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1. Data consistency in manual assembly

In today’s assembly environment, particularly in manual 
and variant-rich assembly processes, efficiency and precision 
are key success factors for competitiveness [1-3]. Irregularities
in these processes not only result in direct production flaws but 
also incur substantial costs for companies [4]. This is evident 
through wrongly assembled components and decreasing
production efficiency, leading to increased error-related 
expenses [5, 6]. A primary cause of these errors is the lack of 
consistent and precise data management during the product 
development and change management phases [7, 8].

The importance of data consistency cannot be overstated, as 
irregularities identified downstream of product development 

are significantly more costly than those detected early [7-9]. 
This underscores the necessity of streamlining information 
flows and bridging information gaps to enhance accuracy and 
efficiency in assembly processes.

This paper focuses on improving information continuity for 
assembly workers by integrating product, process, and 
resource (PPR) data within typical engineering and planning
processes (e.g., change management release and configuration
process) [10]. Drawing on a case study from an automotive 
manufacturer, we demonstrate substantial benefits in terms of 
information flow, error reduction, and improved assembly 
processes.

Overall, this paper aims to present a systematic approach to 
enhancing information consistency in manual assembly 
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environments, thereby increasing reliability and significantly 
reducing costs due to errors. This approach is essential for 
successfully addressing the challenges associated with variant-
rich and manual assembly processes. It is worth noting that the 
diversity of variants is expected to increase due to market 
trends such as customization, which underscores the 
continuing importance of human involvement in future 
production systems. Thus, the integration and optimization of 
data consistency in these processes become even more vital to 
meet the evolving demands and maintain competitive 
advantage.

2. State of the art

In this chapter, we examine the current advancements in
data consistency for manual and variant-rich assembly 
processes. We focus on the role of worker information systems
(WIS), the integration of essential assembly data, and the 
challenges in data continuity and process modeling, aiming to 
identify key areas for future research.

2.1. Guidance in assembly process through WIS

In the realm of manual and variant-rich assembly processes, 
the deployment of WIS plays a central role in enhancing 
efficiency and accuracy [11]. These systems supply assembly 
workers with essential information and instructions, which are 
integral to executing and streamlining the assembly 
process [12]. Studies conducted by [13, 14] have demonstrated 
the effectiveness of these systems in improving manual 
assembly operations. The research highlights how real-time 
guidance can significantly reduce errors and increase the 
overall speed of the assembly process [11-15].

2.2. Content of worker guidance

Crucial to the success of these information systems is the 
integration of comprehensive assembly information, resource 
data, and product details [16, 17]. A holistic approach to 
worker guidance is critical for quality assurance and workflow 
optimization [16, 18]. Also [19-22] provides insights into how 
incorporating these varied data streams can directly impact the 
quality of the final product and the efficiency of the assembly 
process. They argue that a more informed workforce is better 
equipped to handle the complexities of variant-rich assembly 
tasks.

2.3. Development of a generic data- and process model

The foundation of effective WIS lies in the development of 
a robust and adaptable process and data model [21-23]. A
model needs to evolve through various stages, including 
engineering, work preparation, and shop floor control. 
Research approaches [21, 24, 25] have investigated the 
development and implementation of such models in industrial 
environments, providing detailed insights into their practical 
application. The results underscore the importance of a model 
that is both comprehensive and flexible enough to 

accommodate the dynamic nature of manual assembly 
environments.

2.4. PPR data integration in assembly processes

Recent advancements in modeling and simulation tools 
have strengthened the process planning and reconfiguration of 
manufacturing systems, offering benefits like visualization, 
verification, and optimization prior to physical 
implementation [26]. A common approach for describing 
manufacturing systems is achieved by interrelated modelling
of PPR data [27]. Despite these technological steps, the 
integration of PPR data in manual and variant-rich assembly 
processes remains a significant challenge. The fragmented
nature of PPR data within organizations hampers the 
efficiency and adaptability of these systems [28]. Many 
companies face difficulties in harnessing their accumulated 
internal knowledge, often duplicating efforts to locate 
information from similar past projects [29]. To overcome 
these obstacles and fully realize the potential of manufacturing 
systems, it is crucial to strengthen the connections between 
product design and manufacturing resources [30]. Enhancing 
PPR data integration not only streamlines the assembly 
process but also plays a pivotal role in addressing the data 
consistency and process modeling challenges discussed in the 
subsequent section.

