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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

The production planning is a repetitive process that demands engineering hours and expertise. Many parameters must be 
considered, and inefficiencies lead to increased lead times. The hypothesis is that valuable time within the manufacturing stages 
can be saved through improved engineering tools. This article will explore to possibilities to increase the utilization of digital 
tools to support the engineers in their production planning activities, and to improve the efficiency of manufacturing processes. 
Through study visits and interviews at a product owning company with manufacturing in-house, proposals for areas that could be 
improved with design automation will be presented.  
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1. Introduction 

Today’s manufacturing industry are challenged to manage more variants [1], [2] and have efficient processes [3]. 
This demands suitable production planning and manufacturing processes to manage these challenges. Additionally, 
advanced engineer processes, such as production system management, often rely on the expertise of the company’s 
senior employees; this poses issues for companies as there is a risk of this valuable knowledge being lost at 
retirements and generational shifts [4], [5].  

The planning of production and manufacturing modules in an industry is referred to as production planning [6], 
and requires consideration of many factors, including current production flow, material use, machine scheduling, 
order history, and sale trends [7]. Production planning is often assisted by a packaged software, known as enterprise 
resource planning systems (ERP) [8], but the engineers responsible for the planning are still personally burdened to 
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find optimal scheduling solutions. Large number of product variants, and highly varied demands for these, makes 
the engineering task even more difficult. 

This paper will look at how knowledge-based engineering systems (KBE), specifically design automation (DA), 
can facilitate production planning and manufacturing. It is believed that digital automation tools can be used to 
reduce delivery times and help the company retain its senior engineer knowledge [5]. DA is a loosely defined term 
often used interchangeably with KBE, in this paper DA refer to the implementation of KBE to automate repetitive 
engineering tasks.  

Based on initial mapping of needs for increased efficiency at Swedish company with in-house manufacturing, 
DA will be explored as a possible facilitating tool. The scope is to (1) evaluate the existing production process and 
(2) explain how design automation can be used to increase efficiency in production. By relying on study visits and 
interviews at the manufacturing facility an overview of existing solutions and problems will be established. 
Examples for how identified problems can be solved by utilizing DA will be based on the existing theory in KBE. 

1.1. Company Background 

The Swedish company studied in this paper can be categorized as a small- to medium-sized enterprise (SME), 
and it is specialized in manufacturing gas springs, used mostly by industries for shaping sheet metal. The main 
production line, which will be studied in this paper, is used to produce over 30,000 different catalogue items, and 
each item consists of three main components. The components are manufactured mostly in-house, with some 
exceptions of external manufacturing processes. 

2. State of the art 

In this section existing scientific literature on DA and the underlaying theory used as the foundation of this 
research paper will be presented. To understand DA in the context of this paper, one must first understand KBE.  

2.1. Knowledge-Based Engineering (KBE) 

The definition of KBE is disputed [9], and sometimes regarded as an umbrella term ‘describing the application of 
knowledge to automate or assist in the engineering task [10]. It involves the storing of knowledge, routine to the 
domain expert, that can be used by persons from outside the domain [11]. KBE has originally been strictly 
associated with geometry based engineering, or computer-aided design (CAD) [11]–[13], but more recently it is 
focused on the automation of repetitive engineering tasks and re-using captured knowledge [14]. The conceptual 
goal of KBE is to save time and cost during design stages through automation, and allow more focus on creativity, 
see Figure 1. Other benefits of applying KBE are effects like standardization of terminology, clearer procedures, and 
identification of engineering decisions [9].  

KBE is not always applicable or a good strategy to use, however. For example, if the design task is relatively 
simple, if creative processes and products are expected to change, or if used technology is changed often, KBE is 
likely not to be cost efficient. Also, if the design process cannot clearly be defined, or if necessary knowledge is 
unavailable, KBE cannot be applied [9]. Implementing a KBE system can also have high initial time and resource 
costs, which may dissuade small- to medium-sized enterprises from adopting it [11]. 
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find optimal scheduling solutions. Large number of product variants, and highly varied demands for these, makes 
the engineering task even more difficult. 

