatically. Depending
on the drive, the screwdriver requires a transformer for the
current or not, which can be expressed in an RR pattern.

P4. Resource-Artifact Pattern. Within the commissioning
phase of PSE the detailed resource system is established
according to the relevant engineering artifacts, e.g., relevant for
operation. Aim: The Resource-Artifact pattern (cf. Figure 1,
tag D) aims at binding the required engineering artifacts to the
resources used in the production system. This helps engineers
to reuse resources and their corresponding data or programs as
a bundle. Solution: From a resource, follow the trace links to
the engineering artifacts. For the resource and the necessary
engineering artifacts, use a boundary object to group them.
For incoming or outgoing dependencies from resources or
engineering artifacts, decide whether to expand the boundary

or create a depending pattern object. Example: Screwdrivers
have a minimum, maximum, and yield torque for a screwing
process. The screwdrivers and function blocks controlling the
torque of the screwdrivers can be expressed as a pattern and
reused in future projects.

The use case Car Body with screwed-on parts can benefit
from reuse patterns in (at least) four ways: (i) The product-
process-skill pattern can support product engineers in selecting
appropriate screwing processes for their car body parts (see
tag A in Figure 1). (ii) The skill-resource pattern facilitates
selecting appropriate screwdrivers to screwing processes (see
tag B in Figure 1). (iii) The resource-resource composition
pattern can be applied for the optimized combination of
screwing resources, e.g., robots and robot controllers (see
tag C in Figure 1). (iv) The resource-artifact pattern can be
applied for reusing engineering artifacts, e.g., robot controllers
and robot control programs (see tag D in Fig. 1).

VI. FEASIBILITY STUDY AND DISCUSSION

This section presents a preliminary feasibility study and
discusses the contributions with a focus on the research
questions raised in Section III.

A. Preliminary Feasibility Study

As a proof of concept, we used a part of the production
system for the investigated use case “Car Body with Screwed-
on Parts” from the initial domain analysis to design and
instantiate the Industry 4.0 Asset Network (I4AN) in a Neo4J5

graph database. The I4AN was found easy to extract from
existing engineering information, which has to be integrated
according to the the I4.0 AAS design [3].

The graph database facilitated the effective and efficient
exploration, querying, and visualization of the linked assets.
In addition to the technical links between assets coming from
engineering models, we instantiated dependency links between
the assets. Deep domain expert knowledge has to be added
to the I4AN manually. The concepts in the I4AN facilitated
adding previously implicit domain knowledge to the graph.

The I4AN instance associated to Figure 1 enables identify-
ing I4.0 Assets that belong to a pattern for I4.0 Asset reuse
(cf. Section VI-B). To investigate the functionality, we issued
queries onto the I4AN to track the dependencies. We used
iterative queries, similar to cause-effect graph exploration [33],
starting at a selected I4.0 Asset, such as a skill, and followed
the multi-model links to neighboring assets of a specified type
until reaching a stopping condition. We were able to efficiently
isolate parts of the I4AN that correspond to the basic patterns
introduced in Section VI-B. This approach also worked for the
reuse scenario system boundary analysis that can be translated
into the question: Which set of dependency links connects a
selected set of assets to their immediate neighboring assets?
This capability indicates that engineers can utilize the I4AN to
investigate the network to identify familiar patterns of assets
as candidates for reuse.

5Graph database Neo4J: https://neo4j.com



B. Discussion

We conducted a domain analysis with 80 types of robot
cells and 27 robot types. Further, we elicited requirements
from domain experts at five European PSE companies. The
requirements showed that a key aspect is modeling the multi-
disciplinary dependencies between assets and engineering ar-
tifacts that need to be considered to identify reusable asset
patterns. It is also essential to thoroughly model the boundaries
of the patterns to allow suitable reuse in practice among the
involved engineering disciplines.

RQ1a and RQ1b concerned models and dependencies that
facilitate the identification of assets suitable for reuse. To
address RQ1a and RQ1b, Section V-A introduced the Industry
4.0 Asset Network (I4AN) that addresses requirements R1 to
R3 identified in Section IV. The I4AN builds on I4.0 assets
and uses their administration shell to integrate property views
from several engineering disciplines. In comparison to patterns
in software engineering, this multi-disciplinary aspect adds
complexity to identifying patterns for reuse in PSE.

We go beyond the state of the art [4], [18] by modeling
skills as I4.0 assets using their digital representation for
linking multi-disciplinary assets and identifying boundaries for
reusable assets. We build on and go beyond [25] by integrating
multi-disciplinary multi-model links between I4.0 Assets.

RQ2 asked which basic patterns for reuse facilitate the
identification of patterns for reuse. To address RQ2, Section
identified four basic patterns addressing requirement R4 (cf.
Section IV). These patterns specifically incorporate regularly
occurring connected assets in PSE that can be reused for
similar problems. Therefore, they provide guidance for reuse
design and management with the I4AN. In this sense, the I4AN
provides designers with the capability to describe partial so-
lutions and integrate partial solutions into a complete solution
from production processes to automation devices that automate
the production process.