2.5. Challenges in process modeling and data consistency

One of the major challenges is ensuring data consistency 
across different phases of the PPR spectrum [21].
Inconsistencies in data flow can lead to significant 
inefficiencies [31]. Research delves into the ramifications of 
these inconsistencies, suggesting that they can cause delays, 
increase costs, and even compromise the quality of the 
assembled product [1, 4, 19-21].

2.6. Research gap in literature

The need for swift adaptation to changes and the linkage of 
relevant data are paramount in addressing these challenges. 
Research have explored the effects of delayed responses to 
changes in the assembly line [6, 7] and proposed several 
strategies to mitigate these issues [25, 31, 32]. It emphasizes 
the importance of agile and interconnected data systems that 
can rapidly adjust to changes in the assembly process, thereby 
minimizing errors and enhancing overall efficiency.

An effective solution should introduce an integrated end-to-
end change management process that hinges on data 
traceability, crucial for guiding workers. This approach moves 
away from relying on implicit knowledge to interpret changes 
and their downstream effects. It emphasizes the importance of 
structuring all relevant data objects, ensuring they are 
machine-readable. For instance, measurements in technical 
drawings should be readily accessible and linked to related 
data, facilitating a seamless flow of information. This shift is 
essential for enhancing the accuracy and efficiency of the 
production line, enabling quicker and more informed decision-
making.
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3. Methodological solution approach

From the state of the art, it is evident that the data 
consistency and information continuity is essential for efficient 
and error-free worker guidance. To develop this model, a three-
step methodological solution approach was used, which will be 
described in more detail below, see Fig. 1.

Fig. 1. Three-step methodological solution approach.

3.1. Step 1: Information requirements analysis

The information requirement is characterized by the type, 
quantity, and quality of the information on which decisions are 
based [33]. The information requirement is determined on the 
one hand by the needs of the decision-maker and on the other 
hand by the requirements related to the decision to be made. 
Furthermore, the information supply is identified, and a 
solution approach for a future state of information is designed. 
This differentiates between the subjective and objective 
information requirements, as well as the information 
supply [33, 34], which were identified in the first step by using 
expert interviews, current process descriptions as well as 
worker guidance illustrations.

3.2. Step 2: Information flow analysis

In a second step, a trace-back of the previously identified 
information requirements and supply to the respective 
information source is carried out. For illustrating the resulting 
information flow, the Makigami method, for example, is 
suitable [34]. In this case study, the lifecycle phases of 
engineering, production preparation and steering (PPS), and 
assembly are also differentiated (see Fig. 2).

3.3. Step 3: Information model creation

The third step, based on this foundation, designs a data 
model describing the captured data objects in a semantically 
consistent manner. This ensures uniqueness in data description 
and is comprehensible to both, machines and humans. This 
provides a solid foundation for the model's further utilization, 
irrespective of whether the processing is automated or manual. 
Graph theory is used to create the data model. According to 
scientific understanding, such a model can only be developed 
iteratively [35, 36]. Since the model corresponds to an 

ontology, existing approaches in ontology engineering can be 
applied. The ontology engineering process could, for instance, 
follow methodologies as outlined in [37, 35]. The 
implementation of the model beyond a demonstrator status into 
a production environment of the application is not within the 
scope of this paper and constitutes subsequent research work.