This paper will look at how knowledge-based engineering systems (KBE), specifically design automation (DA), 
can facilitate production planning and manufacturing. It is believed that digital automation tools can be used to 
reduce delivery times and help the company retain its senior engineer knowledge [5]. DA is a loosely defined term 
often used interchangeably with KBE, in this paper DA refer to the implementation of KBE to automate repetitive 
engineering tasks.  

Based on initial mapping of needs for increased efficiency at Swedish company with in-house manufacturing, 
DA will be explored as a possible facilitating tool. The scope is to (1) evaluate the existing production process and 
(2) explain how design automation can be used to increase efficiency in production. By relying on study visits and 
interviews at the manufacturing facility an overview of existing solutions and problems will be established. 
Examples for how identified problems can be solved by utilizing DA will be based on the existing theory in KBE. 

1.1. Company Background 

The Swedish company studied in this paper can be categorized as a small- to medium-sized enterprise (SME), 
and it is specialized in manufacturing gas springs, used mostly by industries for shaping sheet metal. The main 
production line, which will be studied in this paper, is used to produce over 30,000 different catalogue items, and 
each item consists of three main components. The components are manufactured mostly in-house, with some 
exceptions of external manufacturing processes. 

2. State of the art 

In this section existing scientific literature on DA and the underlaying theory used as the foundation of this 
research paper will be presented. To understand DA in the context of this paper, one must first understand KBE.  

2.1. Knowledge-Based Engineering (KBE) 

The definition of KBE is disputed [9], and sometimes regarded as an umbrella term ‘describing the application of 
knowledge to automate or assist in the engineering task [10]. It involves the storing of knowledge, routine to the 
domain expert, that can be used by persons from outside the domain [11]. KBE has originally been strictly 
associated with geometry based engineering, or computer-aided design (CAD) [11]–[13], but more recently it is 
focused on the automation of repetitive engineering tasks and re-using captured knowledge [14]. The conceptual 
goal of KBE is to save time and cost during design stages through automation, and allow more focus on creativity, 
see Figure 1. Other benefits of applying KBE are effects like standardization of terminology, clearer procedures, and 
identification of engineering decisions [9].  

KBE is not always applicable or a good strategy to use, however. For example, if the design task is relatively 
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likely not to be cost efficient. Also, if the design process cannot clearly be defined, or if necessary knowledge is 
unavailable, KBE cannot be applied [9]. Implementing a KBE system can also have high initial time and resource 
costs, which may dissuade small- to medium-sized enterprises from adopting it [11]. 
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2.2. Knowledge-Based Engineering methodology 

The use of a methodology for KBE has been described as ‘vital for the quality, reusability, and maintainability of 
the delivered system’ [11]. This speaks to the long-term use of KBE, as system requirements change over time, 
which could nullify the use of the KBE system if there is no methodology behind it. The methodology must allow it 
to be adapted from the existing solution without the re-capture of knowledge, that might have been lost along with 
the personnel that held it [9], [11]. This is one of the arguments against KBE, that it counters the knowledge 
management of the company, and reduces the chance of increasing the knowledge within the company [5]. 

The most common methodology for KBE is the Methodology and software tools Oriented to Knowledge-Based 
Engineering Applications, or MOKA methodology. It is based on the six KBE life-cycle steps, see Figure 2, with an 
additional two steps that are expressed in case-specific informal and formal models. The informal model uses 
ICARE forms, where ICARE is an acronym for Illustrations, Constraints, Activities, Rules, and Entities. The forms 
are used to break up and store knowledge elements, that are then linked to create a structured representation of the 
problem knowledge. The formal model uses MML (Moka Modelling Language) to formalize the ICARE forms into 
something that is useful to the knowledge and software engineers, so that it can be translated into formal product and 
process models. The weakness of the MOKA methodology is that it is mostly focused on the Capture and Formalise 
steps in the KBE life-cycle, where more importance is on supporting the knowledge engineer, instead of the end 
user. The methodology is mostly product-oriented, not process-oriented, and it doesn’t have much use as an 
application to the design process itself. [15] 

The KBE methodology KOMPRESSA (Knowledge-Oriented Methodology for the Planning and Rapid 
Engineering of Small-Scale Applications) was developed in parallel to MOKA, and shares many principles with it. 
KOMPRESSA is more focused on the risk analysis and management, and aims to aid KBE implementation for 
Small to Medium Enterprises (SMEs). It also tries to help guide organizational and individual participants by 
increasingly using activity diagrams, and there are low expectations of IT expertise on its user. [15] 

