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Abstract 

Car Manufacturers are subject to continuous and fundamental changes. Already today increasing time 

pressure, rising complexity and a soaring cost pressure require a shorter time to market. As assembly 

planning is one of car manufacturers' core competence an innovative approach to adapt the processes is 

needed. This paper presents the early idea of a novel approach for an automated design process covering 

the early design phase of assembly systems. Integrating various input data as well as requirements leads 

to a are a base for this approach for designing an assembly system. Uncertain input data, which are fact 

within early planning phases, need to be considered in order to reach a holistic planning alternatives 

for evaluation, optimization and afterwards decision-making. With so-called graph-based design 

languages an automated and efficient design process will be implemented. This leads to a faster 

designing process in order to reduce planning time and planning costs and reach resilient and 

sustainable decisions. 
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1 INTRODUCTION 

Manufacturing companies are in a dramatic change, triggered by emerging markets, new technologies, 

sustainability policies and a change within consumer preferences, in particular around ownership. New 

fundamentally questions about diverse mobility, autonomous driving, electrification and connectivity 

are arising for car manufacturers (Mohr et al., 2016). Due to a global and customer-driven market, car 

manufacturers are already permanently confronted with the challenge to reduce the duration and cost of 

the product creation process. Market-driven demands are linked with an increasing complexity (e. g. 

increasing product, process and resource complexity) and risks due to increasing quality demands, 

product variety and technologies (ElMaraghy et al., 2012). Furthermore, the frequency of new product 

introductions is increased. To sum up, fundamental changes, increasing time pressure, rising complexity 

and a soaring cost pressure affect the production processes of automotive industries.  

 

This setting requires new design methods and strategies, which have to be efficient, fast and resource-

sensitive. In order to cope with these challenges, this paper presents a new model-based engineering 

approach using graph-based design languages focusing on the early design phase of assembly systems 

(concept planning). This paper describes the most important characteristics of this new engineering 

approach as well as its implementation and evaluation using a practical example from an automotive 

body shop. 

 

2 STATE OF THE ART 

2.1 Engineering of assembly systems 

In the field of engineering the term of assembly is used in different ways. An assembly can be defined 

as "the action of fitting together the component parts of a machine or other objects". Furthermore, it can 

be seen as "a unit consisting of components that have been fitted together" (Lit and Delchambre, 2003). 

In the context of this paper assembly will be used in the sense of action. As one subdomain of a 

manufacturing system in an assembly system, parts or preassembled products are joined together. These 

are integrated into a semi-finished or into the final product. Figure 1 illustrates the components of an 

assembly system.  

 

Figure 1. Basic components of an assembly system 

 

Assembly systems are mainly classified into three types, which are manual, automated and hybrid. 

During the assembly, a product receives a large amount of value creation. Concurrently, technical and 

organizational problems and failures may occur within the assembly, which originate from earlier steps 

of the production process or within product design. In pertinent literature, many classical process models 

for production system planning can be found, e. g. by (Kettner et al., 2010; Grundig, 2015; Wiendahl et 

al., 2010; Schenk et al., 2014). Based on these process models, there are further approaches e. g. by (Suh 

et al., 1998), approach by (Schuh et al., 2007) and related to the approach of assembly planning by 

(Konold and Reger, 2009). These process models vary in number of phases, beginning, endpoint and 
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their level of detail. Fundamental content and the way of analytical methods is common. These models 

can generally be classified into preparation, structural planning, detail planning, execution planning and 

execution (Bergholz, 2005). 

 

2.2 Design methodology  

The design process of a precise object represents the synthesis of the final design, which considers early 

stages specified definitions of the designed object. Requirements and constraints, which occur within 

the design process, have to be fulfilled (Lawson, 2006). Constraints are defined as limiting conditions 

or restrictions, which reveal within the design process. Despite of manifold definitions and approaches 

of the design process, there is neither a generally accepted and standardised theory of a design process, 

nor in practice (Lawson, 2006). For an engineering design process, there is no generally accepted and 

standardised design methodology (Rudolph, 2002).  

 

The presented approach uses the design methodology of Pahl and Beitz (Pahl et al., 2005). Based on 

this, the design process can be split up into the following steps: Planning and task clarification, 

conceptual design, embodiment design, detail design and overall design process. During the conceptual 

design phase, a principle solution is fleshed out. For this purpose, all essential problem statements are 

disassembled into subtasks (e. g. sub functions). The goal is to search for suitable solutions or to use 

existing experience and knowledge. A combination of partial solutions leads to different solution 

alternatives. Afterwards, the solutions alternatives are evaluated on the basis of defined criteria (e. g. 

technical or economic criteria) in order to find the most suitable solution (Feldhusen and Grote, 2013). 

