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Abstract—Industry 4.0 envisions Cyber-Physical Production
Systems (CPPSs) to foster adaptive production of mass-
customizable products. Manufacturing approaches based on
capabilities and skills aim to support this adaptability by encap-
sulating machine functions and decoupling them from specific
production processes. At the 2022 IEEE conference on Emerging
Technologies and Factory Automation (ETFA), a special session on
capability- and skill-based manufacturing is hosted for the fourth
time. However, an overview on capability- and skill based systems
in factory automation and manufacturing systems is missing.
This paper aims to provide such an overview and give insights
to this particular field of research. We conducted a concise
literature survey of papers covering the topics of capabilities
and skills in manufacturing from the last ten years of the ETFA
conference. We found 247 papers with a notion on capabilities
and skills and identified and analyzed 34 relevant papers which
met this survey’s inclusion criteria. In this paper, we provide
(i) an overview of the research field, (ii) an analysis of the
characteristics of capabilities and skills, and (iii) a discussion
on gaps and opportunities.

Index Terms—SKills, Capabilities, Manufacturing, Survey

I. INTRODUCTION

As customer requirements toward production tend to change
more frequently, it becomes necessary to pursue flexible and
variable production approaches. Industry 4.0' envisions Cyber-
Physical Production Systems (CPPSs) that facilitate an auto-
mated and adaptive production of mass-customizable products.
To achieve adaptability, CPPSs use modern production tech-
niques and can interact with their environment using the latest
IT [1]. CPPS engineering and operation requires to model the
products, production processes, and production resources. A
popular modeling approach for this purpose is the Product-
Process-Resource (PPR) concept [2].

However, the selection of proper production resources for a
given production process is a complex, challenging, and time-
consuming task. To foster enhanced adaptability and tackle
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these challenges, skill-based engineering goes a step further
in modeling. It aims to abstract and decouple between the
production processes and their requirements, e.g., production
or quality criteria, and the resources that execute the processes.

The IEEE Conference Emerging Technologies and Factory
Automation (ETFA) is a well-established conference in the
research field of factory automation and its links to computer
science. This year, for the fourth time, ETFA hosts a special
session on capabilities & skills in manufacturing. While the
special session already brings together academics and prac-
titioners and condenses research, skill-based engineering was
already brought up earlier in the ETFA community.

With this contribution, we aim to answer the following re-
search questions: RQ1: What is the current state of research of
capabilities & skills?, RQ2: What are common understandings
of capabilities & skills in research?, and RQ3: What are open
gaps and opportunities for further research?

The goal of this paper is to provide a structured overview
concerning skill-based manufacturing research from industry
and academia. Therefore and to identify recent topics and
open issues for research, we conducted a concise literature
survey with contributions of the last ten years of ETFA. Out
of 247 papers, we identified and analyzed 34 relevant papers.
Our main contributions are: (i) a survey of 34 selected papers
published at ETFA, (ii) a current state and overview of the
research field, (iii) an analysis of the characteristics of the
publications, especially, considering the definition of skills and
capabilities, and (iv) a discussion on gaps and opportunities
of the research field of skills and capabilities.

The remainder of the paper is structured as follows. Sec-
tion II describes methodology used before Section III presents
the results of our analysis. Section III investigates the survey
results for key aspects in regards to skills and capabilities. Sec-
tions IV and V discusses the survey and draws conclusions.



II. METHODOLOGY

A. Survey Rationale and Protocol

This year, the IEEE Conference ETFA will host the fourth
special session on skill-based systems engineering. We took
this opportunity as an incentive to conduct a concise literature
survey that aims to provide an overview of publication on
skills and capabilities at ETFA over the last ten years. We
argue, that ETFA with its focus on information technology,
artificial intelligence and information modelling in the context
of automation is an ideal foundation for such a survey.

To conduct the survey, we adapted a prominent Systematic
Literature Review (SLR) guideline by Kitchenham et. al [3]
to our purpose. We first defined a research protocol to ensure
the quality of the survey. We then defined research questions
to be addressed by the literature survey, a search process, and
inclusion and exclusion criteria to filter the found publications.

