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Abstract: 

The planning and application of assembly equipment for a broader range of products and 

product generations is essential for meeting the changeability requirements resulting from 

shortening product life cycles and higher product variances in dynamic global markets. 

Effective decisions are based on information resulting from a collaborative engineering 

environment involving various actors, e.g. component producers, system integrators and 

system operators. In such a complex environment, information and knowledge exchange plays 

a crucial role; requiring information exchange throughout all life cycle phases. 

In order to meet these challenges, a framework consisting of methods, tools and business 

process reference models for assembly equipment closed loop management is proposed. The 

core element is a computer aided reuse planning application that allows planners to generate 

reuse options and provides decision support during the planning process. The knowledge 

based approach, including its structure and core inference processes, is explained. 
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1 Introduction 

Assembly equipment reuse strategies assist manufacturers of investment and consumer goods 

in reaching the goal of sustainable manufacturing. By enabling and promoting closed loop 

economies, use productivity of resources increases and investment costs can be reduced [1]. 



The planning and application of assembly equipment for a broader range of products and 

product generations is essential for meeting the changeability requirements resulting from 

shortening product life cycles and higher product variances in dynamic global markets [2]. 

The current state of technological solutions and organizational practices fulfills many of the 

underlying requirements for the successful transfer of equipment into further usage phases. 

Works of Koren et. al and Dashenko et al. [3] [4] have shown, that e.g. the technical 

realizations of reconfigurable and transformable factories, are already implemented in 

production facilities. Takata et al. [5] emphasize the potentials of maintenance oriented 

production strategies. Methods and technologies are proposed that exploit the potential of 

artifacts, e.g. production equipment. The widespread use of integrated data and information 

management systems, e.g. product lifecycle management and enterprise resource planning 

tools, enable for the management of reuse relevant data and information throughout the entire 

equipment lifecycle, inside the organization and beyond.  

Effective reuse decisions are based on information resulting from a collaborative engineering 

environment involving various actors, e.g. component producers, system integrators and 

system operators. In such a complex environment, information and knowledge exchange plays 

a crucial role [6]. This requires information exchange throughout all life cycle phases, as 

depicted in figure 1.  

Surveys within the European Integrated Project (IP) PISA “Flexible Assembly Systems 

through Workplace-Sharing and Time-Sharing Human Machine Cooperation“ have shown 

that manufacturers recognize the advantages of equipment reuse and that reuse is increasingly 

undertaken. However, the reuse cases have also shown that often poor decisions have resulted 

in costly and inefficient reuse projects. Almost every reuse case was conducted without using 

acquired knowledge and experience from prior and for successive reuse cases [7]. The 

insufficient exploitation of reuse potential is due mainly to the lack of fully developed reuse 



planning business processes. Consequently, the utilization of existing information 

management systems cannot be successfully implemented. There are no standardized 

evaluation methods to assess reusability. Often, there is no explicit information about reuse 

and reusability; rather, there is a strong dependency on individual implicit knowledge.  

System operators require support in analyzing the eligibility of existing equipment for reuse in 

successive production tasks. The analysis must be adaptable to varying strategic objectives 

regarding cost, risk and flexibility. System integrators require support in assigning existing 

equipment and their functionality to required production processes. To produce an accurate 

tender, required adaptation process plans and accountable costs need to be provided. The 

business and decision making processes of system integrators and system operators, during 

the preproduction planning, require an assistance system to support such reuse tasks, in a 

complex environment. 

This paper will present a method for systematically meeting these requirements using a 

knowledge based approach and will exemplarily prove the concept for an automotive door 

assembly. 



 

Figure 1: Life cycle of assembly equipment. 

2 Design Method  

Complexity is defined by Suh as “a measure of uncertainty in achieving a functional 

requirement” [8]. In the case of reuse decisions, complexity can be seen as the risk of making 

a reuse decision that does not fulfill the production process requirements or leads to 

unexpected costs. An example of a production process requirement is the mean time between 

failures (MTBF) for a reused industrial robot. An example of a cost requirement is the cost of 

adaptation of a particular piece of equipment to transfer it from one usage phase into a 

successive phase. Suh distinguishes four kinds of complexity: time-independent real and 

imaginary complexity as well as time-dependent combinatorial complexity and periodic 

complexity. In current reuse decision situations, real and imaginary complexity are caused by 

insufficient and unrecognized knowledge about a particular production equipments history. 

The so called information content, which is equal to the real complexity, is high, i.e. to fulfill 



the functional requirement of making the right reuse decision a large amount of information is 

needed. In this case it is the information about the history of a particular piece of production 

equipment as well as information about potential failures and their risks and about necessary 

adaptation activities.  

