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Abstract 

The era of mass production has introduced products with shorter lifecycles which has 

reduced the utilisation of the production systems. The reuse of production systems can 

exploit its remaining useful life while positively impacting the environmental, social and 

economic welfares. The environmental, social and commercial impact of a production 

system can be forecasted during its design phase. Therefore, it is important for the design 

phase to consider certain additional features that can facilitate the long-term system 

sustainability. In this direction, the vision of this work is to incorporate reliability-based 

reuse policies for generating production system designs. Literatures highlight that the 

lack of systematic and strategic life cycle planning has been the major obstacle for the 

reuse of production systems. Furthermore, the historic operational and maintenance 

information of the used productions systems are not being organised and stored 

appropriately for reuse considerations. Data-driven approaches are becoming more 

realistic with historic operational information of the production systems becoming more 

accessible with the advent of new paradigms such as; ‘Industry 4.0’ (I 4.0) and ‘Industrial 

Internet of Things’ (IIoT). Therefore, the advancements in I 4.0 and IIoT can be used for 

predicting the remaining useful life of the production equipment. This predicted 

information can be used during the decision-making process for generating new 

production system designs/ configurations and reconfigurations. 

This work was motivated by the current need for a holistic assembly system design 

methodology that encourages the reuse of second-hand assembly equipment while 

designing new production lines. The primary agenda behind this motivation is to exploit 

the remaining useful life of the second-hand equipment by extending their life over 

several production life cycles. It is difficult to achieve this mainly because of the lack of 

methods that considers the impact of maintenance actions and the corresponding costs 

estimated as the result of reliability planning for the production system. The current 

design approaches are mainly focusing on the investment costs and some average 

operating costs without considering the reliability degradation of individual equipment 

modules that are included in the design problem. 

Towards this end, this work proposes a new methodology with a comprehensive 

model to support the adaptive configuration and reconfiguration of assembly systems. 
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The proposed model has two novel aspects and has been developed in two stages. The 

first stage is focused on defining a formal mathematical model for the configuration of 

Reusable Modular Assembly Systems (RMAS). The linear mathematical model is built 

to generate RMAS design solutions based on a set of assembly product requirements. 

The novelty of this model lies in the use of skill-based concepts for the definition of 

constraints, which makes this model more generic and extendible for design of both 

simple and complex RMAS solutions. Furthermore, the constraints are classified into 

appropriate categories to stress the focus on the various aspects of designing RMAS.  

The second stage is focused on defining a mathematical model to estimate the optimal 

maintenance strategy for production equipment based on its reliability degradation over 

time. The novelty of this model lies in the method used for the definition of constraints 

that simultaneously focuses on the selection of maintenance actions and the 

corresponding reliability improvements based on the rate of reliability degradation of the 

assembly equipment. The predicted maintenance actions and the corresponding costs can 

help the model defined in the first stage to compare them against the cost of other 

modules to build the optimal RMAS design. The comparison of maintenance actions and 

its corresponding costs between the new and used assembly equipment has a significant 

impact on the design of RMAS. Furthermore, the proposed model has also been used to 

calculate the optimal (least expensive) maintenance schedules for the RMAS design 

solutions generated in the first stage. 

‘AutomationML’ (AML) a neutral data format based on XML has been proposed for 

the storage and exchange of information throughout the design process. The use of AML 

has been proposed as a framework for the definition of assembly Product, Process and 

Equipment or Resource (PPR) domains. The novelty of this framework lies in the 

addition of new skill-based libraries that are defined within the AML context to facilitate 

the description of the PPR domains. All the current and previously defined skill-based 

libraries within AML do not provide enough details on how these concepts can be useful 

for the process of designing RMAS. 

The models proposed in this methodology has been tested with an industrial use case 

to verify its applicability and appropriateness. Moreover, the proposed models serve as 

the foundation for the prototype environment developed within the ReBORN project to 

enable the collaborative design of RMAS. 
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1.1 Introduction 

The vision behind this work is inspired by the need towards the commercial and 

ecological benefits of reusing modular assembly equipment/module and systems in new 

production lines [1]. To understand the requirements and challenges of this work, it is 

necessary to analyse the current state-of-the-art methods and techniques that are already 

being used for the design assembly systems. Generally, the design process is based on 

the knowledge associated with the assembly equipment’s properties, capabilities, 

constraints, operation and maintenance. The work presented in this thesis intends to 

provide an appropriate information structure and method that supports the decision-

making process while designing assembly systems 

Figure 1.1 provides a simplified overview of the vision of this work to achieve closed 

loop circular economy in the manufacturing domain highlighting the various phases of 

the assembly system life cycle. This work is mainly associated with the configuration 

and reconfiguration (design) phase of the assembly system as shown in Figure 1.1. 

Traditionally this design process is a time consuming and iterative business, due to its 

complexities in involving multiple objectives such as: tooling, material handling, line 

efficiency, cost, reliability, layout, etc. [2]. In the mechanical engineering domain, a 

product or a component’s design will be evaluated under several factors such as: quality, 

reliability, assembly, maintenance, etc. 

Generally, the design process is driven by a set of requirements, which briefly 

describes the capabilities, performance, quality, reliability, etc. of the expected system. 

In some sense, it can be said that the requirements are the translation of the assembly 

process steps that are required to complete a product, sub-product or part assembly. These 

can also be referred to the expected capabilities of the system, which needs to be matched 

with the capabilities of individual or aggregated equipment modules that collectively 

establishes the requirements of the expected assembly system. The aim of this work is to 

develop an appropriate design methodology that is focused on the reuse of Modular 

Assembly Systems (MAS). Also, to ensure reusability it will be necessary to focus on 

the life-long data gathering and the variation of equipment’s useful life based on its 

maintenance activities. This information should again be used for selecting appropriate 

new or used equipment modules for generating assembly system designs that meet up 

with the client’s requirements.
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1.2 The Modern Era of Manufacturing 

Ever since the beginning of the ‘First Industrial Revolution’, manufacturing has 

played a vital role in bringing industrial and societal transformation. Today, we are 

witnessing another industrial revolution, where the new generation of sophisticated 

technologies are transforming the manufacturing industries to stay connected and 

intelligent. The modern manufacturing equipment is outfitted with smart sensors to 

gather comprehensive and real-time data. The constant growth of computational 

intelligence promises higher production efficiency without compromising the product 

quality. The introduction of blockchain concept that is well known amongst the crypto 

currencies, is yet another promising digital ledger technology for recording transactions. 

The records are stored and distributed across all the nodes in the network which makes it 

very hard to fake or alter any transaction. This makes the blockchain application as one 

of the most secured and transparent method for sharing information across enterprise 

wide devices and applications. Furthermore, the impending 5G technology will eliminate 

all the inconveniences in processing larger volumes of data from anywhere in the globe. 

However, the transformation towards intelligent manufacturing does not mean to 

dispose all the legacy systems but to effectively integrate them with the upgraded 

systems. The transformation of legacy systems into smart systems begins with the 

introduction of features that can collect data from the legacy systems. Towards this end, 

the manufacturers are continuously retrofitting their existing equipment with smart 

sensors to collect comprehensive data. This trend has increased the market demand for 

sensors and controllers and is projected to cross $6.1 billion by 2020 from $5.1 billion in 

2016 [3]. Also, the increased availability of sensors has reduced their cost by 200% 

between 2004 and 2018 and made intelligent manufacturing more affordable for all sizes 

of manufacturers [4]. 

Meanwhile, consumers and governments are forcing the manufacturing industries to 

be accountable for the environmental impact of their product, process or services. A 

recent study revealed that about three-quarters of the Millennials and Gen Z are ready to 

pay a premium for sustainable products and services [5]. Also, green business practices 

are moving away from moral ideas into real economic drivers, and the manufacturers are 

adopting concrete steps to become environmentally responsible. In this direction, 

manufacturers are continuously trying to reduce their resource inputs, wastes, emissions, 

and energy consumption. Additionally, to improve recyclability and take advantage of 
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the cost benefits, manufacturers have decided to exploit the remaining useful life of used 

manufacturing equipment by reusing them for several production life cycles. 

In today’s globalized and interconnected market, designing a manufacturing system 

is a complex optimisation task of balancing their performance in terms of time, cost, 

quality and flexibility. Also, the design process is a knowledge intensive activity that is 

heavily dependent on the experience of the process engineers, manufacturing equipment 

suppliers, and system integrators. Previous studies also reveal that 70-80 percent of the 

total cost of the system can be predicted by the end of the design phase [6]. Similarly, 

it’s been mentioned in the literature that the environmental, social and commercial impact 

of the manufacturing system can also be foreseen during its design phase [7]. Therefore, 

it is important for the design phase to include additional features that enable long-term 

system sustainability. 

Modularity as a design feature allows `standardized diversity', which enables the 

design engineers to check the feasibility of various combinations of standard components 

[8]. Modular design is also viewed as a key feature to resist obsolescence, shorten 

redesign, enable new designs to be realized with existing modules, reduce costs, and ease 

maintenance [9]. However, in the modern era of manufacturing there is a growing 

expectation of the manufacturing equipment and automation units to be immediately 

functional by simply plugging them into the system. The practical extension of the ‘plug-

and-play’ concept in the computer world has been analogically applied to industrial 

automation as ‘plug-and-produce’[10]. The combination of modularity and ‘plug-and-

produce’ has paved the way for other concepts such as; Reconfigurable Manufacturing 

Systems (RMS), Cyber Physical Systems (CPS), Digital Twins, etc. 

The application of these concepts in the manufacturing domain has been reported in 

several research projects such as; SCOPES [11], CISAL [12], E-RACE [13], EUPASS 

[14], IDEAS [15], ReBorn [16] and openMOS [17]. The advancements in modular plug-

and-produce systems, big data, and the revolution in Industrial Internet of Things (IIoT) 

have opened the doors for a new breed of intelligent manufacturing systems. Data-driven 

approaches are becoming more realistic with the equipment operational information 

being more accessible than ever before. The industries are heavily investing in 

digitalization and data acquisition systems for achieving a greater visibility of their 

asset’s operational performance. Despite this new trend, there is still a need for a 



Chapter 1: Introduction 

5 

 

methodology that makes use of the equipment operational information for designing new 

production lines.  

Under this landscape, this work aims to provide a design methodology that maximises 

the possibility of reusing second-hand assembly equipment while designing new 

assembly lines. The fundamental idea is to use the assembly equipment’s life cycle 

information to shortlist equipment modules participating in the configuration solution. 

This widens the scope to build effective models that are focused on proving configuration 

solutions that can not only fulfil the assembly product requirements but are also reliable 

to operate.  

1.3 Motivation 

This research work is inspired by the vision of the European research project – 

‘ReBORN’ (innovative REuse of modular knowledge-Based devices and technologies 

for Old, Renewed and New factories) [16]. The vision of ReBORN is to demonstrate 

strategies and technologies that can support the development of a new paradigm for the 

re-use of production equipment in old, renewed and new factories. The aim is to increase 

the reuse potential of the second-hand equipment, and reduce the time and effort spent in 

designing and redesigning manufacturing systems. This could also benefit the other 

phases of production lifecycle by shortening the ramp-up times and increase production 

efficiency and flexibility. The ultimate aim is to give new life to the decommissioned 

production systems and equipment by making it possible for them to be ‘reborn’ in new 

production lines. 

The idea is to extend the production equipment’s useful life, while contributing to 

economic and environmental sustainability without jeopardizing the European 

machinery industry. This means that the production equipment can be used in several 

different production facilities with periodic service and upgrades. To accommodate such 

a business model the European machinery industry will shift from an equipment-based 

business to a value-added business. Towards this end, equipment servicing, and 

equipment knowledge will become the new and main business drivers. 

As a demonstration-oriented project, ReBORN aims at delivering prototypes that can 

meet all the demands of dynamic industrial scenarios. Moreover, in the light of ever-

increasing demand for knowledge-based economy, ReBORN’s approach will focus on 

managing equipment information in terms of their capabilities, use, wear, maintenance, 
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upgrades and refurbishments over its lifetime. By doing so the target is to achieve 100% 

reuse of production equipment by the accumulation of manufacturing knowledge for a 

360° factory equipment lifecycle as shown in the Figure 1.2. The methodology adopted 

to achieve this goal is based on three key concepts as follows; 

• Self-descriptive, modular and plug-and-produce capable equipment modules 

• Innovative factory layout design techniques for adaptive reconfiguration 

• Flexible and low-cost mechanical systems for easy assembly and disassembly 

ReBORN has successfully demonstrated technologies and strategies towards 

intelligent repair, upgrade, and re-use of modular plug-and-produce equipment. 

Additionally, a step by step procedure for the design and redesign production lines for 

various shop floor and factory layouts has also been demonstrated. In total more than 15 

demonstrators and prototypes have been reported. The industrial readiness of these 

results has been demonstrated live at the ReBORN booth at the Automatica 2016 fair 

from 21st to 24th June 2016 in Munich, Germany [18]. 

1.4 Research Scope 

The scope of this research work is designed to address some of the inherent problems 

within the assembly domain while staying inline with the state-of-the-art trends around 

the concepts such as Industry 4.0 (I 4.0) and Cyber physical Systems (CPS). In this 

context, the aim is to develop a design methodology that considers the reuse of modular 

 

Figure 1.2: ReBORN Projects Vision to Achieve 360 Equipment Lifecycle 
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plug-and-produce capable assembly equipment. The idea is to make use of the existing 

skill-based concepts to shortlist equipment modules that can effectively fulfil a set of 

product requirements. The scope is then extended to support the selection of equipment 

modules based on their lifecycle information. This can help to shortlist the equipment 

modules that can not only fulfil the assembly product requirements but are also reliable 

and less expensive to operate and maintain. Finally, the scope of this work is also focused 

on the standardisation of the various information exchanged across the several stages of 

the design process. 

The design process is usually time consuming and iterative, as the complexities 

include multiple objectives related to tooling, material handling, line efficiency, cost, 

reliability, layout, etc [2]. These are often mathematically referred as the NP-hard 

problems, since there can be several design alternatives. In the mechanical engineering 

domain, the product or a component’s design will be evaluated under several factors such 

as: quality, reliability, assembly, maintenance, etc. Then, a weighted approximation 

method is used to choose a solution from a pool of valid solutions. This makes the design 

problem to be very subjective depending on the variability of the requirements of the 

desired system. Therefore, the scope of this work should also be focused on the selection 

of a suitable computational technique that guarantees scalable solutions within a 

reasonable amount of time. 

The design process is driven by a set of requirements, which briefly describes the 

capabilities, performance, quality, reliability, etc. of the expected system. In some sense, 

it can be said that the requirements are the translation of the assembly process steps that 

are required to complete a product, sub-product or part assembly. These can also be 

referred to the expected capabilities of the system, which needs to be matched with the 

capabilities of individual or aggregated equipment modules that collectively establish the 

expected assembly system. In the context of semi-automatic assembly lines, the human’s 

capabilities should also be listed as skills, and matched against the product requirements. 

This brings together the three closely coupled domains such as: the ‘Product’ that needs 

to be assembled, the ‘Process’ that is required to complete the assembly operations and 

the ‘Resource’, the physical equipment or the human who executes the assembly 

processes. The relationship between these three domains is commonly referred as the 

PPR concept [19]. 



Chapter 1: Introduction 

8 

 

The works aim to consider a library of equipment modules that includes both new and 

used equipment while designing new assembly lines. However, to guarantee a profitable 

reuse of second-hand equipment, it is necessary to make sure that the remaining life span 

of those modules is high enough to serve a predetermined reuse period. Therefore, it is 

useful to include a method to forecast the reliability degradation of the equipment 

modules that are included in the configuration solution. The same method can also be 

used to predict the number of maintenance actions and the associated costs to satisfy 

certain operational standards. This information can provide immense support for 

decision-making while solving configuration problems. In the current globalised trend, 

the process of designing assembly systems involves several actors of various engineering 

disciplines. Often, the actors are also geographically distributed around the globe and 

require a significant amount of information exchange throughout the design phase. 

Therefore, it is certainly an advantage to make use of an existing data standard for 

organising all the relevant information required for the design of assembly systems. 

In summary, the ultimate aim of this work is to provide a sustainable approach for the 

design of modular plug-and-produce assembly systems by confirming better resource 

utilization. This approach aims to enhance the predefined domain knowledge models to 

facilitate the design process. The new developments will be focused on reducing the 

design time, while improving the quality and the performance of the solution. 

Additionally, the standardisation of information representation and exchange across the 

various stages of the design process is expected to benefit the stake holders and speed up 

the entire process. 

1.5 Approach and Structure of the Thesis 

The research work was motivated by the European project ReBorn which targets the 

development of a new paradigm for the reuse of production equipment in old, renewed 

and new factories. The industrial inputs from the partnering associations are a vital source 

of information in understanding the current state-of-the-art and research challenges. This 

is mainly through the opportunities to participate in industrial demonstrations, experts’ 

feedback, guidance, and concept validation. 

An interdisciplinary literature review has been made on the relevant topics which are 

summarized in Chapter 2 of this report. The literature review covers the various methods 

and techniques that are used in the context of design for reuse of manufacturing systems, 
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and assembly systems. Based on this current state-of-the-art literature review the 

knowledge gaps have been identified and described. 

The details description of the research methodology and approach for this research 

work is presented in Chapter 3. The research challenges are highlighted in the form of 

research questions which marked the outset of the problem definition as well as the 

research hypotheses. 

Chapter 4 reports on the development of a new formal skill-based mathematical 

model for the design of RMAS. This chapter provides a detailed description on the 

definition of objective function, decision variables and constraints that are included in 

the design problem. The knowledge contained in this chapter enables the generation of 

assembly system configuration solutions. 

Chapter 5 reports on the development of the mathematical model that is used to 

support the model highlighted in Chapter 4 with significant information that are related 

to equipment reliability and maintenance. This chapter provides a detailed description on 

the definition of objective function, decision variables and constraints that are used to 

calculate the least maintenance cost for an individual equipment module or for the entire 

assembly system. 

Chapter 6 reports on the development of a new framework to support the information 

representation and exchange across the various stages of the design process. This chapter 

build on the existing skill-based concepts and focuses on redefining them under IEC 

62714, which is XML schema-based data standard. The definition of these concepts are 

carefully structured to promise interoperability and seamless data exchange between the 

various actors involved in the design process. 

Chapter 7 provides the illustration and verification scenarios for the key knowledge 

contributions proposed in this work. The combined applicability and appropriateness of 

contributions are illustrated and verified with the help of an industrial use case. The 

implementation of the proposed contributions in the prototype environment developed 

within the ReBORN Project [16] has also been reported. 

Finally, Chapter 8 provides an overview of the key knowledge contributions of this 

work while highlighting the possible directions for future enhancements of this work. 

Also, this chapter presents the final concluding remarks for this work. 
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2 Literature Review 

 

 

 

Figure 2.1: Overview of the Relationships between Product, Process and Resource of the Assembly 

Domain [20] 
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2.1 Introduction 

Assembly is defined as the process of “putting together of components to make a 

product” [21]. The objective of modern assembly is primarily focused on delivering 

high-quality products at reduced cost. To do so, it is important to understand the inter-

relationships and dependencies between the three elements, namely the product that is to 

be assembled, the processes that are required to assemble the product and the actual 

system that is used to execute the assembly process. Figure 2.1 provides an overview of 

Rampersad’s [20] integral assembly model that establishes the relationship between the 

above mentioned three aspects. Throughout this work, the relationship between these 

three aspects will be stressed at various levels. 

This chapter will present the state-of-the-art review on the topics that will serve as the 

foundation for this work. This review will be broken down focusing on three main 

aspects. The first aspect is focused on the various definitions of modularity that exists 

within the product, process and systems domains. The second aspect is focused on the 

various methods and techniques that are being used for used for the design of assembly 

systems. The last aspect is focused on the information representation methods and 

standards that can enhance the data exchange between the various actors involved in the 

design process. 

Current methods for designing assembly systems are mostly focused on line balancing 

and resource planning problems. This research work aims to encourage the reuse of 

assembly equipment by verifying that the remaining useful life of the selected equipment 

are sufficient to fulfil the expected standards of new production systems. It is also 

estimated that 70-80% of the lifecycle cost of the system can be predicted by the end of 

the design phase [22][23]. Traditionally, system design targets minimising cost while 

maximising productivity. To achieve a sustainable system design, one needs to enhance 

the traditional approach with the definition of specific standards, metrics, and respective 

assessment methods. Therefore, it is important for the design phase to include additional 

reliability-based features that can enable long term system sustainability. 

However, the challenge was on the usefulness of the accumulated equipment lifecycle 

information for predicting the remaining useful life and the reliability of those equipment. 

Therefore, a cost-based evaluation of evaluation of system designs combined with the 

use of skill-based concepts can be an added advantage for designing RMAS. 
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2.1.1 Assembly System Paradigms 

The Flexible Manufacturing Systems (FMS) concept has been one of the well-

investigated research topics in the field of manufacturing since the 1980s. The idea of 

FMS is to handle the change in product variations by increasing the flexibility of the 

system by increasing its capabilities (Just in Case) [24]. However, FMS cannot be 

considered as a cost-effective solution since often too much flexibility was built into the 

system and the manufacturing enterprises did not prefer to pay for the additional 

flexibility which is not required. Therefore, it is essential for the manufacturing 

enterprises to introduce a system that is scalable according to the capacity and 

functionality requirements with respect to the market changes [25]. The concept of 

Reconfigurable Manufacturing Systems (RMS) was introduced in the 1990s to overcome 

the limitations of FMS and economically respond to fluctuations in production 

requirements [26]. 

RMS is designed in such a way that it can rapidly modify its hardware and software 

modules, to adjust its production capacity and functionality. Although the definition of 

RMS can be narrated in various styles, it is still considered as an intermediate paradigm 

between Dedicated Manufacturing Lines (DML) and FMS [27]. The concept of RMS is 

also like the concept of ‘modular manufacturing’, ‘component-based manufacturing 

systems’ ‘modular product system’, and ‘modular flexible manufacturing’. 

However, there is no doubt that RMS has been introduced to address the fluctuations 

and uncertainties in the manufacturing environment. Reconfigurability of a system can 

vary in terms of the organizational hierarchy. Reconfigurability at lower levels is referred 

to the change in hardware resources, and reconfigurability at the higher levels is referred 

to the change in software resources [28]. Other concepts such as “Plug and Produce” of 

hardware and software components, together with the concept of “Equipment 

Modularity” can ease the reconfigurability of a production facility [29]. By increasing 

the ability to reconfigure the production facilities, the manufacturing enterprises can 

easily increase their responsiveness to the market demands. Also, reconfigurability refers 

to the ability to extend the manufacturing system’s lifecycle by facilitating the 

rearrangement and reuse of the equipment modules. A great deal of research has already 

been done on the methods and techniques to achieve reconfigurability, but still there 
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exists a significant knowledge gap in considering reconfigurability in the design process 

of a production system. 

The concept of Evolvable Assembly Systems (EAS) was introduced in 2002 and it is 

commonly misunderstood just as another interpretation of RAS. Theoretically, the 

differences are many; the main idea of EAS is that, when several small entities of an 

assembly system were combined, the result of that coalition will be a list of new and 

never thought-of capabilities [30]. It is highly essential to study the principles of 

‘emergence’ since the coalition capabilities may also be viewed as value-added 

functionalities (skills) offered by each of the equipment modules. The most significant 

advantage of EAS is that it can generate any desired skill or complex skills through the 

continuous interaction of modules [31]. In real-time there are still a lot of emergent events 

for which the system cannot provide a feasible solution and it cannot be reckoned to be 

evolvable [32]. 

Product-centric service systems have been widely supported by embedded systems, 

and ontologies have been used for semantic web solutions for enhancing the 

interoperability of systems. On the other hand, the transformation of ideas across domains 

is also very evident such as; grid computing to grid manufacturing, and cloud computing 

to cloud-based services in manufacturing [33]. This process of linking results in value-

added production and high-quality customer services, which in turn increases the product 

demand. It can also be observed that the revolution in CS and ICT has boosted the 

developments in Supply Chain Management (SCM), Extended Enterprise (EE), 

Enterprise Collaboration (EC), and Enterprise Integration (EI) [34]. 

The concept of Cyber-Physical Systems (CPS) is extracted from the recent 

advancements in Computer Science (CS), and Information and Communication 

Technology (ICT) [33]. CPS includes closely connected computational entities and 

communication networks for rapidly responding to the changes in its physical 

environment. One of the most significant advantages of CPS is that the data accessing, 

and data processing services are based on the information available on the ‘Cloud’. As 

per the federal ministry of education and research in Germany, the Industry is on its 

threshold for fourth industrial revolution, which is driven by the fact that internet and 

virtual worlds are growing closer to reality to form the ‘Internet of Things’ (IoT) [35]. 
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2.2 Modularity 

In the manufacturing domain, modularisation of product, process, and systems is one 

of the key strategies to address its various inherent complexities, rapidly changing 

requirements, and the continuous integration of technological advancements [34]. The 

principle idea behind modularity is to break the overall function into a distinct set of 

lower-level functions, which can then be put together in various ways to produce the 

original overall function [34]. 

2.2.1 Overview of Modular Design 

Traditional methods for designing manufacturing systems are known to be less 

considerate towards their environmental impact on resource utilisation and recycling. 

The introduction of modular design methods made use of the existing traditional design 

functions while adding a few new attributes to make the systems more scalable, flexible, 

diagnosable, and reusable. These attributes are referred to ‘Modular Driving Forces’ 

(MDFs), which are linked to the various functionalities of the manufacturing equipment 

in a matrix format. This comprehensive relational matrix can be further extended to 

combine various desired functionalities for modular optimization [36]. Hubka and Eder 

[37] define modular designing as an activity of combining the desired functions and 

elements into suitable groups which can then be used to generate variants of technical 

systems. The modular design includes product variants that are built from a set of 

common base parts and components and a few unique parts or components for the 

definition of each variant. Modularity helps to reduce the number of parts required to 

 

Figure 2.2: Overview of Modular Product with two types of Parts [38] 
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assemble a product family while offering enough varieties by combining different parts 

[38]. Figure 2.2 shows the combinations of various parts result in the formation of 

product variants or a product family [39]. The primary motivation towards 

modularisation is to achieve a rapidly responding system for changing market 

requirements. 

Figure 2.3 illustrates that the number of feasible product variants can increase 

significantly when more part instances are introduced. The maximum number of possible 

product variants can be expressed as [9]: 

𝑁𝑇 =∏𝐿𝑚

𝑀

𝑚=1

 

where NT represents the possible number of product variants, while the dotted lines 

specify the alternative choices, and solid lines indicate the mandatory combination of 

parts. Selecting equipment modules from a large pool of alternatives to meet the end-

users’ expectations can be a challenging task for design engineers. However, the benefits 

of a modular design can be realised in terms of reduced complexity, reduced costs, 

efficient upgrades, and rapid prototyping [40]. Also, modular product design offers 

clearly defined functional relationships between their components to ensure their quality. 

This can also be counter-argued that quality can only be assured if the selected parts are 

previously used or significantly upgraded [41]. Chakravarty and Balakrishnan [42], 

defines that the quality of the design is set high only when the performance of the product 

is not compromised for manufacturing cost. Worren et al. [43] argues that the modular 

 

Figure 2.3: Overview of Modular Parts and their Possible Number of Product Variants [39] 
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design can reduce the design and development costs by making some improvements on 

the existing components and production lines. However, it is commonly accepted that 

the modular design has increased the competitive capabilities of the product to deliver 

higher performance [44]. 

Modular product definitions have been widely used in aircrafts, automobiles, 

consumer electronics, household appliances, computer hardware, software, test 

instruments, and power tools [45]. Nevertheless, there are still a large number of products 

defined with a higher number of common features. In the automotive industry, the parts 

with common features are generally outsourced to European suppliers while the Japanese 

industries are focused on the modularisation of the production facility. This has resulted 

in three different practices such as (1) modularisation of product architecture, (2) 

modularisation of production facilities, and (3) modularisation of interfirm system [46]. 

2.2.2 Product Modularity 

Definition of modular product has a significant potential to benefits the manufacturing 

firm. On the other hand, the process of defining a modular product by breaking it down 

into several smaller modules is not an easy task. The degree of granularities in the product 

modularisation definition can severely impact the benefits of the manufacturing 

enterprise. The mostly commonly known six different types of modularisation methods 

are: fractal product design, modelling product modularity, modular functional 

deployment, modular product development, design structure matrix and axiomatic design 

[47]. The process of partitioning the product into smaller modules includes several layers 

of planning to understand the capability of the production system to handle the various 

degrees of product complexity. The appropriateness of these methods relies heavily on 

the complexity of the product definition. Figure 2.4 illustrates that the higher degree of 

product modularisation and the associated complexities can have significant impact on 

the usefulness of the modularisation methods. 

Sanchez [45] shared similar views on distinguishing products using a modular 

architecture. Generally, platforms use standardised modules between various products, 

and the repeated use of the same modules minimises the variation in the components used 

which ultimately reduces the product variety. For instance, a suspension system can be 

used in various makes of cars with very limited or zero modifications. The use of similar 

modules facilitates the standardisation of manufacturing operations at the earlier stages 



Chapter 2: Literature Review 

17 

 

of the production line, and then the variations can be incorporated at the later stages of 

the production line. This type of standardisation of manufacturing operations is often 

referred as “postponement, and the point at which the first variation is introduced is 

referred as “point of differentiation”. The overall idea at that time of manufacturing is to 

maximise the use of common components at the earlier stages of the production line and 

postpone the point of differentiation [48]. 

2.2.3 Process Modularity 

The definition of modularity within the production processes is a relatively newer 

concept. The idea is to break the complex manufacturing processes into smaller 

functions. These functions can be combined in several possible ways to fulfil the 

changing product requirements [49]. E. Feitzinger and J. Lee [50] defined process 

modularity with three simple principles: (1) process standardisation, breaking a higher-

level process into several lower-level standard subprocesses; (2) process sequencing, 

ordering the standard subprocesses to create multiple higher-level processes; and (3) 

process postponement, suspending the customization of subprocesses until a suitable 

product requirement has been found. 

In many cases, the implementation of process modularity has resulted in restructuring 

the entire supply chain. R. I. Van Hoek and H. A. Weken [51] particularly studied the 

impact of process postponement on the supply chain. The postponed purchasing and 

manufacturing increased the complexity of the part suppliers to manage the inbound 

inventory flow for providing standardized modules. Postponed variation in the 

manufacturing processes pushes the final assembly to distribution centres, and sometimes 

 

Figure 2.4: Overview of Product Modularity and the Complexities Involved [47] 
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even to the customer sites. The result was a more responsive supply chain that can address 

individual customer needs without increasing the production and inventory costs. The 

presentation of a modular product helped the manufacturing enterprises to gain greater 

independence in terms of selecting their suppliers [52].  

Granularization of production processes paves the way for modular processes and 

products which can be enhanced by the advancements in the technical knowledge. 

Furthermore, lifelong experimental learnings via flexible production systems can also 

enhance the design and operational practices [53]. H. E. Tseng et al. [54] proposed a 

methodology that is used for the definition of production equipment using a connector 

concept for the physical interfaces. The connectors concept provides the basic rules for 

physical interfaces between various assembly equipment which when put together can 

demonstrate complex functions. Such flexibility to combine various equipment modules 

is considered as the key for achieving modular design. 

2.2.4 System Modularity 

Modularity is considered as an approach to define a product or system architecture, 

which can be classified into two categories as; integral and modular architectures [55] 

[56]. It has also been said that the degree of modular and integral architecture depends 

upon the level of product abstraction. Products with integral architecture have an added 

advantage that it can enable global optimization of the physical representation. The 

degree of modularity is defined depending upon the similarities between the physical and 

functional architecture. In another perspective it can also be associated with the amount 

of incidental interactions between the physical modules [55]. The degree of similarity 

between physical components and functions is determined by the number of modules that 

implement a function. Therefore, an absolute modular architecture would realise each 

function with an individual module (one-to-one relation) and on the other hand an 

absolute integral architecture would have associations with many modules and functions 

(many-to-many relation) [34]. 