Complex design tasks require iteration loops (Pahl et al., 2005; Lindemann Udo, 2011). An increasing 

complexity of the designs as well as a target improvement in efficiency postulate computer aided 

methods for automation within the design process (Feldhusen and Grote, 2013). According to 

(Feldmann, 1997), this design methodology can be transferred to the design of assembly systems. 

 

2.3 Current challenges  

Integrating the real and the virtual world, planning models are fundamental in order to create complex 

systems (BITKOM et al., 2016). Within the meaning of the digital factory, the concept planning aims 

for a holistic planning considering all requirements and uncertainties as well as the product concept and 

all relevant structures regarding processes and resources (Bracht et al., 2011). Numerous models come 

into existence in this process. This could lead to inconsistency. Basically, there are two scenarios for a 

data exchange. The first possibility is that every data model exchanges data with every other model. 

This leads to a quadratic (n*(n-1)/2) rise of the required interfaces. Alternatively, a central model can 

be used, which contains all relevant data. An exchange between the central model and the domain 

models requires n interfaces (bidirectional). By means of a central model, the consistency issue between 

different models is solved (Reichwein, 2011).  

 

As described above, complex design tasks require iteration loops, in order to consider e. g. uncertain-

ties or changes regarding requirements. In many cases, current approaches do not allow to process these 

changes in an automated way. This leads to a lack of acceptance, as it requires manual and error-prone 

work. Changes within the model or results of simulations can often not reimported in the original data 

management system. Modelling approaches, which focus on the hole lifecycle, are missing according 

to (Straßburger et al., 2010; BITKOM et al., 2016). In this context, the question regarding a common 

abstract meta model is relevant. The reuse of expert knowledge (e. g. experiences from previous 

projects) is favoured. This postulates an approach for the design of assembly systems, which follows a 

formalised, holistic design approach. In order to allow a (partly) automation of the design, the approach 

needs to be build up a central model. The idea of such a requested holistic engineering approach as well 

as the essential role of a central model is depicted in Figure 2. 
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Figure 2. Idea of a holistic engineering approach for assembly systems 

 

3 HOLISTIC ENGINEERING OF ASSEMBLY SYSTEMS USING GRAPH-

BASED DESIGN LANGUAGES 

3.1 Graph-based design languages 

As a knowledge-based engineering method, design languages offer a rule-based and digital execution 

of the design process, which can be also re-executed. For the definition of computerized design 

processes, the concept of graph-based design languages (see e. g., (Kröplin and Rudolph, 2005; Rudolph, 

2002)) has evolved into a generic framework over the last fifteen years. Examples of a successful 

application can be found in (Arnold and Rudolph, 2012; Groß, 2014; Vogel, 2016). This concept has 

been adapted from natural languages, spoken by humans, as one possibility to reproduce this complex 

and creative process. A human language can describe highly complex and interwoven issues with a high 

level of design freedom. This can be achieved by sentence formation, in which a grammar is composed 

of vocabulary and rules. A valid sentence is a legal combination of vocabulary and represents a valid 

design. In this sense, the vocabulary represents data. Information, knowledge and competence are 

depicted by syntactic, semantic and pragmatic aspects of design rules. Within the design process, there 

are iterative loops from data to information to knowledge and finally to wisdom or rather competence, 

as described in the Knowledge Ladder (Ackoff, 1989). A design language is developed by finding the 

relevant vocabulary for the current design problem. Defining explicit, formal rules (i. e. under laying 

design patterns) from often implicit human knowledge is mandatory for processing. Knowledge (on the 

design activities) and information (on the design data) have to be connected in order to create executable 

design rules. Exploration of the design space enables to achieve permissible solutions of the initial 

design problem (Rudolph, 2016).  

 

The implementation, evaluation and processing of design languages are executed with so-called design 

compilers. One example of such a design compiler is the Design Compiler 43 (DC 43) developed by the 

IILS GmbH in cooperation with the Institute of Statics and Dynamics of Aerospace Structures of the 

University of Stuttgart (Alber and Rudolph, 2003). Design languages consist of a meta-model, which 

stores all relevant design information (Arnold and Rudolph, 2012). Based on the graphical modeling 

framework Unified Modeling Language (UML), the vocabulary is represented by UML classes. 