B. Search String and Search Process

Well-defined keywords and a search string are crucial for
the quality of a literature survey. All ETFA publications
are accessible through IEEE Xplore® and can be efficiently
searched and filtered using a powerful search tool. Therefore,
we defined the keywords and search string confirming to their
search syntax. We defined the keywords based on an initial set
of papers on skill-based systems engineering. Listing 1 shows
our search string, which can be split into two groups.

(("All Metadata":
AND

(("Publication Title": Emerging Technologies
AND Factory Automation)))

Skill OR Capability)

Listing 1: The search string for the survey.

The keywords in the first groups aim to find publications
with the terms skill or capability in all metadata, such as title
and abstract. IEEE Xplore expands these keywords to their
plural also searching for them as parts of a word. The second
part constrains the search to the publications of ETFA (which
had its title written in different ways over the years).

The resulting publications undergo the following process to
identify the relevant works. First, we filter for results that were
contributed to ETFA within the last ten years. Afterwards,
we go through the publications and group them into related,
unclear, and unrelated publications by reading the titles and
abstracts. We discuss the unclear papers and, if necessary, skim
through their text and decide which group we assign them to.
The related publications are read and analyzed in detail.

C. Data Collection and Analysis

We defined 16 data items to extract data from the pub-
lications. Data items D1 to D5 were extracted as metadata
for the particular papers, i.e., authors, title, year, abstract, and
keywords. Data item D6 aims at extracting the used capability
or skill definition. D7 collects the requirements that should
be fulfilled by capabilities & skills. D8 records the modelling
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concepts used to represent capabilities & skills. D9 aims at
extracting the solution approach presented in the paper. D10
collects the fechnologies used to model capabilities & skills
or implement a solution. D11 collects the use cases used
in the publications. D12 records the type of evaluation, e.g.,
conceptual or empirical, to assess the solution approach in a
paper. In D13, we estimate the technology readiness level [4]
of the proposed solutions to reason on their maturity. D14
aims to extract the envisioned benefits that should be brought
to manufacturing. D15 extracts remaining challenges that need
to be solved. D16 identifies future work in research.

We used collaborative spreadsheets to collate and store the
data, making them available to the other authors. The data were
manually reviewed and analyzed in the spreadsheets using,
e.g., frequency analysis. Thereby we were able to gain insights
and answer the research questions of the survey.

D. Conducting the Survey

An overview of our actual search and selection process is
given in Figure 1. In total, ETFA, which is held yearly since
1992, published over 5400 papers at its 26 conferences, with
over 2700 paper in the last ten years. The search string (cf.
Listing 1) retrieved 247 publications from the last ten years.

Both skill and capability are mostly used in a general form
to denote abilities of all kinds of individuals (e.g. innovation
capabilities of companies or worker skills). To filter out the use
of the terms, we manually filtered the 247 results by reading
the title and abstract analyzing their uses.

Unrelated 190 OutOfScope 213

Found 247
Unclear 21

Related 36 Read 40

Analyzed 34

Fig. 1. The selection flow resulting in 34 out of 247 publications.

Through the filtering process, 190 papers were marked as
unrelated while 36 were marked as related. The remaining 21
unclear papers underwent an additional filtering process, in
which we skimmed the full texts and searched for occurrences
of capability or skill. From the unclear papers, 17 where found
to be out of scope and 4 were added to the set to read.
During detailed reading and data collection, we found that 6
publications still did not fit to the scope of this study, resulting
in a total of 34 analyzed papers that can also be found online.?

ITI. ANALYSIS OF SKILL AND CAPABILITY RESEARCH
The following sections describe various aspects of the
selected papers aiming to answer the research questions.
A. Meta Analysis of the Publications

Looking at the number of papers per year, there is a clear
accumulation in the last three years (cf. Figure 2), although
some papers covered the topic of skills and capabilities before.
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Fig. 2. Distribution of selected publications over the last decade.

Figure 3 reveals that the individual institutions publishing the
papers are all located in Europe, especially, in the German-
speaking regions. The proportion of German and Austrian
authors in this research field is significantly higher than their
proportion on all ETFA publications of the last ten years
(~33%). Figure 4 shows the distribution of all institutions
involved. It should be noted that the proportion of industrial
companies is significantly high, which suggests that interest
in and use cases from the industry are definitely present.