Incidental interactions between modules are usually not critical to the production 

function. Therefore, an ideal modular product or system will be designed in such a way 

that it will have no incidental interactions with its modules. In comparison, the integral 

product or system will be designed to cope with any incidental interactions of the other 

modules. Therefore, it is clearly understood that modularity supports the definition of 
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relationships between functions and modules as well as the interactions between various 

modules. In the context of modularity, the interactions between modules are defined by 

the means of interfaces [57]. To establish a clear modular architecture the interfaces 

between modules of a system should be clear, stable, and decoupled. The clarity between 

interfaces can enable the use of same type of interfaces for various modules and still 

maintain compatibility. Definition of interfaces in such a fashion can allow easier 

integration of modules into the system and facilitate module testing outside their 

application environment. This requires the test system to provide stimuli through the 

module interface. 

The definitions of function module classifications are based on the function they 

realise and its significance to the system (need or necessary). Therefore, the functions 

can be classified based on their role in the context of overall function of the product or 

system [58]. This type of classification give rise to four types of functions or modules 

such as; basic, auxiliary, special and adaptive as shown in the Figure 2.5. These basic 

functions creates the fundamental building blocks for the overall function. Auxiliary 

functions are the additional or supporting functions of the basic functions. Special 

 

Figure 2.5: Overview of Modular Equipment types and their Functional Classifications [58] 
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functions are usually task specific sub-functions and may not appear in the overall 

function. Adaptive functions are required when then there is a need for the system to 

adapt to other environments under marginal conditions. 

Based on several previous research activities, modular applications can be defined in 

a higher level of taxonomical classification that is based on four main attributes as shown 

in Figure 2.6. In a modular application, the type of a component or module is classified 

based on the component ‘entities’ and their ‘level’ in the overall application domain. 

Interfaces are classified based on the component inter-dependencies (component view) 

and also through their means of physical connection (connection view) [59], [55], [56]. 

2.2.5 Modularisation for Reuse 

Product modularisation is one of the key features that can increase the possibility of 

reusing production equipment. Every subsystem of an equipment should be considered 

as a potential unit for reuse. The granularity of this unit representation can be based on 

its functionality. The level of complexity increases with the hierarchical level of the 

 

Figure 2.6: Taxonomy of Modularity Applications [59] 
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equipment in the system. Higher the level the greater is the number of modules 

underneath its composition. Towards this end, F. Kimura et al. [60] identifies that 

modularisation can be defined by using the following factors: 

• Standardization, or unity between products 

• operational independence 

• cost 

• manufacturability 

• maintainability 

These factors may create contradictory views during the decision-making process for 

modularisation. However, F. Kimura et al. [60] considers that the idea of reusing 

production equipment can add further complications. Therefore, to avoid such 

complications he lists certain characteristics for the production equipment as follows: 

• Technological upgradability 

• Functional flexibility 

• Reliable lifespan 

• Easy to diagnose 

• Easy to maintain 

These characteristics can be used to redefine modularity, which is mainly extracted 

from the practical difficulties of using the traditional concepts for modularisation. 

Furthermore, the traditional concepts are inefficient and expensive without considering 

reuse. Therefore, it is necessary to establish new modular definitions that increases the 

reuse opportunity. However, Y. Umeda et al. [61] considers that it is not easy to come 

with such new definitions as human beings are often limited to traditional thinking. 

 

Figure 2.7: Overview of Reuse-Based Modularisation Procedure [60] 
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M. Zettl [62] considers that modularisation of production equipment in the context of 

reuse, require further investigation. He formulates the problem in a way that equipment 

designers are restricted with the traditional and old designs of the products. He likes to 

provide more freedom to the designers to improve the product that has a modular 

structure. This can improve the reusability of the product while being technically 

matured, and the designers can have a strong computational support for enumerating all 

the possible modular structures. The designers can then easily rank their enumerations 

based on their reuse potential as shown in Figure 2.7. 

2.2.5.1 Functional Dependency 

In a hierarchical system, equipment compositions force the system to be functionally 

dependant on one another. Therefore, to ensure reuse without compromising the 

functionality it is necessary to compare previous design examples of equipment modules 

delivering similar target functionalities. Based on these information F. Kimura et al. [60] 

creates a graph structure. The nodes of the graph represent the modules or parts, and the 

intersection of the nodes or arcs denotes their functionalities. The complexity of this 

graphical structure is solely connected to the design requirements. During the early stages 

of the design activity, only the essential functionalities will be mapped. Similar graphs 

for numerous past equipment designs with similar functionalities can be superimposed 

for the identification of newer compositions as shown in Figure 2.8. 

2.2.5.2 Commonality 

A. Kusiak and C. Huang [63] uses the number of intersections of arcs as mentioned in 

the previous section, to define a weight. Then, he uses the sum of the weights to define a 

 

Figure 2.8: Overview of Division and Modularity [60] 
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new parameter value L. The weighted arcs are then combined to represent a new 

combination of an equipment. Different combination of equipment modules will have 

various values of L. However, the significance of this method depended on the L value, 

where larger L values implies the higher structural commonality between modules. 

2.2.5.3 Types of Modules 

K. Ulrich and K. Tung [55] uses Figure 2.8 for categorising equipment modularity 

into two different types such as: component-swapping modularity and component-

sharing modularity. Component swapping modularity implies that various swappable 

modules are related to a common functionality. Component sharing modularity implies 

that sharing modules can create a set of different functionalities. This concept of 

swapping and sharing modules can create new combinations of equipment modules that 

ultimately encourages the reuse of modules. 

2.2.5.4 Division of Modules 

Grouping equipment modules as shown in Figure 2.8 can also be used for establishing 

module pairs with component-sharing modularity. The lesser the number of modules in 

a pair that offers similar functionality can be used as a benchmark for achieving a stable 

modular structure. The repeated use of the previous mentioned step can help to reduce 

the overall complexity in a hierarchical or multi-component system. 

2.2.5.5 Lifecycle Considerations 

F. Kimura et al. [60] introduces two main factors Correspondence Ratio (CR) and 

Cluster Independence (CI) for considering reuse-based modularisation. These two factors 

are very closely related to the life cycle characteristics of the production equipment. The 

value for CR is determined based on the similarity of life cycle characteristics between 

various modules under one composition. Higher CR value indicates higher similarity. On 

the other hand, CI represents the material property, and other end of life options such as: 

reusing, recycling, upgrading, etc. CI indicates the ratio of relative strength between 

various modules. The appropriateness of modularity can be evaluated based on the 

weighted coefficients of CR and CI values, which can provide greater insights into 

equipment lifecycle considerations.
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2.3 The Process of Designing MAS 

The design process is usually categorised as: ‘Design Analysis’ and ‘Design 

Synthesis’. The design analysis identifies the variables,  constraints and objectives of the 

problem domain, while the design synthesis provides an optimal solution [28]. 

‘Concurrent design’ can be considered as an alternative for redesigning, but it will 

potentially increase the problem dimension as well as the computational efforts. To deal 

with these complexities, two methods have been proposed: ‘parallel computation’ and 

‘space reduction approach’ [64][65]. The formations of methodologies for configuration 

design are subject to the complexity of the system requirements [65]. 

2.3.1 Interpreting Design Requirements 

The process of collecting all the information that are required for the design of 

assembly system requirements can be quite extensive and are often difficult to organize 

in a definite structure. However, it is important to distinguish these requirements into 

groups to drive the drive the design process in an efficient manner. Based on literature 

the target design of assembly systems can be broadly focused on Cost, Time, Flexibility 

and Quality [66]. 

On the parametric front, P. Ferreira [67] classifies the definition of assembly system 

requirements into three main categories. The first step is to define the target system 

requirements that meets the expected economic benefits of the business. Also, these 

requirements will include the information that are required for system validation and 

optimization. The second category is focused on the physical characteristic requirements 

of the target system. These requirements will provide all the specifications and 

constraints of the target system that includes workstations and individual equipment 

modules. The third and last category is focused on the assembly processes that the target 

system is expected to execute. These requirements specify the target functional 

capabilities of the system to assemble the target product and its variants. 

2.3.1.1 Business Requirements 

The business requirements contain all the information that are required to promise 

continuous positive impacts on the economic driving factors of the business. This 

information can also be used to conduct assessments on the solutions generated, and to 

optimise them against the values set for various benchmarks. P. Ferreira [67] has 

highlighted these criteria with a help of a XSD diagram shown in Figure 2.9. 
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The acquisition cost of the system is considered as an important parameter which sets 

the initial threshold for the design problem. The objective of the design problem will be 

focused on minimising this threshold value and all the other solutions that are above this 

threshold will be discarded. In the first instance, the cost is primarily referred to buying 

a system or leasing a system. This is the one of the primary decision parameters that the 

system integrator needs to provide for the definition of the design problem. On the second 

note, the cost can also be referred to the maintenance and the operation of the system, 

which will be discussed in the later sections of this chapter.  

Time is another key parameter that drives the design problem. Time can be classified 

as; commissioning time and cycle time. The commissioning time refers to the time taken 

to build the system in a particular location. This information is quite important as some 

equipment may not be readily available, or it might require additional time due to its 

current lease, disassembly or logistics. The cycle time can be defined as the time required 

to complete a set of required processes once. Furthermore, it should also be possible to 

define specific cycle times for assembly tasks that can be executed in individual 

workstations and cells. 

Quality is yet another important parameter like time. It is expected that the target 

system should have a high accuracy and repeatability rates. The accuracy and 

repeatability of the system is defined based on the permissible difference between a set 

target and the performance of the system. These parameters are considered as important 

quality aspects as they can have an impact on the product assembled by the system. 

Therefore, quality can also be defined as constraint with a maximum threshold value for 

Figure 2.9: Overview of Assembly System Requirements [67] 
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the selection of assembly system designs. P. Ferreira [67] defined these business 

requirements as a weighted matrix with specific values for each individual parameters. 

This help him to conduct assessments for shortlisting various assembly system designs 

in a ranked fashion. 

2.3.1.2 Physical System Requirements 

The physical system requirements define the spatial constraints and other hardware 

related constraints that drives the design problem. The design problem requires clear 

definition of the workspace threshold which can help to determine the number of 

workstations, transport modules, storage, etc. This can also include the requirements that 

defines the operating environment and conditions for the target assembly system. 

Moreover, the definition of such requirements can be extended to cover equipment 

modules that are at various levels of the target hierarchical system. 

2.3.1.3 Interpreting Product Specifications 

The assembly product can either be a complete product on its own or a subassembly 

of a product. There are several methods to represent the relationship between the 

components and parts of an assembly product. These representations are proven to be 

very useful for assembly sequence planning, or to establish a conceptual design of an 

assembly system. One of such widely representation methods is the Bill-of-Material 

(BOM). A BOM usually provides the list of all parts, subassemblies and materials. A 

BOM is usually represented as a tree-graph or as a tabular structure with distinct 

hierarchical codes [68]. Similarly, a variety of BOM techniques, such as a Network BOM 

[69], is also being used to specify the relations between parts and subassemblies. 

Another commonly used method is the graph theoretic representation which highlights 

the assembly product’s components and their physical connections with the help of a 

liaison graph and adjacency matrix. A liaison graph is a graphical network of nodes 

which represents the various parts of the product, and lines between two nodes represent 

the ‘‘liaisons’’ between them [70]. In the following, the assembly step is described by 

establishing one or more liaisons between nodes. Figure 2.10 shows the various 

components and parts of a laptop computer with a matching liaison diagram. The product 

assembly is said to be complete once all the specified liaisons are established. Liaison 

graphs has also been used for the generation of assembly sequences by determining 

several feasible assembly task precedence via exhaustive exploration approach [71]. 
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AND/OR graph representation has also been used to generate a complete algorithm that 

can provide the list of all feasible assembly sequences [72][73][74]. Similarly, the cut-

set method has also been used to generate feasible sequences for concurrently designing 

assembly products and lines [75]. 

The precedence graph is yet another popular representation that can be used to 

constrain the order of processing assembly tasks. This usually specifies the list of tasks 

that must be completed before other tasks. The precedence graphs generally use assembly 

tasks (realization of liaisons) instead of components. However, if a base component is 

first recognized, then the process of assembling every subsequent component can simply 

be represented as precedence tasks in the graph (see Figure 2.11 for example). Such 

Figure 2.10: Liaison Graph for a Laptop Computer [92] 

Figure 2.11: Precedence Graph for a Laptop Assembly [92] 
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precedence graph representations are proven to be very useful for assembly line 

balancing problems. 

This work is defined on the outset that the assembly product is designed based on the 

Design for Assembly (DFA) technique. Therefore, every individual step required to 

assemble the product is deemed as an assembly process requirement and all together 

collectively articulates the desired capabilities of the target system. Generally, the 

assembly process requirements specification for the design problem contains two sets of 

high-level information. The first one is defined to highlight the functional capabilities 

that are expected from the target system, and the second one defines the sequence in 

which the assembly process requirements should be fulfilled. 

 

Figure 2.12: Conceptual Overview of Assembly Process Requirements [67] 

The product’s assembly requirements are often defined as high-level assembly 

requirements. P. Ferreira [67] has broken down the high-level requirements into low-

level assembly process requirements. This allows several levels of granularity for more 

detailed requirements definition. Figure 2.12 provides an example case for the definition 

of assembly process requirements in the above-mentioned fashion. Once the product’s 

assembly requirements are clearly defined the next step is to identify the equipment 

modules with relevant functional capabilities that can be collectively represented as an 

assembly unit or system. 
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2.3.2 Assembly Equipment Selection 

Graves and Withney [76] presented one of the first works in this area that is focused 

on a method called the single equipment selection problem. Their approach to solve the 

problem was based on linear programming technique combined with Branch and Bound 

procedure. The method used a sequence instead of precedence constraints to allow non-

serial line layouts. The objective was focused on equipment selection and task 

assignment while minimising the sum of fixed and variable costs. Graves and Lamar [77] 

extended the work of Graves and Withney [76] by proposing a cost-based integer 

programming model for automated design of assembly systems. A column generation 

process was followed to solve the integer articulation of the problem. The overall 

objective was focused on determining the type and the number of stations that are 

required to complete the product assembly. This approach is less flexible as the design 

criterion was focused on minimising the total cost of the system, while the operational 

load between the stations are fixed. Gustavson R.E [78] proposed heuristic approach to 

solve both the single and multiple product equipment selection, which was also based on 

a fixed assembly product requirement sequence. However, the solutions offered was not 

convincing enough as the heuristic techniques used in those days cannot guarantee an 

optimal solution.  

Graves and Holmes [79] proposed an assembly line design problem focused on multi-

product variants and several equipment alternatives. The approach defines the assembly 

tasks in a fixed sequence and all the product variants can also be fitted within the same 

sequence. The objective was defined with an intension to minimise the total cost of the 

assembly line. However, the approach followed two stages, where the first one was 

focused on assigning tasks to stations and then followed by the allocation of equipment 

modules to each of the stations. Subsequently, a graph was prepared where each station 

corresponds to an arc and the length of the arc is directly proportional to the cost of the 

station. The least-cost assembly system is then determined by finding the shortest-length 

network of feasible stations. This approach is very similar to the one of (Gutjahr, [80]), 

which makes use of an algorithm that enumerates all feasible stations and their possible 

combinations with equipment modules. However, the implicit and exhaustive 

enumeration of all possible combinations of stations and equipment modules is 

considered to be impractical for larger problems. 
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Falkenauer [81] proposed a design problem that combines the Brach and Bound 

technique with genetic algorithms. The genetic algorithm was focused on determining 

the minimal and maximal number of stations by selective allocation of the fastest and 

slower resource assigned to tasks. On the other hand, the Brach and Bound algorithm 

selects the least-costing resources for each station. Sysoev and Dolgui [82] proposed the 

equipment selection as a multi-criteria decision-making problem. An iterative Pareto 

optimization technique with heuristic additions has been used for the selection of stations 

and equipment modules. A faster convergence towards an optimal solution has been 

proved with an application-based example. Bukchin and Tzur [83] developed a heuristic 

optimisation algorithm for the design of flexible assembly lines where several equipment 

alternatives are considered. The product’s assembly requirements are defined with 

suitable precedence constraints and pre-defined cycle time. The definition of the 

objective function was focused on minimising the total build cost of the assembly system. 

The efficiency of the problem definition was enhanced with suitable lower bounds, and 

dominance rules which reduced the size of the decision tree. The authors have also 

suggested that the use of Branch and Bound based heuristic approach helps to solve large 

problems in a reasonable time span. 

2.3.3 Assembly Process Selection 

In order to reduce the time required to define an assembly product and its processes, 

it is desirable to automate the process planning activity. The Computer-aided assembly 

process planning requires a detailed plan for the assembly of the product, which is usually 

extracted from the product design [84]. Determining a proper assembly sequence is 

crucial, as it affects several aspects of the assembly process and may result in adjusting 

the product design. However, this work is mainly focused on the DFA technique and the 

assembly process sequence is acquired straight from the product’s assembly 

requirements. 

Usually the assembly processes are structured in a hierarchical sequence. The 

hierarchy includes one task at the top level to represent the assembly of the whole 

product. The same top-level task can be represented in different levels of subtasks [85]. 

This breakdown allows the detailed specification of the assembly processes. At the lower 

levels of this hierarchy the tasks represent the least granular actions that can be linked to 

functional capability of a specific equipment. N. Lohse [34] proposes that if both 

equipment capabilities and the process knowledge should use the same fundamental 
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levels of hierarchy. Then, it is easy to generate various equipment functionalities by 

combining several granular process patterns. Therefore, these patterns can be used to 

validate the process of completing a product assembly with the adequate selection of 

equipment that matches the selected patterns [86]. 

 

Figure 2.13: Allocation Methodology with Rules and Skill-Based Patterns [86] 

Kitamura and Mizoguchi [87] proposed a bottom-up approach for the functional 

decomposition of patterns based on certain higher-level equipment functions. The higher-

level equipment functions are again a composition of several elementary functions which 

may belong one or more equipment modules. N. Lohse [34] used the same approach to 

define his process decomposition patterns. P. Ferreira [67] insists that every iteration of 

the design solution should go through an assessment stage. The assessment comes with 

predefined system rules and internal solutions patterns. The rules allow the identification 

of the matching patterns and combine them together to fulfil a process requirement as 

shown in Figure 2.13. Similarly, the patterns can be combined in several ways that it can 

provide several alternatives for a given requirement, and if no solution is found then the 

requirements can be announced as unsatisfiable. S. Cavin [86] has reported further 

complexities when the product’s assembly process requirements are defined with 
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multiple level of hierarchies and workflow requirements. However, the use of patterns 

defined by N. Lohse [34] establishes the means for multi-level requirement definitions. 

2.3.4 Line Layout Selection or Configuration Selection 

When it comes to the layout of the assembly line, the focus is often on material flow 

between the various sections of the plant. Ideally, the initial assessment of the product 

and the plant’s shape and size takes the lead to decide the global layout of the assembly 

line. It is also important to note that there may be several possible alternative solutions 

that can fit into the plant’s shape and size specifications. 

The process of designing assembly systems can also be categorised as: logical layout 

planning and physical layout planning. The logical layout planning includes the assembly 

line balancing and resource planning problems. The physical layout planning usually 

considers the space requirements of the workstation dimensions and material storage, etc. 

Similarly, ordering variants is yet another category of the assembly line design problem 

which considers the operational requirements of the line during the design phase. 

2.3.4.1 Line Configurations 

Assembly systems can be represented or designed into various configurations. The 

first moving assembly line was introduced by Ford [88], which was a serial layout. The 

serial lines are mostly used for high volume production of a single product type. The 

resources used were referred as dedicated machines or material handling systems. Ever 

Since, the assembly lines have transformed a lot and become much more sophisticated 

and complex. Today’s assembly lines can not only accommodate complex products but 

also to provide the required flexibility to handle the diverse product verities. This is 

mainly due the shift in trend towards mass customization. 

Assembly line configurations are largely categorised into two types: (1) synchronous 

configurations, where every product follows the same sequence of operations regardless 

of its route through the line, and (2) asynchronous configurations, allow the products to 

take different operation sequences based on their route through the line [89]. In 

synchronous systems, the products are transported from one operation to the other at a 

fixed rate of time. This makes the synchronous systems to be more suitable for mass 

production. On the other hand, the asynchronous systems are used if the assembly 

products are represented as subassemblies. In such situations, the main assembly line is 

in a serial fashion, and gets the feed from other serial lines as shown in Figure 2.14. It is 
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important to note that all the synchronous systems shown in Figure 2.14 are the special 

cases of general flexible configurations. Generally, symmetrical configurations are used 

for machining applications. However, mass customization and increased personalization 

of the products has resulted with highly complex assembly line configurations [90]. 

 

Figure 2.14: Overview of Different System Configurations [91] 

S.J. Hu [92] states that the assembly system configurations can be determined based 

on: (1) the arrangement of the machines and (2) the transport connections between them. 

For instance, Figure 2.15, shows the different configurations where (a) and (b) highlights 

machine arrangements, while (c) and (d) represents the different connections between the 

machines. In the Figure 2.15, (e) and (f) both represents the same arrangement and 

connections, and hence it can be said that they represent the same configuration. 

 

Figure 2.15: Overview of Equivalent and Different Configurations [91] 

Shpitalni and Kurnaz [91] proposed a procedure that counts the total number of 

possible configurations that can be implemented for agile systems. For example, if a 

system includes ‘n’ machines and ‘m’ operations, then the procedure is to generate all 

the possible arrangements and connections. Similarly, Shpitalni and Remennik [93] 
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investigated practical number of paths that can be used for a RMS. The results from the 

investigation highlighted that the practical number of paths is lower than the possible 

number of paths by a huge margin. This number is further reduced when the lines are 

shorter and lower machine maintenances are expected. This highlights the impact of 

different configurations on the performance of the system. Koren et al. [94] evaluated the 

performances of various assembly line configurations in terms of quality, throughput and 

flexibility. Freiheit et al. [95][96] measured the impact of various configurations and 

material handling based on their throughput. 

2.3.4.2 Line Balancing 

Assembly Line Balancing Problem (ALBP) is a common terminology that is being 

used to explore the optimum allocation of assembly tasks to workstations. The definition 

of such problems include the following assumptions [97]: 

• All the parameters that are relevant to the line must be predefined 

• An operation cannot be shared between two or more workstations 

• All the operations must follow the predefined precedence requirements 

• All the operations included in the product definition should be fulfilled 

• The line is specially designed to handle only one product type 

• Any workstation can carry out any operation 

• The line is serial and does not include any parallel feeding systems or lines 

• The processing time of an operation will be independent of the workstation in 

which it is being carried out 

• The objective is to minimise the number of workstations for a fixed cycle time 

or minimise the cycle time for a fixed number of workstations. 

Simple ALBP-1 (SALBP-1) follows the process of assigning tasks to workstations 

with an objective of minimising the total number of required workstations. Usually, the 

SALBP-1 deals with serial lines and single product that is defined with deterministic 

processing times. SALBP-2 intends to minimise the idle times for a given number of 

workstations. Like SALBP-1, it deals with single product, serial line and deterministic 

processing times. Given the number of workstations, the aim is to minimise the cycle 

time of the AL. SALBP-E is yet another type of problem that is aimed at minimising the 

idle times with a fixed production rate and number of workstations. It can also be referred 
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as the generalisation of SALBP-1 and SALBP-2. The aim is to obtain feasible solutions 

where the sum of the processing times in a workstation cannot exceed the cycle time. 

Equal Piles ALBP (EPALP) focuses on balancing the workload across the selected 

workstations [98]. Assembly lines with ‘Multiple Work Centres’ ALBP (MWCALBP) 

focuses on balancing a set of work centres that are grouped together as a cluster. Multiple 

Objective ALBP (MOALBP) is focuses on minimising or maximising multiple 

objectives such as line efficiency, smoothness index, and imbalance [99]. 

ALBP are often referred as computationally heavy problems, because the the 

definition of requirements may sometimes lack precedence information and grouping 

preferences. The resultant problem is then confined to allocation of tasks to workstations. 

This type of problem is often described as ‘Bin-Packing Problem’ (BPP) and it is 

commonly referred to NP-hard problem [100]. These types of problems have been 

investigated for several decades to come out with an easy method for solving such 

problems. Some of the methods used for solving such problems are enumerative methods, 

evolutionary approaches, heuristics, etc. [101]. The classical methods take ages to solve 

such problems and the emphasis has shifted towards Genetic Algorithms (GA) combined 

with heuristic techniques. 

Numerous mathematical methods have been proposed to solve the complex mixed-

model ALBPs. The list of such methods includes mixed integer linear programming 

[102], non-linear integer programming [103], binary integer programming [104] and goal 

programming [105]. Similarly, the diverse solution methods such as: Branch-and-Bound 

(B&B) [99], Genetic Algorithms (GA) [106][107], greedy algorithms [108], ant colony 

algorithms [109] and simulated annealing [110] methods were also used. The multi-

model ALBPs has faced lot of challenges in the advent of assembling a variety of product 

variants. The most commonly known problem is referred as the drift which does not exist 

in SALBPs. The term drift characterizes the variance from the optimal cycle time [92]. 

This variance can be positive or negative as shown in Figure 2.16. 

The positive drift occurs when the product on a workstation spends more time than 

the predefined cycle time. A positive drift is mainly the result of highly varied assembly 

processes in a workstation. Workstations with large positive drifts can easily create 

‘bottlenecks’ within assembly lines [111][112]. The negative drift occurs when the 

resources in a workstation does not perform any assembly operation on the product. The 
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negative drift is mostly the result of high process variance in the line. The negative drift 

reduces the total efficiency of the line [113][114][115]. 

Today’s ALBPs solutions (e.g. DELMIA’s - ‘Automatic Line Balancing’) offers the 

possibility for allocating tasks to stations, and simultaneously providing visualisations on 

the utilisation of the resources and material consumption [92]. Furthermore, these 

solutions are catered to estimate the required final quantity of resources alongside the 

line balancing aspect [116][117][118]. Therefore, minimizing the resource requirement 

can have a positive impact on both business profit and environment. 

2.3.5 Design for Reuse and Recycling 

The trend towards system reusability is expected to improve the cost efficiency of 

manufacturing industries, while positively impacting the environmental and social 

welfares [119]. The alarming environmental issues has forced the legislators, industry 

leaders and active consumer groups to focus on reusing production equipment in new 

production lines [120], [121]. It is also estimated that 70-80% of the total cost of the 

system can be predicted by the end of the design phase [22][23]. Therefore, it is important 

for the design phase to include additional features that enables long term system 

sustainability. 

This work focuses on the design of MAS while providing suitable methods and tools 

to access the reuse suitability of used equipment modules. Generally, the design of 

assembly systems is a knowledge-intensive process, where the actors involved would 

require continuous informational support throughout the process. Modularisation is a key 

feature that shortens redesign, resists obsolescence, realises existing modules in new 

designs, eases maintenance and reduces costs [8]. P. Ferreira and N. Lohse [122]; Cavin 

 

Figure 2.16: Overview of Positive and Negative Drifts in Assembly Lines [92] 
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et al., [31] proposed an automated system for assembly modelling, which envisages the 

reuse of assembly components via modularization of information systems. The modelling 

followed an object-oriented approach and provides templates confined to specific 

semantic definitions. 

Traditionally, system design targets minimising cost while maximising productivity. 

To achieve a sustainable system design, one needs to enhance the traditional approach 

with the definition of specific standards, metrics and respective assessment methods. 

Engineering sustainability is a complex task of balancing processing time, cost, product 

quality, resource performance and ecological impacts [22]. This would usually require 

the application and development of Multi Criteria Decision Making (MCDM) tools 

[123]. MCDM tools offers a range of methods such as; Grey Relational Analysis (GRA), 

Fuzzy Logics (FL) and a few other techniques that are often combined with a preference 

evaluation method such as; Analytic Hierarchy Process (AHP) or Quality Function 

Deployment (QFD) for characterizing the relative weight of the assessment metrics 

[124], [125]. Chan, Yu and Yung [126] proposed the TRIZ (an acronym, which means 

the ‘Theory of Inventive Problem Solving’) method that resolves potential conflicts 

within the processes to improve the performance of the system. 

All the above-mentioned tools have been previously used in the Design for X (DfX) 

methods such as; Design for Disassembly, Design for Material selection, Design for 

Recycling and Environment (Eco-Design). Ilgin and Gupta [125] reviewed DfX 

techniques and proposed a MCDM based evaluation method for designing an 

environmentally conscious manufacturing system. Kaebernick et al., [127] proposes a 

cost model to evaluate the manufacturing systems’ end-of-life options. Garbie and 

Ibrahim [128] developed an integrated design framework for sustainable manufacturing 

that focuses on legislative issues, contemporary issues, product customizations and the 

flexibility of the system using a single index weighted sum approach. Harun and Cheng 

[129] proposed a Design for Sustainable Manufacturing (DfSM) methodology, which 

integrates modelling, simulation and Life Cycle Assessment (LCA) to evaluate the 

performance and environmental impacts of an automobile paint shop. Ramani et al., 

[124] reviewed the issues of designing a sustainable product, while highlighting the 

critical gaps that prevents the advancements of eco-designs towards sustainable 

manufacturing. Similarly, Umeda et al., [61] presented a comprehensive review of 

integrated product and process life cycle planning. This highlights the lack of a 
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systematic and strategic life cycle planning as the major obstacles towards sustainable 

manufacturing. Ziout et al., [130] proposed a methodology to assess the sustainability of 

manufacturing systems’ reuse by providing variable weights to balance between the 

economic, environmental and societal parameters. 

However, the downside of these approaches is that they do not consider the historical 

operational information when designing new assembly systems. However, data analytics 

driven approaches are becoming more realistic with historic information being more 

accessible as industry heavily invests in digitalisation and data acquisition systems. In 

this context, P. Ferreira and P. Anandan et al., [131], summarized the requirements for 

achieving reusable production systems as follows: 

• Effective standards and models that capture the domain knowledge to enable 

transparent descriptions that enable the formalisation of the MRAS design steps. 

• Integrated solution that enables the gathering of operation information for efficient 

prediction of equipment lifespan. 

• Servitization of design process steps with common underlying semantic model. 

• Effective methods that includes the used production equipment during the 

configuration and reconfiguration of new assembly lines. 

2.3.6 Economic Justification of Assembly Systems 

The annual reduction in the capital value of the equipment is calculated based on the 

time period for which it can be used. This time period is usually referred as the useful 

life of the equipment. Economic justification of an equipment leads to the calculation of 

its economic useful life. This life is the time period lasts until the equipment is 

disassembled or replaced. A favourable return on investment can be achieved when the 

equipment has a resale value or retrofitted for reuse. Otherwise, the production equipment 

can only be eligible for a scrap value. The amortization calculation establishes the time 

period within which the net profit can be returned to the company as shown in Figure 

2.17. The amortization period can be represented as follows [84]: 

𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑂𝑢𝑡𝑙𝑎𝑦

𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑝𝑙𝑢𝑠 𝑑𝑒𝑝𝑟𝑖𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠
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The annual cost savings by automating the assembly lines can provide cost benefits 

by saving labour costs. On the other hand, this savings may be replaced by maintenance 

costs. Additionally, there are also other costs involved in stoppages, breakdowns, 

rejections and rework, etc. Therefore, amortization period is considered to be an essential 

parameter to evaluate the risk linked with a capital investment. In short, minimising the 

amortization period can lower the risk of spending in capital. 