Ontologies are represented by the UML class diagram and the rules are represented by graphical UML 

rules or java rules. Instructions are included in the activity diagram. The use of UML within the design 

language is shown in Figure 3. Further information regarding UML can be found in (Object Management 

Group OMG, 2015).  
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Figure 3. From vocabulary to activity diagram - use of UML  

 

As depicted in Figure 4, the complete design process is contained in a design language. According to 

the principle of compilation, the design representation is generated by the design compiler. This is 

similar to modern computer programming languages. Constraints can be attached at classes. The design 

compiler executes the design rules and derives automatically by model-to-model transformations 

(M2M) a design graph. This holistic meta-model includes all relevant data. By model-to-text 

transformations (M2T), the data can be exported into a domain specific language (e. g. CAD), compare 

also Figure 4. Results of the analysis within the domain specific language can be fed back in the design 

graph. Defining and programming the design language is an engineering task in opposite to generating 

models, which is done by the design compiler.  

 

Figure 4. Design compiler architecture  

 

With this approach, model consistency can be ensured as well as the re-execution. Results from M2T 

transformation can be fed back into the design graph. With this feedback the design loop can be closed. 

Thereby, an iterative process is enabled, which represents a complete design process (Rudolph, 2016, 

2012). Within the concept of graph-based design languages, a graph represents the set of objects (as 

graph nodes), where some of these objects are connected (as graph edges). By changing the design 
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parameters, which are contained in a node, the topology of the graph can be modified quickly (Arnold 

and Rudolph, 2012).  

 

3.2 Graph-based engineering of assembly systems 

The holistic planning, evaluation and ongoing improvement of all structures, processes, transfor-mations 

and resources of the real factory in conjunction with the product is the goal of the future digital factory. 

By applying the method of graph-based languages to design an assembly system, a new approach of the 

early, conceptual phase of the assembly planning is developed. According to the surrounding conditions, 

the use of graph-based design languages described above, prevents consistency issues due to a central 

data model. The ability of applying a consistent and re-executable design process improves the results 

quality of the early planning phase as well as design time is shortened. Due to shortening design time, 

multiple planning alternatives can be evaluated. With this way to express knowledge, changes within 

the process can be adopted. Thereby, a holistic approach can be realized. Holistic is meant here in this 

sense, that the definition of the digital factory includes and considers business calculations and economic 

efficiency as well as all related requirements as an output of the target planning. Knowledge from former 

engineering projects is integrated as well as current knowledge and information from serial production. 

As described above, knowledge processing needs to be adapted for a design of an assembly system. The 

design language process is depicted in Figure 5. Outcomes of this process are for example a layout, costs 

and a specification for the later detail design of e. g. equipment, a working schedule or a manufacturing 

bill of material (M-BOM).  

 

 

Figure 5. Design language process 

 

To build up a graph-based design language, the assembly system is decomposed in its entities as shown 

in Figure 5. These entities represent the vocabulary of the assembly system on the highest level, e. g. a 

process concept. In order to describe the assembly system completely, each vocabulary of the highest 

level has to be decomposed in its components e. g. process-concept is built of technologies, assembly 

process plan and manufacturing bill of material. Each vocabulary has to be broken down into its basic 

components. For decomposition, the knowledge of the content, the structure and the dependencies of an 

assembly system is crucial. Within modelling, the vocabulary represents the UML-classes and is build-

up in connection with their associations (relationships and dependencies) the UML-class diagram. 
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Constraints to the system are integrated into corresponding classes. An assembly concept is a complex 

system as described above. The decomposition of assembly system components is shown in Figure 5 on 

a high level. Requirements of an assembly system concept are placed as a component of the design 

language. The product concept is an essential component and linked to the product creation process. 

Within the process concept the assembly process plan and assembly times are created. The resource 

concept contains a concept for a layout, personal planning, operating resources and material flow. The 

basic component business calculation includes a concept of production costs, investment appraisal and 

lifecycle costs of the production equipment. Each component needs to be further detailed in a sub design 

language, in order to represent the design knowledge. Logically sequences of rules in order to build and 

rebuild the design graph are stored in the production system, which represents the design of the assembly 

system. Compilation creates the central model, which consists all relevant design information.  