Limitations. The following limitations require further in-
vestigation. The research in this paper focused on the reuse
of production processes and associated automation system
elements in a typical use case of automotive manufacturing,
the Car Body with Screwed-on Parts use case. As we assume
the findings of this paper to be relevant in the broader scope of
production processes and automation system elements, e.g., for
discrete production and continuous production, the approach
should be investigated in a broader range of application areas.

The domain analysis was conducted by one of the paper
authors with consultation from domain experts and checked
for plausibility by the author team. While the feasibility study
focused on a I4AN for a robot cell of typical complexity, the
authors of this paper, consulting with domain experts in car
manufacturing, conducted the design of the I4AN including
dependencies that are missing in traditional PSE design. This
reflects the current practice of PSE engineering only partially
and introduced bias to the study, requiring validation in a range
of traditional and advanced PSE environments.

VII. CONCLUSION AND FUTURE WORK

The Industry 4.0 (I4.0) vision of production systems that
are easy to adapt depends on advanced capabilities for
reusing proven production processes, I4.0 assets and software-
intensive components that automate these production pro-
cesses. In Production Systems Engineering (PSE), the reuse of
I4.0 assets requires understanding the dependencies of these
assets in multi-disciplinary systems-of-systems engineering
with heterogeneous models.

This paper investigated the information requirements for ad-
vanced multi-disciplinary reuse scenarios, such as process and
resource identification and for system boundary analysis. To
address the challenges of scattered and implicit domain expert
knowledge that may lead to overlooking risky dependencies
of reusable system elements, we introduced the Industry 4.0
Asset Network (I4AN). The I4AN builds on the I4.0 Asset
Administration Shell [3] design to integrate system element
properties and dependencies from several engineering disci-
plines, such as mechanical, electrical, and software interfaces
and technical links.

Therefore, the I4AN enables designing a knowledge
graph that represents for a reuse scenario important multi-
disciplinary dependencies between system elements as neigh-
borhoods of I4.0 Assets. Further, the I4AN concepts facilitate
representing domain expert knowledge that was implicit, e.g.,
to recommend using a resource type with a process type.

We presented the use case “Car Body with Screwed-on
Parts” to illustrate typical I4.0 Assets and links in production
processes and robot cells widely used in car manufacturing.
In the I4AN of the use case (cf. Figure 1), we identified four
types of patterns for reuse.

In a feasibility study, we evaluated the I4AN with reuse
scenarios by instantiating an I4AN knowledge graph formu-
lating scenario concepts and questions as data in and queries
to the knowledge graph. The study results indicate that the
I4AN model is a good foundation for PSE domain experts to
identify patterns for reuse in their contexts.

The research results advance the state of the art in knowl-
edge engineering in PSE by modeling the Skill concept as an
I40 Asset. The I4AN provides a lens for analyzing similarities
and differences in production process and system designs. To
this end, we are providing the foundations for advanced reuse
design and management with the I4AN and patterns.

The research results advance the state of the art by adapting
blueprints for design pattern to a multi-disciplinary engineer-
ing environment where multi-model links are crucial. The
I4AN provides designers with the capability to describe partial
solutions and integrate these partial solutions into a com-
plete solution, from production process to automation devices
that automate the production process. The I4AN facilitates
identifying risky external systems dependencies across several
engineering disciplines as input to assess the reuse effort and
risk of candidate solution designs.

Future Work. Validation of patterns for reuse. We plan to
investigate I4AN applications for reuse to improve PSE tools,
e.g., with knowledge on multi-model dependencies.



Scalability. We see the need to investigate the scalability of
the I4AN in a larger context and with additional engineering
disciplines to evaluate the impact on the multi-disciplinary
dependencies and boundaries beyond the scale of work cells.

Skills. We consider examining the extended use of skills
as an advanced method to abstract from process requirements
to resource capabilities and their role in reusable process and
resource assets, e.g., using standardized catalog search.

Extension of the I4AN with Semantic Web content. For the
PSE domain, the I4AN seems well represented in a graph
database as this technology is increasingly well accepted
in PSE, while Semantic Web technology is mainly used in
research. We envision extending the I4AN with knowledge
organized with Semantic Web technologies, e.g., issues, rec-
ommendations as natural text. The I4AN knowledge graph can
collect knowledge instances that can be converted efficiently to
Semantic Web technologies to facilitate research on industrial
data for Semantic Web researchers.

Security. Aggregating domain knowledge in an I4AN creates
a high-value knowledge graph. This graph requires research on
security concerns, e.g., theft of intellectual property or using it
to plan attacks on systems that represent critical infrastructure.
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