2.4 Standardization 

The various data formats applicable for modelling mechatronic systems are: the 

‘STandard for the Exchange of Product Model data’ (STEP) – ISO 10303 [132], ‘Jupiter 

Tesselation’ (JT) – a data format for geometry representation defined within ISO 14306, 

‘XML Process Definition Language’ (XPDL) – is an XML dialect for business process 

modelling, and ‘XML Metadata Interchange’ (XMI) -  is a data format for exchanging 

meta data standardized by ‘Object Management Group’ (OMG) popularly known for 

‘Product Lifecycle Management’ (PLM) products. In this landscape, data exchange 

formats like AML and STEP can be a major game-changer by being able to cover all or 

at least most of the key information within the engineering processes of the production 

systems [133]. S. Choi et al., [134] has conducted a detailed analysis of various standards 

within the PPR domain and presented it as shown in Table 2.1 

The recurrent use of concepts, definitions and standards for a domain is not alone a 

good practice, but an essential tool for creating reliable systems and repeatable processes 

[122]. In this direction, quite a few engineering process libraries and best-practice 

guidelines are established by the research projects and standardization organizations. A 

few popular and the most resent standards are: 

 

Figure 2.17: Calculation of Amortization [84] 
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• VDI guideline 2221 “Systematic approach to the development and design of 

technical systems and products” [135] 

• VDI guideline 5200 “Factory Planning” [136] 

• VDI guideline 2206 “Development methodology for mechatronic systems” [137] 

• Factory Design and Improvement (FDI) model [134] 

• ISA-88 the hierarchical model for manufacturing control architecture [138] 

• ISA-95 automated interface between manufacturing enterprises and control 

systems [139] 

Table 2.1: Summary of standards relevant for enabling PPR data exchange [133] 

PPR Category Standards 

 

Product data 

DXF, DWG, CGM, HPGL, IGES, STEP AP203, 

STEP AP214, JT, VRML, X3D, STEP AP239, AP242 

and the OMG PLM Services 

Process data OAGIS, ANSI/ISA-95, MTConnect, PSL 

Resource data CMSD, B2MML, STEP AP239 and the OMG PLM 

Services 

IEC 62714 is one of the most promising solution for data exchange focused towards 

the domain of automation engineering. ‘AutomationML’ (AML) is a data format defined 

with in IEC 62714, which is XML schema based and has been developed to support 

dynamic data exchange in any heterogeneous engineering environment [140]. AML uses 

CAEX, a top-level and neutral data format providing the interface for well-established 

data formats in engineering aspects that includes topology, geometry, kinematics, 

behaviour and sequencing information. The main aim of AutomationML is to join 

engineering tools of different domains such as; process control engineering, mechanical 

plant engineering, electrical design, process engineering, robot programming, PLC 

programming, HMI development etc. The modelling features of various data formats was 

analysed by [141]. Table 2.2 is an aggregated representation of [141]’s detailed study. 

AML provides a common language for different engineering tools and links for 

detailed engineering information, which is easily exchangeable between multi-

engineering disciplines and projects. Nevertheless, AML as some limitations that should 

be considered for effective and efficient description of PPR engineering domains. The 

main difficulties listed by [142] in terms of using AML are as follows: 
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• Complex data structures with intricate links between disciplines. 

• Difficulties in the integration of AML with different disciplines internally and 

with external data. 

• Limited support for cross-disciplinary analytics by the end users. 

• Limited options for platform independent browsing of AML data.  

• Support tools for dealing with the above points as well as modelling and 

assessment of changes. 

Table 2.2: Requirement fulfilment of data formats (based on [141]) 

 

Features 

Data Formats 

A
M

L
 

S
T

E
P

 

J
T

 

X
P

D
L

 

X
M

L
 

Mechanical Data + + + - - 

Electrical Data + + - - - 

Process Control Data + - - + - 

Topological Information + + + - + 

Establishing Concept Relationship + + - - + 

Tracing Concept Dependencies + + - - + 

Therefore, it is possible to define new libraries within AML that can facilitate the 

creation of new definitions for the self-description of the PPR elements in the assembly 

domain to support design of RMAS. 

2.5 Knowledge Gaps 

The current state-of-the-art provided an overview of the recent development in the 

field of modular assembly systems. The focus has been primarily on the development of 

an effective configuration method which can make use of the underlying domain 

knowledge for generating automatic solutions. It is evident that majority of research in 

the area of assembly system design is ignoring the significance of the equipment lifecycle 

information and their impact on service and maintenance. Literatures report on the 

significant cross influences between reliability and maintenance that needs to be captured 

for profitable reuse of second-hand assembly equipment modules in new production 

lines. Moreover, there are only few reported literatures for concurrent or integrated 

design of modular assembly systems. Also, lack of standardisation within the area of 
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modular assembly systems has been identified as an important aspect to promise 

interoperability between the various stake holders involved in the design process. 

Therefore, this work is predominantly focused on addressing the need for a 

methodology that supports the reuse of modular plug-and-produce capable assembly 

equipment while designing new assembly lines. The following knowledge gaps have 

been identified as some of the key factors that currently restrict the development of 

rapidly deployable sustainable manufacturing solutions. 

1. Lack of formal mathematical models that can generate assembly system design 

solutions that is driven by matching the functional capabilities of the equipment 

modules with the process requirements of the product! 

2. Insufficient knowledge to identify the impact of assembly equipment’s lifecycle 

information (mechanical wear and the corresponding maintenance actions) 

during the decision-making process of solving configuration problems! 

3. Lack of formal definition of semantic models that supports the reuse of modular 

plug-and-produce assembly equipment while enabling the features for the 

automatic configuration of assembly systems! 

2.6 Summary 

The literature review has provided the general overview of the key concepts and 

techniques established around the outset of this research work. 

This thesis is addressing the need for a new methodology with the supporting models 

that enables the reuse of second-hand equipment modules in new assembly lines. The 

state-of-the-art reported around this agenda has been critically reviewed and discussed. 

This has led to the conclusion with a few knowledge gaps as highlighted in the previous 

section. 

In the next chapter the research methodology for the reported work will be discussed. 

The systematic approach of how this research work addresses the knowledge gaps is 

described in detail. 
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3 Research Methodology 

3.1 Introduction 

This chapter presents the fundamental building blocks that are required to develop a 

design methodology that can suitably fulfil the knowledge gaps outlined by the literature 

studies presented in chapter 2. To achieve this task this work takes support from three 

aspects namely: (1) the current state-of-the-art; (2) the knowledge gaps, and (3) the 

industrial inputs gained from the collaborative European projects ReBORN [16] and 

openMOS [17]. 

The approach is to make use of the existing concepts and definitions that can support 

the design of RMAS. The idea is to extend these existing concepts and definitions to 

capture the various constraints that are mentioned in literature as difficult to represent or 

manage. This work is focused on developing a comprehensive methodology for the 

design of RMAS and at the same time allowing some flexibility to extend it as the domain 

evolves. In this direction, the aim of this chapter is to capture some the key research 

questions that are drawn at the outset of this work. The in-depth analysis of the research 

questions is then used to define the complexities involved in solving the problem. Owing 

the extensive nature of the problem domain and to limit the scope of this work certain 

boundary conditions were drawn. This helps to narrow down the focus towards the 

definition of research hypotheses and objectives. The definition of research hypotheses 

and objectives identifies three knowledge contributions that can collectively represent 

the development proposed methodology.  

Furthermore, this chapter provides details on how the proposed hypotheses and 

objectives can be verified to illustrate its applicability and appropriateness in addressing 

the overall research problem. This work tries to make use of an industrial use case 

provided by PARO AG, an associate partner of the ReBORN project [16]. The 

illustration and verification strategy is consideration in three steps to represent the three 

main knowledge contributions of this work Finally, the chapter concludes with a 

summary of the research problem, assumptions and the requirements that are used to 

define the research hypotheses and objectives. 



Chapter 3: Research Methodology 

44 

 

3.2 Research Questions 

The process of designing assembly systems that includes used assembly equipment 

deals with a variety of complexities and extends the problem domain. Therefore, to 

narrow down the focus of this research work, a few research questions were presented as 

follows: 

1. How can the existing skill-based concepts and definitions help to build a formalised 

mathematical model that can effectively capture all the essential constraints that 

encountered by the RMAS design problem? 

The definition of the ‘Skill’ concept establishes the foundation for designing assembly 

systems, since it is the representation of process capabilities offered by the equipment 

modules. Similarly, the process requirements are referred as ‘Skill Requirements’ that 

are essential to complete a given product assembly. Therefore, one aspect of designing 

assembly systems is based on performing an appropriate match between ‘skills’ and ‘skill 

requirements’. This can provide the list of equipment modules that establishes the desired 

assembly system. 

The formalisation of assembly processes can be a possible solution to address this 

problem, but at the same time a domain wide process formalisation could be very 

exhaustive and time consuming. In this direction, [31] presented a skill-based allocation 

methodology which enforces a few domain specific rules over a set of predefined skill-

based patterns. The initial work reports that the use of rules helps to find direct matches 

between the ‘skill requirements’ and the equipment’s ‘skills’ for an assembly scenario 

based on a few attributes such as: skill types, parameters and physical considerations. 

The use of skill-based patterns also found to be useful in finding better solution 

alternatives for equipment ‘skills’ that are defined at different levels of granularity. 

However, this work did not consider ‘skill requirements’ which could be defined at 

composite levels. In this sense, it will be an interesting effort to investigate the challenges 

in matching the composite assembly process requirements and the very granular 

functional capabilities of the equipment modules. 

Furthermore, there are other design requirements that can be related to line balancing, 

line configuration, physical connection (interfaces) between equipment modules, cycle 

time, etc,. Therefore, this work needs to focus on developing a comprehensive and a 

generic model to capture the various constrains of the RMAS design problem.  
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2. How can the abundantly available equipment’s lifecycle information be used in an 

effective manner that it can support the decision-making process of solving RMAS 

design problems? 

In order to establish a methodology for the design optimisation of RMAS, which 

includes both new and used equipment modules, then it is necessary to analyse their 

impact on the full life-cycle of that system. The choice of selection between a new and 

an used equipment module should be based on the projection of the cost across its useful 

life. Therefore, it is necessary to analyse and list the various costs that need to be spent 

for the good use of the equipment modules. In this context, there can be several costs as 

follows: initial purchase or refurbishment cost, integration cost, operational cost and 

maintenance cost. Based on these, the equipment costs can be grouped in to two main 

categories such as: fixed costs and variable costs. The equipment purchase cost and 

integration costs are generally fixed. The operational and maintenance costs may vary 

and increase exponentially towards the end of an equipment’s useful life. In most cases, 

the evaluation of maintenance costs is based on the failure rate or Mean-Time-Between-

Failures (MTBF). In most of the cases, this historical data for the used equipment 

modules is either not recorded or lost during the dis-assembly phase of the previous 

production systems. 

It is well known that most of the consumer electronics or machines perform quite well 

within the guaranteed initial useful life. But later, the general wear and tear of the 

equipment demands periodic maintenance, which increases in frequency as the 

equipment ages. One of the main reasons for the reuse of equipment modules is to save 

cost. Usually, the second-hand equipment costs significantly less than the new modules, 

but the economy of maintaining them in good condition is also not so cheap, which 

increases the total cost to a point where it becomes more expensive than a new equipment. 

It is pointless to use second-hand equipment for a predefined time period, when it is 

known that it will be more expensive than the new equipment. Although the benefits of 

reuse are highly recognized, it is still not implemented in industrial practice due to several 

reasons as mentioned below: 

• Inadequate experience with used equipment modules 

• Insufficient information in terms of mechanical and economical reliability of the 

used equipment modules 
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• Lack of business models that considers the integration of reuse in terms of 

investment planning, economic and environmental sustainability 

Currently the KPI’s with which the accuracy of the reliability of used equipment is 

being forecasted is not very good. There is a possibility to improve the forecasting 

methods with more detailed and accurate information related to the equipment’s history 

of operational and maintenance records. Therefore, it will be an interesting effort to 

investigate and develop an overall lifecycle cost modelling for used equipment modules. 

This can be used to evaluate the residual life and forecast the operational and maintenance 

cost for every individual module. These values can also be aggregated to represent cost 

estimate for the global system. 

3. How can the existing AML data standard be improved to support the RMAS design 

problems while enabling the features for the automatic configuration of assembly 

systems? 

This research question stresses the need for a common semantic model which can 

serve as a language that conveys the meanings of any domain specific terms and 

concepts. This can be really be useful in a collaborative project that includes several 

active participants and stakeholders. Therefore, to unleash the full potential of such 

collaborative effort it is necessary to use a common data format that can collectively 

capture all the design inputs provided by various domain experts. 

The literature study identifies that AutomationML (AML), a neutral XML based data 

format defined within the IEC 62714 can be used to represent the various types of 

information required for the design of RMAS. This means that the base definitions from 

the skill-based semantic models should be translated into AML standard. This translation 

will require the definition of new AML libraries that offers complete traceability between 

the PPR domains. It is necessary to ensure the consistency of the translations from the 

semantic models into AML classes. Furthermore, it is necessary to establish formal 

guidelines to create assembly domain specific AML objects, classes, interfaces and 

attributes. 

This work should also be focused on the definition of AML files that are flexible to 

combine or split the design information according to user’s requirement. This offers 

complete flexibility for the users to manage the level of details and the amount of 

information that needs to be shared across the various stages of the design process. 
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3.3 Problem Definition 

The problem definition for this work is constructed on the support of three aspects as: 

the current state-of-the-art and the knowledge gaps presented in Chapter 2, and the 

industrial inputs gained through the collaborative research projects ReBorn [16] and 

openMOS [17]. 

The assembly system, the assembly process and the product to be assembled are 

becoming increasingly complex owing to the need for technological innovation and 

customization. Also, the process of designing the product, process and system domains 

requires an increasing level of detail from the concept to the final and complete design 

[143]. It has been reported in [143] that the conceptual design consumes roughly 80% of 

the total cost of the design activity. Finalising the concept is critical in terms of time and 

resources, since the domain experts establish precise specifications that are limited to 

domain-specific models and simulation tools. As a result, these models and specifications 

are not ready for industrial environments due to interoperability, scalability and the 

performance quality. Recently, many active research works are being conducted to 

overcome the challenges in providing a smooth transition from virtual production 

development to real production [143]. This means that all the information gathered 

during the virtual phase needs to be translated into instructions, programmes, 

specifications, etc., and integrated with the actual physical system. This is being the main 

motivation for the development of cyber-physical operating system or middleware that 

translates the functional specification of automation components to other engineering 

tools in a simpler and efficient manner. 

The process of designing assembly systems is a multi-layered and complex activity 

that requires the coordination of participants from various: engineering disciplines, 

companies and geographical locations. Literatures indicate that a lot of research has been 

focused on the development of structured models, procedures, and tools to acquire, 

retrieve and reuse knowledge for designing assembly systems. The standardization of 

these models and procedures are based on the maturity of the domain knowledge that 

facilitates interoperability, information integration and a wider acceptance of the 

technology. Over the past decade, several European research projects such as: EUPASS 

[144], IDEAS [145], and Transparency [146] focused on formalising the specifications 

of assembly products, processes and systems in a modular fashion. The ‘Skill’ concept 
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that is based on the IEC 61499 standard [147] served as the base for building the domain 

models in these projects. As a result, it has been found that the use of standards for 

assembly domain is a good practice to represent reliable systems and repeatable processes 

to support the next generation of CPS. 

Figure 3.1 provides an overview of the problem definition. The main aspect of the 

problem is that there are no common standards followed by the equipment suppliers to 

describe the equipment’s capabilities and specifications. Similarly, there is also no 

specific standards for the definition of the assembly system’s requirements. The design 

of assembly system is mainly based on the above two aspects combined with the years 

of system operation and integration experience, which can be used to establish the design 

 

Figure 3.1: Overview of Problem Definition 
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constraints. This should be expressed via clear, transparent, and well-defined formal 

models that describes equipment specifications, assembly system’s requirements and 

design constraints. These models can support the design process by facilitating an easy 

matching between the capabilities of the available equipment modules against a set of 

assembly process requirements. In this direction, there is a strong need for a middleware 

or a parser that translates all the necessary information into a data format that is 

convenient for the configuration tool (Configurator). Similarly, the output from the 

configurator should also be parsed (translated) into data formats that are appropriate for 

the domain specific users across the various phases of the assembly system lifecycle. 

In terms of reusing assembly equipment in new production lines, it is important to 

consider the remaining life, reliability, and other maintenance history of the used 

equipment modules. Even though the reliability domain is well explored, yet there is no 

standard methodology that practically demonstrate the profitable reuse of second-hand 

production equipment. In most cases, this is practically impossible since there isn’t any 

information available in terms of the equipment’s operation, performance, maintenance, 

breakdowns, etc. For the same reason, the used equipment’s reliability, remaining life 

and the subsequent maintenance costs cannot be foreseen. In this sense, it would be more 

useful to establish certain formalised data models that supports the life-long data 

gathering of assembly equipment throughout its lifecycle. This can increase the 

confidence to initiate new business models that includes the reuse of equipment modules. 

Such business models should also be able to project an estimated calculation of all 

relevant costs and benefits of reusing modules throughout the use-phase and the value at 

the end-of-life-phase. 

The last part of this problem definition is linked to the computational method that will 

be best suitable for designing assembly systems. As mentioned earlier in the introduction 

of this chapter, the size of these type of problems gets easily unmanageable when the 

number and available equipment modules and process complexity increases. Over the 

past 50 years many mathematical concepts were developed to reduce the time and effort 

in solving complex NP-hard problems [147]. Even then, there are no benchmarks 

established to highlight the advantages and disadvantages of one method over the other. 

Therefore, it is clearly one of the major challenges to select a suitable computational 

technique that can find close to optimal, or optimal solutions in a reasonable amount of 

time. 
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3.4 Research Assumptions 

The scope of this work is focused only on the design phase, but the methodology 

proposed in this work can also be extended for build, ramp-up and operational phases of 

the assembly system lifecycle. The first and the most important assumption is that all the 

assembly equipment modules included in this study are modular and adheres the basic 

characteristics of modularity. The ‘Skill’ concept that is based on the IEC 61499 standard 

[147] is used to describe and represent the assembly processes in a clear object oriented 

structure which can easily be interpreted within the context of the assembly domain. A 

‘Skill’ mainly represents the functional capability of assembly equipment. Also, the 

‘Skill’ concept can take advantage of existing concepts within the assembly domain to 

provide a hierarchical structure for assembly processes. The definition of ‘skill 

requirement’ within the context of design problem is to provide a clear understanding of 

what the desired system is aiming to achieve in terms of assembling a product, part or 

sub-part. So, the ‘skill requirements’ can be used to express the obligatory process 

workflow requirements as a set of hierarchical assembly tasks including their precedence 

relationships. Therefore, this ‘Skill’ concept can provide the means to structure and 

define the higher (‘Composite skill’) and lower level (‘Atomic skill’) processes with the 

ability to describe their composition, inter-dependencies and parametric constraints. A 

more detailed description regarding ‘atomic skills’ and ‘composite skills’ can be found 

in Chapter 6. 

In this work, the process of designing assembly systems is primarily carried out by 

comparing a list of available equipment module’s ‘skill’ against a given set of assembly 

process requirements (‘skill Requirements’). The definition of equipment modules 

should be catered in such a way that it should contain all the information such as: skills, 

physical ports, acquisition cost, maintenance costs, reliability, etc. that are relevant to the 

design of assembly systems. In this direction, another important assumption is that all the 

equipment modules will have one or more physical ports that are mainly used to establish 

physical interfaces with other modules. 

Generally, every single ‘skill requirement’ will have one or more parametric 

requirements such as: force, torque, speed, etc. These are crucial and are mandatory to 

be fulfilled. Similarly, the equipment module’s ‘skill’ will have one or more parameters 

that may lie within the range of the requirement parameters. This results in a situation 

that there is no guaranteed match to fulfil the requirement parameters. For this reason, 
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the ‘Skill Recipe’ concept was introduced, which will be created during runtime and will 

have a direct match with the requirement parameters. In this work, we assume that a 

possible set of ‘skill recipes’ are already generated and are available for the design 

purposes. It is also necessary to note that these ‘skill recipes’ may also be slightly 

adjusted and tweaked during the ramp-up phase. The detailed description on how these 

‘skill recipes’ can fulfil ‘skill requirements’ and executed by equipment’s ‘skills’ can be 

seen in Chapter 6. 

The final assumption is focused on the financial cost breakdowns that should be 

included in the equipment description. This information is quite critical as in most of the 

cases the assembly system designs are evaluated based on its overall costs. However, this 

is not a forthright figure, but can be the sum of initial acquisition cost, operational and 

maintenance costs. Mostly, operational and maintenance costs of an equipment module 

can also play a major role in the selection of second-hand modules for new assembly 

lines. The variations in these costs can also provide a deeper insight for decision 

alternatives during the design process. In this work, chapter 5 provides a model to 

calculate the maintenance cost of the equipment modules participating in the design 

problem. Therefore, the final selection of the equipment modules will be based on the 

sum of the initial acquisition cost and maintenance cost. 

3.5 Research Approach 

The proposed solution (methodology) is established based on the current state-of-the-

art design methods, techniques and industrial inputs gained via the collaborative 

European research projects ReBorn [16] and openMOS [17]. Generally, the first step in 

approaching a design problem is to check and organize all the required information. The 

formalisation of all this information into models establishes the necessary boundary 

conditions for the domain. In this direction, the formalisation of the domain knowledge 

is the first knowledge contribution of this work. It is also important to note that the design 

of assembly systems requires information that are spread across various engineering 

disciplines. The primary reason behind the definition of formal models is to establish a 

computer interpretable model that provides a clear information structure for knowledge 

sharing across different engineering domains. Figure 3.2 provides an overview of the 

information required for the operation of the proposed methodology while highlighting 

the various actors involved. 
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The potential actors involved in this context are the equipment suppliers, the 

configuration experts and the system integrators. The formal models defined in this work 

are based on the years of experience and knowledge gained by these actors. The 

equipment suppliers will provide the equipment specification and the product assembly 

requirements will be provided by the system integrators and operational engineers. It has 

also been proposed that the equipment specification will include some additional 

information related to its remaining life and reliability, which will be elaborated in 

Chapter 5. However, these information structures may vary and contrast across industries 

and therefore it is important to establish common concepts and terminologies. Even then, 

all or a few concepts will require further updates as the domain evolves. AML has been 

identified as a potential tool that can act as a middleware to translate the information 

related to assembly process requirements and the equipment modules description under 

a common taxonomy and terminology. Also, it is necessary for the configuration expert 

to add, edit or update these concepts within AML whenever necessary. 

 

Figure 3.2: Overview of the Requirements for the operation of the Proposed Methodology 
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This work proposes a skill-based linear mathematical model for the design of RMAS. 

Constraint programming has been adopted as the core technique for the construction of 

this model. The reasons and advantages for using this technique is discussed in detail 

under Section 3.3.1. IBM ILOG CPLEX Optimization Studio V12.5 [17] has been used 

as the computational tool to solve the mathematical model proposed in this work. 

Optimization Programming Language (OPL) [17] is one of the components of this 

package that is used to represent the proposed model in a format that the solver can 

understand. OPL can be used to establish models in a declarative way. In the case of 

Constraint Programming (CP), OPL can represent objective functions, data, decision 

variable and constraints. It also provides specialized variables and keywords designed 

for modelling optimization problem. This set of features which is both concise and 

expressive allows easy modelling of wide range of optimization problems which are 

independent of the data they use. This means that there is no need to change the model 

each time the data changes. The input for the IBM ILOG CPLEX [148] would be an 

AML file that aggregates the product’s assembly requirements and the equipment 

specification. An internal parser developed within the ReBorn project was used to 

convert the data from the AML file into the desired data format that is suitable for IBM 

ILOG CPLEX [148]. The output (solutions) from IBM ILOG CPLEX [148] would be 

translated back to the AML format. This final AML file is the best design solution that 

contains all information of the individual equipment modules in their hierarchical order. 

Also, the solution highlights all the links mentioned in the PPR concept. 

This research work follows a systematic approach as shown in Figure 3.3. The early 

phase of this work includes an extensive literature review on the modular assembly 

systems domain and the various possible methods of designing them. This literature 

review was not enough to establish the current state-of-the-art of this domain. The 

literature review combined with the industrial input via the collaborative research 

projects ReBorn [16] and openMOS [17] served as a vital source of information to 

identify the major knowledge gaps, and assisted to establish the problem definition. 

The problem definition provides a clear view on the research challenges that are 

presented as the key research questions of this work. The combination of these aided the 

definition of the research hypotheses that serves as the foundation of this research 

methodology. The research hypotheses present three major knowledge contributions 

contained in this work. The first contribution addresses the need for a new skill-based 
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mathematical model that can effectively generate RMAS design solutions based on a 

product’s assembly requirements. The second contribution focuses on the development 

of a new constraint programming model that can evaluate the optimal maintenance 

cost for individual equipment modules and RMAS design solutions. Finally, the last 

Figure 3.3: Overview of Research Approach 
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contribution was focused on the development of a new AML-based framework that can 

actively support on the information representation front for the dynamic exchange of 

design information between the various actors involved in the design activity. 

Since the hypotheses was built across the core contributions, it was possible to 

establish an illustration and verification strategy for each of these contributions. Since 

the validation of the methodology for the entire domain is quite vast, the focus was 

restricted to test the available example provided by the collaborative research projects 

ReBorn [16] and openMOS [17]. The final stage of this work is to critically analyse, 

discuss and conclude, highlighting the research achievements, limitations and the 

potential scope for future work. 

3.5.1 Definition of Research Hypotheses 

This section briefs the hypotheses that are defined at the outset of this research as 

potential solution approaches that helps to overcome some of the challenges in the 

automated design of RMAS. In a constantly growing trend of mass customization, there 

are many equipment suppliers available in the market, which further adds to the existing 

demand in manufacturing competence. Therefore, the need for the tools that supports 

mass customization is a clear necessity. However, the characterization of these 

supporting tools requires clear description to interpret the process and the demand.  

The first aspect of the research hypotheses is focused on making use of the predefined 

skill-based concepts to capture the functional behaviour of assembly equipment, and 

the process requirements of the assembly product. These concepts and definitions will 

help to establish assembly process requirements, equipment descriptions and design 

solutions. Subsequently, when the formal descriptive models are established, it is 

necessary to investigate the existing methods and trends to capture specific design 

constraints for the modular assembly domain. Once all the background knowledge and 

concepts and definitions are captured, the focus is to define of a formal mathematical 

model using constraint programming technique to generate configuration solutions. 

The second aspect of the research hypotheses is focused on the reusability of assembly 

equipment which has been predominantly stressed in the manufacturing enterprises to 

benefit from concepts such as: circular economy and sustainable manufacturing. 

Consequently, considering used equipment modules for new production lines, it will be 

necessary to capture and analyse the equipment’s ageing behaviour and other information 
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in terms of operation and maintenance records. In the following, it will be necessary to 

investigate the existing methods of forecasting the probabilistic rate of mechanical 

deterioration subject to periodic maintenance. This can also be useful to estimate the 

remaining life of the used equipment modules. Furthermore, such an investigation will 

also be focused on the identification of operational and maintenance costs of those 

equipment modules throughout their useful life. Therefore, it is hypothesised to support 

the RMAS design activity by making use of predefined equipment reliability 

degradation models to evaluate the remaining useful life of used equipment, and 

maintenance costs of all the equipment modules participating in the design problem 

The final aspect of the hypotheses is focused on offering maximum interoperability 

for sharing design knowledge and information exchange between various industrial 

domains and engineering disciplines. This leads to the idea of establishing an integrated 

design framework for design of RMAS. In this direction, AML has been identified as a 

suitable data standard to establish the dependencies between the core concepts and map 

them across all the information that are used for the design of RMAS. Therefore, it is 

hypothesised that enhancing AML with predefined skill-based concepts can support the 

RMAS design process, while offering maximum traceability for establishing 

dependencies and relationships between various domain definitions and concepts. 

3.5.2 Definition of Research Objectives 

The aim of this work is to develop an appropriate methodology for the design of 

assembly systems that includes both new and used equipment modules. This primarily 

requires a new formal mathematical model that captures all the necessary design 

constraints and objectives of designing a MAS. The core of this model is based on the 

‘Skill’ concept that is based on the IEC 61499 standard [147]. It is also believed that the 

use of physical port concept can establish the physical interfaces between equipment 

modules. This can help to verify the logical layout of the assembly system configuration. 

The second objective is to incorporate a secondary model that can be used to calculate 

the maintenance cost of the equipment modules based on its ageing or reliability 

characteristics. This helps to predict the remaining useful life of the used equipment 

modules based on their operational and service history. This information can play a 

crucial role in the decision-making process to select equipment modules that best fits the 

design objective. 
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The design of assembly systems is dealing with a lot of complex information both 

structured and unstructured, which can be from various stake holders. In this sense, it 

will be sensible to ease the design process by providing an integrated framework that 

aggregates all the information in one place, while offering complete mapping between 

major concepts, dependencies and relationships. The last objective will be focused on the 

individual illustration and verification of the research hypotheses with help of an 

industrial use case gained via the collaborative research projects ReBorn [16] and 

openMOS [17]. In sum, the main research objectives can be summarized as follows: 

• Definition of a formal mathematical model that uses the skill-based concepts to 

capture all the design constraints and objectives for the design of RMAS 

• Definition of a reliability-based functional degradation model for equipment 

modules to calculate their maintenance cost 

• Extend the AML standard to the design of RMAS by defining new skill-based 

AML libraries 

• Definition of systematic guidelines to create AML specific classes, objects, 

interfaces and attributes to support the design of RMAS 

• Illustration and verification of research hypotheses with the help of an industrial 

use case 

3.6 Definition of Illustration and Verification Methods 

The definition of illustration and verification procedure for any research is quite 

complex as the target domain can be very wide and verifying the proposed contributions 

against every possible scenario is not possible. For this reason, this chapter provides 

certain research assumptions (see section 3.4) which sets the boundary conditions for this 

work and limits the scope. This work targets to define the contributions as generic as 

possible, but it is also necessary to prove that it can be extended for accommodating 

certain case specific requirements. In this direction, it is always a good practice to 

investigate the applicability of the proposed contributions against one or more illustrative 

cases. This work tries to make use of an industrial use case provided by PARO AG, an 

associate partner of the ReBORN project [16]. The illustration and verification strategy 

for the proposed methodology is taken into consideration in three steps, which represent 

the three main knowledge contributions of this work. 
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The first step is focused on illustrating the extendable nature of the formal 

mathematical model defined in chapter 4. The skill-based formal mathematical model 

defined in chapter 4 should be able to capture the all the necessary design constraints for 

PARO based equipment specifications and line configurations. This means that the 

proposed model needs to define a few additional constraints that is specially catered for 

PARO AG specific equipment specifications and line configurations. Moreover, the 

verification of this model should also include the definition of complex product 

requirements, functional capabilities of the equipment modules and suitable process 

specifications with levels of granularity. It is also important to note that several literatures 

has pointed out the higher computational complexity involved in solving this type of 

problems. Therefore, the scope of this work is limited to investigate the applicability of 

this model for the design of RMAS. 

The second stage of the illustration and verification process will be focused on the 

evaluation of the maintenance cost for all the equipment modules participating in the 

design problem. The proposed model makes use of the previously defined reliability 

degradation functions for the estimation of the maintenance costs. The reliability 

parameters used for such calculations will usually be extracted from the historic lifecycle 

information gathered from the condition monitoring sensors installed in the equipment 

modules. It is important to note that the PARO AG’s equipment description does not 

include any of such historic information, and the values of reliability parameters are just 

assumed figures. The cost figures calculated by this model will have a direct effect on 

the objective function of the RMAS design model defined in chapter 4. The verification 

case will be focused on demonstrating the appropriateness of the proposed model to 

support the decision-making process to select reliable and cost-effective equipment 

modules for the RMAS design solution. 

The last and the final verification step is focused on the use of AML to define PARO 

AG specific assembly product requirements, equipment and process specifications. This 

step is crucial, as in practice each of these descriptions are provided by various actors 

involved in the design of RMAS. Therefore, it is necessary to make sure that the domain 

specific or the skill-based base definitions are already established in AML. The next step 

is to verify that the proposed framework allows the users to create PARO AG specific 

AML objects, classes, interfaces and attributes that are in agreement with the core 

concepts and definitions.  
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3.7 Summary 

This chapter has presented a detailed overview of the research methodology behind 

this work. The overview of the research problem and the questions that steer the direction 

and the execution of this research methodology has been outlined. The research approach 

follows a structured path to achieve the objectives derived from the knowledge gaps 

identified in the literature review. Based on these research gaps three potential research 

questions were put forth to stress the focus on the areas that requires further investigation 

to achieve the novelty for this research work. The formalised hypotheses that were made 

at the outset of this work highlights the specific research objectives and the knowledge 

contributions. Finally, the illustration and verification strategy for the proposed 

methodology has also been presented. 