 

As described above, deep knowledge of designing a concept of an assembly system is the basis for 

developing the design language in order to pursue the holistic approach. Knowing the interwoven 

dependencies and relationships is vital. The conditions and limitations are described as constraints. 

Including a current design project, the modelling is realized and via feedback the current concept of an 

assembly system can be post-processed. Depending on requested results or targeted requirements, the 

output can be optimized, evaluated and alternatives can be designed before a final output is generated.  

 

4 APPLICATION OF THE NEW ENGINEERING APPROACH USING A 

PRACTICAL EXAMPLE 

The newly developed graph-based engineering approach has already been implemented using a real 

existing practical example. This example is an assembly station from an automotive body shop. Figure 

6 shows the most important steps in the development process of the central data model and illustrates 

the generated outcomes of the configuration process of the assembly station. 

 

 

Figure 6. Application of the new engineering approach - Workflow and outcomes 

 

In this example, the central data model of the assembly station has been created by a predominant manual 

process using the design compiler DC 43. The needed vocabulary of the assembly station (e. g. process 

and resource terms) was entered, the requirements (e. g. high degree of automation) and rules (e. g. 

further restrictions) were represented in the production system and preconfigured libraries (e. g. resource 
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libraries including 3D geometry, costs, space requirements etc.) are used. To increase the efficiency of 

the modelling process, the authors are currently working to automate the generation process of the 

central model by using standardized data structures and interfaces. 

 

As depicted in Figure 6, the 3D layout, the bill of material and the costs (e. g. acquisition costs, 

maintenance costs) of the assembly station can be automatically generated based on the central model. 

For the visualization of the 3D layout, there are basically two different possibilities: the internal viewer 

of the design compiler DC 43 (based on opencascade) or the use of an external CAD system. In case of 

using an external CAD system, the CAD data are currently transferred from DC 43 to the CAD system 

(e.g. CATIA V5, Siemens NX) using the data format step. At present, activities are being carried out to 

exchange data (e. g. CAD data, alphanumerical data) in the future using the standardized data exchange 

format Automation ML (www.automationml.org). 

 

Figure 7 depicts an example of the model-to-model transformation for the layout modelling. This 

transformation is formulated in all rules within the production system. Firstly, the requirements for the 

available space is loaded (e. g. geometry of the existing floor-space). In a second step, the required 

operating equipment is imported from existing libraries (e. g. robots or tools). The placement of the 

operating equipment depends on the assembly process (especially on the assembly order). Lastly, the 

new layout concept is generated. In Figure 7, the design graph represents the layout with its operating 

equipment and its geometry (e. g. positions). 

 

Figure 7. Model-to-model transformations for layout modelling 

 

5 SUMMARY AND OUTLOOK 

A new approach how to design an assembly system with graph-based design languages has been 

presented. Transferring this method of graph-based design languages to the engineering of assembly 

systems solves consistency issues by using one central, consistent, data model. A design language for 

assembly systems creates a widespread basis for modelling. This is achieved by integrating a holistic 

input, considering requirements and business calculations and adding knowledge from former projects 

as well as from current serial production. The capability of iterative loops leads to sustainable results, 

in order to manage rising complexity and be efficient.  

 

Based on the practical example described in Chapter 4, the feasibility of the new model-based engi-

neering approach could successfully demonstrated. Much progress has already been made in the context 

of the information-technical implementation of the new engineering process, the authors are currently 

working on further optimizations. These improvements are mainly concerned with the efficiency 

increase both regarding the creation of the central model (e. g. the import and automated processing of 
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project-specific requirements using standardized data structures or formats) and regarding the generation 

of the domain-specific solutions within the respective IT systems (e. g. the data transfer via 

AutomationML). In addition to that, based on the central data model further project-specific data and 

documents shall be automatically generated in the near future, such as process plans and specification 

documents. In order to pursue the holistic idea, an evaluation and improvement loop, as shown in Figure 

2, a deeper and more widespread solution for this loop needs to be worked out.  

 

Since this development of a design-language has required a time-consuming pre-investment, it is 

inefficient to run it only once. In case of iterative design loops, it is efficient in time (project time and 

time to market) and costs (e. g. less budget for equipment, less project time due to less manual iterations). 

Besides, there are further benefits such as a traceable design process, a documented process and the 

ability to react to product changes and other changes within the product creation process and within the 

assembly planning project in an automated way. This might be especially valuable in the early stages of 

engineering of assembly systems. 
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