A different methodology that tries to fill in for the shortcomings of MOKA is the KNOMAD methodology. The 
acronym has two representations; first the name ‘Knowledge Nurture for Optimal Multidisciplinary Analysis and 
Design’, and second the formalized process: Knowledge capture, Normalisation, Organisation, Modelling, Analysis, 
and Delivery. The methodology is emphasised on the end user, is oriented for KBE use within the design process, 
and provides possibilities to maintain, improve, and re-use knowledge effectively. [15] 

Figure 1. Conceptual benefit of KBE. Original image by 
W.J.C. Verhagen et al. [9]. 

Figure 2. The KBE life-cycle. Image property of W.J.C. 
Verhagen et al. [9]. 
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For integration with Multi-Disciplinary Optimization (MDO) the KBE methodology Design and Engineering 
Engine (DEE) is recommended. This is used to analyse product families from multiple perspectives and act as input 
for the overall MDO process. [15] 

3. Current practice – The Studied Production Line 

Due to the substantial number of variants manufactured by the company and in a single production line, the 
resulting production flow layout is complex. The production processes are designed to be utilized by as many of the 
different variants as possible, but the flow path and process use are highly dependent on the variant features. 
However, the production line can be simplified by separation into three main product components and four stages, 
see Figure 3.  

The machining stage is different for each component and involves processes such as cutting, milling, and 
welding. This stage is initiated by a manual in-house order for material to be cut, and orders are primarily organized 
in batches. Once the components are machined, they are all washed to undergo a heat treatment process. There are 
three different heat treatment processes, but they are all performed with two furnaces. While all components are 
treated in the same furnaces, they require different heat treatment processes, which means different variants are in 
one furnace at a time. 

Once the components have been cooled off they are sent to the next stage; some of them are polished, before 
being placed in an internal storage. In the assembly stage, processes are separated by variant size and model. Finally, 
the assembly ends with a test of the products before shipment. 

3.1. Room for improvement 

The company aim to reduce their delivery times by at least 1/3 for their most common products. Some areas 
where possible improvements can be made to reduce production time are thus identified.  

Presently, the highly manual production planning poses significant challenges for the responsible engineers. 
Batch production for a highly varied assortment of products requires the engineers to estimate the most optimal 
batch size for each product, which all have different quantitative demand that can vary by seasons. Overestimating 
the demand leads to components being machined and stored in the facility. For a company with expanding 
production, floor space is a precious resource and it must be compensated through the construction of new facility 
space. If enough material piles up it may increase safety risks, as walkways intended for both foot and forklift traffic 
get cramped. If components are stored too long they might gather dust, which could cause defects if they’re not 
cleaned properly before welding or heat treatment; a risk for increased quality defect costs. Underestimating the 
demand lead to higher frequencies of batches that also increases machine time, due to increased setup time.  

Since many product variants are dependent on the same raw material, the production planning engineer also must 
consider material use, with the risk of material shortages. It is not feasible that engineers keep track of all the factor 
that may result in inefficiencies of the product flow.  

Figure 3. Simplified production flow for studied production line. 
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In the ideal flow the finished components should converge at assembly at the same time and be ready to be 
assembled. However, low product traceability and unpredictable factors in the system makes this impossible. In a 
manual production planning system, it is not feasible that engineers plan orders with all these parameters in mind 
without aid of digital knowledge-based systems. 

The current production system has an in-built bottleneck, which is manifested in the heat treatment furnaces. All 
components must be heat treated once, and the process time is ~12-15h for each furnace. There are two furnaces and 
they are used intermittently; one is unpacked and repacked while the other is used. This process has considerable 
risk of restricting flow and causing delays. To make sure orders are due for their delivery times engineers has to 
manually keep track of and prioritize specific orders going into the furnace. Missed delivery times result in the 
increased risk of customer loss and economical losses for the company in the long run. 