 



Chapter 4: Formalised Linear Mathematical Model for the Design of RMAS 

60 

 

4 Formalised Linear Mathematical 

Model for the Design of RMAS 
 

 

 

Figure 4.1: Overview of Skill-Based Assembly System Design Problem 
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4.1 Introduction 

This chapter proposes a formalised linear mathematical model for the design of 

RMAS. The idea is to make use of the existing skill-based concepts for the definition of 

decision variables and constraints. The three key elements that provides the foundation 

for the skill-based concepts are; skill requirement, skill recipe and skill. These three 

elements represent the Product, Process and Resource (PPR) domains respectively. The 

definition of these three elements makes it easier to understand how the assembly system 

(resource) executes the assembly processes (skill recipe) to fulfil the product’s assembly 

requirements (skill requirements) as shown in Figure 4.1. The proposed model focuses 

on matching the product’s assembly process requirements (skill requirements) with the 

functional capabilities (skills) of the equipment modules to generate RMAS design 

configurations. However, this is only one aspect of the design problem. This model 

provides sets of grouped constraints to address the various aspects of the design problem. 

This work addresses the design of RMAS in two folds. This chapter is focused on 

providing the necessary mechanism to shortlist the set of equipment modules that can 

effectively fulfil a given set of product requirements. The benefits of reusing assembly 

equipment can only be realised when their performance standards are known beforehand. 

Chapter 5 investigates the influence of maintenance strategies of the assembly equipment 

on the design of RMAS. This is done by evaluating the optimal maintenance strategy for 

the assembly equipment with the help of reliability degradation and improvement 

functions for corresponding maintenance actions. The evaluated maintenance costs serve 

as an important input parameter to the model defined in this chapter to select the 

combination of equipment modules that are least expensive to own (purchase, operate 

and maintain). 

This chapter addresses the knowledge gap that highlights the lack of formal skill-

based mathematical models that can generate assembly system design solutions. 

Literatures reveal that most of the models in this domain are mostly focusing on the line 

balancing and other process-oriented aspects. The proposed model focuses on 

simultaneous decision-making for assembly processes, product flow, hardware 

requirements and the physical connectivity between the equipment modules contained in 

a workstation. Finally, the computational performance of the proposed model for various 

design complications has been compared and discussed at the end of this chapter. 
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4.2 Overview of the Model Concepts and Definitions 

The formal mathematical model is built based on the analysis of the relationships 

between the PPR domains. The ‘Skill’ concept creates the foundation for this work, 

which is a simplified representation of the assembly process block defined in IEC 61499 

standard. This model builds on N. Lohse’s [34] work on the ontology-based knowledge 

models for the formal representation of the relationships between the PPR domains. 

Likewise, P. Ferreira [67] proposed few additions (attributes) to these definitions and 

built an agent-based self-configuration methodology for the design of modular assembly 

systems. P. Ferreira’s [67] additional attributes provide functional meaning to the various 

types of assembly processes, which can then be realised by the functional capabilities of 

the assembly system (configuration solution). 

This work aims to build a generic mathematical model based on the concepts and 

definitions established in N. Lohse and P. Ferreira’s works [67]. The model uses 

constraints to reduce the solution space established by the decision variables that are 

defined at the outset of the problem. This means that the definition of constraints helps 

to exclude one or more portions of the solution space. Therefore, the overall objective is 

to help the solver (computational engine) to converge towards an optimal solution in a 

reasonable amount of time. The proposed model is generic but at the same time offers 

flexibility to build case-specific constraints to address a simple or complex (hierarchical/ 

multi-level system) configuration problems. 

The mathematical notations used in this model is listed in the nomenclature section 

that is indexed in the beginning of this thesis. The concepts and definitions for each of 

these domains are described in the sections below. 

4.2.1 The Skill Concept Overview 

The ‘Skill’ defines the functional capability of an assembly equipment, which may be 

hierarchically defined as a system or sub-systems. The ‘Skill Requirements’ defines the 

product’s assembly requirements with specific precedential relationships between them, 

which highlights the sequence of assembling the product. Both the ‘Skill’ and the ‘Skill 

Requirement’ shares a common attribute called ‘Skill Type’, which enables the automatic 

matching between them [34]. However, the ‘Skill requirements’ are often an abstract 

higher-level representation of the assembly process requirements [34]. For example, 

consider a simple ‘pick and place’ requirement, which has some parametric requirements 
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such as: speed 5m/s and force 10N. On the other hand, the ‘skills’ for a ‘robot’ with a 

‘pneumatic gripper’ is usually presented in a very granular level such as: ‘Move’, ‘Hold’ 

and ‘Release’, which can be operated under a speed of 0-30m/s and grip objects between 

0-20N. In this sense, the concept of ‘Composite Skill’ is introduced to enable the 

matching between equipment’s ‘skills’ and product’s ‘skill requirements’ with varying 

degrees of granularity [34]. 

However, to fulfil the ‘skill requirement’s’ parametric conditions, it is necessary to 

formalize the parameters for the execution of ‘Skills’. In this direction, the concept of 

‘Skill Recipe’ is introduced to define specific parameter settings, which can fulfil one or 

more ‘skill requirements’ as shown in Figure 4.2. Therefore, the model can take 

advantage of the predefined ‘skill requirements’ to establish higher level compositions, 

which can be fulfilled by one or more lower level ‘skill recipes’ [86]. Similarly, 

equipment modules that encapsulates one or more lower level modules can have 

‘composite skills’ with one or more corresponding ‘skill recipes’ with different 

parametric settings. Those ‘skill recipes’ that corresponds to ‘composite skills’ will 

include one or more ‘skill requirements’, which will also be fulfilled by the lower level 

‘skill recipes’ [86]. 

4.2.2 Definition of Assembly Product 

Generally, the assembly product is a collective representation of one or more 

components, or a unique single bill of material. Subsequently, the assembly processes 

are catered based on the functional and parametric requirements of assembling the 

components to build the product. In this work, the concept of ‘skill requirement’ is used 

 

Figure 4.2: Overview of the Skill Concept 
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to establish the product’s assembly process requirements. The sequence of assembling 

the components are generally expressed with the help of a precedence graph [149]. The 

precedence graph provides a pictorial representation of the sequential relationships 

between the ‘skill requirements’. Also, it is commonly expected that the precedence 

graph may include a series, parallel, or a combinational flow of ‘skill requirements’ as 

shown in Figure 4.3. Accordingly, it is necessary to establish a method that can 

accommodate the definition of several variations of precedencies. In the following, 

simple ‘Pre’ and ‘Post’ definitions are used to establish the preceding and succeeding 

relationships between two ‘skill requirements’. 

4.2.3 Definition of the Assembly System 

From a practical point of view, the process of designing an assembly system is quite 

interwoven with its process. It is necessary to have a preliminary idea of how the product 

will flow through the assembly system. This work is focused on designing an assembly 

cell, which can include one or more workstations that are connected to one another by 

means of built in conveyors or other external transport systems. The workstations that 

represent the assembly cell can be organised into several types of layouts as described in 

 

Figure 4.3: Overview of Product Assembly Requirements and its Precedence Relationships 
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the literature section. The type of layout used in a production line can make a significant 

difference in its performance. 

The design problem deals with the allocation of resources (equipment modules) to 

workstations, which can collectively fulfil a given set of product requirements. There can 

be several types of equipment modules assigned to each workstation such as: Frame 

(table), Work Modules (tools), Feeders, operator and part bins. In this work, it is assumed 

that the workstation is modelled as a subsystem, which is nothing but an empty container. 

The workstation needs an equipment of the type frame or table to add any other 

equipment modules to the same workstation. This highlights that the model is catered for 

modular systems, and the constraints used will decide the flexibility of the system. 

In this work, the physical connectivity between various equipment modules is 

considered as an important aspect of design process. The definition of modular systems 

would require a predefined library of interfaces to verify the physical connections 

between equipment modules from different vendors. The physical interface between two 

equipment modules are defined with the help of physical ports. The definition of physical 

ports includes two main attributes such as: (1) port type and (2) port direction, which 

plays a major role in defining the physical interface. Therefore, the physical interface 

between two modules is realised through the interface between two physical ports that 

are of same type and compatible directions. It is important to note that a physical interface 

cannot be established if their corresponding port types and directions are not predefined 

in the interface library as illustrated in Figure 4.4. 

 

Figure 4.4: Overview of the Library of Physical Ports with a Simple Example 



Chapter 4: Formalised Linear Mathematical Model for the Design of RMAS 

66 

 

4.2.4 Model Assumptions and Limitations 

The problem definition of this work includes several assumptions based on the ‘skill’ 

concept, physical setup and the physical connections between equipment modules as 

follows: 

• The assembly processes represented in the form of ‘Skill recipes’ are not 

dynamically generated to fulfil the ‘skill requirements’, but instead it is assumed 

that the system integrator provides a list of ‘skill recipes’ for all the available 

equipment modules that are included in the design problem. (The skill recipes can 

be generated easily, but it is not included in the scope of this work to focus more 

on the configuration problem. The process of recipe generation usually requires a 

manual verification step which is not easy to automate. This step is mandatory to 

confirm the desired level of confidence or human trust.) 

• There are no buffers between workstations, and the product moves from one 

station to another by a fixed interval of time. This assumption helps to avoid bottle 

necks and other complications related to the product flow in the production line. 

• The resources or the equipment modules allocated to workstations are fixed and 

are not shared. This means that the resources (equipment modules) are not shared 

between workstations if their skills are on demand during production. 

• The scope of this work is limited to physical interfaces between equipment 

modules inside each workstation. It is important to note that the workstations are 

connected to one another by means of external conveyors and it is not included in 

the scope of this work. This is mainly because of the reason that the addition of 

external conveyors considering the factory’s shop floor space restrictions can 

make more sense during the layout design phase. 

• All the workstations in the assembly line should have at least one equipment of 

the type frame, which has one or more physical ports for establishing physical 

interface with other modules that are assigned to the same workstation.  

• All the equipment modules in the workstation that are not of the type frame can 

only establish one physical interface with the equipment of the type frame. In 

theory, every module can establish a physical interface with another module if 

they have compatible port types and directions. 

These assumptions have been made to reduce the computational complexity while 

solving the configuration problem. However, these assumptions do not limit the 
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capability or model or the findings of this work. This means that these assumptions do 

not restrict the extendible nature of the model for the definition of more complicated 

production lines, or in any way restrict the future directions for research investigations. 

These assumptions are intentionally introduced to reduce the size solution space and the 

corresponding computational complexity of the problem. 

4.3 Definition of the Formal Mathematical Model 

This work is focused on developing a mathematical model to generate the least costing 

assembly system configurations, where the requirements are represented as constraints. 

Constraint programming has originated from satisfiability technology that takes its roots 

in computer science’s logic programming, graph theory, and the artificial intelligence 

efforts of the 1980s. Constraint programming is considered to be one of the efficient 

approaches for solving and optimizing problems that are very scattered and unorganised 

for mathematical programming. The three functional building blocks for constraint 

programming models are; decision variables, objective function and constraints. These 

essential elements of the model are explained in the subsequent sections of this chapter. 

4.3.1 Definition of Decision Variables 

The configuration problem deals with a lot of unknown information such as; which 

skills can be used to fulfil a specific skill requirement?  Which equipment modules are 

used to build a specific workstation? In constraint programming, the decision variables 

can be used to represent the unknown information in the problem domain. Decision 

variables differ from the standard programming variables in a way that they have 

domains of possible values and may have constraints engaged on the possible 

combinations of these values. For this reason, the decision variables are also known as 

constrained variables. Each decision variable has a domain of possible values. 

This work makes use of three types of decision variables such as; Boolean, interval 

and integer variables. This helps to accommodate both process and equipment 

configurations at the same time. The Boolean variable is used to represent the selection 

or participation of an entity in the solution space. The interval variable is used to represent 

an interval of time that is allocated to the selected or the participating entity. The integer 

variable is used to quantify the number of occurrences of an event or an activity that 

corresponds to the selected or the participating entity. 
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4.3.1.1 Boolean Variables 

This work focuses on designing an assembly cell, which can include one or more 

workstations that linked together by means of conveyor belts for material transport. The 

number of conveyor belts used and the means to link workstations are usually decided 

during the system layout design phase, which is not in the scope of this work. Each 

workstation (𝑊𝑙) is a collective build that includes one or more equipment modules (𝑀𝑘). 

This information that represents the system build with several equipment modules (𝑀𝑘) 

contained in each workstation (𝑊𝑙) is unknown before solving the problem. In this 

direction, it is necessary to use a decision variable that defines the possible combination 

of equipment modules (𝑀𝑘) within each workstation (𝑊𝑙). Boolean variables are often 

used to represent this kind of solution spaces as shown in Eq: 4.1. 

𝐴[𝑊𝑙𝑀𝑘] =  {
1
0
   
𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑀𝑘 , (𝑘 = 1,… , 𝑛) 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑊𝑙 , (𝑙 = 1,… ,𝑚)   

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq: 4.1 

The equipment modules (𝑀𝑘) are allocated to workstation (𝑊𝑙) to execute the 

assembly processes in a sequence according to the product’s assembly precedence 

specification. The assembly processes are designed in such a way that it completes the 

assembly of a product or sub-product. In this sense, a product’s assembly can only be 

completed when all its process requirements (𝑅𝑖) are fulfilled in any of the available 

workstations (𝑊𝑙). This can be characterised as a Boolean decision variable to represent 

the allocation of ‘skill requirements’ (𝑅𝑖) for each workstation (𝑊𝑙) as shown in Eq: 4.2. 

𝐵[𝑊𝑙𝑅𝑖] =  {
1
0
 
𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑅𝑖, (𝑖 = 1,… , 𝑝) 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑊𝑙 , (𝑙 = 1,… ,𝑚) 

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq: 4.2 

As mentioned earlier, the concept of ‘skill recipe’ (𝑍𝑗) is defined in such a way that it 

includes the information related to the ‘skill requirements’ (𝑅𝑖) that it fulfils and the 

‘skill’ (𝑆𝑔) that executes it. Also, the ‘skill recipes’ (𝑍𝑗) are defined with specific 

parametric settings to fulfil specific ‘skill requirements’ (𝑅𝑖). Therefore, it is meaningful 

to place all the process related constraints on the allocation of skill recipes (𝑍𝑗), which 

can be declared as a Boolean decision variable as shown in Eq: 4.3. 

𝐶[𝑊𝑙𝑍𝑗] =  {
1
0
  
𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑍𝑗 , (𝑗 = 1,… , 𝑟) 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑊𝑙 , (𝑙 = 1,… ,𝑚)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq: 4.3 

This work focuses on the configuration of equipment modules (𝑀𝑘) that are 

compatible to establish physical interfaces with one another. As mentioned earlier, the 

physical interface can only be established by one or more ports (𝑃ℎ) that belong to the 
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same type with compatible directions. Therefore, it is logical to define a Boolean decision 

variable as shown in Eq: 4.4, which can be used to define constraints for physical 

connections between physical ports (𝑃ℎ). 

𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2] =  {
1
,
0
 

𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑃ℎ1, 𝑃ℎ2 ≡ 𝑃ℎ , (ℎ = 1,… , 𝑞) 𝑖𝑠

𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝑊𝑙 , (𝑙 = 1,… ,𝑚)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

 

Eq: 4.4 

4.3.1.2 Interval Variables 

This work deals with the allocation of skill recipes (𝑍𝑗) to workstations (𝑊𝑙), where 

each of them needs to be executed at specific time intervals to satisfy the overall make 

span of the product. In this direction, is necessary to define interval variables for the 

allocation of skill recipes (𝑍𝑗), which can be helpful in constraining the start, end and 

length of an individual or a set of recipes (𝑍𝑗).  

The interval variable represents an interval of time during which the skill recipes (𝑍𝑗) 

will be executed. This event’s position in time with respect to the execution schedule for 

other skill recipes (𝑍𝑗) is unknown. Every interval variable is characterized by a start 

value (𝑠(𝑍𝑗)), end value (𝑒(𝑍𝑗)) and size or length (l(𝑍𝑗)). Another important feature of 

the interval variable is the fact that they can be optional, which gives the optimizer a 

choice, whether to include them in the solution space or not. This feature is crucial in the 

applications as follows: 

• Optional activities (actions, operations and tasks) that can be left unperformed, 

which has an impact on the cost. 

• Activities that can be executed on a set of alternative resources (Machines, operators, 

etc.) with different characteristics (speed, time, etc.) and compatibility constraints. 

• Alternative modes for executing tasks, which has sub-operations that can be grouped 

and executed by a specific combination of resources (𝑀𝑘). 

• Alternative processes for executing a production orders, which need a special type 

of resource to execute the specific skill (𝑆𝑔).  

• Operations that can be executed in different temporal modes (series and parallel). 

• Hierarchical description of a workflow with work-breakdown structures for tasks 

decomposed into sub-operations and actions. Also, a part of the workflow can be 

declared as optional, which can have a positive impact on the cost if unperformed. 
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As mentioned earlier, the physical setup of the system is defined in such a way that 

the assembly cell layout will have one or more workstations (𝑊𝑙), and the equipment 

modules (𝑀𝑘) will be allocated to them based on the product requirements (𝑅𝑖). 

Therefore, this work focuses on gaining control over the start (𝑠(𝑍𝑗)), end (𝑒(𝑍𝑗)) and 

the length (l(𝑍𝑗)).of the skill recipes (𝑍𝑗) allocated to each workstations (𝑊𝑙) with the help 

of an interval variable as shown in Eq: 4.5. 

𝐸[𝑊𝑙𝑍𝑗] =  {

1
,
0
  

𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑍𝑗 , (𝑗 = 1,… , 𝑟) 𝑖𝑠 𝑒𝑥𝑒𝑐𝑢𝑡𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 𝑖𝑛 𝑊𝑙 , (𝑙 = 1,… ,𝑚)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

 

Eq: 4.5 

The previous decision variable helps to control and record the time taken by a 

workstation (𝑊𝑙) to execute a skill recipe. However, this is not enough if one has to 

control the total time that a workstation (𝑊𝑙) can spend on a product. Therefore, Eq: 4.6 

represents the interval decision variable for a workstation (𝑊𝑙), which helps to control 

the total time that a product can spend on each workstation (𝑊𝑙). 

𝐹[𝑊𝑙] =  {

1
,
0
  

𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑊𝑙 , (𝑙 = 1,… ,𝑚) 𝑖𝑠 𝑢𝑠𝑒𝑑
𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq: 4.6 

4.3.1.3 Integer variable 

It is important to note that the assembly product needs to flow according to the 

physical setup of the system. For instance, if the system is designed to be a one directional 

production line, then it is necessary to place logical constraints on the product to ensure 

its flow according to the physical setup. In this sense, it is essential to define an integer 

decision variable that counts the product flow between the workstations (𝑊𝑙) as shown 

in Eq: 4.7.  

𝐺[𝑊𝑙1𝑊𝑙2] =  
{1,… , 𝑛  𝑓𝑜𝑟 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑏𝑒𝑡𝑤𝑒𝑒𝑛

(𝑊𝑙1,𝑊𝑙2) ∈ 𝑊𝑙 , (𝑙 = 1,… ,𝑚)
 

 

Eq: 4.7 

4.3.2 Definition of Objective Function 

This work is focused on building a model that is not only generic but also extendible 

for the configuration of a very simple to complex assembly systems. Hence, this model 

is defined with a simpler objective function that can verify the applicability and 

appropriateness of the decision variables and configuration constraints. 
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The objective of this problem is to select an assembly system configuration that is cost 

effective to purchase, operate and maintain. The reliability and the maintenance cost of 

the system are closely linked to one another, as every maintenance activity to increase 

the system reliability would have a direct cost. Therefore, the cost aspects of the system 

are classified as fixed cost and variable cost. The fixed cost (𝑓𝑐𝑘) is referred to the 

purchase cost of the system and the variable cost (𝑣𝑐𝑘)  is referred to the collective 

maintenance and operational costs of the system. The more comprehensive cost function 

for the reliability and maintenance related aspects are explored further in the subsequent 

Chapter 5. 

Therefore, Eq: 4.8 presents the objective function as the sum of fixed (𝑓𝑐𝑘) and 

variable costs (𝑣𝑐𝑘) for all the equipment modules (𝑀𝑘) and workstations (𝑊𝑙) that are 

included in the final configuration solution (𝐴[𝑊𝑙𝑀𝑘]). 

𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒 (∑∑{[𝑓𝑐𝑘 + 𝑣𝑐𝑘] ∗ 𝐴[𝑊𝑙𝑀𝑘]}

𝑛

𝑘=1

𝑚

𝑙=1

),     {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛}

 
 

Eq: 4.8 

4.3.3 Definition of Constraints 

The constraints for the current problem can be categorized into four categories such 

as: (1) Process Constraints; (2) Material Flow Constraints; (3) Resource Constraints; and 

(4) Physical Interface Constraints. The details regarding the list of constraints under each 

of these categories are described in the sections below. 

4.3.3.1 Process Constraints 

This section details the list of constraints that are used to limit the solution space and 

systematically improve the overall efficiency of the assembly processes. This is mainly 

associated to the allocation of skill recipes (𝑍𝑗) to workstation’s (𝑊𝑙) and controlling their 

execution times to fulfil the product workflow and make span. The assembly process 

workflow is governed by the definition of the precedence relationships for the product’s 

skill requirements (𝑅𝑖). Finally, a constant production rate can be guaranteed by the 

enforcement of the cycle time constraint for workstations (𝑊𝑙). This governs the 

allocation of skill recipes (𝑍𝑗) to the workstations (𝑊𝑙) in a way that the total sum of 

recipe execution times of each workstation (𝑊𝑙) does not exceed the cycle time (𝑇𝑐). The 

formal mathematical representations of these constraints are explained with 

corresponding equations below. 
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It can be said that a product assembly can only be completed when all its skill 

requirements (𝑅𝑖) are fulfilled. This means that all the skill requirements (𝑅𝑖) should be 

fulfilled in any of the workstations (𝑊𝑙) that are confined to the specific assembly cell or 

system. In mathematical terms, it can be said that for all skill requirements (𝑅𝑖), the sum 

of workstations (𝑊𝑙) should be equal to one as shown in Eq: 4.9. This constraint allows 

one or more skill requirements (𝑅𝑖) to be fulfilled in one workstation (𝑊𝑙) as shown in 

Figure 4.5 (a), (b) and (c), but does not allow the same skill requirement (𝑅𝑖) to exist in 

two different workstations (𝑊𝑙) as shown in Figure 4.5(d). 

∑𝐵[𝑊𝑙𝑅𝑖]

𝑚

𝑙=1 

= 1,            {∀{𝑖 ∈ 𝑅, 𝑖 = 1,… , 𝑝} 
 

Eq: 4.9 

The skill recipes (𝑍𝑗) are specially catered to fulfil the product’s skill requirements 

(𝑅𝑖). Towards this end, every skill recipe (𝑍𝑗) will include a unique identification number 

to point its target skill requirement (𝑅𝑖). This facilitates the allocation of the skill recipes 

(𝑍𝑗) and its matching skill requirements (𝑅𝑖) to the same workstations (𝑊𝑙). It is also 

important to note that a specific skill requirement (𝑅𝑖) can be fulfilled by one or more 

skill recipes (𝑍𝑗). In this sense, it is necessary to ensure that there can be only one skill 

recipe (𝑍𝑗) per skill requirement (𝑅𝑖) allocated to a workstation (𝑊𝑙). In mathematical 

 

Figure 4.5: Overview of Requirements allocation to Workstations 
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terms, it can be said that, for all workstations (𝑊𝑙) and skill requirements (𝑍𝑗), the sum of 

skill recipes (𝑍𝑗) should be equal to the skill requirement (𝑅𝑖) contained in that 

workstation (𝑊𝑙) as shown in Eq: 4.10. 

𝐵[𝑊𝑙𝑅𝑖] = ∑ 𝐶[𝑊𝑙𝑍𝑗]

𝑟

𝑗=1|𝑗∋𝑖

, {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚}

∀{𝑖 ∈ 𝑅, 𝑖 = 1,… , 𝑝},
 

 

Eq: 4.10 

Similar to the Eq.11, a skill recipe (𝑍𝑗) cannot be allocated to more than one 

workstation (𝑊𝑙) as shown in Figure 4.5 (a), (b) and (c), but the same recipe (𝑍𝑗) cannot 

be allocated to two or more workstations (𝑊𝑙) as shown in Figure 4.5 (d). Therefore, in 

mathematical terms, it can be said that, for all skill recipes (𝑍𝑗), the sum of workstations 

(𝑊𝑙) should be less than or equal to one as shown in Eq: 4.11. 

∑𝐶[𝑊𝑙𝑍𝑗]

𝑚

𝑙=1 

≤ 1, ∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟} 
 

Eq: 4.11 

This model utilizes two decision variables for the allocation of skill recipes (𝑍𝑗), where 

one is a Boolean variable (𝐶[𝑊𝑙𝑍𝑗]) that governs the logical containment, and the other is 

an interval variable (𝐸[𝑊𝑙𝑍𝑗]), which helps to establish the time dependent process 

constraints. Therefore, it is necessary to establish a connection between these two 

decision variables to maintain logical coherence. In mathematical terms, it can be said 

that, for all the workstations (𝑊𝑙) and skill recipes (𝑍𝑗), every active Boolean value of the 

variable (𝐶[𝑊𝑙𝑍𝑗]) should enforce the presence of an equivalent and active interval 

exposed in the variable (𝐸[𝑊𝑙𝑍𝑗]) as shown in Eq: 4.12. 

 

Figure 4.6: Overview of the Precedence Constraint 
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(𝐶[𝑊𝑙𝑍𝑗]) = ∃(𝐸[𝑊𝑙𝑍𝑗]), {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},

∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟}
 Eq: 4.12 

The skill requirements (𝑅𝑖) are catered in such a way that it includes the details 

regarding the assembly sequences via precedence relationships. To enforce these 

precedence relations, it is necessary to implement constraints to restrict the relative 

temporal position of the skill recipes (𝑍𝑗) in the solution. Here, the precedence constraints 

are modelled in way that a specified skill recipe must end (𝑒(𝑍𝑗)) before the start (𝑠(𝑍𝑗)) 

of the other recipe. If one or both of the interval variables are absent, then the precedence 

by default will become true, and would not impact the schedule anymore. For instance, 

the starting time of the skill recipe (E[𝑊𝑙𝑍𝑗]|𝑗 ∋ 𝑅𝑖) in any workstation (𝑊𝑙) must start 

after the end of its predecessor (E[𝑊𝑙𝑍𝑗]|𝑗 ∋ 𝑅𝑖−1), which is confined to the same or 

different workstation (𝑊𝑙) as shown in Eq: 4.13. Generally, the sequential order of 

assembly tasks is established via precedence graphs. Therefore, Figure 4.6 illustrates the 

execution of skill recipes (𝑍𝑗) in a time domain with respect to their predefined 

precedence relationships. 

𝑒(𝐸[𝑊𝑙𝑍𝑗(𝑅𝑖−1)]) ≤ 𝑠(𝐸[𝑊𝑙𝑍𝑗(𝑅𝑖)]), {
∀{𝑙 ∈ 𝑊, 𝑙 = 1, … ,𝑚},
∀{𝑗 ∈ 𝑍, 𝑗 = 1, … , 𝑟}

 Eq: 4.13 

This work is built on the assumption that the assembly system is not designed to 

accommodate any buffers between the workstations (𝑊𝑙). This means that the assembly 

tasks (skill recipes (𝑍𝑗)) executed in a workstation (𝑊𝑙) should end before the starting the 

execution of any tasks in the consecutive workstation (𝑊𝑙). To enable this, it is necessary 

to populate the list of skill recipes (𝑍𝑗) and the total sum of their execution times for all 

the workstations (𝑊𝑙). The CPLEX’s span method can be used to build a constraint that 

groups all the recipe (𝑍𝑗) execution intervals under each work point (𝑊𝑃𝑦). Therefore, 

Eq: 4.14 and Eq: 4.15 articulates that all the recipes (𝑍𝑗) executed in (E[𝑊𝑙𝑍𝑗]| 𝑗 =

1,2,… , 𝑟) are grouped into the higher-level variable (F[𝑊𝑙]). This means that the interval 

decision variable (F[𝑊𝑙]) starts together with the execution of the first recipe under 

(𝑚𝑖𝑛𝑍,{𝑗=1,…,𝑟}𝑆(𝐸[𝑊𝑙𝑍𝑗])) and ends together with the execution of the last recipe 

(𝑚𝑎𝑥𝑍,{𝑗=1,…,𝑟}𝑒(𝐸[𝑊𝑙𝑍𝑗])). 

∃(𝐹[𝑊𝑙]) ⟺ ∃(𝐸[𝑊𝑙𝑍𝑗]), {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟}

 Eq: 4.14 
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∃𝐹[𝑊𝑙] ⟺ {
𝑠(𝐹[𝑊𝑙]) = 𝑚𝑖𝑛𝑍,{𝑗=1,…,𝑟}𝑆(𝐸[𝑊𝑙𝑍𝑗])

𝑒(𝐹[𝑊𝑙]) = 𝑚𝑎𝑥𝑍,{𝑗=1,…,𝑟}𝑒(𝐸[𝑊𝑙𝑍𝑗])
 

 

Eq: 4.15 

Consequently, it is necessary to make sure that the sum of all the recipes (𝑍𝑗) assigned 

to a workstation (𝑊𝑙−1) should be completed before the start of any other recipe (𝑍𝑗) 

executions in the consecutive workstation (𝑊𝑙). In this sense, Eq: 4.16 articulates that all 

the recipe (𝑍𝑗) executions in a preceding workstation (𝑊𝑙−1) should end before the start 

of any recipe (𝑍𝑗) executions in a consecutive workstation (𝑊𝑙). 

𝑒(𝐹[𝑊𝑙−1]) ≤ 𝑠(𝐹[𝑊𝑙]), {∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚} Eq: 4.16 

Finally, to ensure a consistent production rate, it is important to implement a cycle 

time constraint that restricts the task allocations to workstation (𝑊𝑙) over a predefined 

time interval. Since all the tasks executed in each workstation (𝑊𝑙) is grouped into the 

higher-level variable (𝐹[𝑊𝑙]), it becomes easier to control the overall execution sequence 

of the workstation (𝑊𝑙). Consequently, the cycle time can be defined as the total length 

of time required to complete all the recipes execution assigned to a particular workstation 

(𝑊𝑙) as shown in Figure 4.7. Eq: 4.17 articulates that the length of decision variable 

(F[𝑊𝑙]) for each workstation (𝑊𝑙) should be less than or equal to the cycle time (𝑇𝑐). 

𝑙(𝐹[𝑊𝑙]) ≤ 𝑇𝑐 , {∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚} Eq: 4.17 

4.3.3.2 Product Flow Constraints 

This work is focused on assembly lines that sequentially fulfils the product’s 

requirements (𝑅𝑖), while progressively assembling the product. In this sense, it is evident 

 

Figure 4.7: Overview of the Cycle Time (Tc) Constraint 
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that the assembly process requires several material transports that starts from the initial 

part feed to the last process that delivers the final assembled product. One of the 

fundamental lean principle is to avoid unnecessary material transports within the system, 

which eventually reduces the overall lead time of the product. The behaviour of material 

transports between the workstations (𝑊𝑙) can be controlled by placing constraints on the 

decision variable (H[𝑊𝑙1𝑊𝑙2]). This section describes the four main constraints that are 

used to control the material flow within the assembly system. 

The first constraint is defined to maintain the logical consistency by restricting 

material transports within the same workstation (𝑊𝑙). In mathematical terms, it can be 

said that every instance of the two-dimensional integer decision variable (H[𝑊𝑙1𝑊𝑙2]) that 

refers to the rows with identical workstations (𝑊𝑙) should be equal to zero as shown in 

Eq: 4.18. 

(𝐺[𝑊𝑙1𝑊𝑙2]) = 0, {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},

(𝑙1, 𝑙2) ∈ 𝑙,
𝑙1 = 𝑙2

 
 

Eq: 4.18 

(𝐺[𝑊𝑙1𝑊𝑙2]) ≤ 1, {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},

(𝑙1, 𝑙2) ∈ 𝑙,
𝑙1 ≠ 𝑙2

 
 

Eq: 4.19 

(𝐺[𝑊𝑙1𝑊𝑙1−1]) = 0, {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},

(𝑙 − 1, 𝑙1) ∈ 𝑙,
𝑙 − 1 ≠ 𝑙1

 
 

Eq: 4.20 

This work is focused on the design of one directional flow line, where each 

workstation (𝑊𝑙) can transfer the product only to its successor. Hence, the second 

constraint is defined to control the total number of possible material transports between 

the workstations (𝑊𝑙). In mathematical terms, it can be said that every instance of the 

two-dimensional integer decision variable (𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2]) that refers to the rows with 

non-identical workstations (𝑊𝑙). should be less than or equal to one as shown in Eq: 4.19. 

