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Abstract

Manufacturing companies face a dynamic environment shaped by various factors that profoundly affect their production capaci-
ties. These factors encompass trends like shortened product life cycles, a surge in product variants, and subsequent reductions in
batch sizes. Consequently, companies must adapt their operational capabilities, ensuring existing machinery remains versatile while
seamlessly integrating new equipment into their production facilities, following the “’plug and produce” approach. These shifts also
reverberate through intralogistics, altering flexibility requirements and methods for individualized goods handling. Despite sig-
nificant progress in modeling production information using the Capability-Skill-Service model, its application in intralogistics is
relatively limited to date. However, given the potential benefits, the integration of this model into both intralogistics and production
promises to address one of the key challenges of Industry 4.0: the harmonization of planning and execution processes in production
and intralogistics. Closing this gap, this paper proposes an architectural framework that includes core components and information
models for a Capability-Skill-Service-based Intralogistics 4.0 application. This framework not only facilitates the seamless inte-
gration of intralogistics with production planning and execution, but also lays the foundation for greater flexibility and efficiency
in manufacturing. With an implementation the framework and the information models are validated.

© 2025 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 6th International Conference on Industry 4.0 and Smart Manufacturing

Keywords: Industry 4.0; Intralogistics 4.0; Asset Administration Shell; CSS-model

1. Introduction

In the rapidly evolving landscape of modern manufacturing, embodied by the term of Industry 4.0, the shift towards
modular and dynamically adaptable production systems is inevitable. These systems are engineered to swiftly respond
to evolving market demands while accommodating diverse product specifications. As production systems embrace
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increased modularity and flexibility, the parallel evolution of intralogistics systems becomes not just advantageous,
yet imperative.

The term “Intralogistics” was officially introduced by the German Mechanical Engineering Industry Association
(VDMA) during CEMAT 2005, announced on June 30, 2003. It was defined as “’the organization, control, execution,
and optimization of the internal material and information flow as well as the goods handling in industry, trade, and
public institutions” [1].

While the overarching definition of intralogistics includes several phases, like planning, execution and optimiza-
tion, the focus of this publication is on the initial phases of planning and the interfaces to execution, rather than on
the execution process itself. Within the planning phase, three types of sequences are created with an extending level
of detail [2]. These phases can be further subdivided into sequences, with the production planning phase comprising
technology, process and manufacturing sequences [2].

The technology sequence represents a machine-independent sequence of required technologies to manufacture a
product. It defines the fundamental steps necessary, regardless of the specific machine configuration. The Process
Sequence extends the technology sequence by providing additional information about the machines on which these
steps are executed. This incorporates specific machine settings and parameters of the manufacturing process. The
Manufacturing Sequence complements the previous sequences by encompassing all non-value-added processes nec-
essary for the production of the end product. These may include logistics and material handling activities essential to
manufacturing but not directly contributing to value creation.[2]

Historically, intralogistics planning has operated in isolation from production planning, resulting in inefficiencies
and underutilization of resources. A significant contributing factor to this disconnection is the absence of a unified
descriptive framework that seamlessly integrates intralogistics within the entire production planning process. This
disjointedness presents a challenge in the Industry 4.0 era, where seamless interoperability and holistic optimization
are paramount [3].

In the current industrial environment, reliance on a uniform fleet of transport systems, often limited to transport
systems from specific manufacturers, poses a barrier towards flexibility and integration. Integrating new fleet members
into such systems is a laborious and costly endeavor, particularly in the context of smaller batch sizes and diversified
product portfolios. Static modeling approaches are not well suited due to the dynamic requirements of individual-
ized products and fluctuating production demands. Addressing these challenges and enhancing production flexibility
necessitate innovative solutions.