Fig. 3. Distribution of selected publications per country.
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Fig. 4. Breakdown of institutions with more than one publication

B. Motivation for Capabilities & Skills

Most publications explicitly discuss motivations for research
on capabilities & skills in manufacturing. These motivations

fall mainly into four categories. The motivation ranking first,
mentioned by 25 papers, is the need for adaptability or
flexibility in manufacturing, e.g., [S13], [S19], [S20], [S32],
underpinning the motivation in Section I. The challenge of
product variability was raised in 23 publications [S12], [S25],
[S31]. Additionally, twelve publications noted that the decreas-
ing product batch size, a.k.a., lot size I, is challenging [S18],
[S28], [S34]. These two issues, leading to frequently chang-
ing requirements toward production [S23], might be tackled
by adaptability. The fourth challenge for CPPS engineering
mentioned by nine papers, e.g., [S12], [S29], [S34], is a re-
quired increase of planning efficiency. While most publications
consider these concepts as motivations, some already see them
as expected benefits (cf. Section III-E).

C. Requirements toward Capabilities & Skills

Capabilities & skills should foster the Industry 4.0 vision
of CPPS flexibility. To design suitable approaches, academia
must address particular requirements towards skills and capa-
bilities. In 21 of 34 publications, requirements are mentioned
either implicitly or explicitly. In Table I we condensed the
mentioned requirements and the corresponding publications.

TABLE I
REQUIREMENTS TOWARDS SKILL-BASED SYSTEMS ENGINEERING.
Requirement Publication(s)
Formal Description [S1]-[S7]

(Re-)Configurability/Adaptability [S3], [S8]-[S11]

Matchability [S2], [S12]-[S14]
Statefulness/Deterministic [S3], [S7], [S15]
Classifiability [S2], [S3]
Communication Interface [S71, [S16]
Modularity [S4], [S17]
Vendor-Neutrality [S71, [S18]
Identifyability [S3], [S18]
Executability [S3], [S8]
(Auto-)Discovery [S8]

Reusability [S4]

Scalability [S9]
Extensibility [S18]

The primary requirement, raised in seven publications, was
the need for a formal description of capabilities & skills,
e.g., in a machine-readable format. Second, capabilities &
skills should be prepared to facilitate the (re-)configurability
of the resources and the CPPS. Another important require-
ment is the ability to (automatically) match the production
process requirements with the functions provided by resources.
Statefulness or the deterministic progression of a skill is a
requirement mentioned in three publications.

D. Definitions of Capabilities & Skills

To the best of our knowledge and following the discussions
of previous ETFA special sessions, there is no consent on the
definition of the terms capability & skill. This section presents
the collected and categorized characteristics for capability &
skill definitions from the publications.

Table II presents the classification of capability & skill
definitions from the selected publication sorted by year and



TABLE II
CLASSIFICATION OF SKILL AND CAPABILITY DEFINITION CHARACTERISTICS. * ... VARYING skill DEFINITION, " ... DISTINCTION OF skills AND
capabilities, * ...CALLED PROVIDER AND CONSUMER, ® ...IMPLICITLY MENTIONED, € ... skills ARE COMPOSED TO ACTIONS (AND TASKS), ? ... USES
capability AS CONCEPT, £ ... DISTINGUISHED VIA skills AND capabilities, © ... COMBINED VIA skills AND actions