 

Figure 4.8: Overview of the Product Flow Constraint with Precedence Relationships 
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The third constraint for the material transport is an extension of the second constraint, 

which prevents any inverse material transports between consecutive workstations (𝑊𝑙). 

In this sense, Eq: 4.20 articulates that the material transport between a workstation (𝑊𝑙) 

and its predecessor (𝑊𝑙−1) should be equal to zero. The last constraint is the most 

significant one of this section, which is used to establish the definition of material 

transports between workstation’s (𝑊𝑙1,𝑊𝑙2). Such material transports can be logically 

verified only when there is a precedence link between the last and first skill recipes that 

are assigned to the consecutive workstations (𝑊𝑙1,𝑊𝑙2) as shown in Figure 4.8. In 

mathematical terms, it can be said that the value of the two-dimensional integer decision 

variable (G[𝑊𝑙1𝑊𝑙2]) depends on the total sum of precedence links existing between two 

consecutive workstations (𝑊𝑙−1,𝑊𝑙1) as shown in Eq: 4.21. 

(𝐺[𝑊𝑙−1𝑊𝑙1]) = ∑ ∃(𝐸[𝑊𝑙−1𝑍𝑗−1])

𝑟

𝑗−1=1

∗ ∑ ∃

𝑟

𝑗1=1

(𝐸[𝑊𝑙1𝑍𝑗1]),

{
 
 

 
 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟},

(𝑙 − 1, 𝑙1) ∈ 𝑙,
𝑙 − 1 ≠ 𝑙1,

(𝑗 − 1, 𝑗1) ∈ 𝑗,

𝑗 − 1 ≠ 𝑗1

 

 

 

 

 

 

Eq: 4.21 

4.3.3.3 Resource Constraints 

This section explains about the list of constraints that are specially catered to allocate 

the specific equipment modules (𝑀𝑘) to workstations (𝑊𝑙) that together can complete the 

product assembly. Furthermore, it includes the design limitations that arises during the 

physical hardware build or setup phase of the assembly system. 

The first constraint of this section is focused on limiting the allocation of an equipment 

module (𝑀𝑘) to more than one workstation (𝑊𝑙). In mathematical terms, Eq: 4.22 declares 

that, for all equipment modules (𝑀𝑘) the sum of workstations (𝑊𝑙) should be less than or 

equal to one. Alike the allocation of skill requirements (𝑅𝑖) and recipes (𝑍𝑗), one or more 

equipment (𝑀𝑘) can be allocated to a workstation (𝑊𝑙) as shown in Figure 4.5 (a), (b), 

and (c) but the same equipment (𝑀𝑘) cannot be contained in two different workstations 

(𝑊𝑙) as shown in Figure 4.5 (d). 

∑𝐴[𝑊𝑙𝑀𝑘]

𝑚

𝑙=1

≤ 1, {∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛} 
 

Eq: 4.22 
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As mentioned earlier, the definition of skill recipe (𝑍𝑗) includes the details of its 

executable skill (𝑆𝑔) and the fulfilling skill requirement (𝑅𝑖). Therefore, the two decision 

variables (C[𝑊𝑙𝑍𝑗], 𝐴[𝑊𝑙𝑀𝑘]) that deal with the allocation of skill recipes (𝑍𝑗) and 

equipment modules (𝑀𝑘) to workstations (𝑊𝑙) can be coupled with each other. Also, an 

equipment module (𝑀𝑘) in any workstation (𝑊𝑙) can execute one or more recipes (𝑍𝑗). 

Therefore, in mathematical terms, it can be said that in each workstation (𝑊𝑙), the sum of 

skill recipes (𝑍𝑗) can be greater than or equal to its corresponding equipment (𝑀𝑘) in a 

workstation (𝑊𝑙) as shown in Eq: 4.23. 

(𝐴[𝑊𝑙𝑀𝑘]) ≤ ∑ (C[𝑊𝑙𝑍𝑗])

𝑟

𝑗=1|𝑗∋𝑘

, {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛}

 
 

Eq: 4.23 

Practically the workstations (𝑊𝑙) cannot be allocated with any equipment (𝑀𝑘) unless 

and otherwise it has been allocated with a frame or table. This is mainly because, the 

workstations (𝑊𝑙) are just virtual boundaries, which needs a base, frame or table that has 

suitable physical ports (𝑃ℎ) to connect with one or more equipment modules (𝑀𝑘). In this 

problem domain, it is assumed that workstations (𝑊𝑙) cannot contain more than one 

equipment (𝑀𝑘1) that is of the type frame (𝛽𝑚(𝑘1) = 𝑓𝑟). Therefore, it can be said that 

for each workstation (𝑊𝑙) the sum of equipment modules (𝑀𝑘) of the type frame 

(𝛽𝑚(𝑘) = 𝑓𝑟) should be less than or equal to one as shown in Eq: 4.24. 

∑ (𝐴[𝑊𝑙𝑀𝑘])

𝑛

𝑘=1|𝛽𝑚(𝑘)=𝑓𝑟

≤ 1, {∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚}, 
 

Eq: 4.24 

4.3.3.4 Physical Interface Constraints 

This section details the list of constraints that are specially catered to establish the 

rules, that govern the physical interfaces between equipment modules (𝑀𝑘1,𝑀𝑘2) that 

belongs to the same workstation (𝑊𝑙1). The physical interfaces are defined as the 

combination of two or more physical ports (𝑃ℎ). The definition of physical ports (𝑃ℎ) 

includes two main attributes: (1) port type (𝛽𝑝) and (2) port direction (𝛿𝑝), which plays 

a major role for the definition of a physical connection between compatible interfaces. 
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This work includes an important assumption to reduce the problem complexity by 

limiting the physical interfaces to be one to one port connections. This means that a 

physical port (𝑃ℎ1) can only establish a physical interface with one another physical port 

(𝑃ℎ2), where both the corresponding equipment modules (𝑀𝑘1,𝑀𝑘2) belongs to the same 

workstation (𝑊𝑙1). In this sense, Eq: 4.25 is articulated similar to the logical OR gate, 

which limits the Boolean decision variable (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) to be true for more than one 

instance of a physical port (𝑃ℎ1) interfacing with yet another port (𝑃ℎ2) (See Figure 4.9). 

∑(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) + (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2])

𝑞

ℎ2=1

≤ 1, {

∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

(ℎ1, ℎ2) ∈ ℎ,
ℎ1 ≠ ℎ2,

 

 

Eq: 4.25 

Two physical ports (𝑃ℎ1, 𝑃ℎ2) can establish a physical interface only if both the ports 

belong to the same type (𝑃ℎ(𝛽𝑢)) with compatible port directions (𝑃ℎ(𝛿𝑣)) that are 

predefined in the repository of ports (𝑃ℎ) and interfaces. Accordingly, Eq: 4.26 and Eq: 

4.27 are articulated to validate the instances of the Boolean decision variable 

(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]), where the two physical ports (𝑃ℎ1, 𝑃ℎ2) interfacing with each other are of 

the same type (𝛽𝑝(ℎ1) = 𝛽𝑝(ℎ2)) and opposite directions (𝛿𝑝(ℎ1) ≠ 𝛿𝑝(ℎ2)) (e.g. 

interfacing a male and a female USB port). 

∑(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) + (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2])

𝑚

𝑙=1

= 0,

{
 
 

 
 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

(ℎ1, ℎ2) ∈ ℎ,
ℎ1 ≠ ℎ2,

𝛽𝑝(ℎ1) ≠ 𝛽𝑝(ℎ2)

 

 

Eq: 4.26 

∑(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) + (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2])

𝑚

𝑙=1

= 0,

{
 
 

 
 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

(ℎ1, ℎ2) ∈ ℎ,
ℎ1 ≠ ℎ2,

𝛿𝑝(ℎ1) = 𝛿𝑝(ℎ2)

 

 

Eq: 4.27 

 

Figure 4.9: Overview of the Boolean Decision Variable for Physical Ports and Interfaces 
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The next constraints in this section are focused on defining the boundary limits for 

physical interfaces between equipment modules (𝑀𝑘). In this direction, the first constraint 

is defined in such way that a physical port (𝑃ℎ1) can establish an interface only when its 

corresponding equipment module (𝑀𝑘1) is allocated to the same workstation 

(𝑊𝑙1, (ℎ1 ∈ 𝑘1) ∈ 𝑙1) as shown in Figure 4.10. Therefore, Eq: 4.28 articulates that, if an 

instance of the Boolean decision variable (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) is true, then at least one of its 

port (𝑃ℎ1) and the corresponding equipment (𝑀𝑘1) are assigned to the same workstation 

(𝑊𝑙1, (ℎ1 ∈ 𝑘1) ∈ 𝑙1). 

∑{(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) + (𝐷[𝑊𝑙1𝑃ℎ1𝑃ℎ2])}

𝑞

ℎ1=1

≤ (𝐴[𝑊𝑙1𝑀𝑘1]), 

 

{
 
 

 
 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛},
(ℎ1, ℎ2) ∈ ℎ,
ℎ1 ≠ ℎ2,

(ℎ1 ∈ 𝑘1) ∈ 𝑙1

 

 

 

Eq: 4.28 

∑(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) ∗ (𝐴[𝑊𝑙1𝑀𝑘1])

𝑛

𝑘1=1

= ∑ (𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) ∗ (𝐴[𝑊𝑙1𝑀𝑘2])

𝑛

𝑘2=1

, 

{
 
 
 
 

 
 
 
 

∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛},
(𝑘1, 𝑘2) ∈ 𝑘
(ℎ1, ℎ2) ∈ ℎ,
𝑘1 ≠ 𝑘2
ℎ1 ≠ ℎ2,

(ℎ1 ∈ 𝑘1, ℎ2 ∈ 𝑘2) ∈ 𝑙1

 

 

 

 

Eq: 4.29 

 

Figure 4.10: Overview of Workstation Boundaries and Port Interfaces 
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Similarly, it is also important to ensure, all the equipment modules (𝑀𝑘1) in a 

workstation (𝑊𝑙1) are at least connected to one other module (𝑀𝑘2), that belongs to the 

same workstation (𝑊𝑙1). Therefore, the second constraint is focused on validating the 

physical interfaces between ports (𝑃ℎ1, 𝑃ℎ2), and their corresponding equipment modules 

(𝑀𝑘1,𝑀𝑘2) are belonging to the same workstation (𝑊𝑙1) as shown in Figure 4.11. 

Consequently, Eq: 4.29 declares that, if an instance of the Boolean decision variable 

(𝐷[𝑊𝑙𝑃ℎ1𝑃ℎ2]) is true, then the two equipment modules (𝑀𝑘1,𝑀𝑘2) and their 

corresponding ports (𝑃ℎ1, 𝑃ℎ2) are assigned to the same workstation (𝑊𝑙1, (ℎ1 ∈ 𝑘1, ℎ2 ∈

𝑘2) ∈ 𝑙1). 

∑ ∑ 𝐷[𝑊𝑙1𝑃ℎ1𝑃ℎ2]

𝑞

ℎ2=1

𝑞

ℎ1=1

= {(𝐴[𝑊𝑙1𝑀𝑘1]) ∗ (𝐴[𝑊𝑙1𝑀𝑘2])},

{
 
 
 
 
 
 

 
 
 
 
 
 

∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{ℎ ∈ 𝑃, ℎ = 1,… , 𝑞},

∀{𝑘 ∈ 𝑀, 𝑘 = 1,… , 𝑛},
(𝑘1, 𝑘2) ∈ 𝑘
(ℎ1, ℎ2) ∈ ℎ,
𝑘1 ≠ 𝑘2
ℎ1 ≠ ℎ2,

𝛽𝑚(𝑘1) ≠ 𝑀𝑓𝑟 ,

𝛽𝑚(𝑘2) = 𝑀𝑓𝑟,
𝛽𝑝(ℎ1) = 𝛽𝑝(ℎ2),

𝛿𝑝(ℎ1) ≠ 𝛿𝑝(ℎ2),

(ℎ1 ∈ 𝑘1, ℎ2 ∈ 𝑘2) ∈ 𝑙1

 

 

 

 

 

Eq: 4.30 

In practice, an equipment module (𝑀𝑘1) may have complex physical interfaces with 

one or more equipment modules (𝑀𝑘2) belonging to the same workstation (𝑊𝑙1). This in 

 

Figure 4.11: Overview of Interfaces within a Workstation 
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a design perspective would increase the computational complexity by exploring all the 

compatible physical connections (𝛽𝑝(ℎ1) = 𝛽𝑝(ℎ2), 𝛿𝑝(ℎ1) ≠ 𝛿𝑝(ℎ2)) between 

equipment modules (𝑀𝑘1,𝑀𝑘2). In this sense, this work includes an important assumption 

that all the equipment modules (𝑀𝑘) in workstation (𝑊𝑙1) can only be connected to an 

equipment of the type frame (𝛽𝑚(𝑘) = 𝑀𝑓𝑟,) belonging to the same workstation (𝑊𝑙1) as 

shown in Figure 4.11. Accordingly, Eq: 4.30 declares that, if an instance of the Boolean 

decision variable (𝐷[𝑊𝑙1𝑃ℎ1𝑃ℎ2]) is true, then one of its port (𝑃ℎ2) corresponds to an 

equipment (𝑀𝑘2) of the type frame (𝛽𝑚(𝑘2) = 𝑀𝑓𝑟,), and the other port (𝑃ℎ1) corresponds 

to the equipment (𝑀𝑘1) which is not of the type frame (𝛽𝑚(𝑘1) ≠ 𝑀𝑓𝑟). 

4.4 Verification of the Proposed Model with a Sample Case 

The main aim of this section is to verify the appropriateness of the proposed model 

for the design of RMAS with the help of a sample case study. The idea is to use this 

sample case to demonstrate the flexibility of the proposed model to accommodate various 

assembly cell layout requirements, process requirements and other hardware related 

limitations. This can be implemented by defining few case-specific decision variables 

and constraints. Also, the definition of the objective function can also be adjusted to 

reflect the requirements of the specific case. 

4.4.1 Definition of the Assembly Product 

The sample case study that is used for the verification of the proposed model consists 

of three products (Product A, Product B and Product C) with each comprising ten skill 

requirements as shown in Figure 4.12. The idea is to introduce products with both simple 

and complex precedence requirements. This can provide a good starting point to test the 

performance of the model for varying degrees of product precedence requirements. It is 

also important to note that the proposed model can be used to define products with 

complex sequences of skill requirements, but the scope of this work is narrowed to 

investigate these three variations in the definition of the product’s precedence 

requirements. The idea is to investigate the computational effort with respect to the 

varying precedence requirements of the product’s skill requirements. The computational 

effort can be measured in terms of the memory usage and the time taken by the optimiser 

to find the first solution. Therefore, the experiments will be conducted in several steps, 

where the number of product requirements will be gradually increased in steps such as 
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10, 20, 40, 80, 160, 320, etc. The experiments will be carried out until the CP optimiser 

reaches its maximum threshold that it cannot handle the complexity of the problem. 

4.4.2 Definition of the Assembly Equipment 

This work is focused on designing an assembly cell, which can include one or more 

workstations that are connected to one another by means of built in conveyors or other 

external transport systems. The design problem deals with the allocation of resources 

(equipment modules) to workstations, which can collectively fulfil a given set of product 

requirements. There can be several types of equipment modules assigned to each 

workstation such as: Frame (table), Work Modules (tools), Feeders, operator and part 

bins. In this work, it is assumed that the workstation is modelled as a subsystem, which 

is nothing but an empty container. The workstation needs an equipment of the type frame 

or table to add any other equipment modules to the same workstation.  

In this specific case, it is assumed that the workstation has got two work points, where 

the direction of product flow is totally opposite to one another as shown in Figure 4.13. 

However, the resources (equipment modules) assigned to a workstation is commonly 

shared between the two work points. The equipment of the type frame comes with two 

inbuilt conveyors and their corresponding workbenches are said to be the work points. 

This allows task sharing between the two work points in workstations, which can reduce 

the cycle time and improve the throughput rate. The equipment of the type frame may 

include a gantry manipulator that can move in X, Y and Z axes, and perform multiple 

tasks with appropriate work modules (tools) attached to it. Therefore, it is important to 

 

Figure 4.12: Overview of the Assembly Products used for the verification Case 
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note that not all the frames will include a gantry manipulator and it can also be realised 

via the specific ‘skills’ allocated to each individual equipment modules. 

The definition of the assembly equipment can also significantly affect the performance 

of the design problem. The increase in the number of equipment modules that are 

included in the design problem can also significantly increase the number of solution 

alternatives. Furthermore, the increase in the number of equipment modules will also 

increase the number of alternatives for the physical interfaces between the various 

equipment modules that are included in the design problem. Therefore, experiments will 

be conducted in several steps, where the number of equipment modules will be gradually 

increased in steps such as 10, 20, 40, 80, 160, 320, etc. The experiments will be carried 

out until the CP optimiser reaches its maximum threshold that it cannot handle the 

complexity of the problem. 

4.4.3 Definition of the Case Specific Decision Variables 

As mentioned in the previous section, the physical setup of the system is defined in 

such a way that every workstation (𝑊𝑙) has got two work points (𝑊𝑃𝑦) and the equipment 

modules (𝑀𝑘) allocated to the workstation (𝑊𝑙) are shared between the two work points 

(𝑊𝑃𝑦). Therefore, it is logical to place the process related constraints to the work points 

(𝑊𝑃𝑦), and the configuration (design) related constraints to the workstations (𝑊𝑙). This 

 

Figure 4.13: Overview of the Assembly Equipment (System) used for the verification Case 
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implies that the allocation of skill recipes (𝑍𝑗) and their execution are independent to the 

work points (𝑊𝑃𝑦), while the matching equipment modules (𝑀𝑘) are also allocated to the 

same workstation (𝑊𝑙). To implement this it is necessary to define an additional interval 

decision variable that deals with the allocation of skill recipes (𝑍𝑗) to specific work points 

(𝑊𝑃𝑦) as shown in Eq: 4.31. It is important to note that the proposed model has already 

defined an interval decision variable for allocation of skill recipes (𝑍𝑗) to workstations 

(𝑊𝑙) in Eq: 4.5. 

𝐹[𝑊𝑃𝑦𝑍𝑗] =  {

1
,
0
  

𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑍𝑗 , (𝑗 = 1,… , 𝑟) 𝑖𝑠 𝑒𝑥𝑒𝑐𝑢𝑡𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 𝑖𝑛 𝑊𝑃𝑦, (𝑦 = 1,… , 𝑥)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq: 4.31 

The proposed model uses the decision variable ‘𝐹[𝑊𝑙]′ to gain control over the amount 

of time that a product spends in each workstation (𝑊𝑙). Unlike the proposed model, the 

verification case has been defined in such a way that the assembly of the product 

progresses from one work point (𝑊𝑃𝑦) to other. Therefore, the interval decision variable 

defined in Eq: 4.6 for workstations (𝑊𝑙) is redefined for work points (𝑊𝑃𝑦) as shown in 

Eq: 4.32. Similarly, the integer decision variable defined in Eq: 4.7 for counting the 

product flow between the workstations (𝑊𝑙) is replaced with Eq: 4.33 for counting the 

product flow between work points (𝑊𝑃𝑦). 

𝐺[𝑊𝑃𝑦] =  {

1
,
0
  

𝑖𝑓 𝑎𝑛𝑦 𝑜𝑓 𝑊𝑃𝑦, (𝑦 = 1,… , 𝑥) 𝑖𝑠 𝑢𝑠𝑒𝑑

𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

Eq: 4.32 

𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] =  {1,… , 𝑛  𝑓𝑜𝑟 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑊𝑃𝑦1,𝑊𝑃𝑦2

≡ 𝑊𝑃𝑦, (𝑦 = 1,… , 𝑥) 

 

Eq: 4.33 

4.4.4 Definition of the Case-Specific Constraints 

CPLEX offers group constraints for interval variables, which can be used to 

encapsulate a group of interval variables into one effective higher-level interval or vice-

versa. The three ‘interval grouping’ methods that are available within CPLEX are: ‘span’, 

‘alternative’ and ‘synchronize’. Here we use the alternative grouping constraint to model 

an exclusive alternative between 𝐹[𝑊𝑃𝑦𝑍𝑗]| 𝑗 = 1,2,… , 𝑟. If 𝐸[𝑊𝑙𝑍𝑗] is present then 

exactly one of the intervals 𝐹[𝑊𝑃𝑦𝑍𝑗]| 𝑗 = 1,2,… , 𝑟 is present, which starts and ends 

together with 𝐸[𝑊𝑙𝑍𝑗] as shown in Eq: 4.34 and Eq: 4.35. This means that, the skill recipe 
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(𝑍𝑗) allocated to a workstation (𝑊𝑙) starts and ends together with the same skill recipe (𝑍𝑗) 

allocated to any one of its work point (𝑊𝑃𝑦). 

¬∃𝐸[𝑊𝑙𝑍𝑗] ⟺ ∃𝐹[𝑊𝑃𝑦𝑍𝑗], {
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟}

 Eq: 4.34 

∴ ∃𝐸[𝑊𝑙𝑍𝑗] ⟺

{
 

 𝑠(𝐹[𝑊𝑃𝑦𝑍𝑗]) ⟺ 𝑠(𝐸[𝑊𝑙𝑍𝑗])

𝑒(𝐹[𝑊𝑃𝑦𝑍𝑗]) ⟺ 𝑒(𝐸[𝑊𝑙𝑍𝑗])
,

{
 

 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚},
∀{𝑦 ∈ 𝑊𝑃, 𝑦 = 1,… , 𝑥},

∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟},

∀{𝑦 ∈ 𝑙}

  

 

Eq: 4.35 

The skill requirements (𝑅𝑖) are catered in such a way that it includes the details 

regarding the assembly sequences via precedence relationships. To enforce these 

precedence relations, it is necessary to implement constraints to restrict the relative 

temporal position of the skill recipes (𝑍𝑗) in the solution. Here, the precedence constraints 

are modelled in way that a specified skill recipe (𝑍𝑗) must end before the start of the other 

recipe (𝑍𝑗). If one or both interval variables are absent, then the precedence by default 

will become true, and would not impact the schedule anymore. For instance, the starting 

time of the skill recipe (𝑍𝑗) (𝐹[𝑊𝑃𝑦𝑍𝑗]|𝑖 ∈ 𝑗) in any workstation’s work point (𝑊𝑃𝑦) must 

start after the end of its predecessor (𝐹[𝑊𝑃𝑦𝑍𝑗]|𝑖 − 1 ∈ 𝑗), which is confined to the same 

or different work point (𝑊𝑃𝑦) as shown in Eq: 4.36. As mentioned earlier, the execution 

of skill recipes (𝑍𝑗) in a time domain is based on the predefined precedence relationships 

between the skill requirements (𝑅𝑖). Generally, the sequential order of assembly tasks is 

established via precedence graphs. 

𝑒(𝐹[𝑊𝑃𝑦𝑍𝑗(𝑖−1)]) ≤ 𝑠(𝐹[𝑊𝑃𝑦𝑍𝑗(𝑖)]),

{
 

 
∀{𝑦 ∈ 𝑊𝑃, 𝑦 = 1,… , 𝑥},

∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟},

∀{𝑖 ∈ 𝑅, 𝑖 = 1,… , 𝑝},

∀{𝑖 ∈ 𝑗}

 

 

 

Eq: 4.36 

This work is built on the assumption that the assembly system is not catered to include 

any buffers between the workstations (𝑊𝑙). This means that the assembly tasks (skill 

recipes (𝑍𝑗)) executed in a work point (𝑊𝑃𝑦) should end before the starting the execution 

of any tasks in the consecutive work point (𝑊𝑃𝑦). This consecutive work point may 

belong to the same or another workstation (𝑊𝑙). To enable this, it is necessary to populate 

the list of skill recipes (𝑍𝑗) and the total sum of their execution times for all the 

workstation’s work points (𝑊𝑃𝑦). The CPLEX’s span method can be used to build a 

constraint that groups all the recipe execution intervals under each work point (𝑊𝑃𝑦). 

Therefore, Eq: 4.37 and Eq: 4.38 articulates that all the recipes (𝑍𝑗) executed in 
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𝐹[𝑊𝑃𝑦𝑍𝑗]| 𝑗 = 1,2,… , 𝑟 are grouped into the higher-level variable 𝐺[𝑊𝑃𝑦]. This means 

that the interval decision variable 𝐺[𝑊𝑃𝑦] starts together with the execution of the first 

recipe (𝑍𝑗) under 𝑚𝑖𝑛𝑍,{𝑗=1,…,𝑟}𝑆(𝐹[𝑊𝑃𝑦𝑍𝑗]) and ends together with the execution of the 

last recipe (𝑍𝑗) under 𝑚𝑎𝑥𝑍,{𝑗=1,…,𝑟}𝑒(𝐹[𝑊𝑃𝑦𝑍𝑗]). 

∃𝐺[𝑊𝑃𝑦] ⟺ ∃𝐹[𝑊𝑃𝑦𝑍𝑗], {
∀{𝑦 ∈ 𝑊𝑃, 𝑦 = 1,… , 𝑥},

∀{𝑗 ∈ 𝑍, 𝑗 = 1,… , 𝑟}
 Eq: 4.37 

∃𝐺[𝑊𝑃𝑦] ⟺ {
𝑠(𝐺[𝑊𝑃𝑦]) = 𝑚𝑖𝑛𝑍,{𝑗=1,…,𝑟}𝑆(𝐹[𝑊𝑃𝑦𝑍𝑗])

𝑒(𝐺[𝑊𝑃𝑦]) = 𝑚𝑎𝑥𝑍,{𝑗=1,…,𝑟}𝑒(𝐹[𝑊𝑃𝑦𝑍𝑗])
 Eq: 4.38 

Consequently, it is necessary to make sure that the sum of all the tasks assigned to a 

work point (𝑊𝑃𝑦) should be completed before the start of any task executions in the 

consecutive work points (𝑊𝑃𝑦). Since all the tasks executed in each work point (𝑊𝑃𝑦) is 

grouped into the higher-level variable, it becomes easier to control the overall execution 

sequence of the work points (𝑊𝑃𝑦). In this sense, Eq: 4.39 articulates that for all the 

instances of {𝐺[𝑊𝑃𝑦]}, the work points (𝑊𝑃𝑦) with a lower positional attribute will end 

before the start of the other higher positional work points (𝑊𝑃𝑦). 

𝑒(𝐺[𝑊𝑃𝑦−1]) ≤ 𝑠(𝐺[𝑊𝑃𝑦]), {∀{𝑦 ∈ 𝑊𝑃, 𝑦 = 1,… , 𝑥} Eq: 4.39 

Finally, to ensure a consistent production rate, it is important to implement a cycle 

time constraint that restricts the task allocations to workstation (𝑊𝑙) over a predefined 

time interval. It is important to note that the task executions may not be continuous 

between the two work points (𝑊𝑃𝑦) of a workstation (𝑊𝑙). This may be true unless the 

workstation (𝑊𝑙) falls towards the end of the production line where there is a change in 

the direction of the product flow. In this sense, it is more sensible to define the cycle time 

of the workstation (𝑊𝑙) as the sum of the individual lengths of the two work points (𝑊𝑃𝑦) 

that belongs to the same workstation (𝑊𝑙). Therefore, Eq: 4.40 articulates that the sum of 

the individual lengths of decision variables 𝐺[𝑊𝑃𝑦1] and 𝐺[𝑊𝑃𝑦2] which corresponds to 

the work points (𝑊𝑃𝑦) of the same workstation (𝑊𝑙) should be less than or equal to the 

predefined cycle time 𝑇𝑐. 

𝑙(𝐺[𝑊𝑃𝑦1]) + 𝑙(𝐺[𝑊𝑃𝑦2]) ≤ 𝑇𝑐 ,

{
 
 

 
 
∀{𝑙 ∈ 𝑊, 𝑙 = 1,… ,𝑚}

∀{𝑦 ∈ 𝑊𝑃, 𝑦 = 1,… , 𝑥},
(𝑦1, 𝑦2) ∈ 𝑦,
𝑦1 ≠ 𝑦2,
𝑦1, 𝑦2 ∈ 𝑙

 

 

Eq: 4.40 

For this verification case, the product flow is defined between work points (𝑊𝑃𝑦) 

instead of workstations (𝑊𝑙). Therefore, the definition of constraints that deals with the 
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product flow between the workstation’s (𝑊𝑙) work points (𝑊𝑃𝑦) follow the same 

procedure as defined in the Eq: 18-21. It is important to note that the verification case 

uses the decision variables 𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] and 𝐹[𝑊𝑃𝑦𝑍𝑗] for defining the product flow 

between the workstations (𝑊𝑙) work points (𝑊𝑃𝑦) which are in shown in Eq: 41-44 

𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] = 0, {
∀{𝑦 = 1,… , 𝑥},
𝑦1, 𝑦2 ≡ 𝑦,
𝑦1 = 𝑦2

 

 

Eq: 4.41 

𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] ≤ 1, {

∀{𝑦 = 1,… , 𝑥},
𝑦1, 𝑦2 ≡ 𝑦,
𝑦1 ≠ 𝑦2,
𝑦2 > 𝑦1

 

 

 

Eq: 4.42 

𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] = 0, {

∀{𝑦 = 1,… , 𝑥},
𝑦1, 𝑦2 ≡ 𝑦,
𝑦1 ≠ 𝑦2,
𝑦2 > 𝑦1

 

 

 

Eq: 4.43 

𝐻[𝑊𝑃𝑦1𝑊𝑃𝑦2] = ∑ ∃(𝐹[𝑊𝑃𝑦𝑍𝑗])

𝑟

𝑗−1=1

∗ ∑ ∃

𝑟

𝑗1=1

(𝐹[𝑊𝑃𝑦𝑍𝑗]),

{
  
 

  
 
∀ {𝑦 = 1,… , 𝑥},

∀ {𝑗 = 1,… , 𝑟},

(𝑦1, 𝑦2) ∈ 𝑦,
𝑦1 ≠ 𝑦2,

(𝑗1, 𝑗 − 1) ∈ 𝑗,
𝑗1 ≠ 𝑗 − 1

 

 

 

 

Eq: 4.44 

4.4.5 Overview of the Model Solver 

IBM ILOG CPLEX Optimisation Studio’ (IICOS) [148] has been identified as the 

prime candidate for solving mathematical and constraint programs. IICOS allows rapid 

development and deployment of optimization models through mathematical and 

constraint programming techniques. Additionally, IICOS provides a fully featured 

Integrated Development Environment (IDE) that uses Optimisation Programming 

Language (OPL), and the state-of-the-art solvers. These solvers are mainly classified as 

CPLEX and CP optimisers, where CPLEX is meant for solving mathematical models and 

CP for constraint programming models. 

The CP Optimizer is a software library, which is designed especially for easy-to-use, 

model and run constraint programs. The CP optimizer offers a library of classes that can 

be used multiple times for defining the objects of the problem domain. The main 

advantage of constraint programming is its approach towards scheduling, which requires 

no enumeration of time, i.e. time buckets or time periods. This means that it requires 

relatively few decision variables to compare, while the Mathematical Programming (MP) 

method would require variables for every time bucket of the chosen model. Therefore, 

CP optimiser can be used for scheduling and combinational optimization problems, 
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which cannot be linearized easily through traditional Mathematical Programming (MP) 

methods [150].  

The CP optimiser offers several solution exploration methods while solving constraint 

programming and constraint-based scheduling models. The selection of appropriate 

search method plays a vital role, as the performance is measured by the time taken to 

obtain good solutions. The CP optimiser directs the search towards good solutions by 

investigating the model structure, constraint propagation and then chooses an appropriate 

search technique. The three types of search methods available within CP optimiser are as 

follows: 

• Depth First: this method follows the structure of a tree, where each instantiation of a 

decision variable can be considered as a branch of the tree. The optimiser starts 

exploring the branches of a sub-tree until a solution is found, or it has been proven 

that there is no solution in the sub-tree. The optimiser would not proceed to another 

sub-tree unless the current one is fully explored. 