The terms used in this paper are based on the Capability-Skill-Service (CSS) reference model, which is under
development in a working group of the platform industry 4.0. The CSS model can be implemented in the Asset Ad-
ministration Shell (AAS), Web Ontology Language (OWL) or other technologies. The CSS model has been published
and used in [4]. It extends the established Product-Process-Resource (PPR) model [5] by including the concept of
function in the context of production. A function is formalized by adding three further model elements at three dif-
ferent levels of abstraction. This new approach can be transferred to the field of intralogistics and help to fill specific
gaps. For example, [6] mentions the possibility of finding alternative production processes by separately comparing
required and offered functionalities. By mapping the functionalities of intralogistics alongside those of the production
facilities, the possible solution space becomes visible, which can lead to a holistic optimization of the production
process.

The CSS model emerges as a promising framework for meeting the demands in intralogistics. Originally developed
for production modeling, the CSS model exhibits potential applicability in intralogistics [7]. Leveraging the CSS
model, factories can streamline the integration of diverse fleet members from various manufacturers and facilitate the
joint planning of intralogistics and production tasks, as long as all fleet members utilize the shared information model.

This paper advocates for an architectural framework outlining the core functionalities of an intralogistics systems
based on the CSS model. The authors explain the necessary information models for the core functionalities and their
interaction. They also explore various implementations of services, capabilities and, skills. In addition to that, this
publication offers insights into extending the architecture to meet special requirements while ensuring interoperability
with the CSS model. Additionally, the proposed architecture addresses the need for centralized access to complex and
decentralized information, such as overall inventory management.

The contribution of this paper revolves around addressing the following research questions:
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1. Identification of required capabilities, services, and skills: What are the fundamental capabilities, services, and
skills necessary for effective intralogistics system operation in the context of Industry 4.0?

2. Integration of Intralogistics Task Planning within Production Planning: How can intralogistics task planning be
seamlessly integrated with production planning using the CSS model, ensuring efficient resource utilization and
adaptability?

3. Interoperability and Information Exchange: What information is essential for intralogistics systems, and how
can the modeled components interact effectively with each other using technologies like AAS and OPC Unified
Architecture (OPC UA)?

By using existing standards and integrating findings from research publications, this paper aims to guide the devel-
opment of intralogistics systems towards a better integration of production and logistics to achieve greater adaptability,
and efficiency within the Industry 4.0 landscape. This publication is structured as follows: In section 2, the state of
the art in the development of the CSS model and related work in the field of intralogistics are presented. This is fol-
lowed by the concept for integrating intralogistics into a production system using the CSS model. In section 4, the
implementation of the proposed concept is demonstrated. The paper concludes with a summary of the results and an
outlook on future work..

2. Related Work

In this section, the authors present the current state of research. The first subsection deals with the CSS model and
its applications. This is followed by a subsection generally describing the AAS. The third subsection examines the
topic of intralogistics in research and the perspective of its applicability to capability modeling. The subsection ends
with the definitions for important terms used in section 3. An extensive literature review on the advancements the css
model can offer in the field of intralogistics, is done in [7].

2.1. CSS-Model

The terms capability, skill, and service follow the definitions from [8] and the extensions from [6] and [9]. A
capability is therefore described as ’an implementation-independent specification of a function in industrial produc-
tion to achieve an effect in the physical or virtual world’. A skill is defined as ’an executable implementation of
an encapsulated (automation) function specified by a capability’. A skill implements the capability on a machine-
specific and technology-specific basis, whereby a capability may comprise several skills. Unlike a skill, a capability is
implementation-independent. A service is defined as ’a description of the commercial aspects and means of provision
of offered capabilities’. Unlike capabilities, services contain commercial data and support the marketplace concept.
Offers and requests can therefore be exchanged at the service level. This differentiation forms the basis for the com-
parison and matching of services and capabilities to identify suitable resources. Implementations like [10] include the
description of required services and capabilities in the product AAS. The resources include offered capabilities. The
features described in the product can be derived to required capabilities, which can be matched during the produc-
tion planning phase. The updated Version of the CSS model from 2024 adds more functionality, especially to realize
constraints to the model. This enables the user of the AAS submodel to define dependencies on external information,
states, or components, e.g., certain parts.