Axiomatic design provides principles to cope with this real and imaginary complexity. The 

reuse assistance system, consisting of hardware as well as software components, has to fulfill 

the independence axiom, i.e. being uncoupled or decoupled. This could be done for instance 

using modular software and a service oriented architecture (SOA). 

Reuse decisions also have to cope with time-dependent combinatorial complexity, due to the 

fact that the information content increases over the life time of a particular piece of 

equipment. Along the different life cycle phases many different actors and a lot of different 

activities are performed on or with the piece of equipment. This may lead to a situation, in 

which the planner cannot properly decide, i.e. the information content has increased. 

Therefore, the decision is more likely to be wrong. A way to face this combinatorial 

complexity is to introduce functional periodicity into the reuse assistance system. Functional 

periodicity leads to periodically occurring reduction of the information content. During the 

development of the reuse assistance system, functional periodicity will be implemented by a 

periodically triggered machine logic that will aggregate acquired life cycle information. 

The reuse assistance tasks are knowledge intensive, i.e. analysis and synthesis tasks are 

required that use a broad base of knowledge from different domains. Knowledge engineering 

is required to develop a system capable of handling such tasks. The CommonKADS 

methodology has become widely accepted for developing knowledge systems [9]. The three 

levels of the CommonKADS methodology, “context”, “concept” and “artifact” can be seen as 

an analogy to the domains defined in axiomatic design “customer”, “functional” and 

“physical”. Whereas axiomatic design provides general systematics for creating good design 



solutions, CommonKADS provides a specific model suite to analyze knowledge and 

knowledge intensive tasks. Within the concept level, the knowledge model and the 

communication model provide the functional requirements of the functional domain. 

3 Implementation  

3.1 Knowledge Model 

According to the CommonKADS approach, knowledge models, consisting of the three 

categories, task, inference and domain knowledge, define the requirements for the design 

model.   

The task knowledge describes the pursued goals and decomposes them into sub-goals and 

ultimately to inferences. In the case of the reuse problem, there are several goals which can be 

identified. The system operator, e.g. a car manufacturer, is planning a new brown field plant 

and wants to evaluate, at an early stage, which existing equipment is eligible for reuse. The 

system operator’s goal is to evaluate the various processes required to transfer the equipment 

into the successive usage phase. Figure 2 exemplarily depicts an extract of the task 

decomposition of the system operator’s decision task whether or not particular equipment 

should be kept for potential reuse. The knowledge intensive task of reusability assessment 

comprises of a risk and a cost analysis, which in turn have several subtasks which are required 

for a decision. 



  

Figure 2: System operator task decomposition. 

 

The system integrator, in planning the physical production system, pursues the goal of 

assigning the appropriate equipment to the required processes. In order to handle a door 

subassembly, for instance, different industrial robots and grippers and combinations could be 

chosen. 

The inferences necessary can be defined by decomposing the tasks into their subtasks. A 

simple example is the classification task for a particular industrial robot. A typical 

classification task consists of three inferences. The first is to generate a set of potential 

classes, e.g. according to processes an industrial robot could conduct. The second step is to 

specify attributes, which are sufficient to determine membership to one of the selected classes, 

e. g. having an interface for and the capability to handle a welding gun. The third step is to 

match the specified attributes with the available attributes of the candidates. In case of a 

positive match, the robot would be classified as an industrial robot capable for welding. 

The inferences are made using information and knowledge from the specific knowledge 

domain. Due to the different goals of system integrators and system operators, the required 

domain knowledge for the reuse case was structured according to figure 3.  



 

Figure 3: Domain knowledge structure. 

 

The ontology concept uses approaches presented by Dori and Shpitalni [10] and Lohse [11]. It 

provides a framework for the transfer and reuse of domain specific knowledge between 

participants in the design, planning and integration processes of assembly systems. The 

ontologies provide a uniform information structure as well as a consistent vocabulary. The 

information structure is primarily defined through the core ontology, providing concepts 

typical to technical problem solving methods. These are the requirements concept, the type 

concept, providing specification for corresponding classes, as well as the occurrence concept, 

representing instances of a particular type which meet the specific requirement. In order to 

capture knowledge relevant to diverse fields of expertise, the knowledge base is further 

divided into knowledge domain specific ontologies, each containing concepts relevant to its 

particular field. 