• Restart: this is the default search method used by the CP optimiser, which is also 

referred as ‘constructive search’. In restart search, the depth first search will be 

restarted over a certain number of failures and guided towards an optimal solution. 

The limit for the number of failures can also be manually adjusted to increase the 

speed of the search. 

• Multi-point: this method explores solutions in a very diversified fashion when 

compared to the depth-first search. This search arrives at a set of solutions and 

combines them to produce better solutions. This method does not prove optimality or 

inexistence of a solution, but search runs until it reaches a point that the current best 

solution cannot be improved. Therefore, it is recommended to set limits (time and 

number of branches or failures) while using multi-point search. 

4.4.6 Design of Experiments 

The aim is to conduct experiments in two sets. Each set will focus on incrementally 

varying one factor at a time, and record their corresponding outputs displayed by the CP 

optimiser’s engine log. Figure 4.14 provides an overview of the CP optimiser’s engine 

log, which displays several aspects such as: problem type (minimisation, maximisation 

or satisfiability); initial processing time; log search space; solution status, number of 

branches; number of fails; total memory usage; time spent to solve; and search speed. 
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These aspects play a significant role in establishing meaningful comparisons between 

several experimental results. 

The idea is to begin the experiment with one product at a time and include ten 

equipment alternatives in the first instance. The number of equipment alternatives used 

in the input data will be slowly increased in steps as 10, 20, 40, 80, 160 and 320. The 

solver will be given a fixed time to solve all these experiments with varying levels of 

complexities. Once all the three different products are examined against the increasing 

number of equipment modules, the second set of experiments are focused on investing 

the computational effort of using the physical ports in the model. This set of experiments 

are conducted only against product A, while the number of physical port connections in 

each equipment module is doubled. This means that every equipment module should 

establish two physical port connections to satisfy the configuration problem. Similar to 

the first set of experiments this set is also conducted in steps by increasing the number of 

equipment modules in the input data. 

The experiments are designed in such a way to observe the computational against the 

parameters such as: number of solutions found, memory usage, number of branches 

explored and whether a best objective is reached with the permitted time. 

4.4.7 Results and Discussion 

As mentioned in the previous section the first set of experiments were focused on 

investigating the computation effort of the design problem that is directly linked to the 

complexity of the product definition. The experimental results shown in Figure 4.15 

clearly indicate that scalability of the problem has a direct effect on the computational 

effort which can be observed from memory consumption and the number branches 

 

Figure 4.14: Overview of the CP optimiser's Engine Log 
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explored to solve the problem. It is also very clear that product B with parallel skill 

requirements will have a lot of solution alternatives than the other two products. This 

 

Figure 4.15: Overview of the Experimental Results for the first Set of Experiments 

 

Figure 4.16: Overview of the time taken by the solver to reach the best objective 
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results in a slightly higher memory consumption and the number of branches explored 

for solving the problem. Product A with sequential skill requirements is the least complex 

among the 3, but also has the least possible number of solutions. For this reason, Product 

B always achieves the best objective (least cost design solution) as it has the maximum 

number of possible solutions. It is also important to note that the definition of parallel 

skill requirements can also result in using less resources for completing the product 

assembly. This is true only when the resource or equipment modules has the functional 

capabilities to satisfy more skill requirements of the product. 

The search speed of the solver is considered as one of the significant criteria for 

comparing the performance of the solver for various product definitions. It is impossible 

to visually represent the statistics for this comparison, as the scale of the data for each 

iteration of solving the problem varies significantly. For instance, the problem with ten 

 

Figure 4.17: Overview of the Experimental Results for the Second set of Experiments 
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equipment modules reaches the best objective in a few minutes, and on the other hand, 

the problem with 320 modules takes several hours. Based on these grounds, Figure 4.16 

provides an overview of the time taken by the solver to reach the best objective under 

each product definition while varying the number equipment modules participating in the 

design problem. 

The second set of experiments were focused on investigating the computational effort 

of the design problem that is linked to the number of physical ports defined with in the 

equipment module descriptions. For this set of experiments, only product A has been 

used to investigate the computational complexity. This simply because of the reason that 

this set of experiments are only dealing with the scalability of the physical ports included 

in the equipment module descriptions. The experimental results shown in Figure 4.17 

clearly indicate that there is an exponential increase in the number of branches explored 

and memory usage. It is necessary to state that it is obvious and well known that 

increasing the number of physical ports will have a direct effect on the computational 

complexity. However, it is always useful to investigate if this has got anything to do with 

achieving the best objective within the same amount of time defined for the first set of 

experiments. 

The experimental results prove that the computational complexity of solving the 

design problem increases with the complexity of the product and the input data. It is very 

evident that that the number of variables and constraints increases exponentially, while 

increasing the number of equipment modules. On the other hand, the experiments dealing 

with the increase of product requirements has an interesting effect, where the increase in 

the number of variables is relatively lower than the increase in the number of constraints. 

This implies that there is limited growth to the solution space, while more constraints are 

being applied to it. 

The experimental analysis finds that the search speed can be measured based on the 

number of branches explored per second. But this measure varies proportionally between 

the various search techniques used by the CP solver. The repeatability of the solver for 

every search enumeration is very low. The solver uses the Branch and Bound method, 

which is not the efficient way of exploring the solution space for problems larger number 

of requirements and equipment modules. Using genetic algorithms combined with certain 

heuristic techniques will be useful to achieve better solutions in a reasonable amount of 
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time. This can also provide reasonable compromises than relying more on the 

computational capacity of the machine for solution generation  

4.5 Summary 

This chapter has been focused on establishing a formalised linear mathematical model 

for designing assembly systems. Towards this end an existing semantic model has been 

used as a foundational stone to establish the relationships and interdependencies between 

various domain concepts. This sematic model was developed as an integral part of the 

ReBORN project to facilitate the configuration and reconfiguration of assembly systems. 

The proposed model presents mathematical expressions describing the objective 

function, decision variables and constraints for the design of assembly systems. The 

definition of the objective function establishes the expectations on the design of the 

desired system. The definition of decision variables provides a good insight into the size 

of the problem, or solution space. Finally, the definition of constraints provides the 

necessary boundary conditions, and helps the solver to focus on a reduced solution space 

by eliminating infeasibilities. 

This chapter also establishes the design of experiments for testing the computational 

performance of the proposed solution. The experiments were mainly focused on testing 

the computational performance of the model against the two of its input elements. The 

experiments were conducted by adjusting one factor at a time and recording the 

corresponding computational effort to solve the problem. Finally, the limitations on the 

scalability aspect of the proposed solution is highlighted, and the directions for future 

work has also been presented. 
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5 Reliability-Based Equipment 

Selection and Maintenance Planning 
 

 

Figure 5.1: Overview of the Chapter’s Objectives in Relation to the Previous Chapter  
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5.1 Introduction 

This chapter investigates the impact of the maintenance schedules of the assembly 

equipment during the design of RMAS. The number of maintenance actions required to 

preserve the operational performance of an assembly equipment can be determined based 

on its functional deterioration over time. Every maintenance action carried out to restore 

the operational performance of the equipment has a direct cost. However, the number of 

maintenance actions required to restore the condition of a new and a used equipment may 

vary significantly. As such, a new equipment may not need as much maintenance as of a 

used equipment but may incur a significantly higher purchase cost and vice versa. 

Therefore, the design of RMAS should focus on the optimal trade-off between the 

selection of new and used equipment modules without forfeiting the operational 

performance of the system. 

This chapter supports the model described in Chapter 4 by providing the maintenance 

costs for all the equipment modules participating in the RMAS design problem. This 

estimated maintenance cost in combination with the purchase cost of the equipment helps 

the model defined in chapter 4 to build the least expensive RMAS. In this work, it is 

assumed that the functional deterioration of all the equipment modules included the 

design problem can be defined using fully independent (decoupled) reliability models. 

Any cross influence in the functional deterioration between the subsystems or equipment 

modules are initially ignored during the evaluation of the maintenance cost. Once the 

RMAS designs are released, the optimal maintenance strategy for the system can be 

evaluated adhering to all the cross influences between the subsystems.  

This chapter addresses the research question on how to support the design of RMAS 

with the help of increasingly available equipment life cycle information. The idea is to 

make use of well-established formulations to evaluate the reliability degradation and 

effect of maintenance actions and the corresponding reliability improvements. These 

formulations are used to build a constraint programming model to automate the 

evaluation of optimal maintenance cost for both individual equipment modules and the 

final RMAS design solution. Figure 5.1 provides an overview on the close relation and 

interactions between Chapter 4 and Chapter 5 for the design of RMAS. An illustrative 

example is used to demonstrate how the proposed model can support the design of 

RMAS. 
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5.2 Reliability Under Periodic Preventive Maintenance 

One can prepare a PM schedule only when the improvement factors for various PM 

actions on the reliability of the system and its sub-systems are known beforehand. The 

Stress-Strength Interference theory signifies the reliability degradation of a system over 

time. Y.T. Tsai et al. [151] classifies the PM actions as; (1a)-maintenance, (1b)-

maintenance and (2P)-maintenance. The (1a)-maintenance refers to the action that 

improves the deteriorated environment, which slows down the reliability degradation. 

For example, maintenance actions such as; lubrication and the removal of dust from the 

operating environment of a rotating equipment can only slow down its mechanical 

deterioration. On the other hand, (1b)- and (2P)-maintenances improves the reliability 

immediately after a PM, which may require a repair or total replacement of the 

deteriorated parts of the system. The variation in the reliability degradation for various 

PM actions are shown in Figure 5.2. 

The reliability improvements in a system after a maintenance activity can be classified 

into two types. The first one is referred to the improvement of the system by restoring 

failed parts via repair or replacement, which is usually mentioned as the corrective 

maintenance. The second type of system improvement is referred to the restoration of the 

degrading parts by any one of the three (1a, 1b or 2P) PM actions, which is usually stated 

 

Figure 5.2: Overview of the Reliability Variations with respect to Maintenance Actions 
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as the preventive maintenance. This work mainly focuses on modelling the reliability of 

a degrading mechanical system by using age reduction models [152], [153]. The common 

general idea behind these models is to represent the reliability of a system as a function 

of its age and every maintenance action reduces the speed of its aging. Y.T. Tsai et al. 

[151] models the reliability of the system in discrete intervals, and the reliability at end 

of each stage (j) is represented as; 

𝑅𝑗(𝑡) = 𝑅0,𝑗. 𝑅𝑣,𝑗(𝑡) Eq:5.1 

Where 𝑅0,𝑗 is the initial reliability at jth stage, which can also be referred to the 

probability of the system surviving j-1 times of maintenance.  Similarly, 𝑅𝑣,𝑗(𝑡) denotes 

the reliability degradation of the surviving system at jth stage. Considering a system 

undergoing periodical PM at intervals 𝑡𝑝, Y.T. Tsai et al. [151] defines the reliability of 

the surviving system as; 

𝑅𝑣,𝑗(𝑡) = 𝑅 (
1

𝑚𝑖
(𝑡 − (𝑗 − 1)𝑡𝑝)) ;   (𝑗 − 1)𝑡𝑝 ≤ 𝑡 ≤ 𝑗𝑡𝑝 

 

Eq:5.2 

Where 𝑚𝑖 (0 < 𝑚𝑖 ≤ 1) is the is the improvement factor for a maintenance action, 

which represents the ratio of the life of the surviving system when compared to its 

original life. For example, if the remaining and original life of a system are 𝑡𝑟 and 𝑡𝑜 at 

jth maintenance stage 𝑡𝑜(𝑡𝑜 > 𝑡𝑟),  then the improvement factor would be  𝑚𝑖 = 𝑡𝑟/𝑡𝑜. 

To be precise, 𝑚𝑖 will be equal to 1 if the surviving system is restored as good as its 

original condition. This is the general assumption in most of the reliability models 

following PM [154]. Y.T. Tsai et al. [151] models the effects to the initial (𝑅0,𝑗) and final 

reliability (𝑅𝑣,𝑗) of a system under every periodical PM with respect to its maintenance 

actions. 

(1a)-maintenance considers the physical characteristics of the system and reduces the 

velocity of the reliability degradation with relevant improvements to its deteriorated 

environment. However, this action cannot restore any of the failed parts of the system. 

Therefore, the reliability of the surviving parts can be modelled as; 

𝑅𝑣,𝑗(𝑡) = 𝑅 (
1

𝑚1
(𝑡 − (𝑗 − 1)𝑡𝑝)) ;   (𝑗 − 1)𝑡𝑝 ≤ 𝑡 ≤ 𝑗𝑡𝑝 

 

Eq:5.3 

Where 𝑚1 (0 < 𝑚1 ≤ 1) is the improvement factor for (1a)-maintenance action. The 

initial reliability will remain the same as before the maintenance action as shown in 
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Eq:5.4. This is mainly because of the reason that the maintenance action is only focused 

on improving the operating environment and not the equipment. 

𝑅0,𝑗 = 𝑅𝑓,𝑗−1 Eq:5.4 

 (1b)-maintenance can not only improve the surviving parts of the system but can also 

restore the failed parts. Generally, the improvement factor 𝑚2 is used to quantify the 

restorations made to the surviving parts by (1b)-maintenance. The value for 𝑚2 is also 

set between 0 and 1 depending on the level of the restoration obtained by the survived 

parts. With these definitions, Y.T. Tsai et al. [151] presents the initial reliability of (1b)-

maintenance as; 

𝑅0,𝑗 = 𝑅𝑓,𝑗−1 +𝑚2(𝑅0 − 𝑅𝑓,𝑗−1) Eq:5.5 

Where 𝑅𝑂 represents the original (initial) reliability of the new system. Therefore, 

Y.T. Tsai et al. [151] proposes that the final reliability of the system can be derived from 

Eq:5.2 and written as; 

𝑅𝑣,𝑗(𝑡) = 𝑅 (
1

𝑚2
(𝑡 − (𝑗 − 1)𝑡𝑝)) ;   (𝑗 − 1)𝑡𝑝 ≤ 𝑡 ≤ 𝑗𝑡𝑝 

 

Eq:5.6 

 (2P)-maintenance is generally used to restore the system to its original condition, i.e. 

the improvement factors  𝑚1 and 𝑚2 are equal to 1. Therefore, the initial reliability would 

be 𝑅0,𝑗 = 𝑅𝑂 and the reliability of the parts surviving this stage can be represented as 

 

Figure 5.3: The Change in Reliability With respect to Various PM Actions 
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𝑅𝑣,𝑗 = 𝑅(𝑡 − (𝑗 − 1)𝑡𝑝). To illustrate the effects of various maintenance actions with 

respect to the reliability of the system, the Weibull distribution function is used as an 

example [151]. According to the Weibull distribution function, the reliability of the 

system can be expressed as; 

𝑅𝑗(𝑡) = 𝑅0,𝑗 ∗ 𝑒
−[(1 𝑚1⁄ (𝑡−(𝑗−1)𝑡𝑝)/𝜃)]

𝛽

 
Eq:5.7 

Where 𝜃 and 𝛽 represents the Weibull’s scale and shape parameters respectively. For 

an illustration purpose, the values of the Weibull parameters were set as 𝜃 = 4000, 𝛽 =

2.5, 𝑡𝑝 = 2000,𝑚1 = 0.8, and 𝑚2 = 0.5. Based on the selected values for the Weibull 

parameters, the effect on the reliability of the system for various maintenance actions is 

shown in Figure 5.3. 

This work aims to make use of these base definitions to calculate the reliability 

degradation of various equipment modules that take part in the configuration problem. 

Furthermore, these base definitions can be embedded into the smart, modular and plug-

and-produce capable assembly equipment to fetch updated information regarding their 

reliability status and maintenance requirements. Similarly, for an used equipment this 

embedded information can be used for the decision-making process of designing of 

assembly systems. 

5.3 Estimation of Maintenance Parameters 

To schedule a periodic PM plan, it is necessary to determine a few maintenance-

related parameters in advance. Here, the three important parameters considered are: (1) 

the improvement factors 𝑚1 and 𝑚2, (2) periodic intervals for maintenance actions 𝑡𝑝 

and (3) the time intervals for completing specific maintenance actions.  

5.3.1 Assessment of Improvement Factors 

The improvement factors are generally calculated based on the various operational 

characteristics of the system that can potentially lead to a failure. For an accurate 

assessment of an improvement, it is necessary to analyse the various operating conditions 

of the system with respect to its environment. This can provide a good understanding 

about the dominant failure causes and the extrinsic effects of choosing a corresponding 

maintenance action. Here in this work, a simple numerical calculation proposed by Y.T. 

Tsai et al. [151] is used to estimate the improvements for (1a) and (1b)-maintenance 

actions. For any complex mechanical system, He has identified four common factors that 
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affects the extrinsic characteristics of a system. They are (1) fatigue, (2) wear-out, (3) 

aging and (4) others (such as corrosion, creep, rupture, deformation, etc.). Furthermore, 

he provides a list with load, temperature, humidity, dust, etc. as the relative 

environmental conditions that can affect the extrinsic characteristics of the system. It is 

important to note that (1a)-maintenance can only improve the extrinsic factors 

(environmental deterioration) that can lead to a potential failure. Therefore, Y.T. Tsai et 

al. [151] defines the dominant failure causes and the relative extrinsic improvements 𝑚1 

via (1a)-maintenance as; 

𝑚1 =∑𝑝𝑓,𝑖 ∗ 𝐼𝑖

4

𝑖=1

, ∀ 𝑝𝑓,𝑖 = 1 

 

Eq:5.8 

Where 𝑝𝑓,𝑖 indicates the probability of failure with respect to the four main extrinsic 

characteristics of the system. 𝐼𝑖 represents the level of restoration that (1a)-maintenance 

offers to the operating environment, which is usually set between 0 and 1. Further details 

on calculating the value for 𝐼𝑖 can be found at [155]. On the other hand, Y.T. Tsai et al. 

[151] defines the intrinsic improvements 𝑚2 offered by (1b)-maintenance is defined as; 

𝑚2 =∑𝑝𝑓,𝑖 ∗ 𝑑𝑖

4

𝑖=1

 

 

Eq:5.9 

Where 𝑑𝑖 indicates the level of intrinsic improvements offered to the system via repair 

or replacement of internal components that are significantly deteriorated. The value for 

𝑑𝑖 is also set between 0 and 1 depending on the level of the restoration obtained by the 

survived parts. 

5.3.2 Evaluation of Periodic Maintenance Intervals (𝒕𝒑) 

The PM interval is used to specify an age interval when the entire system will be shut 

down for maintenance. The idea is to increase the availability of the system while 

reducing the maintenance costs. However, the key challenge is to determine when or how 

often the PM should be scheduled. It is wiser to optimise the maintenance cost while the 

operational availability of the system is maintained at desired levels. Generally, a 

complex mechanical system will include several sub-systems with varying rates of 

reliability degradation. In such cases, the maintenance interval is decided based on the 

equipment that first reaches the reliability threshold. Figure 5.4 provides an illustration 

on the evaluation of PM interval 𝑡𝑝 for a multi-component system. 



Chapter 5: Reliability-Based Equipment Selection and Maintenance Planning 

102 

 

It is also important to note that the use of second-hand equipment modules will have 

significant impact on the calculation of the maintenance interval. In some cases, the 

second-hand equipment modules may have a lower reliability value than the threshold 

fixed for the configuration problem. For this reason, it is assumed that only those 

equipment modules whose initial reliability are above the desired threshold will be 

considered for the design problem. Also, if the initial reliability of the second-hand 

equipment modules is so close to the desired reliability threshold, it would lead to large 

number of maintenance check points. Therefore, this work aims to discard the equipment 

modules that are leading into unrealistic number of maintenance intervals. 

5.3.3 Evaluation of Maintenance Times 

For an accurate prediction of the cost for a PM action, it is necessary to evaluate the 

total amount of time consumed in performing the specific PM action. Y.T. Tsai et al. 

[151] defines the maintenance time as the sum of the durations of four sub-tasks as 

follows: 

• The access time (𝑡1) is the amount of time required to get access to start the PM 

action, i.e. the removal of maintenance obstacles, such as the disassembly of covers 

and other body parts. 

• The inspection or diagnosis time (𝑡2) is the amount of time required to determine the 

list of actions that are more suitable for a specific PM action.   

 

Figure 5.4: Evaluation of Maintenance Interval (tp) for a multi Component System 
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• The replacement time (𝑡3) is the amount of time required to complete the actual 

restoration task for a specific PM action. 

• The verification and alignment time (𝑡4) is the amount of time required to assemble 

and validate that the specific unit has been returned to an operational condition. 

The PM time can be predicted accurately if the duration of the above-mentioned times 

is stipulated in advance. Therefore, the maintenance time for a PM action can be defined 

as shown in Eq:5.10. 

𝑡𝑎 =∑𝑡𝑖

4

𝑖=1

 

 

Eq:5.10 

Similarly, the evaluation of maintenance time for Corrective Maintenance (CM) 

action will include two additional times such as (1) maintenance delay and (2) supply 

delay times. 

• The maintenance delay time (𝑡5) is the amount of time spent in waiting for 

maintenance resources or facility-based delays to execute a specific PM action. 

• The supply delay time (𝑡6) is the amount of time spent in waiting for spares or other 

logistics-based delays for performing a specific PM action.   

𝑡𝑏 =∑𝑡𝑖

6

𝑖=1

 

 

Eq:5.11 

However, it is important to note that this work is only focused on PM and not CM. 

Therefore, the calculation of ‘𝑡𝑏’ is not included within the scope of this work. 

5.4 Definition of the Formal Model for Optimising PM Actions 

The objective of this model is to minimise the overall expenditure on the maintenance 

of an individual equipment or a hierarchical (multi-component) system. This work 

presents this model in a linear mathematical fashion with clear definitions of decision 

variables, the objective function and constraints. It is important to note that the proposed 

model is used in two folds. The first one is to schedule maintenance actions for the 

equipment module to preserve their reliability above a certain threshold for the entire 

operational life of the system. This model is defined in such a way that it computes the 

least expensive maintenance schedule for all the equipment modules that are included in 

the configuration problem. The maintenance cost for an equipment module is the 
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resultant sum of all the maintenance actions scheduled to preserve its operational 

reliability. This evaluated cost is one of the important input parameters required for the 

configuration model defined in Chapter4. The second one is to evaluate the optimal PM 

maintenance plan for specific design configuration solutions produced by Chapter4 

(configuration model).  

This model considers an assembly system that includes k number of equipment 

modules ‘𝑀𝑘’ with varying rates of reliability degradation ‘𝑅𝐽(𝑡)’. Based on the 

reliability degradation of each individual models in the system, the lowest will be selected 

as the common maintenance interval ‘𝑡𝑝’ for the entire system. If the total operating life 

‘𝑇𝐿’ of the system is assumed to be 2500 hours and 𝑡𝑝 = 500, then the number of 

maintenance intervals ‘i’ for the system can be calculated as 𝑖 = (𝑇𝐿/𝑡𝑝) = 5 as shown 

in Figure 5.5. Similarly, the total number of maintenance actions ‘j’ to be taken can be 

calculated as 𝑗 = 𝑖 − 1 = 4. It is important to note that calculating the reliability 

degradation for the entire maintenance interval ‘𝑡𝑝’ (0-500) can increase the 

computational effort. Therefore, this model proposes to calculate reliability degradations 

for only the initial ‘𝑇(0,𝑞)’ and final ‘𝑇(𝑣,𝑞)’ time periods of a maintenance interval ‘𝑡𝑝’. 

The reliability degradation for every individual equipment will be calculated based on 

the 2 parameter Weibull reliability distribution function (the shape (β) and location (θ) 

 

Figure 5.5: Overview of the Model Parameters 
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parameters). The improvement factors 𝑚1 and 𝑚2, and the corresponding maintenance 

times 𝑡𝑎 and 𝑡𝑏 are roughly estimated using the previously introduced methods. The 

maintenance costs (𝐶1𝑎, 𝐶1𝑏, 𝐶2𝑃) for various PM actions can also be calculated based on 

the corresponding maintenance times 𝑡𝑎 and 𝑡𝑏. The detailed description of the various 

decision variables and constraints of the model are discussed in the following sections. 

5.4.1 Definition of Decision Variables 

This section briefly describes the five decision variables that are used to demonstrate 

the functionalities of the proposed model. As mentioned earlier, this model considers an 

assembly system consisting of k number of equipment modules with varying rates of 

reliability degradation. The reliability degradation values for an equipment ‘k’ at the start 

‘𝑇(0,𝑞)’ and end ‘𝑇(𝑣,𝑞)’ of each interval ‘i’ is defined using the decision variable ‘X’ as 

shown in Eq:5.12. The reliability of an equipment ‘k’ after a maintenance action at period 

‘j’ is defined using the decision variable ‘Y’ as shown in Eq:5.13. The specific type of 

PM action ‘𝛼’ chosen for the equipment ‘k’ at period ‘j’ is defined using a Boolean 

decision variable ‘Z’ as shown in Eq:5.14. The cost of maintaining an equipment ‘k’ at 

period ‘j’ is defined using an integer decision variable ‘U’ as shown in Eq:5.15. The 

successive occurrence of PM action of the type ‘𝛼0’ (zero maintenance) for an equipment 

‘k’ at period ‘j’ is defined using the integer decision variable ‘V’ as shown in Eq:5.16. 

𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] = 𝑅𝑒𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 ′𝒌′ 𝑎𝑡 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ′𝒊′ Eq:5.12 

𝑌[𝑀𝑘𝐼𝑗] = 𝑅𝑒𝑙𝑎𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 ′𝒌′ 𝑎𝑓𝑡𝑒𝑟 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 ′𝒋′ Eq:5.13 

𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = {
1  𝑖𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 ′𝒌′ 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 ′𝒋′ 𝑖𝑠 𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛𝑒𝑑

0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

Eq:5.14 

𝑈[𝑀𝑘𝐼𝑗] = 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 ′𝒌
′ 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 ′𝒋′ Eq:5.15 

𝑉[𝑀𝑘𝐼𝑗] =  𝑇ℎ𝑒 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑖𝑣𝑒 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 
′𝛼0′ 𝑓𝑜𝑟 ′𝒌

′ 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 ′𝒋′ Eq:5.16 

5.4.2 Definition of Objective Function 

The objective function shown in Eq:5.17 is defined in such a way that it minimises 

the cost of maintaining equipment modules ‘k’ across periods ‘j’. This definition allows 

the evaluation of the least cost for maintaining an individual equipment or for the entire 

system. It is also important note that the least cost for maintaining an equipment may not 

be the same when combined with several other equipment modules in a system.  
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𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 ∑∑𝑈[𝑀𝑘𝐼𝑗]

𝑚

𝑗=1

𝑛

𝑘=1

 

 

Eq:5.17 

5.4.3 Definition of Constraints 

This model focuses on calculating the reliability degradation of equipment modules 

in two stages. This is simply because the formulations for the calculation of reliability 

degradation for an equipment ‘k’ at interval ‘i’ changes with respect to the maintenance 

actions at period ‘j’. However, the reliability degradation of an equipment ‘k’ at the first 

interval ‘i=1’ prior to any maintenance actions can be represented as shown in Eq:5.18. 

𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] = 𝑀𝑘(𝐼𝑅) ∗ (𝑒
−[𝑇𝑞/𝑀𝑘(𝜃)]

𝑀𝑘(𝛽)
) , 𝑖 = 1 

Eq:5.18 

On the other hand, after the first interval when 𝑖 ≠ 1, the reliability degradation 

function should be selected based on the type of PM action taken at period ‘j’ where ‘𝑗 =

𝑖 − 1’. The definition of such a constraint should include conditional place holders for 

all the possible maintenance actions and the corresponding reliability degradation 

formulations. Therefore, Eq:5.19 is defined in such a way that the decision variable ‘Z’ 

is used to verify the type of PM action taken at period ‘j’, and the corresponding reliability 

degradation is calculated with the decision variable ‘X’. The combination of these two 

decision variables has been used as four parallel logical AND gates feeding to an OR 

 

Figure 5.6: Overview of Estimating Reliability Degradation after a PM 
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gate. Figure 5.6 provides a simplified overview of the idea behind the definition of the 

constraint that is highlighted in Eq:5.20. Furthermore, if an equipment ‘k’ undergoes ‘𝛼0’ 

(zero maintenance) type of PM action at period ‘j’, then the evaluation of the reliability 

degradation will depend on the number of previous occurrences of ‘𝛼0’. This can be 

achieved with help of the decision variable ‘V’ to calculate the initial and final reliability 

degradations of equipment ‘k’ at interval ‘i’. The calculation of the initial and final 

reliability decision variable. 

(

 
 
 
 
 
 
 
 
 

(

 
 
𝑋[𝑀𝑘𝐽𝑖𝑇(0,𝑖)] = 𝑀𝑘(𝐼𝑅) ∗ 𝑒

−[
(𝑉[𝑀𝑘𝐼𝑗]∗(𝑡𝑝−1))

𝑀𝑘(𝜃)
]

𝑀𝑘(𝛽)

)

 
 
∧

(𝑋[𝑀𝑘𝐽𝑖𝑇(𝑣,𝑖)] = 𝑀𝑘(𝐼𝑅) ∗ 𝑒
−[
(𝑉[𝑀𝑘𝐼𝑗]∗𝑡𝑝)

𝑀𝑘(𝜃)
]

𝑀𝑘(𝛽)

) ∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=0

)
)

 
 
 
 
 
 
 
 
 

∨ 

(

 
 
 
 
 
 

(

 
 
 
 

𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] = 𝑌[𝑀𝑘𝐼𝑗] ∗ 𝑒

−

[
 
 
 
 ((1 𝑀𝑘(𝑚1)

⁄ )∗𝑡𝑝)

𝑀𝑘(𝜃)

]
 
 
 
 
𝑀𝑘(𝛽)

)

 
 
 
 

∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=1

)
)

 
 
 
 
 
 

∨ 

(

 
 
 
 
 
 

(

  
 
𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] = (𝑌[𝑀𝑘𝐼𝑗] + (𝑀𝑘(𝑚2) ∗ (𝑀𝑘(𝐼𝑅) − 𝑌[𝑀𝑘𝐼𝑗]))) ∗

𝑒

−

[
 
 
 
 ((1 𝑀𝑘(𝑚1)

⁄ )∗𝑡𝑝)

𝑀𝑘(𝜃)

]
 
 
 
 
𝑀𝑘(𝛽)

)

  
 
∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=2

)
)

 
 
 
 
 
 

∨ 

(

 
 
(𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] = 𝑀𝑘(𝐼𝑅) ∗ (𝑒

−[𝑇𝑞/𝑀𝑘(𝜃)]
𝑀𝑘(𝛽)

)) ∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=3

)
)

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eq:5.19 
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(

 
 
 
 
 

(𝑌[𝑀𝑘𝐼𝑗] = 𝑋[𝑀𝑘𝐽𝑖𝑇𝑞]) ∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=0

) ∧

(𝑈[𝑀𝑘𝐼𝑗] = 𝑀(𝐶(0𝑀))) ∧

(𝑉[𝑀𝑘𝐼𝑗] = (𝐶𝑀𝑘𝐼𝑗−1
+ 1)))

 
 
 
 
 

∨ 

(

 
 
 
 
 
 
 
 
 
 

(

 
 
 
 

𝑌[𝑀𝑘𝐼𝑗] = 𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] ∗ 𝑒

−

[
 
 
 
 ((1 𝑀𝑘(𝑚1)

⁄ )∗𝑡𝑝)

𝑀𝑘(𝜃)

]
 
 
 
 
𝑀𝑘(𝛽)

)

 
 
 
 

∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=1

) ∧

(𝑈[𝑀𝑘𝐼𝑗] = 𝑀(𝐶(1𝑎))) ∧

(𝑉[𝑀𝑘𝐼𝑗] = 0) )

 
 
 
 
 
 
 
 
 
 

∨ 

(

 
 
 
 
 
 
 
 
 

(

  
 
𝑌[𝑀𝑘𝐼𝑗] = (𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] + (𝑀𝑘(𝑚2) ∗ (𝑀𝑘(𝐼𝑅) − 𝑋[𝑀𝑘𝐽𝑖𝑇𝑞]))) ∗

𝑒

−

[
 
 
 
 ((1 𝑀𝑘(𝑚1)

⁄ )∗𝑡𝑝)

𝑀𝑘(𝜃)

]
 
 
 
 
𝑀𝑘(𝛽)

)

  
 
∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=2

) ∧

(𝑈[𝑀𝑘𝐼𝑗] = 𝑀(𝐶(1𝑏))) ∧

(𝑉[𝑀𝑘𝐼𝑗] = 0) )

 
 
 
 
 
 
 
 
 

∨ 

(

 
 
 
 

(𝑌[𝑀𝑘𝐼𝑗] = 𝑀𝑘(𝐼𝑅)) ∧

(∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼] = 1

𝛼=3

) ∧

(𝑈[𝑀𝑘𝐼𝑗] = 𝑀(𝐶(0𝑀))) ∧

(𝑉[𝑀𝑘𝐼𝑗] = 0) )

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eq:5.20 

The reliability of an equipment ‘k’ at period ‘j’ depends on the type of PM action that 

has been selected for that period. Therefore, the definition of this constraint includes 

conditional place holders for all the four types of PM actions. Eq:5.20 is defined in such 

a way that the decision variable ‘Y’ is used to calculate the reliability of the equipment 

‘k’ after a PM action at period ‘j’, while the decision variable ‘Z’ is conditionally tied to 
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a specific PM action. In addition to this, the decision variable ‘U’ is used to record the 

corresponding PM cost, while the variable ‘V’ is used to count the successive occurrences 

of PM actions that belongs to the type ‘𝛼0’ (zero maintenance). The combination of these 

four decision variables has been used as four parallel logical AND gates feeding to an 

OR gate. Figure 5.7 provides a simplified overview of the idea behind the definition of 

the constraint that is highlighted in Eq:5.20. 