4. Case study

In order to apply the procedure, various assembly processes 
at a European commercial vehicle manufacturer were 
examined. This manufacturer utilizes a digital WIS, which 
provides the necessary order-specific assembly information at 
the assembly stations. For the information requirements 
analysis (see Section 3), six different assembly stations were 
examined (see Table 1). The evaluation of worker information 
illustrations showed that the answers to the questions “What is 
assembled?”, “How is it assembled?” and “What is used for 
assembly?” must be provided to the worker to ensure an error-
free assembly. This corresponds to the provision of PPR 
information [38].

Table 1. Examined assembly stations.

Nr. Assembly station

1 Preassembly of hydraulic valves to control auxiliary units

2 Preassembly of front bumper

3 Assembly of cab tilt cylinder in the main assembly line

4 Reinforcement frame parts assembly in the main assembly line

5 Assembly of the fuel tanks in the main assembly line

6 Preassembly of the trailer power outlet carrier

From the expert interviews it was discovered that various 
roles in production preparation need to generate these data 
objects (e. g., process descriptions), or they must be 
transformed from upstream engineering stages (e.g.,
determining the quantity of a component for a specific 
variant). The data flow can be directly linked (illustrated by 
continuous connecting line in Fig. 2) or associatively linked 
(indicated by dashed connecting line in Fig 2.) across the 
various life cycle phases. For example, the 3D visualization 
(CAD file) of a component can be directly transferred from 
engineering to PPS (direct link), whereas the position context 
of the component needs to be adapted from the functional view 
in engineering to an assembly-oriented view in production 
(associative link). To provide a structured representation, the 
data objects can be clustered using ‘idealized document 
structures’. These are based on the PPR categorization (see
color coded data flow in Fig. 2). Specifically, the following 
documents can be categorized as follows: Bill of material 
(BoM), Bill of process (BoP), and a Bill of (operational) 
resources (BoR). The BoM can further be differentiated 
according to the life cycle phase. Initially, there is an
engineering bill of materials (eBoM), which is functionally 
structured according to an engineering perspective. For
manufacturing a product, a value stream-oriented production 
bill of materials (mBoM) is derived by regrouping assemblies 
and adding auxiliary materials. 
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To identify and display the correct variant, order data is also 
required, which is contained in the Bill of Order (BoO). During 
development, CAD systems and technical drawings are used 
for technical documentation and virtual representation. Expert 
interviews suggest that the data objects from Fig. 2 are 
generated and handled in numerous heterogeneous authoring 
systems by various individuals from different departments. In 
reality, this situation results in high data management effort 
due to missing links between data objects, system or media 
discontinuities together with the resulting coordination and 
data maintenance effort. It is evident that the change process 
incurs significant costs due to the lack of consistent data 
objects linking. Changes are introduced by change requests in 
a central change control department, which will forward 
changes to the affected planning and development 
departments. The trend towards more frequent changes in 
products and processes, due to changing customer 
requirements, reveals a potential that can further increase the 
efficiency of collaboration and thus reduce the response time 
for implementing changes.

The development of a semantically consistent information 
model for linking PPR data, combined with the precise 
description of responsibilities across various disciplines, can 
significantly improve the processing of changes. The model 
developed within this contribution is based on graph theory. 
The basic elements of graph theory are nodes and edges 
(relationships). Connecting nodes via edges describes the 
relationship between the nodes. In the procedure used, nodes 
and edges can have additional attributes. The information 
model in Fig. 3 describes the data objects in generic form, 
analogous to the information flow analysis in Fig. 2. For later 
use, it is necessary to read data records that describe the 
generic data objects in concrete and case-specific terms. This 

instantiates the information model and creates a knowledge 
graph.

For better readability, not all attributes are shown in the 
representation of the information model in Fig. 3. Table 2 lists 
attributes that are present at each node and each edge.

Table 2. Basic attributes for every node and edge in the information model.