2.2. Asset Administration Shell

In addition to the CSS-model, there are overall 85 published submodel templates for the AAS by the Industrial
Digital Twin Association e.V. (IDTA) which can be used to model information in capability-based production and
intralogistics systems. [11] demonstrates an approach for utilizing AASs in the combination with capability-based
engineering for flexible production lines and was extended in [12]. The authors use the process and product AASs
to match the required and offered capabilities. They developed a modelling tool to generate the AAS, including the
capabilities. The modelling process is further investigated by [13]. [14] provides a mapping of digital twin models and
AAS submodels. They further propose an Industrial Internet of Things (IloT) architecture for communication of the
physical asset and the digital twin using the OPC UA.
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2.3. Applications of AAS and CSS-model in intralogistics

[15] presents an AAS-based service infrastructure for Industrie 4.0 testbeds, enabling a standardized digital rep-
resentation of production assets and resources. The proposed system was applied to use cases in adaptive production
planning and functional safety, leveraging a microservices’ architecture with centralized components for AAS man-
agement and process control. The containerized implementation is available as open-source, promoting interoperabil-
ity and integration for production environments. [15] focuses on modelling the layout and the control component.
They also build up on the capability submodel of the AAS. The authors utilize VDA 5050 for the communication with
the Automated Guided Vehicle (AGV). Their approaches are advanced in [16], extending the infrastructure to human
centered online planning for intralogistics and manufacturing processes. [17] proposed an implementation of skill-
based flexible transport systems using OPC UA which is implemented on a rail-mounted transport system but can be
adapted also to AGVs and Autonomous Mobile Robot (AMR). This model is extended by [18] to be compatible with
the Planning Domain Definition Language (PDDL). [19], [20] introduce necessary components for intralogistics 4.0
systems. Extending this results, [21] implements intralogistics use cases utilizing AASs without taking the CSS model
into consideration. Assuming a joint production planning is implemented, [22] shows an approach on how to handle
joint scheduling from production and intralogistics. Infrastructure objectives like fleet sizing and a decentralized en-
vironment are explained in [23]. As the approaches [23] and [22] have already provided possible solutions that can
be readily adapted for the proposed architecture, these topics are not further explored in this publication. In addition,
[24] shows how an independent AAS can be used to handle hazardous goods individually. Especially in the age of
electrification and the great leaps in energy storage technologies, such as the development of batteries, the handling
of dangerous goods is becoming increasingly important.

3. Concept

In this section, we present our conceptual framework for integrating intralogistics into a CSS based factory archi-
tecture. This integration aims to facilitate the joint planning and execution of production and intralogistics capabilities,
thereby enhancing performance and flexibility [7]. To provide an overview of the concept, Figure 1 illustrates the en-
tire pipeline for generating an executable manufacturing sequence based on product features. The pipeline typically
commences with a given product, including a product description, which may be a CAD model. From this, product
features, such as geometric features in a milling process, can be extracted to create semantically described features
or required capabilities [25]. These required capabilities, constrained by specific parameters, form the basis for gen-
erating a capability sequence, ultimately resulting in a technology sequence. Subsequently, the capability matching
process assigns each capability to an appropriate Cyber-Physical Production Module (CPPM) by comparing the re-
quired capabilities with the available capabilities of the CPPMs within the factory.

Following the capability matching for all required value-adding capabilities, the resulting sequence is termed the
process sequence.

Our proposed approach incorporates intralogistics processes into this sequence, using the capability matching and
resulting in the manufacturing sequence. This sequence delineates which machine executes each capability, with
references for each capability to the machine-specific skills required for its realization.

In the capability matching process, a notable distinction exists between capabilities utilized in production and
those in intralogistics. While the required capabilities and their parameters can be directly derived from the product
feature description in production, this is not applicable to intralogistics as the required transports are a consequence
of the chosen machines for the value-adding processes. Moreover, intralogistics includes processes that are not di-
rectly linked to products. We present a conceptual framework in this chapter detailing how product-linked capabilities
can be generated and automatically parameterized. Additionally, we delineate the non-product-related services and
capabilities required, alongside digital thread services, which make decentralized information centrally accessible.