In order to capture knowledge relevant to different participants, the knowledge base is further 

divided into role specific and software user specific ontologies, see figure 3. The role specific 

ontologies contain concepts relevant to role specific tasks in the design process, while the user 

specific ontologies are designed for individual participants, geared not only towards their 



specific tasks, but towards their individual enterprise interests as well. The knowledge base 

clients profit, therefore, not only from a well structured, expandable information system, but 

from the exchange of information between the actors in a collaborative design environment. 

The core ontology concepts are process, product, resource, and function. They provide a 

representation for technical systems and their integration in business and production 

processes. Further concepts are failure, failure cause and failure effect, which provide a 

representation for conducting quality assurance tasks such as fault tree analysis and failure 

mode and effect analysis (FMEA) [12]. 

3.2 Exemplary Inferences 

One example of a knowledge intensive task in reuse planning is the task of evaluating the 

reusability of a welding gun. It is necessary to estimate which adaptation processes and efforts 

will ensure the required functionality and reliability. Figure 4 shows the steps involved in 

analyzing an equipment instance for applicable adaptation processes. The analysis begins with 

the task of classifying the equipment instance into a corresponding equipment class. The 

classification is either solution or data driven. The solution driven classification is performed 

by the operator, who, using an available classification tree or scheme, assigns the observed 

instance to an available class. The data driven classification is performed by a rule based 

inference engine, or reasoner, according to the instance properties and their corresponding 

values. The classified object inherits all attributes of the assigned class, thus extending the 

available information. In the example shown, the relationship between the equipment classes 

of the assembly equipment domain and the adaptation process of the adaptation process 

domain is determined by the attribute has adaptation process of the equipment class. For the 

class Euro-X welding gun, the attribute has adaptation process has the value welding force 

measurement. The inferred class concept is then specified for the observed instance, a new 

instance of the class is created. In the example, an instance of welding force measurement is 



created for the door welding gun, which in turn inherits the information necessary for reuse 

evaluation such as necessary adaptation equipment, costs and process steps. Finally, observed 

values of the original instance are verified against values of the generated solution instance. 

 

Figure 4: Inferences for adaptation process specification. 

 

Having identified necessary adaptation processes, further tasks can be executed using this 

knowledge, e.g. cost analysis, synthesis of a reuse plan or identifying potential contractors. 

3.3 Realization of the knowledge system 

Based on the combined approach of axiomatic design and CommonKADS, a knowledge 

system, CAReP (Computer Aided Reuse Planning), which supports system integrators and 

system operators during the planning phase, was realized.  

The knowledge base layer includes domain ontologies composed in Web Ontology Language 

(OWL) using Protégé, and furthermore serves as an interface for the middleware layer. The 

advantage of OWL lies, not only in its semantic character, but in its interoperability with java 

based query and application development languages. A PostgreSQL database was used for 



data storage. Using the JENA-framework and the Joseki server, web services for manipulating 

the knowledge base were defined [13]. A list of predefined web services is provided to 

external clients. 

Two external client CAReP software modules have been developed. CAReP SI provides 

system integrators (SI) with an interface for production system planning and supports the 

planer in preparing a tender document. An interface to a simulation tool has been 

implemented, with which the system integrator is able to directly simulate the chosen system. 

For instance, a simulation including all MTBF-values for calculating downtimes can be run. 

Figure 5 shows the web interface integrated into a 3D-simulation software. 

 

Figure 5: CAReP- SI user interface 

 



CAReP SO provides system operators (SO) with a tool to decide, at an early stage in the 

production planning, if existing equipment is eligible for reuse, thus allowing the generation 

of accurate request for tenders. 

4 Conclusion and Outlook 

To assess the reusability and plan the reuse of assembly equipment, knowledge from many 

different domains is required, e.g. equipment knowledge, adaptation knowledge and process 

knowledge. The knowledge intensive reuse decisions have to cope with real, imaginary and 

combinatorial complexity.  

A design approach that combines axiomatic design and CommonKADS for developing a 

knowledge based assistance tool has been presented. The structure of the knowledge model, 

consisting of domain, task and inference knowledge was presented as the basis for the 

implementation of a knowledge base and corresponding software modules. Inferences for 

retrieving information about required adaptation processes were exemplarily presented. A 

service oriented architecture was proposed which utilizes the advantages of the ontology 

language OWL as well as the advantages of collaborative design environments. 

The implemented knowledge system and the corresponding software and hardware 

realizations allow a reuse planer, i.e. system integrator or system operator, to chose, evaluate 

and assign the right equipment to the required production processes. Former costly and timely 

reuse decisions can be taken more effectively and efficiently. 

Forthcoming research will extend the centralized knowledge base to a decentralized approach 

based on semantic web technologies and put life cycle maintenance decisions into the center 

of attention.  
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