0 < ∑𝑍[𝑀𝑘𝐼𝑗𝑃𝛼]

3

𝛼=0

≤ 1 

 

Eq:5.21 

𝑋[𝑀𝑘𝐽𝑖𝑇𝑞] ≥ 𝑅𝑚𝑖𝑛 Eq:5.22 

It is essential that at every maintenance period ‘j’ all equipment modules across the 

system should be inspected for maintenance. Here in this work, the inspection is based 

on the prediction of the equipment’s reliability degradation. Accordingly, every 

equipment module should have a record of the type of PM action taken at period ‘j’. This 

can be mathematically expressed as the sum of PM actions ‘𝛼’ taken on the equipment 

module ‘k’ at period ‘j’ should be greater than zero but less than or equal to one as shown 

in Eq:5.21. The last constraint of this model shown in Eq:5.22 ensures that the reliability 

 

Figure 5.7: Overview of Estimating Reliability Improvements for various PM Actions 
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degradation of all the equipment ‘k’ at the start ‘𝑇(0,𝑞)’ and end ‘𝑇(𝑣,𝑞)’ of each interval 

‘i’ is always greater than or equal to the predefined reliability threshold ‘𝑅𝑚𝑖𝑛’. 

5.5 Verification of the Proposed Model with a Sample Case 

To verify the model presented in the earlier sections of this chapter, an assembly 

system configuration that requires five sub-systems is used as an example to estimate the 

economics of operating the system. This example consists of seven sub-systems and two 

of them are previously used or second-hand equipment modules. The reliability 

parameters, improvement factors and the corresponding maintenance costs of the sub-

systems are listed in Table 5.1. The reliability parameters such as the θ and β for the sub-

systems are acquired from the equipment suppliers. The details for the evaluation of these 

parameters can be referred to [156]. In this case study, it is assumed that the intrinsic and 

extrinsic improvements that can be achieved by 1a and 1b maintenance actions are equal. 

This implies that the improvement factors 𝑚1 and 𝑚2 are both equal. Finally, the 

maintenance costs (𝐶1𝑎, 𝐶1𝑏, 𝐶2𝑃) for various PM actions has also been listed via 

approximate assumption. The expected operating life of the system is set to 3000 hours 

(𝑇𝐿 = 3000ℎ). The initial reliability for all the new sub-systems are set to 0.99 (𝑀𝑘(𝐼𝑅) =

0.99), and for the used sub-systems M3-U and M4-U are set to 0.90 and 0.85 

respectively. The reliability threshold is set to 0.80 (𝑅𝑚𝑖𝑛 = 0.80), which is a relational 

conversion of the promised operational availability to meet specific business 

requirements. 

Table 5.1: The model input parameters for the illustrative sub-systems 

Module IR θ β m1 C1a C1b C2P 

M1 0.99 1300 1.8 0.8 20 200 500 

M2 0.99 2400 2.5 0.8 10 150 400 

M3 0.99 2600 3.2 0.9 40 400 900 

M3-U 0.90 2600 3.2 0.9 40 450 550 

M4 0.99 3800 3.1 0.8 15 175 475 

M4-U 0.85 3800 3.1 0.8 15 175 220 

M5 0.99 2000 3.1 0.8 25 160 460 

Based on the parameters listed in Table 5.1, the optimal PM interval for each of the 

sus-system has been evaluated using Eq:5.7, where the term (𝑗 − 1)𝑡𝑝 is ignored and 𝑅0,𝑗 
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is set to the initial reliability of the equipment module. The resultant equation that is used 

for the calculation of the maintenance interval (𝑡𝑝) is shown in Eq:5.23. 

𝑅𝑗(𝑡) = 𝐼𝑅 ∗ 𝑒
−[(1 𝑚1⁄ (𝑡)/𝜃)]𝛽 Eq:5.23 

Figure 5.8 provides an overview of the estimated reliability degradation of the various 

equipment modules using Eq:5.23. The optimal PM interval for each of the equipment 

modules is shown below. 

𝑡𝑝 = {550, 1295, 1605, 1334, 2309, 1540, 1216 } 

According to these figures, the Module 1 has the least value (550), and it has been 

rounded to 500 hours. Therefore, the value of 𝑡𝑝 is set to 500 and all the sub-systems in 

the illustrative example will inspected for maintenance at every 500 hours. Considering 

the expected operational life (𝑇𝐿 = 3000) and the PM interval (𝑡𝑝 = 500), the values for 

the various model parameters for the illustrative example can be determined. In the 

following, the number of maintenance intervals ‘i = 6’ (𝐽𝑖, 𝑤ℎ𝑒𝑟𝑒 𝑖 = (𝑇𝐿/𝑡𝑝) = 6), and 

the number of maintenance actions  𝑗 = 𝑖 − 1 = 5 are calculated. The initial (𝑇(0,𝑞)) and 

final (𝑇(𝑣,𝑞)) time periods for each maintenance interval ‘i’ can be set to 0 and 500 

respectively. The proposed model has been translated into OPL to compute the model 

developed within the IDE of IBM ILOG CPLEX optimisation suite. It is important to 

note that the OPL model is a direct translation of the proposed mathematical model. 

 

Figure 5.8: Overview of Maintenance Interval (tp) Evaluation for the Verification Case 
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Table 5.2 provides the overview of the results produced on executing the OPL model 

in IBM ILOG CPLEX optimisation suite. Figure 5.9 provides the output values of the 

decision variable 𝑋[𝑀𝑘𝐽𝑖𝑇𝑞], which illustrates the degrading reliability of various sub-

systems in the illustrative example. It is important to note that all the plots have been 

plotted using excel based on the initial (𝑇(0,𝑞)) and final (𝑇(𝑣,𝑞)) values of the decision 

variable 𝑋[𝑀𝑘𝐽𝑖𝑇𝑞]. The evaluated maintenance cost for all the subsystems are presented 

in Table 5.2 and has also been provided as an input parameter for the design of RMAS. 

 

Figure 5.9: Reliability Degradation of Various Sub-Systems used in the Illustrative Example 
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The model presented in chapter 4 has shortlisted an assembly system configuration that 

contains the subsystems M1, M2, M3, M4-U and M5. The overall reliability of the system 

is calculated and plotted separately, while highlighting the effects of introducing a 

parallel module to the existing configuration as shown in Figure 5.9. 

Table 5.2: The PM Schedule and the corresponding maintenance cost of the illustrative system 

Module PM Actions Overall 

Cost j=1 j=2 j=3 j=4 j=5 

M1 2p 2p 2p 2p 2p 2500 

M2 0M 1a 1a 1a 1a 40 

M3 0M 1a 0M 1a 0M 80 

M3-U 0M 1b 0M 1a 0M 490 

M4 0M 0M 0M 1a 0M 15 

M4-U 0M 1a 0M 1a 0M 30 

M5 0M 1a 1a 1a 1a 100 

In this illustrative case, M3-U and M4-U are used equipment modules, which can be 

used instead of M3 and M4 modules respectively. However, the choice of the equipment 

modules included in the RMAS design is based on the sum of the purchase cost and 

maintenance cost. In this case, the used equipment M3-U is more expensive ($550 + $490 

= $ 1040) to own when compared to the new equipment M3 (). On the other hand, the 

new equipment M4 is more expensive ($475 + $15 = $490) to own when compared to 

the used equipment M4-U ($220 + $30 = $250). It is also important to note that the 

maintenance cost for all the individual equipment modules are evaluated without 

considering the reliability influences of the other modules. However, to evaluate the 

optimal maintenance strategy for the whole system the influences of the reliability 

degradations of various equipment modules are adhered. For instance, the calculation of 

the maintenance interval value 𝑡𝑝, it necessary to check the reliability degradation of all 

the equipment modules. The time period taken for any equipment that first reaches the 

minimum reliability threshold will determine the value 𝑡𝑝 for the system. 

5.6 Summary 

This chapter presented the mathematical model for the evaluation of the optimal 

maintenance strategy for all the equipment modules that are included in the design 

problem. The estimated maintenance cost serves as an important input parameter for the 

model defined in chapter 4 for the design of RMAS. It is important to note that the 

ownership cost of an assembly equipment or system is the sum of its acquisition, 

installation, operation and maintenance costs. This chapter mainly focuses on the impact 
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of the maintenance strategy of the assembly equipment on the design of RMAS. This is 

simply because of the reason that the profitable reuse of assembly equipment can only be 

promised when their operational performances are known beforehand. 

The operational performance of the assembly equipment can be determined based on 

their functional and mechanical deterioration over time. The advent of new paradigms 

such as; I 4.0 and IIoT has made the life cycle information of the assembly equipment 

more accessible than ever before. Therefore, it is important to make use the abundantly 

available lifecycle information can be used to predict and prevent any mechanical failures 

that may occur in the near future. Similarly, the same information can play a vital role to 

calculate the required maintenance costs for preserving the operational performance of 

the equipment modules that are participating in the design problem. 

This chapter has made use of the well-established formulations to evaluate the 

reliability degradation and effect of maintenance actions and the corresponding reliability 

improvements. These formulations are then used to build constraints for the automated 

evaluation of the optimal maintenance cost for both individual equipment modules and 

the final RMAS design solution. An illustrative example is used to demonstrate the 

appropriateness of the proposed model to support the design of RMAS. 
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6 An AML-Based Framework for the 

Design of RMAS 
 

 

 

Figure 6.1: Overview of the Activities and the Actors Involved in Designing Assembly Systems 
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6.1 Introduction 

This chapter proposes a new framework using AutomationML (AML), a neutral XML 

based data format defined within the IEC 62714 to support the design of RMAS. The 

framework includes formal definitions of skill-based semantic models for PPR domains, 

which establishes the foundation for the design of RMAS. The translation of these skill-

based concepts into AML is achieved via the definition of new AML libraries that offers 

complete traceability between the PPR domains. Furthermore, to ensure the consistency 

of the translations from the semantic models into AML definitions, this work provides 

the necessary guidelines to create AML specific objects, classes, interfaces and attributes. 

This chapter stresses the need for a common semantic model which can serve as a 

language that conveys the meanings of any domain specific terms and concepts. This can 

be really be useful in a collaborative project that includes several active participants and 

stakeholders. The process of designing assembly systems is one such process that 

includes several actors who can also be geographically distributed around the globe. 

Therefore, to unleash the full potential of such collaborative effort it is necessary to use 

a common data format that can collectively capture all the design inputs provided by 

various domain experts as shown in Figure 6.1. AML has been chosen as the prime 

candidate for representing all the information that are required for the design of RMAS. 

This chapter focuses on four key aspects as follows: (1) definition of assembly product 

and its requirements; (2) definition of assembly equipment and its functional capabilities; 

(3) definition of assembly processes; (4) definition of configuration solution. The 

definition of all the above mentioned will require new additions to the existing AML 

libraries. These new additions are direct translations of the concepts and terminologies 

that are extracted from predefined semantic models. Even if the new additions are in 

place, it is not easy to define the above mentioned four aspects in AML. Therefore, this 

chapter provides a step by step systematic procedures for the definition of these four 

aspects and support the design of RMAS. Furthermore, this chapter highlights how to 

establish the links between various AML definitions such that it remains in full 

agreement with the sematic model definitions. This work is defined in such a way that 

all these four aspects can be defined in separate AML files or can be integrated into a 

single file according to user’s requirement. This offers complete flexibility for the users 

to manage the level of details and the amount of information that needs to be shared 

across the various stages of the design process. 
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6.2 Design Information Management for RMAS 

Although, AML serves as a common platform for representing information from 

various engineering domains, yet there are no clearly defined guidelines on using AML 

for the design of assembly systems. Towards this end, this chapter aims to deliver a 

AML-based framework for the design of RMAS. In the following, this work aims to 

utilize most of the AML’s existing concepts and enhance them by adding further Skill 

based concepts that facilitate the design of assembly systems. The definition of these 

concepts is not yet in agreement with the AML standards and definitions. Therefore, 

these concepts should be carefully structured within AML standards for interoperability 

and seamless data exchange between the various actors involved in the design of RMAS 

as shown in Figure 6.1. Furthermore, this work is also focused on supporting the current 

drive towards ‘Digital-Twin’ and Cyber Physical Systems (CPS). The most critical part 

of enabling CPS is to create a virtual copy of a physical system, which includes all the 

detailed description of its physical and functional specifications. Every file that 

encapsulates such descriptions is referred as a ‘self-description’ file.  

In terms of modular ‘Plug-and-Produce’ devices, the self-description file should have 

embedded information about their process capabilities (Skills), data that it gathers during 

the execution of the processes, and other information relevant to its maintenance and 

diagnostics details. This is critical for CPS since these systems would require an exact 

virtualization of actual physical entities to deliver their vision. In this direction, AML is 

viewed as the prime candidate to aggregate all the information of a physical entity 

(electrical, mechanical, geometry, etc.) in a coherent structure that can be easily 

interpreted across multiple engineering domains and tools. 

An AML file can be an aggregation of several self-description files, which can be used 

to represent a hierarchical system or sub-system. The information stored in this AML file 

can be used to provide an overview of the same system in the cloud (cyber-side), which 

precisely can display a list of functional capabilities (‘skills’) that a workstation or an 

assembly cell can perform. Similarly, a product’s self-description can provide the details 

regarding the list of assembly requirements (‘skill requirements’) that are to be fulfilled 

to reach the final assembled product or its sub-assembly. 

One of the significant challenges in this respect is to formalise the aggregation of 

several self-description files with varying levels of system topology. It is important to 
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note that the self-description includes the process capabilities of the equipment modules, 

but it does not provide the information on how to execute these capabilities to realize a 

product. The ‘skill requirement’s’ may include specific parametric requirements that are 

to be carefully satisfied for the successful completion of assembling the product. For this 

reason, the concept of ‘Skill Recipe’ is introduced to formalize the parametric settings 

for the execution of ‘skills’. It is important to note that a ‘skill recipe’ can fulfil one or 

more ‘skill requirements’, which will require several links between them to highlight 

these relationships. Figure 6.2 provides an overview of the challenges with the integration 

and mapping of information across the system. Therefore, the self-description file for the 

overall assembly system should include all the detailed links/ interfaces that maps the 

relationships between the hierarchical Product Process and Resource (PPR) domains. 

 

Figure 6.2: Overview of the Challenges with mapping and Integration of Hierarchical 

Information within the Assembly Domain 
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6.3 Underlying Semantic Models 

This work makes use of the sematic models that has been developed along the course 

of the ReBORN [16] and openMOS [17] projects. It is also important to note that these 

sematic models are the resultant version of several refinements and updates from the 

previous research projects such as: IDEAs [15], and EUPASS [14]. This work focuses 

on enhancing these semantic models to support the reuse-centred design of plug-and-

produce capable modular assembly systems. The three core verticals of these semantic 

model are: 

• The assembly product semantic model 

• The assembly process (skill) semantic model 

• The assembly equipment semantic model 

The assembly process model covers all the concepts that are included in the product 

and the equipment models. The definition of the assembly process provides the means to 

establish the relationship between the product that needs to be assembled and the 

equipment that will be used to assemble the product. The fundamental idea is that the 

assembly processes are derived from the definition of the product requirements. 

Similarly, the assembly processes are the specific instances of the functional capabilities 

offered by the equipment modules. This implies that the definition of the assembly 

processes can bridge the gap between the product and the equipment domains, so long as 

the semantics are the same. 

The detailed description of the various elements of these models can be found in the 

subsequent sections. 

6.3.1 Definition of the Assembly Product 

In this work, the definition of assembly product is focused on formalising the 

description of the assembly process requirements. Generally, the product engineer 

defines the sequence in which the various parts and components of the product are put 

together. Therefore, it is also necessary to define the lower-level compositions that 

institutes the assembly product. Figure 6.3 highlights the lower-level compositions or the 

sub-hierarchies that together helps to define the assembly product. The assembly product 

can be defined as a collection of physically interlinked objects that are put together by 

means of a set of ordered processes. The subassembly of a product can be defined as the 
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collection of parts that are physically interlinked inside another assembly. Subassemblies 

are generally used to define the structure or the order in which the product should be 

assembled. The part can be defined as a collection of physically interlinked components 

that are put together by means of a set of ordered processes to create a subassembly. The 

component is the least granular entity of the assembly product which can either be an 

individually machined monolithic entity, or a complex subassembly assembled by a 

different resource. 

6.3.2 Definition of the Assembly Equipment 

The definition of equipment modules plays a significant role, as it provides the 

foundation to describe all the entities that can actively participate in an assembly process. 

In this work, the assembly equipment modules are classified into three main types such 

as: ‘assembly system’, ‘sub-system’, and ‘module’ as shown in Figure 6.4. These 

hierarchical terms of the equipment domain are mainly based on the granularity of their 

functional capabilities [34]. Therefore, a ‘Module’ can be defined as an equipment that 

has the capability to fulfil at least one action or an operation towards the successful 

completion of assembling a product or its sub-assembly. A ‘Sub-System’ is a collection 

of modules that has the combined capability to fulfil at least one assembly task towards 

the successful completion of assembling a product or its sub-assembly. In this work, the 

term sub-system is referred to workstations and transport systems (combination of 

 

Figure 6.3: Assembly Product Semantic Model 
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several conveyor modules). The ‘Assembly System’ is a collection of sub-systems that 

can fulfil all the tasks that are required to complete at least one sub-assembly or the entire 

product. 

The assembly equipment mainly includes one or more physical ports and skills. The 

physical ports define the physical interface between two equipment modules. The 

definition of physical ports includes two main attributes such as: (1) port type and (2) 

port direction, which plays a major role in defining the physical interface. The physical 

interface between two modules is realised through the interface between two physical 

ports that are of same type and compatible directions. 

6.3.3 Definition of the Assembly Process 

The assembly processes that fulfils the assembly process requirements are formalised 

through the concept called skill recipes. The skill recipe is an instance of an equipment 

skill that are defined with specific parametric values to fulfil one or more skill 

requirements. The definition of the ‘Skill’ establishes the foundation for designing 

assembly systems, since it is the representation of process capabilities offered by the 

 

Figure 6.4: Assembly Equipment Semantic Model 
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equipment modules. Traditionally, the capabilities of the equipment are defined via 

functions. The concept of ‘Function’ was used to define the higher-level equipment 

capabilities. This concept is quite abstract and for this reason, the skills are classified as: 

(1) ‘atomic skills’ and (2) ‘composite skills’ based on their level of granularity. 

An ‘atomic skill’ can be defined as the very basic or the least granular level of process 

capability offered by an equipment module. For instance, a pneumatic gripper can offer 

two atomic skills such as ‘hold’ and ‘release’. Similarly, the ‘composite skill’ can be 

defined as the combined process capability offered by two or more equipment modules. 

 

Figure 6.5: Assembly Process Semantic Model 
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For instance, a robot with a pneumatic gripper can offer a simple ‘pick and place’ 

composite skill, which is the combination of atomic skills such as: ‘move’, ‘hold’ and 

‘release’. Therefore, the execution of a composite skill requires a sequential execution of 

one or more atomic skills. The composite skill is a composition of one or more skill 

requirements with clearly defined precedential relationships between them. 

The definition of a skill encapsulates three ports such as: ‘parameter ports’, 

‘information ports’ and ‘control ports’ as shown in Figure 6.5. The parameter ports are 

used to define the operational parametric settings for the execution of a skill. Every 

parameter port may include one or more parameters, which may include explicit range 

of values to set one or more parametric settings. The information ports are used to define 

the Key Performance Indicators (KPIs), which can be used to assess, adjust and optimise 

the performance of equipment modules while executing their skills. The control ports are 

used to define the mechanisms that triggers the execution of skills. The ‘skill 

requirement’ is used to define the assembly process requirements of the product or its 

sub- assembly, which will be discussed in detail in the next section. 

6.4 Extension of AML for skill-based modelling 

Modelling user-defined data is one of the core concepts in AML. User-defined data 

are usually ICs, RCs and their attributes which are not predefined in the AML 

whitepapers. All user-defined data must have a relationship established with the AML’s 

base definitions by means of the Role and PropertySet Concept. The Role Concept 

enables the definition of abstract technical functions which can be adapted according to 

the needs of the modelling process. The PropertySet acts as an attribute taxonomy or a 

structured dictionary, which is modelled as a RC containing predefined attributes. The 

attributes describe the properties of a certain scope which can be derived from the AML’s 

base RCs. The Property-sets are usually defined and stored under a RCL. These concepts 

provide the necessary mechanism to ease the automatic interpretation of user-defined 

classes and attributes with the AML’s base definitions. 

AML provides a set of base ICs and RCs, which serves as the foundation for 

establishing user-defined ICs and RCs respectively. This means that, all the user defined 

ICs and RCs should be derived directly or indirectly from the predefined base ICs and 

RCs. Further details on the AML’s base ICs and RCs can be found in Part 2 and 5 [157] 
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[158] series of the AML white papers. Each IC and RC can be assigned with a unique 

name and ID to represent its hierarchical position within the ICL and RCL respectively. 

All modelling concepts may have attributes, which can be assigned to RCs, ICs, SUCs, 

and their corresponding internal elements. AML defines some rules for attribute 

definition. Each attribute shall have a unique name within its parent element. It may have 

a data type, unit attribute and sub-elements for the description of their corresponding 

values. 

6.4.1 User-Defined Role Classes (RCs) 

In this work, in addition to AML’s base role class library, a few case specific role 

classes were created such as: equipment types, skill types, port types, parameter types, 

etc., as shown in Figure 6.6. The detailed hierarchical classification of the user-defined 

role classes for this work can be found in the Appendixes C. It is important to note that 

these definitions (type specifications) should ideally be the same for the entire domain of 

assembly systems, but it is permissible to have project/ case specific definitions to enable 

reusability in restrictive environments. 

6.4.2 User-Defined Interface Classes (ICs) 

Similar to the RCs, this work proposes a few user defined ICs that are categorised and 

explained in the sections below. 

 

Figure 6.6: Overview of User-Defined Role Class Library 
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• Precedence Connector: the product workflow requirements may have one or more 

assembly tasks, which usually encapsulates several processes and actions. These 

operations should be carried out according to its precedence requirements that 

comes along with the workflow requirements. The precedence connector is used to 

represent these sequences using a directional connector. All the AML interfaces 

comes with ‘A’ and ‘B’ side connections, where the ‘A’ represents the previous 

operation and the ‘B’ represents the current or selected operation. This is 

implemented by connecting the A-side precedence link of a skill requirement to the 

B-Side of its preceding skill requirement as shown in Figure 6.7. 

• PPR Connector: the main purpose of using AML in this work is to offer complete 

traceability between the PPR domains. This makes it easier to understand how the 

assembly system executes the assembly processes in a specific sequence to 

assemble the product. This is done by establishing interfaces between skill 

requirements, skill recipes and the equipment the implements the specific skill 

recipe. Figure 6.8 represents the simplified overview of the interfaces between the 

PPR domains. The interface between the product and the process domain is 

established by connecting the PPR connector ports between the skill requirement 

and the skill recipe. It is also important to note that there can be more than one skill 

recipe that can fulfil a specific skill requirement. Therefore, establishing these 

interfaces facilitates the identification of the list of skill recipes that can fulfil a 

specific skill requirement. Similarly, the interface between the product and the 

resource is established by connecting the skill requirement’s PPR connector port 

with the equipment module’s PPR connector port. The last interface between the 

 

Figure 6.7: Overview of Precedence Connections in AML 

Skill Requirement 1
Precedence ConnectorA B

Skill Requirement 2
Precedence ConnectorA B

Skill Requirement 3
Precedence ConnectorA B



Chapter 6: An AML-Based Framework for the Design of RMAS 

126 

 

process and resource is realised through the PPR connection between the skill 

recipe and its corresponding equipment skill. The ‘RefBaseSystemUnitPath’ link 

is established automatically when the ‘skill recipes’ is instantiated from an arbitrary 

SUC library that belongs to an equipment skill. 

• Port Connector: all the assembly equipment will have one or more physical ports 

to establish physical interface with other modules. The definition of ‘port’ includes 

its type, and therefore, this connector is a non-directional connector that is used to 

express the interface between two types (e.g. male & female) of ports that belongs 

to two different equipment modules. 

6.4.3 User Defined System Unit Classes (SUCs) 

The classes for AML objects can be specified by defining SUCs and collected in SUC 

libraries. The reuse of SUCs as templates for instantiating AML objects can increase the 

speed of generating hierarchical systems. Usually, the system unit class library will 

represent a vendor dependent library of equipment modules, components, parts, etc. 

Unlike the RCs and ICs, AML has no predefined SUC libraries. Therefore, the definition 

of SUCs are up to the user of the AML. Figure 6.9 presents a few domain-specific SUCs 

that are used for this work. Each SUC can have a unique name like the RCs and ICs. It 

is important to note that the AML does not automatically provide unique IDs for every 

newly created SUC but provides the place holder for the user to manually enter the 

 

Figure 6.8: Overview of the PPR interfaces for the Assembly Domain 
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values. Also, every SUC should have at least one RC assigned to it to enable the semantic 

coherence within the assembly domain. 

The definition of a SUC can also include sub-objects of the type ‘Internal Element’, 

attributes, and interfaces to ensures the structure of the modelled class of objects, its 

properties, and its possible associations. Furthermore, the definition of a SUC can also 

be derived from another SUC by assigning reference with the help of the drag-and-drop 

feature offered by the AML editor. This can also be verified by checking the 

‘RefBaseClassPath’ attribute that is under the header information tab, which is located 

on the right-hand side of the AML editor. In this case, the referenced child class inherits 

all the sub elements, supported roles, interfaces, and attributes from the parent class. 

6.5 Systematic Instantiation in AML 

This work proposes a set of systematic guidelines for the instantiation of assembly 

equipment, product and process. These guidelines are defined in such way that it does 

not violate or interfere with any of the AML’s base guidelines but helps to define all the 

domain concepts in pact with the AML specifications. The detailed description of the 

instantiation procedures for the PPR elements are explained in the next sections. 

6.5.1 Definition of Assembly Equipment in AML 

The definition of equipment modules within the AML editor plays a significant role, 

as it provides the foundation to describe all the entities that can actively participate in an 

assembly process. 

 

Figure 6.9: Overview of Domain Specific System Unit Class Library 
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In this work, the definition of equipment modules in the AML editor begins with the 

creation of the domain specific SUCs for the assembly equipment as shown in Figure 

6.10. In AML, it is important to note that the definition of a class should include a 

reference assignment from a parent SUC. This helps the child class to inherit all the sub-

elements, supported roles, interfaces and attributes from the parent class. The assembly 

equipment mainly includes one or more physical ports and skills. Therefore, the next step 

is to define the physical ports of the specific equipment module. The physical ports are 

defined as an IE which includes two main attributes such as: (1) port type and (2) port 

direction. These attributes play a major role in defining the physical interface between 

 

Figure 6.10: Systematic Procedure for Instantiating Assembly Equipment 
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two equipment modules. Subsequently, it is also important to allocate appropriate RCs 

that defines the port type. The same procedure is repeated for all the other ports that may 

be included in the definition of the specific equipment module. Once the physical ports 

for the equipment module are defined, it is necessary to define its skills. The detailed 

procedure for the definition of skills can be found in section 6.5.3 of this chapter. Finally, 

it is necessary to create an instance of the PPR interface which is quite important to 

establish its links with relevant product requirements and processes. 

6.5.2 Definition of Assembly Product in AML 

In this work, the definition of the assembly product is mainly focused on the definition 

of assembly process requirements that are formalised using the concept called skill 

requirements. The definition of skill requirements follows a similar template that is used 

for the definition of equipment skills. The definition of assembly process requirements 

follows a specific sequence (precedence) that starts from the entry to the exit of product 

from the production line.  

 

Figure 6.11: Systematic Procedure for Instantiating Assembly Product 
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Figure 6.11 provides the step by step process of instantiating the assembly product. 

The first step is to create a new IE for the definition of the assembly product. The second 

step is to provide a reference assignment from a parent SUC, which helps the child class 

to inherit all the sub-elements, supported roles, interfaces and attributes from the parent 

class. The third step is to allocate appropriate RCs that defines the product hierarchy and 

its type. Subsequently, the next step is to create IEs for the definition of skill requirements 

under each sub-hierarchy of the product. It is also important to note that it is not 

mandatory to create instances of skill requirements under the sub-hierarchies of the 

product. In case, if there are no sub-hierarches for the product then the skill requirements 

can straight away be instantiated under a single product instance. The next step is to 

allocate appropriate RCs for the skill requirements that defines the skill type and its level 

of granularity. It is also important to note that the parametric conditions for satisfying the 

assembly process requirements are defined as attributes of the skill requirements. The 

next step is to create instances of precedence and PPR connectors (ICs) for definition of 

the skill requirements interfaces. Subsequently, it is necessary to establish the precedence 

relationships between skill requirements, which ensures the logical order of fulfilling the 

assembly product requirements. Finally, an instance of PPR connector is created to 

establish its links with relevant equipment modules and the processes that are required to 

fulfil its assembly requirements. 

In this work, the definition of the skill template is designed in such way that the 

assembly product requirements can accommodate optional sequences based on the output 

result of executing an equipment skill. For instance, Figure 6.12 illustrates an example 

product with optional sequences after fulfilling the skill requirement called ‘leak test’. 

The choice of the selecting an optional sequence will be based on the output value of 

executing the equipment skill that can fulfil the ‘leak-test’ skill requirement. Therefore, 

the illustrated assembly product requirements are designed in such way that it has two 

possible operational sequences, which will be based on the event (output value of the 

skill execution) that either fails or passes the leak test. For illustration purposes, the 

optional sequences of the assembly process requirements after the leak test requirement 

is highlighted in two different colours (red and green). The sequence of skill requirements 

highlighted in red colour indicates the operations that are to be followed if the product 

fails the leak test. The sequence of skill requirements highlighted in green colour 

indicates the operations that are to be followed if the product passes the leak test. Also, 
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the skill requirements highlighted in red colour follows a loop to ensures that the product 

will not exit the production line without passing the leak test. Therefore, this ensures that 

a similar method can be used for the definition of various possible (optional) sequences 

of assembly product requirements. 