3.1. Architectural concept of the CSS-Model

Building upon the core functionalities of an intralogistics system outlined in section 2, we integrate them into the
architectural framework depicted in Figure 2 and Figure 3. In this concept, the components interact distinctively with
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Fig. 2. Application of the CSS model to product driven core functionalities

each other, serving as templates for additional services. Product-driven services are directly linked to manufactured
products, whereas factory-driven services are not. This distinction is significant for cost calculation purposes, as costs
from product-driven services are directly associated with the product, whereas factory-driven costs are indirect and
must be distributed across all products. The arrows between services, capabilities, and skills show which elements are
used to realized the element above.

The core services in this concept encompass the transport and storage of products, while factory-internal services
include storage balancing, load carrier management, and battery charging. The storage balancing service manages
minimum and maximum inventory levels across storage units, intelligently distributing goods based on the order
situation. Load carrier management facilitates the management of load carriers during production, necessitated by
repackaging requirements. The battery charging service, primarily designed for AGVs or AMRs, schedules charging to
maintain the requisite number of fleet members available at all times. These services exemplify the various interactions
within the CSS model, contributing to enhanced monitoring of costs and streamlined operations.

These services are founded upon four major capabilities: transport of goods, storage, and depletion of goods, and
charging. The transport capability encompasses transport and handover situations, allowing compositions of multiple
transports and handovers. These capabilities are realized through four skills: GetTransporter, ReleaseTransporter,
Store and Deplete, tailored to the unique requirements of each transport system. In addition to these, three skills
cater to other capabilities, such as PackIntoCarrier and UnpackFromCarrier for ChangeLoadcarrier, and Charge for
BatteryCharging. These skills encapsulate multiple functions, often composed of system-specific atomic skills.

To fulfill intralogistics tasks, supplementary information beyond capability descriptions is required, as elaborated
in subsection 3.3.
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3.2. Capability-Based Planning

This section delineates a methodology for generating and dynamically parameterizing transport tasks based on
capabilities. Illustrated in Figure 4, the approach contains the creation of a process sequence derived from the product’s
required capabilities, incorporating information on all value-adding processes, such as Manual Assembly.
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Fig. 4. Generation of Required Transport capabilities

Each CPPM has its own offered capability description including constraints for those capabilities, which are
checked during the production planning. To be able to successfully use a capability, the constraints must be fulfilled.
These constraints can be, e.g., two Assets which are required for the assembly. As CPPMs can contain an own buffer
stock, assets like Asset B in the example can be available, so no transport is needed. In this scenario, Asset A is not in
stock on the production module, which leads to the generation of a required transport in the manufacturing sequence.
The generated transport-capability only contains the information on the destination and the identity of the product. To
be able to assign the transport capability to one or multiple transport systems, more information is required.

This information can be taken from the AAS of the product, the CPPM, and the digital thread services as shown in
Figure 5. Often, transport tasks require multiple transport systems and handover stations to get to their destination. To
decide which stations and transport systems are used, this approach utilizes a combination of capability matchmaking
and capability decomposition. Initially, the system tries to find one transport system which can fulfill the constraints of
the required transport capability. If this is not possible, the transport is decomposed into multiple transport tasks, which
can fulfill the constraints of the required capability and realize parts of the entire transport route. the matchmaking
tries to find a suitable transport system or handover station per task. This process continues until the entire transport
task is matched with at least one Cyber-physical Transportation Module (CPTM) or if no further decomposition of
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non-matched tasks is possible. The results are added to the manufacturing sequence, which can be executed by the
scheduling and execution system. The factory internal-driven storage balancing service can utilize the same planning
pipeline as the product-driven transport because of the usage of the same capabilities. This scenario only differs that
instead of the required capability generation based on the product, the storage balancing creates the same yet minimal
parameterized (only goal station and product ID) transport capability and afterward utilizes the same parameterization
and matching pipeline as the transport product service.