Year  Publication Distinction” Definition Atomic Required
Without ~ With | Without With  With external reference Composite  Provided
2013  Pfrommer et. al [S19] X X X
2014  Keddis et. al [S1] (x)¢ X X
Pfrommer et. al [S20] X Pfrommer et. al [S19]
2015  Keddis et. al [S21] (x)d Keddis et. al [S1]
2016  Wenger et. al [S22]* X X X
2017  Dorofeev et. al [S8] X Pfrommer et. al [S19] X
2018  Malakuti et. al [S2] X Industrie 4.0 — Glossary [9] X X
2019  Christian et. al [S23] X X X
Dorofeev et. al [S9] X Pfrommer et. al [S20] X
Dorofeev & Wenger [S4] X Pfrommer et. al [5] (x)*
Evers et. al [S24] X X X
Hoang & Fay [S25] (x)d Malakuti et. al [S2], Industrie 4.0 — Glossary [9]
Kathrein et. al [S26] X Pfrommer et. al [S19] X
Profanter et. al [S3] X Dorofeev et. al [S8] X
Zimmermann et. al [S16] X Industrie 4.0 — Glossary [9] X (x)?
2020  Herzog et. al [S12] X Pfrommer et. al [S19] X X
Heuss & Reinhart [S27]* X X X
Himmelhuber et. al [S6] X Hoang et. al [6] X
Koecher et. al [S5] X Perzylo et. al [7] (x)°
Koecher et. al [S18] X X (x)®
Mayrhofer et. al [S10] (x)4 x
Meixner et. al [S13] X Pfrommer et. al [S19] X X
Soerensen et. al [S17]* X X
Spitzer et. al [S28] X Malakuti et. al [S2] X (x)8
Weser et. al [S29] X X X (x)®
2021  Dorofeev et. al [S30] X Bayha et. al [8] X X
Eymueller et. al [S7] X X X (x)®
Huang et. al [S11] X X X (x)°
Motsch et. al [S31] X Bayha et. al [8], Pfrommer et. al [S19] (x)P (x)°
Sarna et. al [S14] X Meixner et. al [S13] X
Sonnleithner et. al [S32] Koecher et. al [S5], Spitzer et. al [S28] X
Spitzer et. al [S15] X X
Villagrossi et. al [S33]* X X (x)°©
Zimmermann et. al [S34] X X X (x)®

first author. The publications marked with a * have a definition
varying from the other definitions. For instance, Wenger et.
al [S22] use a graph-based definition based, i.e., nodes and
their relations, to represent a particular functionality.

The column distinction indicates whether the definition in
the publication distinguishes between capabilities & skills.
Publications marked with ¢ use the term capability rather than
skill. The data shows that a clear distinction was only made
by seven publications in the more recent years.

Column definition specifies if a publication provides no
clear definition, its own definition, or uses a definition from
related work. Only three publications do not provide a defi-
nition, 12 papers provide their own definition or a definition
that cannot be traced back to related work and 19 papers refer
to definitions from related work. The most cited definition is
the one by Pfrommer ez. al. [S19], followed by the one of the
Industrie 4.0 Glossary resp. by Malakuti et. al [S2].

The column atomic/composite shows if the publication uses
the concept of atomic capabilities & skills, e.g., gripping, that
can be combined to composite ones, e.g., pick and place.

While Motsch et. al [S31] mention this ability implicitly,
Villagrossi ef. al [S33] use the terms actions and tasks.
The data show that composition is a common theme in the
publications analyzed.

Column required/provided shows if a publication distin-
guishes between capabilities & skills that are required, e.g.,
by processes, and provided, e.g., by resources. Some publica-
tions use synonyms, such as provider and consumer (labeled
with ?) or skills and actions (labeled with £). Several publica-
tions clearly distinguish between capabilities & skills (labeled
with ©). The data indicate that the required and provided skill
concept is widely used in early work already but is superseded
by the concept of separated capabilities & skills. One reason
seems to be that capabilities are considered an abstract form
of describing requirements.

From the classification of the definitions, we categorized the
most prominent ones into groups. We identified five groups
of capability & skill definitions with 17 different definitions.
Table III shows these groups with a key point, the particular
definitions, and the publications that use the definition, in-



TABLE III
DEFINITION OF SKILLS OR CAPABILITIES IN LITERATURE. * ... ORIGIN OF DEFINITION

Key Point Definition Publication(s)
Perform a process — A skill is the ability of a resource to perform a process and thus the relation of process and resource,  [S19]*, [S3], [S4],
enriched with additional information. [S8], [S9], [S12]-
[S14], [S20], [S26],
[S31]
Achieve an effect — A skill is defined as the potential of a production resource to achieve an effect within a domain. [91*, [S2], [Se6],
[S16], [S25], [S28],
[S32]
— An abstract capability describes the ability of an entity to perform a specific activity. [S10]*

Capability/Skill

— A capability is an abstract description of a process provided by a machine. A skill is an executable
function that might be used to execute such a process on a machine.

— A capability is defined as a machine’s potential to execute some kind of transformation or process. In
this context, skills are compared to skill requirements and selected to create a new or reconfigured system.
— A skill is defined as an executable implementation of a capability offered by a device or service where
capabilities act as description of the functionality of a component.

— Skills are often referred to as abstracting the functionality of the control devices by using generic interfaces.
Skills should offer an interface to communicate with a wide range of heterogeneous control devices.