While the possibility of expanding the process with additional furnaces is present, this is an expensive measure 
that also solidifies the current work praxis. There is room for improving the current praxis and increasing the 
efficiency of the furnace process. Currently goods are packed and unpacked manually by hand, and operators use 
subjective judgements and/or tacit knowledge for how objects are packed. With the risk of goods falling over and 
causing a domino effect, goods are packed carefully, and a low packing density is not uncommon. Since the heat 
treatment operation theoretically does not require any spacing between the goods, the volume use efficiency of the 
furnaces is low. More goods packed into the furnace may increase the heat up time for the process, but a gain in 
overall efficiency is expected if packing density is increased.  

The operator must mark the placement of the goods, usually placed in groups, to maintain traceability, which 
opens the risk of error from the operators. The fact that operators carry out significant pick-and-place operations by 
hand, moving tonnes worth of goods every day, is also a health risk. Repetitive lifting in different elevations can 
cause severe ergonomic issues for the operators. A method that not only improves packing efficiency, but removes 
the human element in the packing sequence, is thus an added benefit. 

4. Proposed Solutions & implementations 

Based on theoretical review and industrial needs three methods of implementation using design automation (DA) 
are suggested; system, process, and tool oriented. These are presented in this chapter, with extra focus on process-
oriented design automation.  

4.1. Tool-oriented design automation 

A tool-oriented implementation follows the standard use of DA, parameterized and rule-based CAD-models. For 
a company with many product variants that share most of the production processes, such CAD-models would be 
beneficial by reducing the number of CAD-files and reduce modelling time for new variants. The model variables 
are stored in a spreadsheet file, or similar, and are instantiated through a script. Creating new variants is then just a 
matter of adding an entry in the spreadsheet and running the script. This can then be applied to machining processes 
in the production, where the machine can use the DA model as a reference and do its function with little or no 
manual input in advance. The machine reads the product name, runs the script for that product, and reads the model 
geometry and information necessary for its task.  

4.2. System-oriented design automation 

The system can be improved by letting the entire production flow scheduling be automated. With implementation 
of Industry 4.0, the entire production system can be digitalized, from customer order to shipment, and product 
traceability present at every process [1]. The data collected can thus give real time updates on the product flow and 
identify process delays and activities. In combination with a company knowledge base and an enterprise resource 
planning system, all the production flow scheduling would be able to be done automatically with a DA algorithm. 
E.g. coupled with a cloud-based system, that is able to communicate with all the production processes and handle 
customer demands [16], DA can optimize the production planning using up-to-date information of the entire system,  
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see Figure 4. In this case, this could be exemplified by a DA algorithm that plan the packaging order of the furnaces 
early in the production flow, by considering any factors of choice, from material availability to possible process use 
after heat treatment. All of this, so the batches correspond to the shipment plan while reducing set-up time. 

4.3. Process-oriented design automation 

To alleviate some of the bottle-neck nature of the heat treatment process, a method for increasing volume usage 
of the furnaces is proposed. Given that the products awaiting to be processed is known, the properties (dimensions, 
weight, etc) of the goods are also known. With this data and the capabilities of the furnace, a DA algorithm can be 
developed to optimize the packing density. A simulated 3D environment could be used to model the packing 
solution, which helps engineers to evaluate the solution visually in advance and allows for advanced implementation 
interfaces.  

The placement of all goods is stored by the algorithm and allows for an interface that converts the digital solution 
into a real-world implementation. What this implementation involves can be independently resolved, but the 
potential for automated placement is high. With today’s robot technologies, the work environment can be scanned 
and simulated in real time, and the only parameters necessary for pick-and-place operations is the start and end 
position of the work piece. Integrating the simulated 3D environment of the packing solution with this process is 
useful, as the robot movements can be simulated in advance, and thus speed up the process. 

The simulated 3D solution could also be used without automation, where operators are given visual aid to 
implement the packing solution. An example would be to use Virtual Reality to virtually highlight where currently 
handled goods should be placed, and feed necessary information the operator.  

If the rack, on which the goods is placed, is modular, the DA algorithm would be able to design the rack as well, 
deciding the position of the different shelves and compensate for the different dimensions of the components. The 
potential robot would also be able to use the rack configuration output from the DA algorithm to build the modular 
rack bottom-up after each shelf has been filled.  

5. Results 

By implementing the solutions there is theoretically a possibility for improvements to the flow of the production, 
and increased efficiency of manufacturing processes. Ultimately, a reduction of lead times should be expected. 