3.3. Digital Thread Services

In addition to the information models of the assets, Cyber-Physical Systems (CPS) and products, the intralogistics
system requires extended access to general information to effectively integrate and optimize the proposed architecture
in the dynamic Industry 4.0 environment. The particular challenge in a flexible production environment characterized
by modularization, which can be potentially reconfigured several times a day, lies in the availability and centraliza-
tion of actual information. This information, which is spread across various systems and modules, must be carefully
aggregated, processed and be made available in various levels of detail to meet the different requirements of the
production processes. Key information that is essential for optimized production planning and control includes, for
example, multi-hierarchical maps that not only support navigation and route planning within the production facility,
but also provide real-time information about obstacles and the condition of the production environment. Accurate
asset tracking is just as critical as providing real-time data on the location and condition of production equipment and
goods to efficiently manage material flows and respond to unforeseen events. Warehouse information plays another
key role by providing detailed data on inventory levels and conditions, enabling effective inventory management and
cross-module optimization of warehouse resources. A central source of information that acts as a data hub is essential
for this. This source continuously accumulates data from different areas of the production environment, prepares it for
use, and makes it accessible to users and automated systems. Another important part of this information network is the
collection of specific product handling information, which includes special requirements for the handling or storage
of products, such as maximum acceleration for fragile items. Such fine-grained information is critical to ensure that
products can be moved effectively and safely through the production and storage processes.

3.4. Cyber-physical components

The VDI 2510 defines several types of materials transport devices [26]. These can be divided into continuous
conveyors and discontinuous material transport systems. This work focuses on the latter, as no conveyor systems were
accessible for the evaluation. This concept is still applicable to these systems. The only modifications needed would
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be in the implementation on the skill level for the transport capabilities. The detailed model of the used skills for
transport systems is described in [18]. This model is applicable to operator-controlled systems like a conventional
forklift as well, as AMRs , only the skill implementation differs, but the interface to the skill remains the same.

The paper currently outlines that AGVs and AMRSs can be categorized based on two distinctions: load-pulling
versus load-carrying capabilities, and active versus passive load handling systems. Whether the transport system pulls
or carries the product only influences the capability description itself, the differentiation of active and passive load
handling influences which capabilities can be offered from the transport system. Active load handling systems result in
the transport system having a handover capability and store and deplete skills. Passive transport systems only have the
transport capability and GetTransporter and ReleaseTransporter skill. Equivalently, each storage equipped with a load
handling system has in addition to the storing goods and retrieving goods capabilities, the handover capability and the
according skills. It is also possible to have a storage without the handover capability and the matching skills, which
requires the transport system to have this functionality. In this case, neither the storage nor the transport system has this
capability, a third specialized handling system must be involved. In many production environments, products are not
directly handled but are instead affixed to standardized load carriers like pallets or standardized load carriers (SLCs).
These carriers themselves lack capabilities, but significantly influence the execution of capabilities. Additionally, there
are components like doors that require control but do not interact with the product directly. These components can be
integrated into the system by implementing a skill Interface, such as an open-door skill.

4. Implementation

In this section, we present a comprehensive implementation of a transport system featuring a robotic arm assembly.
Our objective is to demonstrate the integration of transport and handover capabilities along with their corresponding
skills within a cyber-physical environment. The implementation encompasses the entire spectrum of AASs, like key
components such as storage units, charging stations, and packaging facilities. This holistic approach ensures the de-
piction of a realistic operational scenario within an Industry 4.0 framework. For detailed access to the implemented
system, the complete set of AASs, is accessible through the provided link to our external repository [27]. As shown
in Figure 6, there are restrictions on what carriers are acceptable and what dimensions the product can have. Based
on e.g., [26, 28] further properties of the capability can be modelled to improve precision of automated matching
systems. An expanded version of the capability descriptions is also available at [27] as it would exceed the spacial
limitations of this publication. In the property containers are valid ranges modelled using the SubmodelElement Range.
Depending on the type of property, it can be either Lists, Properties, or Ranges. Within the Submodel, the Submod-
elElementCollection RealizedBy refers to the skills GetTransporter and ReleaseTransporter. A further explanation of
the constraints of the model is proposed in [18]. The skill submodel of the AAS is shown in Figure 7. Besides the
address and description of how to access the skill, there is a description of the required input and result parameters.
All skills are implemented in OPC UA following [6]. The parameters of the GetTransporter are needed to know where
to move, or from where to store or deplete the products in the Store and Deplete skills. More precise information can
be requested from the Digital Thread Services during skill execution. All skills, except the ReleaseTransporter skill,
contain information about elapsed time, costs, energy consumption, and a list of occurred alarms as result information.
The list of alarms can be used for fault detection and maintenance. Pre- and postconditions of the skills are discussed
in [18]. The Concept of Precondition- and FeasibilityCheck are adapted and used from [29]. How the skills, proposed
in this paper, are implemented on the machines varies. However, in most of the scenarios, this skill composes multiple
atomic skills. Depending on the route the transport system takes, the GetTransporter skill can also call external skills
to open a door to access a closed area, which increases the autonomy of the transport system itself.