Affected basic 
elements

Attribute Description

Node, edge ID Unique identifier for every single 
node and edge

Node, edge Date of 
creation

Timestamp to reference the point in 
time of creating a node or edge

Node, edge Date of last
change

Timestamp to reference the point in 
time of the last recorded change of 
the node or edge

Node, edge Change index Index to count the number of times, a 
change has been applied to a node or 
edge

Node Responsibility Link to an organizational 
responsibility for a node to support
the change process

Node Name Short description of node 

The model developed is based on several PPR models that 
have already been used in previous work on process 
automation [21] or process planning [39] or manufacturing 
system modelling [40]. The existing models were 
supplemented with regard to the requirements of worker 
guidance. The results are shown in Fig. 3. However, the 
information model should not be regarded as completed in its 
current form. It can easily be adapted and/or expanded based 
on further requirements. The structure of the model initially 
distinguishes between the three basic elements product (dark 
blue in Fig. 3), process (green blue in Fig. 3) and resource 

Fig. 2. Information flow analysis for manual and variant-rich assembly processes.
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(light blue in Fig. 3). It also contains nodes that describe the 
external shape of the product and resource. The description of 
the shape is ensured by means of 3D volumes and the technical 
drawings derived from them as well as the dimensions and 
tolerances contained therein. Positioning in space can also be 
carried out with the help of a position context in relation to a 
reference coordinate system. Product and resource can be 
classified hierarchically using underlying taxonomies. This 
structure is contained in the BoR for resources (sometimes also 
referred to as a line plan). For products it is contained in the 
BoM. The product also contains a variant via the BoO. 

Fig. 3. Information model.

This represents the validity criterion for the assembly 
actions. The variant therefore forms an important link between 
the product domain and the process domain. The resource 
itself can take various forms (workstation, employee, tool, 
device). All of the resources required for an assembly are 
bundled in a work station. The work station is the lowest 
element within the BoR taxonomy. In this model, the resource 
domain is linked to the process domain via the tool using the 
production manufacturing information (PMI). Tools have an 
upper and lower PMI limit. This makes it possible to filter 
whether a tool is suitable for an assembly type.

To conclude the provided information model connects PPR 
information in a consistent way. Therefore, data objects are 
strongly interconnected which, together with adding basic 
attributes from Table 2, enables a more consistent change 
process. This is achieved by linking the organizational 
responsibilities as well as change relevant data objects to the 
nodes.

5. Summary, limitations and discussion 

The aim of this contribution was to enhance data 
consistency information flow for manual assembly processes. 
These processes often require the use of a WIS to display 
order-specific, relevant data for error-free assembly of 
complex products. In the case of inconsistent data, errors in 
assembly may arise, leading to decreased quality and increased
costs as well as increased manufacturing time due to rework. 
To better data consistency, we used a three-step approach. 
Firstly, we identified relevant information by analyzing real 
worker guidance illustrations at a commercial vehicle 
manufacturer. The required information can be summarized as 
PPR-categorized information. Next, we conducted an 
information flow analysis using interviews to create an 
understanding for information flow across different lifecycle 
phases. It became evident that information is transferred in 
document-like structures (BoM, BoP, BoR and BoO) as well 
as through documenting technologies for geometries like CAD 
or drawings. However, these structures are theoretical 
concepts and are not explicitly represented in the real 
processes. Due to a variety of authoring systems and a lack of 
automatic data transfer, high coordination efforts are required 
to transform, share and edit data objects. To improve data 
consistency, we created a semantically consistent information
model using graph theory, which includes all relevant data 
objects and links them to generate context. This model does 
not hold redundant data objects and thereby contributes to 
increasing data consistency, which aims generating a better 
change process. Within this change process tracelinks between 
the connected date objects may then be created. Our model 
serves as a basis for future work, which should focus on 
implementing the model in real-life applications to improve 
creation of worker guidance illustrations and the integration of 
the change process. This would eliminate the need for central 
change management departments, which require interpretation 
of semi-structured data in change orders. However the 
implementation of such a model is associated with high costs. 
This should be taken into for a decision on a business level.
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The presented model does not claim to be complete in any 
way. It is necessary to expand and adjust the model to the 
needs of possible future applications. Especially, the aspect of 
handling variance of processes, products and resources should 
be a focus of future research work.
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