— A skill is a executable capability of one or more resources.

— Skills are implemented as kind of service provided by specific hardware throughout the production plant.

[S51%, [S32]
[S18]*
[S29]*
[S307*, [S31]

[S7]*
[S15]*

Resource-based

— Resources provide and implement capabilities that are required for the production. The required capabilities
are described in production plans.

[S1]*, [S21]

— Interpreting and realizing each process as some functionalities a component/product can perform is called  [S24]*
a skill of the components.
— Skill refers to the functionalities that a production machine provides. These skill descriptions are the basis ~ [S6]*
for the control functionality of the production process.
— Skills or capabilities are used to describe the functionality of resources and simplify the matching process  [S34]*
— A skill is a composition of nodes and their relations where a node specifies interfaces to exchange typed — [S22]*
messages according to the publish/subscribe paradigm.

Other — Functionalities or services offered by a system, which are also referred to as the skills of components. [S271*
— Skills are used as abstract programming tools for visual robot programming. [S171*
— Skill is the elementary movement executed by the robotic system. [S33]*

cluding its source (marked with *). The groups concern the
abilities to perform a process or achieve an effect, definitions
that distinguish between capabilities & skills, those that use a
resource-based viewpoint, and other definitions.

E. Expected Benefits of Capabilities & Skills

Figure 5 shows an overview of the eight most important
benefits and how often they are mentioned in the papers.
The primary benefit flexibility in manufacturing has been

Flexibility I
Planning Efficiency I
Automatic Matching I
Development Efficiency [IINININGEGE
Abstraction |GG
Interoperability [N
Reuse I
Optimization |G
0 2 4 6 8 100 12 14

Number of mentions
Fig. 5. Overview of expected benefits.

raised in 14 publications (e.g. [S1], [S2], [S7]), targeting
the requirements (re-)configurability and adaptability. Second
most, planning efficiency in production planning has been

mentioned (e.g. [S6], [S8], [S12]). A subclass of planning
efficiency is automatic matching (e.g. [S13], [S25], [S29]).
Both benefits are addressing the requirements matchability,
(re-)configurability and modularity. Five papers expose the
benefit development efficiency, expecting lower engineering
costs and risks ([S14], [S24]) and ease robot programs de-
velopment (e.g. [S30], [S33]). The functional abstraction,
mentioned e.g. in [S15], [S17], [S19], allows the separation
of the product recipe/plan from the manufacturing execution.
This separation of concerns is the enabler for manufacturing
flexibility as the product recipes can be described technology-
agnostic and their realization can be checked semantically
through automatic matching. Also, functional abstraction is
the basis for two further benefits, interoperability and reuse.
Interoperability is given as a manufacturing resources can
be easily replaced by others with the same functionality
(e.g. [S3], [S23]). This aspect is addressing especially the
requirements regarding vendor-neutrality. Product recipes and
plans can be reused as they are independent of the resource
execution (e.g. [S4], [S10]). The last benefit of capabilities
& skills in manufacturing is production optimization (e.g.
[S12], [S34]). Production plans can be optimized according
to specific criteria, e.g., by a simulation (cf. [S17]).

F. Use Cases, Application Domains and TRL

We also investigated how publications evaluated their ap-
proaches by analyzing both the considered use cases/processes



and the evaluation. The use cases indicate that capabilities &
skills are researched almost exclusively in discrete manufactur-
ing. With [S23], concerning stem cell manufacturing, there is
only one work that applies skills to process manufacturing. For
discrete manufacturing, there a broad range of manufacturing
processes is considered for evaluation. Particularly noteworthy
is that 11 of the 34 analyzed contributions are evaluated on
simulated or real lab-scale plants with several capabilities
forming a complete manufacturing process of a product, e.g.,
[S1], [S9], [S32]. Six contributions apply their approaches
to Pick & Place, e.g., [S5], [S28]. Five approaches consider
assembly processes, e.g., [S7], [S13]. Five approaches do not
consider specific processes at all. These are, e.g., contributions
that highlight challenges [S2] or include basic descriptions of
meta-models [S29]. The remaining seven approaches use, e.g.,
commissioning, testing, transporting or soldering.