4.1. Digital Thread Services

Additional information is required to carry out the tasks and the associated skills. This can be requested via a cor-
responding Digital Thread Service, which can provide the information centrally and in various levels of detail for the
respective task. These services have standardized interfaces so that the information can be accessed by autonomous
systems and machines. By setting up descriptive AAS for each service, which contains detailed interfaces and de-
scriptions, a standardized interface is created that supports such interaction. These AAS are designed to provide not
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only static information about the assets, but also dynamic data such as current positions and states, which are es-
sential for navigation and process execution. Figure 8 shows an example of a Digital Thread Service AAS using the
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Multihierarchical Map Service. A practical example of this is the navigation task of a AMR, which was requested by
the GetTransporter skill and must perform efficient path planning. This task requires information about the environ-
ment. The robot can use its skills to call a service that grants access to the grid maps. These grid maps, which are
provided via ROS2 topics, represent the factory layout as a dynamically updated map. This provides the robot with
information about obstacles and other relevant aspects of the layout at the level of detail required for its current task.
In addition to the navigation services, the central factory topology map, modeled as a comprehensive graph, enables
detailed planning and execution of intralogistics tasks. skills can call up this service to obtain a complete overview
of the production site and plan optimized routes and resource allocations based on this. The advanced services that
go beyond the basic functions, such as real-time inventory monitoring and machine condition monitoring, can also be
called up as a Digital Thread Service. These ensure that the intralogistics system can react proactively to changes by
accessing real-time data provided via the Digital Thread Services.

4 m = ihierachichal Map Service™ [https://example.com/ids/sm/9450_4160_4042_7104] of [ Instance]
@ AssetInformation
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Fig. 8. AAS implementation of the Multihierachical Map Service as a sample of a Digital Thread Service

5. Conclusion & Outlook

In this paper, we have demonstrated the applicability of the Capability-Skill-Service (CSS) model to intralogistics
systems, aiming to enhance flexibility and facilitate collaborative planning between production and intralogistics
domains.

Our contributions lie in identifying the essential capabilities, services, and skills for intralogistics systems based on
industry standards. Additionally, we have proposed a conceptual framework for planning and executing intralogistics
tasks using the CSS model, which includes the dynamic generation and parameterization of transport capabilities.
Moreover, we have discussed the vital role of Digital Thread Services in enabling the proposed architectural concept,
alongside providing an implementation example featuring an autonomous mobile robot with active load handling
capabilities and corresponding skill descriptions.

While the implementation example presented demonstrates the feasibility of applying the CSS model to intralogis-
tics, it is currently limited to addressing simpler use cases. More complex scenarios and advanced functionalities have
yet to be fully explored. The framework presented is limited to production system utilizing the CSS model.

By addressing the research questions outlined in the introduction, our approach sets a solid foundation for future
endeavors. Moving forward, we intend to delve deeper into the detailed modeling of skills and refining the matching
process. Furthermore, we aim to elaborate on the Digital Thread Services required to support the proposed architecture
fully. Lastly, we plan to evaluate the overall concept through real-world use cases, thereby advancing the development
of flexible and adaptive intralogistics systems, often referred to as Intralogistics 4.0, within the broader context of
Industry 4.0.
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