Tool-based DA, in the form of rule-based CAD-models, will reduce product modelling time for new products. It 
also has the potential of automatically tuning machines given a product name, without pre-defined programs for 
each product variant. This will reduce or remove setup times that are a large factor within highly varied production 

Figure 4. A cloud-based production system with integrated DA 
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flows. The argument of adopting this approach must be weighed with consideration of initial implementation costs 
and long-term benefits. For companies with production of many product variants with shared production processes, 
the tool-based DA approach is recommended. 

The implementation of digitalized production systems, as outlined by Industry 4.0, give companies greater 
product traceability and control in their production, and the demand for it to compete on the global market is 
increasing. The possibility of integration of DA with this system has not been stressed, however. Adopting such an 
integration would allow automatic production planning that improves production flow and saves engineer hours. 

6. Discussion 

6.1. Choice of KBE methodology 

Deciding to develop and implement KBE technology should always be done with great care, and a risk analysis 
should first be undertaken to ensure that the required investments and expected benefits justify the implementation. 
The applicability of KBE/DA must also be considered; the tasks to be automated must be repetitive, and the 
associated knowledge clearly defined. Selecting the KBE methodology to be used when choosing to pursue DA is 
important. It sets the terms for how the knowledge is structured, and whether the captured knowledge is re-usable. 
The re-usability is key to ensure that knowledge is not lost when there are few domain experts in the company.  

With the strengths and weaknesses of the KBE methodologies in consideration the knowledge engineer may 
choose different methodology depending on the problem. From findings it appears that the KOMPRESSA 
methodology is most suited for the system-oriented design automation, due to the focus on risk analysis and 
management, as well as the low expectation of IT expertise from its user. MOKA is the most common methodology 
and is suited for tool-oriented design automation, which is the typical use of KBE. However, extra focus must be 
added to the CAx system used to ensure the compatibility and longevity with manufacturing systems.  

Once a production process has been identified as an area that can be improved with design automation, the 
methodology used is dependent on the engineer’s decision of how to solve the inefficiency, MOKA is generally the 
preferred methodology, due to it being product-oriented. In this case the method of carrying out the task in the 
production process can be considered the product. If some integration with MDO is attempted, consideration toward 
the DEE methodology may be warranted.  

6.2. Research limitations 

This research should be considered with its limitations. Only single cases within a company with specific 
problems and needs has been studied, thus conclusions will be influenced by this. The proposed solutions risk 
having low generality and may thus not be applicable to other companies. With the coming of Industry 4.0, the 
existing system is likely to change, and the problems and needs present today may differ in the future. Assumptions 
of how the new digitalization process will be implemented may also differ due to different visions among those 
within the company. Proposed solutions should be taken in this context, as the risk of sub-optimization could lead to 
lower benefits than anticipated. There has also been heavy focus on digitalization, and when dealing with companies 
with a lot of manual practices, the proposed solutions may be impractical to implement.  

6.3. Future work 

Research of KBE is lacking in one regard; there’s a lack of qualitative measurements on the effects of KBE 
implementation. This paper has not substantiated this, and trusts the assumptions made in existing research within 
the field. Work to implement the proposed solutions and qualitatively measure the improvements would thus go far 
in proving whether KBE technology has a future in the manufacturing sector.  

System-oriented DA as outlined in this paper depends on the existence of a fully digitalized production system, 
currently not present in the studied company. First attempts should be made to implement either the process- or tool-
oriented DA solutions and use the quantitative measurements from these to argue for whether DA is beneficial. 
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7. Conclusions  

The implementation of KBE technologies in SMEs provide potential of helping these improve the efficiency of 
their manufacturing and aid engineers in repetitive and time-consuming tasks. Implementing KBE technology 
require resource investments costly to SMEs, and convincing arguments for their benefit must be made. Qualitative 
measurements on the benefits of KBE technology is currently lacking, and future work must see to this. 

In this case-study it was found that DA can be used to optimize repeatable and variable tasks, such as volume 
efficient packing of mixed product types. In conjunction with digitalized production systems, design automation can 
be used to manage production flow and planning. Parameterized and DA product models will reduce future product 
development times, and allow integration with production processes, to reduce manual inputs and setup times. 
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