Looking at the evaluations, we found that 21 of the 34 pub-
lications implement their approaches as prototypes applying
them to real or simulated machines. Three approaches present
a pure software implementation with a runtime analyses, e.g.,
[S29]. Seven publications contain approaches on a conceptual
level and discuss their application without tool support.

Only five of the 34 publications ([S3], [S5], [S9], [S18],
[S33]) publish models, algorithms, or data for their evaluation.
Thus, reproducibility and reusability of many approaches is
only possible to a rather limited extent.

G. Modeling Concepts (Solutions) and Technologies

Research on capabilities & skills is often based on domain-
specific models or modeling methods instead of generic mod-
eling approaches such as UML. Domain-specific in the sense
of the relevant papers means that production processes at
different levels of automation starting from the field area up
to generic product flow models are considered for modeling.

There also exist several standards from ISA, VDI or VDMA
that specify certain modeling elements.

In summary, the standardized modeling frameworks listed
in Table IV are preferred and are the focus of this work.

TABLE IV
TECHNOLOGIES USED FOR SKILL-BASED SYSTEMS ENGINEERING.

Technology Publication(s)
OPC UA Information Model [S3], [S4], [S7], [S15], [S23]
NAMUR MTP [S30]
AutomationML [S8], [S9], [S19], [S25]
Ontologies (e.g., OWL) [S1], [S2], [S6], [S18], [S20], [S29]
EMF [S10], [S21], [S22]
BPMN [S28]
UML [S11], [S26]
PackML [S27]

Considering UML, EMF or ontologies and even BPMN
are rather general frameworks used across several domains in
software engineering. Both the OPC UA Information Model
and AutomationML were designed specifically for modeling
automation and control systems, but are sometimes not flexible
enough to apply more generic approaches. This could be the

reason for a wide use of ontologies to create more holistic
models that are not limited to the PLC/SCADA level.

Nevertheless, the modeling framework is mostly seen as tool
for defining meta-models specifying the relationships between
products, skills, capabilities and other assets. A significant
number of rather abstract approaches rely on the PPR model
specifying capabilities as abstract definition of services pro-
vided, e.g., by machines, whereas skills are seen as executable
programs or functions implementing these capabilities.

In particular, the approaches based on OPC UA often do not
offer the possibility to use capabilities and focus on modeling
and implementing capabilities as ‘“callable” services on an
OPC UA server. These callable services are often implemented
as OPC UA Programs or Methods. Those approaches that rely
on more standardized frameworks such as VDI3682, VDI2206,
ISAS88, etc. focus mainly on creating holistic models on the
one hand or suggesting very domain-specific models/exchange
formats (e.g., PackML). In many cases specific guidance for
implementation on standardized PLC/SCADA hardware is not
provided or supported.

When summarizing the data collected, in most cases the
meta-models are created based on the common standards or
methodologies listed in Table V.

TABLE V

META-MODELS USED FOR SKILL-BASED SYSTEMS ENGINEERING.
Meta-Model Publication(s)
PPR model and derivatives [S12]-[S14], [S24], [S31], [S34]
VDI3682 Formal Process Description  [S5], [S25]
VDI2206 Resource Definition [S5]
VDMA Integrated Assembly Solu-  [S16]
tions
ISA88 State Machine Definition [S5]

Implementing these models and providing a means of ex-
ecution the following technologies/runtime systems a lot of
approaches do not provide specific information on how to exe-
cute these models within specific automation system, e.g., PLC
or SCADA device. Those approaches relying on the OPC UA
Information Model are considered to be implementable on
any OPC UA capable device as long as the OPC UA root
structure is freely configurable. Relying on custom OPC UA
information models some approaches implement their own
execution environment or make use of newer PLC standards
such as IEC 61499 [S32] and its mostly open source execution
environments such as 4diac [S4], [S30], [S31].

Generally speaking, unfortunately, there appears to be no
clear trend in specific implementation platforms, which could
lead to an upcoming demand for standardized skill execution
environments.

H. Challenges for Capabilities & Skills

Out of 34 publications, 21 describe challenges that need
to be solved to use capabilities & skills in manufacturing.
We have condensed these challenges in Figure 6. Modeling
Issues are the challenge mentioned most often (e.g. [S2], [S7],
[S13]). For example, [S2] noted different levels of abstraction



Modeling Issues I
Concept Realization Issues  [IIIIEIEGEGGEN
Production Planning Issues [ NG
Matching Issues NG
Lack of Standardization |G
Correct Execution [INNININI'"'N
Scalability [INEGN_
Manual Work I

0 2 4 6

Number of mentions

Fig. 6. Overview of identified challenges.

in capability descriptions. [S5], [S13] had additional modeling
effort for the initial capabilities due to a lack of tools.
[S18] faced incorrectly modeled capabilities that needed to
be filtered out by consistency checking. The second most
mentioned challenge Concept Realization Issues summarizes
issues that occurred while implementing capabilities & skills.
[S3] mention a lack of OPC UA support, especially for
specific companion specifications, throughout the industry.
[S28] expresses incompatibility problems with different OPC
UA implementations and the discoverability of skills over
different OPC UA servers. Furthermore, [S9] and [S17] face
implementation issues, like the detection of unplugged or
shutdown devices and the need for extending hardware inter-
faces toward modern interfaces that enable real-time control
of robots. Further, Production Planning Issues occur, e.g., in
[S12], [S25] and [S34]. [S25] miss automation support in
production planning, and in [S12], the generated production
plans had to be checked and evaluated manually. Matching
Issues are a subclass of the production planning issues. [S25]
and [S26] experience inefficient matching processes. [S28]
face issues regarding the skill identification and the naming of
variables. The Lack of Standardization of taxonomies, formal
descriptions, and skill interfaces is mentioned in [S2], [S15]
and [S28]. Due to this gap, [S11] have issues regarding
the interoperability of capability descriptions. The Correct
Execution of skills is also challenging. [S19] mention that
the skill execution is likely hindered by unforeseen events.
[S11] require effective monitoring of the production lines
to ensure the Correct Execution of production plans. The
authors in [S15] had a tremendous effort to set up appropriate
digital models in 3D simulation environments to monitor the
Correct Execution. The last two challenges are Scalability
and Manual Work. [S24] reported issues due to the vast
search space resulting from large product catalogs and a wide
range of constraints. [S6] mentioned the lack of digitized
skill descriptions and their extraction skill descriptions and
the manual work needed to describe capabilities & skills.

IV. DISCUSSION

From the analysis we condensed the following findings.
The data shows that the community is strongly based in

Europe with a high industry influence and a growth of pub-
lications over the last three years (RQ/7). Main requirements
toward capabilities & skills are a formal description, the (re-
Jconfigurability, matchability, and statefulness of skills (cf.
Section III-C). The community expects that industry benefits
in flexibility and planning efficiency from using skills (cf.
Section III-E). While PPR models are most often the basis
of capabilities, e.g., modelled using ontologies, technologies
currently used for skill implementations are OPC UA, and
AutomationML (cf. Section III-G).

To investigate the understanding of capability and skill def-
initions (RQ2), we compiled two analyses (cf. Section III-D).
We provided a map of the publications with the notion of their
capability and skill definitions that also reveals the dependen-
cies between these definitions. Furthermore, we categorized
the definitions we identified into five groups and provide an
overview of the definitions most used.

Current research on capabilities & skills in manufacturing
still has open gaps and opportunities for further research
(RQ3). The data shows that many approaches are only scarcely
evaluated with mostly small examples (cf. Section III-F). Fur-
thermore, the data shows that only a few publications provide
data for their approach (cf. Section III-F). This indicates that
existing approaches should be examined with real-world use
cases in a more reproducible and replicable way. Challenges
that need to be addressed before skills and capabilities can be
used in practice are modeling issues like different levels of
abstraction as well as concept realization issues with current
technologies (cf. Section III-H).

V. CONCLUSION

An essential goal of Industry 4.0 is the adaptive production
of mass-customizable products. Capabilities & skills are stud-
ied as an abstraction of production processes and resources
to support this goal (cf. Section III-B). The ETFA conference
with the special session on capabilities & skills provides a
forum for academic and industrial research in this field.

To investigate this research area, we conducted a concise
literature survey on ETFA publications from the last ten
years. We identified 247 publications that mention skills or
capabilities in their metadata. From these publications, we
analyzed 34 papers that were within the focus of this work.

We provide an overview of the current state of research and
categorized the definitions used in the literature including their
links to prior publications. Furthermore, we outlined remaining
challenges, such as modeling and realization issues, and raised
gaps in the evaluation and reproducibility of existing research.
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