6.5.3 Definition of Assembly Process in AML 

The assembly processes that fulfils the assembly process requirements are formalised 

through the concept called skill recipes. The skill recipe is an instance of an equipment 

skill that are defined with specific parametric values to fulfil one or more skill 

requirements. In the AML editor, the instantiation of a skill recipe is enabled by a simple 

drag and drop functionality. The link between the skill recipe and its corresponding 

equipment skill is established by the ‘RefBaseSystemUnitPath’ attribute of the skill 

 

Figure 6.12: Definition of Optional Sequences for Assembly Product Requirements 
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recipe. Therefore, this section is focused on the step by step procedure for creating a SUC 

for the definition of an equipment skill in AML as shown in Figure 6.13. 

 

Figure 6.13: Systematic Procedure for Defining an Equipment Skill in AML 
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The first step to create a equipment skill starts by defining a new SUC for the 

equipment skill. The second step is to provide a reference assignment from a parent SUC, 

which helps the child class to inherit all the sub-elements, supported roles, interfaces and 

attributes from the parent class. The third step is to allocate appropriate RCs that defines 

the equipment hierarchy and its type. The second step already defines whether the 

equipment skill is defined as a composite or atomic skill based on its parent class. If the 

current definition is a composite skill, then it is necessary to define the skill requirements 

that are required to fulfil the functionalities of this composite skill. The definition of skill 

requirements follows the same procedure as the definition of the product’s assembly 

product requirements. Once all the skill requirements of the composite skill is defined, it 

is necessary to establish the precedence relationships between the skill requirements. 

The definition of the skill includes three important ports such as; the parameter ports, 

control ports and information ports. The detailed explanation of these ports has already 

been discussed in section 6.3.3. Therefore, the subsequent step on the definition of an 

equipment skill is focused on the definition of skill ports as shown in the Figure 6.13. 

Finally, when all the skill ports are defined, it is necessary to create an instance of PPR 

connector which is used to establish relevant links with its corresponding skill recipes 

and skill requirements. 

6.5.4 Definition of a Hierarchical System in AML 

The first step in using AML to instantiate a hierarchical system is to define the system 

interfaces (ICs), which helps to map the relationships between different entities and 

concepts in the model. In this work, we are mainly dealing with interfaces, namely: ‘Port 

Connector’, ‘Precedence Connector’ and ‘PPR Connector’. The second step is to define 

the classifications and the functional behaviour of the assembly equipment, which ideally 

should already exist as it defines the system taxonomy. Here, in addition to AML base 

RCL, a few case specific RCs were created such as: equipment types, skill types, port 

types, parameter types, etc. Also, all the RCs should be assigned with appropriate 

interfaces (ICs) as shown in Figure 6.14. It is important to note that these definitions 

(type specifications) should ideally be the same for the entire domain of assembly 

systems, but it is permissible to have project specific definitions to enable reusability in 

restrictive environments. 
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Both the system interfaces (ICs) and the roles (RCs) are expected to be less changeable 

elements of the system, as these provide overarching definitions for the systems. The 

third step in is to create the SUCs in accordance with the rules and guidelines defined in 

the semantic model. This step involves the allocation of roles to each of the newly created 

SUCs. It is important to note that each element in the SUC can have one or more RCs 

and ICs assigned to it, as it might fulfil multiple roles and interfaces of the system. AML 

also provides the feature ‘Role Requirement’ to ensure that the class has a mandatory 

role. Once the three libraries of AML are filled with appropriate definitions, the 

instantiation of the system can be initiated by dragging and dropping (using AML editor) 

appropriate SUCs into the newly created instance hierarchy. Finally, it is necessary to 

 

Figure 6.14: Definition of a Hierarchical System in AML 



Chapter 6: An AML-Based Framework for the Design of RMAS 

135 

 

establish the dependencies and relationships between various instances by connecting the 

appropriate interface ports. This will detail the physical (equipment configuration) and 

logical (process configuration) configuration of the system. 

6.6 Summary 

This chapter presents the skill-based semantic models that serve as the foundation for 

the design of RMAS. The definitions in these sematic models provides the common 

taxonomy and terminology that are essential for the smooth and seamless information 

exchange between the various actors involved in the RMAS design activity. Details on 

how to extend the concepts and definitions from these semantic models into AML 

standards have also been outlined. This procedure requires new AML libraries that are 

specially catered to accommodate the skill-based concepts defined in the semantic 

models. Subsequently, this chapter provides systematic guidelines that are essential to 

create assembly domain specific AML objects, classes, interfaces and attributes while 

being coherent with the core concepts defined in the semantic models. Finally, this 

chapter concludes with a brief description on how to instantiate a hierarchical assembly 

system in AML with all its interfaces for verifying both physical and logical 

appropriateness of the design. 
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7 Illustration and Verification 

 

7.1 Introduction 

The aim of this chapter is to provide an overall understanding on the combined 

application of the three novel contributions proposed in this work. The vision of this work 

is quite extensive, and therefore an illustrative scenario has been used to highlight the 

limitations and the usefulness of the proposed contributions. The first half of this chapter 

focuses on making use of an illustrative assembly product and equipment to demonstrate 

the appropriateness proposed models and methods for the design of assembly systems. 

The second half of this chapter focuses on briefing the implementation of the proposed 

contributions in a prototype environment developed within the ReBORN Project [16]. 

The illustrative case has been broken into three sections and sub-sections to 

demonstrate the application of the core contributions during the process of designing 

assembly systems. The first section focuses on the verification of the mathematical model 

highlighted in chapter 4 that generates design configurations based on a set of product 

requirements. The second section focuses on the verification of the mathematical model 

highlighted in chapter 5 that computes the least expensive maintenance schedule for a 

specific design configuration. Additionally, this model is also being used to calculate the 

maintenance cost of all the individual equipment modules that are included in the design 

problem. Therefore, the workflow for the design problem is defined as an iterative cyclic 

process until a desired solution is obtained. The third section verifies the use of AML to 

define the assembly product, process (‘Skill Recipes’) and equipment modules by 

incorporating the skill-based modelling concepts. The definition of these concepts is 

carefully constructed to promise maximum interoperability and seamless data exchange 

throughout the process of designing assembly systems. 

It is also important to note that the key contributions mentioned above has also been 

used as an integral part of the prototype environment developed within the ReBORN 

project [16]. Finally, the chapter is concluded with a short summary that outlines the key 

advantages of the contributions proposed in this work 
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7.2 Illustrative Use Case Description 

The illustration case used for this work is built based on the Design for Assembly 

(DFA) technique, where the product design reduces the time and effort spent on its 

assembly. The objective of this work is to illustrate the process of designing assembly 

systems based on the product’s assembly requirements. The basic principle is to shortlist 

the assembly equipment that can fulfil the product’s assembly requirements. However, 

the shortlisted equipment should be both logically and functionally compatible to execute 

the assembly processes. Furthermore, this work is also focused on maximising the reuse 

potential of second-hand equipment modules. The illustrative use case considers a 

sample product and a list of equipment modules that are limited to a specific equipment 

supplier. The subsequent sections below provide a detailed description on the product’s 

requirements and the specification of equipment modules included in this use case. 

7.2.1 Assembly Equipment Specification 

The descriptions of the assembly equipment used in this use case is provided by PARO 

AG, an associate partner of the ReBORN project [16]. This information is a specific 

representation of an assembly facility that is used for assembling a diverse range of 

products and its variants. PARO AG is a special purpose machine and systems builder, 

 

Figure 7.1: Overview of the PARO AG’s Workstation 
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particularly focused on the development of technologies for the automation of assembly 

systems. The company has got specific experience in the field of flexible and modular 

assembly systems. Furthermore, PARO AG has also been a supplier of equipment 

modules for various industrial demonstrations. The PARO AG’s flexible assembly 

workstation shown in the Figure 7.1 can include several optional modules, which can be 

added or removed depending upon its requirements. 

The PARO AG’s flexible assembly workstation shown in Figure 7.1 can include four 

work modules (tools), two additional modules (special handling), four peripheral 

modules (feeders) and one transfer module (conveyors). These numbers correspond to 

the limitation of the workstation to hold each of those modules. It is assumed that all 

these modules have an inbuilt physical port, which will be used to establish a physical 

interface with another equipment. 

The workstations can be classified as semi-autonomous workstations and autonomous 

workstations based on its purpose and modules attached to it. The autonomous 

workstation generally includes a 2-axis gantry (X and Y), which can hold up to four work 

modules that can move up and down (z axis). Furthermore, a bidirectional transfer 

module (conveyor) and peripheral modules (feeders) can also be integrated to it 

depending upon its size and space restrictions. Alternatively, the autonomous 

workstation can also be designed to include two additional modules (special handling), 

peripheral modules (feeders) and a bidirectional transfer module (conveyor). The semi-

autonomous workstation usually requires an operator to perform some manual tasks that 

are difficult or not valuable to automate. However, the semi-autonomous workstations 

can include bidirectional transfer modules (conveyors) to transfer the assembly product 

to the preceding workstations. The assembly cell will allow a closed-loop 360o product 

flow with the help of u-conveyors on either side of the cell. 

A sample assembly system configuration that is manually generated by PARO AG is 

shown in Figure 7.2. The sample configuration shows that the assembly process starts 

from the semi-autonomous workstation. The operator loads the parts carrier with one or 

more parts and sends it to the preceding workstations. All the other necessary parts are 

individually served to the corresponding workstations by means of peripheral modules 

(feeders). The product flows in an anti-clockwise direction and ends in the autonomous 

workstation that is right next to the semi-autonomous workstation. The assembled 
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product will finally be inspected for defects by a stationary camera (additional module) 

before exiting the facility.  

7.2.2 Assembly Product Specification 

The definition of the assembly product can be quite extensive and detailed. The 

definition of the assembly product can include detailed specifications related to assembly 

process requirements, system requirements and business requirements. The assembly 

process requirements are generally defined as a set of sequential instructions that are 

required to complete the assembly of the product. These instructions are formalised using 

the concept called ‘skill requirements’, which follows a similar template that is used for 

the definition of equipment skills. The definition of the system requirements is mainly 

related to the performance of the target system, which ensures the quality of the product. 

The business requirements are usually referred to the target system’s key performance 

indicators (KPIs) that can potentially affect the profitability of the business. 

Here, the illustrative case scenario targets the assembly of the final components of a 

hydraulic motor consisting ten individual parts. Figure 7.3 shows the exploded view of 

the illustrative product, while highlighting the orientation of various parts that are 

included in the assembly. As mentioned earlier, the definition of the assembly product’s 

requirements follows the Design for Assembly (DFA) concept. This means that the 

 

Figure 7.2: Manual Assembly Layout 
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assembly process steps are specially catered in such a way that the target system (PARO 

AG’s assembly equipment) can execute them.  

The definition of assembly processes is catered based on the functional and parametric 

requirements of assembling the components to build the product. In this work, the 

concept of ‘skill requirement’ is used to define the process requirements for assembling 

the product. The ‘Skill requirements’ of the product are often defined as an abstract 

higher-level representation of the assembly process requirements. Figure 7.4 provides the 

conceptual overview of the sample product’s assembly process requirements, which are 

defined with a specific sequential relationship between them. The semantic model 

highlighted in chapter 6 (see section 6.3.1) allows the definition of products with complex 

sequences of skill requirements, which could increase the complexity of the problem. 

The scope of this use case is narrowed to demonstrate the process of designing an 

assembly system based a set of assembly process requirements. 

The granularity of the assembly processes can be briefly classified as ‘action’, 

‘operation’ and ‘task’. This is mainly based on the dependency of the combination of 

equipment modules that are required to execute a specific assembly ‘action’, ‘operation’ 

or ‘task’. Here, the sample product consists of six assembly tasks requirements that are 

to be executed in a specific sequence to assemble the product. Each of these assembly 

 

Figure 7.3: Exploded view of the illustrative product 
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task requirements include a set of ‘skill requirements’ that are to be executed in a 

sequence before proceeding to the subsequent task. 

7.2.3 Verification Scenario Description 

The verification scenario for this work includes a few customisations to the original 

PARO AG’s equipment specification. These customisations are specially included to 

demonstrate the flexibility of the models proposed in section 6.3.2 it is necessary to 

define the various specifications of the assembly equipment. The customisations are 

mainly related to the combination of equipment modules to form higher level systems. 

This helps to define the granularity of the equipment domain, which can also be extended 

to decide the granularity of their process capabilities. Here, the PARO AG’s autonomous 

workstation is customised in way that includes a frame, conveyor, manipulator and a 

 

 

Figure 7.4: Overview of Assembly Product Requirements 
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parallel gripper. This provides the flexibility to define several composite skills for various 

handling operations. Similarly, the semi-autonomous workstation is customised to 

include a frame and a conveyor as shown in Figure 7.5. Additionally, a few skills that are 

limited to manual (operator) skills are also included, which eliminates the need to define 

an operator as an assembly equipment. 

On the other hand, the assembly processes are also customised in a way that PARO 

AG’s assembly equipment can execute them. The product assembly is designed to be 

initiated by manually loading the labelled parts A, B, C, D, E, F, J1-J4 and I1-I4 into the 

parts carrier as shown in Figure 7.6. The two other parts will be individually fed to the 

corresponding workstations, which will be autonomously selected during the execution 

of the configuration model. The target (PARO AG) assembly line is facilitated with a 

360o product flow with the help of the u-conveyors on both the ends of the line. The 

product flows through the assembly line in an anti-clockwise direction, and the final 

assembled product will be manually unloaded from the production line. The empty parts 

 

Figure 7.5: Overview of Equipment Module and their Physical Connections 
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carrier will return to the initial point of the assembly line, which can be reused for the 

succeeding products in the line. 

The Skill Recipe is an instantiation of a Skill with specific ‘Parameter Settings’ that 

can fulfil one or more ‘Skill Requirements’. In this work, the ‘Skill recipes’ are not 

dynamically generated to match the parametric requirements of the ‘skill requirements. 

Instead, it is assumed that the system integrator provides a list of ‘skill recipes’ for all the 

available equipment modules that are included in the design problem. Figure 7.7 shows 

the two types of PARO AG’s workstations and its sub-systems with respective ‘skills’ 

and ‘skill recipes’. The atomic and composite skills are colour coded as dark green and 

light green respectively. The ‘skill recipes’ are highlighted in orange colour and are 

linked to their corresponding ‘skills’. 

 The ‘Composite Skill’ concept provides the means to deal with varying degrees of 

process granularity. This is achieved by defining one or more ‘Skill Requirements’ 

underneath a ‘composite skill’, which can be fulfilled by lower-level ‘Skill Recipes’. The 

lower-level ‘skill recipes’ are instantiations of atomic skills that belongs to the same 

equipment or one of its lower-level compositions. Figure 7.8 illustrates how the ‘skills 

requirements’ of a higher-level ‘Skill Recipe’ can be fulfilled by the lower-level ‘Atomic 

Recipes’.

 

Figure 7.6: Labelled Parts in the Parts Carrier 
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Figure 7.7: Overview of matching product's skill requirements with skill recipes and their corresponding equipment skills 
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The illustration provided in this case is a simple pick and place application, where the 

autonomous workstation consists of a frame, manipulator and a parallel gripper. The 

higher-level composite ‘skill recipe’ for the pick and place application consists of nine 

‘skill requirements’, which can be fulfilled by seven atomic recipes that are instantiated 

from the three atomic skills. 

It is important to note that Figure 7.7 provides only an indication that all the ‘skill 

requirements’ of the product has a matching ‘skill recipe’. The number of equipment 

modules that can be included in configuration solution will be based on production rate, 

purchase cost and maintenance costs. This builds up an interesting case as the used 

modules can be less expensive to purchase, but it may lead to some compromises with 

regards to the maintenance cost and the production rate. 

7.3 Verification Steps for Designing a New Assembly System 

The process of designing assembly systems can be considered as a set of tasks that 

has to be executed in a specific sequence to produce one or more configuration solutions. 

Figure 7.9 provides an overview of the steps followed in this work to achieve the desired 

 

Figure 7.8: Overview of the Illustration of a Composite Skill used in the Verification Scenario 
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assembly system configuration. In this work, the design process is fundamentally driven 

by certain domain-specific concepts and definitions. Therefore, the first step is to 

establish the base concepts and definitions, which enables the definition of other elements 

that are essential for the design process. Based on the literatures, AML has been identified 

as the prime candidate to represent these domain-specific concepts and definitions in a 

standardized format. 

 

Figure 7.9: Overview of the Workflow for the Verification Scenario 
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Once the base definitions are established in AML, the second step is to create one or 

more instantiates of the assembly product and its variants. This work is mainly focused 

on designing an assembly system that is cost effective to operate and maintain. Therefore, 

the third step of this workflow is focused on calculating the maintenance cost for every 

equipment that is included in the design problem. Once all the equipment details are 

readily available, the next step is to establish the SUC library for equipment modules in 

AML. This allows them to be considered as a potential option for taking part in the final 

configuration solution. If the list of equipment modules provided by equipment supplier 

contains any used modules, then it is necessary to create instances for them rather than 

defining them as a SUC. This is mainly because, unlike the new equipment’s SUC the 

used equipment’s instance will have unique entries of values with regards to their usage, 

remaining life, reliability, etc. The next step is to instantiate the list of skill recipes that 

are proposed by the system integrator for specific skills under each equipment module. 

It is important to note that an equipment module is useless, unless it has at least one skill 

recipe associated to it. 

The resulting AML file will include three important aspects such as: the product 

requirements, equipment specification and the proposed list of skill recipes. These three 

aspects collectively represent the input data for the configuration model established in 

chapter 4 via constraint programming technique. It is important to note that the three 

input aspects can either be a single AML file or three individual AML files. The resultant 

one or more AML files following the fourth step of the workflow is then converted into 

a CPLEX input data (*.dat) file with the help of a parser that is developed as a part of the 

ReBORN project [16]. Once the input data is readily available in an acceptable format 

(*.dat), CPLEX can then generate configuration solutions.  

The configuration solutions generated by CPLEX will be ranked based on the overall 

ownership cost of each solution. However, this ranking may not be the same if it has to 

be rearranged in terms of their optimal maintenance cost. This is simply because of the 

reason that the local optimal cost for maintaining an individual module may vary when 

compared against the global optimum of maintaining the entire system. Alternatively, if 

CPLEX cannot find any solution, then it can be mainly because of two reasons. The first 

reason can always be referred to the lack of equipment modules with suitable skills. The 

second reason can be related to the shortage of skill recipes that are required to fulfil the 

skill requirements of the product. The final step is to generate an AML file that includes 
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the instance hierarchy of the finalised assembly system design configuration. The details 

of each of these steps are explained in detail in the following sections.  

7.3.1 Establishing the Base Definitions in AML 

In this work, the base definitions are referred to the assembly domain-specific 

concepts that establishes the foundation to define the assembly equipment, equipment’ 

skills, ports, interfaces, parts, products, etc. In AML, the elements of the base definitions 

are spread across all its three libraries. In fact, the base definitions require one or more 

elements from SUCs, RCs and ICs to express their relationships and dependencies with 

other concepts and definitions. For example, creating a new class for an equipment 

module requires a reference assignment from another parent SUC. This ensures that the 

newly created SUC for an equipment adheres to all the base definitions by inheriting all 

the supported roles and interfaces from the parent SUC. It is important to note that the 

proposed model (see section 6.4) is flexible enough to add one or more supported RCs 

and ICs to an existing SUC. The base definitions remain the same for the entire assembly 

domain, while being flexible enough to incorporate case or project specific additions. 

The flexibility to add customised definitions can enable their reusability in restrictive 

environments. 

7.3.2 Instantiation of the Assembly Product in AML 

This work is mainly focused on the description of the assembly process requirements 

that are required to assemble the product. The product’s assembly process requirements 

are formalised using the ‘skill requirements’ concept. Figure 7.10 illustrates the step by 

step process of instantiating the sample assembly product in AML. The first step is to 

create an instance for the assembly product from the domain specific SUC library. The 

second step is to create instances for the sub-hierarchies of the assembly product. The 

hierarchies under a product definition can usually be subassemblies, parts, components, 

assembly tasks and skill requirements. It is important to note that it is not mandatory for 

the definition of the assembly product to include all the sub-hierarchies under a product 

instance. 

Here, the sample assembly product includes seven assembly task requirements and 

each having one or more skill requirements underneath them. Therefore, the second step 

in this illustrative case is to instantiate the seven assembly requirement tasks. It is 

important to note that both assembly requirement tasks and skill requirements are 
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instantiated from the same domain specific SUC. In AML, the difference in the 

granularity of the assembly process requirements is defined by assigning appropriate 

RCs. Therefore, the next step is to assign appropriate roles to every instance that belongs 

to the hierarchical assembly product. It is important to note that the definition of the 

assembly process requirements may include one or more parametric requirements. In 

AML, the parametric requirement is defined as an attribute of a task instance. Every 

attribute is usually defined with a specific value and an appropriate unit. Similarly, the 

system requirements and business requirements can also be defined as the attributes of 

task and product instances. 

The final step is to establish the precedence relationships between the skill 

requirements. The precedence ports in AML are directional connectors with an ‘A’ and 

 

Figure 7.10: Product Definition in AML 
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‘B’ sides. Here in this example, the A-side of the skill requirement SR02 is connected to 

the B-side of the skill requirement SR01. The definition of this interface establishes the 

relationship that the skill requirement SR01 is the predecessor of SR02. 

7.3.3 Estimation the Maintenance Cost of Equipment Modules 

The process of designing assembly systems can only be initiated if there is existing 

list of assembly equipment that can potentially fulfil the product requirements. Usually, 

the list of assembly equipment and its specifications will be provided by the equipment 

supplier. This work is mainly focused on selecting an assembly design that is cost 

effective in terms of acquisition and maintenance. Therefore, it is necessary to evaluate 

the maintenance cost for every assembly equipment that are included in the design 

problem. It is important to note that the equipment specification includes the details 

regarding their maintenance cost, time and their corresponding improvement factors. 

Furthermore, it should also include the other details related to their initial reliability and 

Weibull’s shape (𝛽) and scale (𝜃) parameters. The initial reliability of a new equipment 

is always 0.99, whereas the initial reliability of the used equipment will depend on its 

remaining useful life. In this work, it is assumed that all the used equipment is suitably 

refurbished to a standard that they are well above the minimum reliability threshold. In 

this illustrative case, the minimum reliability threshold is set to 0.80 and the expected 

operating life is set to 5000 hours with regular maintenance intervals at every 500 hours. 

Based on the above-mentioned input parameters the maintenance cost for every 

assembly equipment can be calculated by using the model defined in chapter 5. It is 

important to note that the model defined in chapter 5 can be used to calculate the least 

cost for maintain an individual equipment or the entire system. The only difference is 

that the local optimal cost for maintaining an individual module may not be the same 

 

Figure 7.11: Maintenance Cost of an Equipment Module 
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when compared against the global cost optimum of maintaining the entire system. Once 

the maintenance cost is calculated, then the estimated figure is added as the variable cost 

attribute of the equipment specification. Figure 7.11 provides an overview on how the 

proposed model is used to calculate the maintenance cost using a reliability degradation 

function. The idea is to maintain the reliability of the equipment above a certain threshold 

while minimising the cost of its maintenance. The table highlighted in Figure 7.11 

provides an overview on the type of maintenance actions carried out at each interval and 

its associated cost. 

7.3.4 Establishing Equipment Libraries in AML 

Establishing a library for PARO AG’s equipment modules is exhaustive as it includes 

several equipment modules. However, to verify the proposed model (see section 6.5.1), 

it should be enough to demonstrate the definition of one of these modules. The definition 

of the other modules would also follow the same set of procedures. 

In this work, the definition of assembly equipment in AML is demonstrated using two 

different methods based on the granularity of the equipment. The first method targets the 

definition of assembly equipment that are at the lowest level of granularity. This is 

achieved by creating a new SUC followed by a reference assignment from a domain 

specific parent SUC. Consequently, the newly created equipment SUC inherits all the 

relevant roles and attributes from the domain specific parent SUC. The second method is 

more suitable for the definition of complex assembly systems and subsystems that 

encapsulates one or more lower-level equipment modules underneath them as shown in 

Figure 7.12. The second method follows the same procedure with an additional 

instantiation of one or more lower level equipment modules from the predefined SUCs. 

Here, the autonomous frame has been chosen for this demonstration, which is one of 

the most intricate equipment modules available. An equipment by definition should 

include both physical aspects and logical aspects. The physical aspect of the equipment 

module is referred to the connectivity ports that are used to establish a physical interface 

with other modules. The interface library of the proposed model will include the 

description of this interface, and the ports that are required to establish it. The 

autonomous frame module consists of a conveyor port, manipulator port, floor port, three 

feeder ports and two other additional module ports. Except the floor port, the direction 

of all the above-mentioned ports are of the type ‘female’. The direction of the floor port 
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is set to be ‘neutral’. Again, the definition of the port directions to establish a successful 

interface will be defined in the interface library of the proposed model. In the current use 

case, the autonomous frame is considered to include a conveyor, manipulator and a 

 

Figure 7.12: Definition of Equipment Library in AML 
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parallel gripper as a whole package. This limits the levels of granularity of the physical 

ports that are encapsulated by the lower-level equipment modules. The proposed model 

is flexible enough to move or re-define the physical ports encapsulated by the lower-level 

equipment modules to a higher order of the hierarchy. 

The logical aspect of the equipment module is referred to the functional capability 

(‘skills’) of the equipment modules. The granularity of the equipment module has a direct 

impact on the logical description of this equipment module. In this case, the autonomous 

frame has a high-level skill to handle the product or parts. This is a ‘composite skill’ with 

 

Figure 7.13: Definition of equipment skills and ports 
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one or more ‘skill requirements’, which will be fulfilled by the lower-level equipment 

modules’ skills. The definition of these skills requires a careful assessment before the 

assignment of a ‘role’ from the ‘skill’ class of the AML’s ‘RC’ library. This assignment 

should be the best reflection of the functional capability of the module. The equipment 

supplier can establish the specifications of the equipment’s ‘skills’ based on the existing 

roles for ‘skills’ in the AML’s ‘RC’ library. 

The definition of a ‘skill’ requires the definition of three other ports such as: 

‘parameter ports’, ‘information ports’ and ‘control ports’ as shown in Figure 7.13. The 

definition of parameter ports provides the operational parametric settings for the 

execution of a skill. The parameter port can include one or more parameters with explicit 

range of values to establish various parametric settings. The information port 

encapsulates the Key Performance Indicators (KPIs) that can be adjusted to optimise the 

performance of the equipment modules. The control ports provide the mechanism to 

trigger the execution of skills. Here, in this example the ‘handling skill’ has an input, 

output and error control port to provide the status update during execution.  

The definition of this module uses the domain specific SUCs of the proposed model 

to instantiate an equipment and its physical ports and skills. The domain specific SUCs 

serves as a template for the instantiation of user-defined equipment modules. It is 

important to note that the template only provides the generic RCs that are otherwise 

referred as supported RCs. Therefore, it is important to ensure that at least one specific 

RC is assigned as a role requirement. 

7.3.5 Instantiation of Skill Recipes in AML 

Once the equipment libraries are established in AML, the next step is to instantiate the 

skill recipes that are defined with specific parametric settings to fulfil one or more skill 

requirements. It is also important to note that there can be more than one instance of skill 

recipes instantiated from a single SUC that corresponds to an equipment skill. In the 

AML editor, the instantiation of a skill recipe is enabled by a simple drag and drop 

functionality. The link between the skill recipe and its corresponding equipment skill is 

established by the ‘RefBaseSystemUnitPath’ attribute of the skill recipe. Since the 

instantiation is a manual process, it is necessary to make sure that the desired parameter 

settings and KPI forecasts are entered manually in the appropriate place holders in the 
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attributes tab. The recipe parameters can be found under the parameter port, and 

similarly, the KPI’s can be found under the information port. 

It is important to note that the instances of the of composite skills encapsulates one or 

more skill requirements, which can be fulfilled by one or more atomic skill recipes. The 

skill recipes can either be instantiated under an arbitrary SUC or under an equipment that 

is already pre-instantiated under an IH. The definition of a skill recipe under an arbitrary 

SUC can be a good practice, as it makes it easier to create multiple copies of the same 

under an IH. Furthermore, it can also reduce the chances for human errors during the 

process of instantiating skill recipes for complex hierarchical assembly equipment. 

7.3.6 Generation of Configuration Solutions 

Once the assembly product requirements and the equipment specification with its 

respective skills and skill recipes are defined in AML, the input parameters for the design 

problem is fulfilled. As mentioned earlier in chapter 4, ‘IBM ILOG CPLEX Optimisation 

Studio’ (IICOS) has been chosen for solving the design problem. It is important to note 

that IICOS cannot take AML files as an acceptable form of input file. Therefore, the input 

AML file should be converted into a CPLEX input data (*.dat) file with the help of a 

parser that is developed as a part of the ReBORN project [16]. Once the input data is 

readily available in an acceptable format (*.dat), CPLEX can then generate configuration 

solutions. 

It is important to note that the configuration model proposed in chapter 4 is standard 

baseline model for designing assembly systems. Therefore, it may be necessary to add a 

few case constraints that are specially catered to accommodate the selected assembly 

product and the equipment. Here in this illustrative case, PARO AG’s equipment are 

customised in a way that all the work modules, additional modules and the peripheral 

modules can only connected to another equipment that is of the type frame. The second 

assumption states that each part for the product assembly can only be supplied through 

an individual feeder. The third and the last assumption is about the factory’s spatial 

limitation which cannot accommodate more than one peripheral module associated to a 

workstation. It is important to note that similar assumptions and their corresponding 

constraints has already been explained in chapter 4. 

IICOS provides a fully featured Integrated Development Environment (IDE) that uses 

Optimisation Programming Language (OPL), and the state-of-the-art solvers. These 

solvers are mainly classified as CPLEX and CP optimisers, where CPLEX is meant for 
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solving mathematical models and CP for constraint programming models. The CP 

optimiser offers several solution exploration methods while solving constraint 

programming and constraint-based scheduling models. The selection of an appropriate 

search method plays a vital role, as it affects the time taken to obtain good solutions. The 

CP optimiser directs the search towards good solutions by investigating the model 

structure, constraint propagation and then chooses an appropriate search technique. For 

this illustrative case, the ‘multi-point’ search method has been chosen which explores 

solutions in a very diversified fashion as shown in Figure 7.14. This search arrives at a 

set of solutions and combines them to produce better solutions. This method does not 

prove optimality or inexistence of a solution, but the search runs until it reaches a point 

that the current best solution cannot be improved. Therefore, it is recommended to set 

limits (time and number of branches or failures) while using multi-point search. 

7.3.7 Instantiation of Configuration Solutions in AML 

The process of instantiation of the assembly system is quite similar to the instantiation 

of the assembly product. The first step is to create an instance for the assembly system 

from the domain specific SUC library. The second step is to create instances for the sub-

hierarchies of the assembly system. The hierarchies under an assembly system can 

usually be assembly cells, workstations, equipment, modules and skill recipes. It is 

important to note that it is not mandatory for the definition of the assembly system to 

include all the sub-hierarchies under the instance of an assembly system. In the AML 

editor, the instantiation of SUCs are carried out by a simple drag and drop functionality. 

For instance, any SUC from an arbitrary SUC library can be dragged and dropped into 

an appropriate instance of the assembly system. Instantiating a hierarchical system will 

require creating one or more instances (e.g. equipment modules) under another instance 

 

Figure 7.14: Statistics for Solution Generation 
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(e.g. assembly system), which is considered to encapsulate the others as its lower-level 

hierarchical elements. Figure 7.15 provides a simple overview of the step by step process 

of instantiating the assembly system. 

The main purpose of using AML in this work is to offer complete traceability between 

the PPR domains. This makes it easier to understand how the assembly system executes 

the assembly processes in a specific sequence to assemble the product. This is done by 

establishing interfaces between skill requirements, skill recipes and the equipment the 

implements the specific skill recipe. The interface between the product and the process 

 

Figure 7.15: Instantiation of the Configuration Solutions 
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domain is established by connecting the requirement connector ports between the skill 

requirement and the skill recipe. The interface between the process and resource is 

realised through the ‘RefBaseSystemUnitPath’ of the specific skill recipe, which points 

to its corresponding equipment skill. This link is established automatically when the ‘skill 

recipes’ is instantiated from an arbitrary SUC library that belongs to an equipment skill. 

Apart from the PPR interfaces, the physical connections between the equipment 

modules is one of the logical interfaces that needs to be established after the instantiation 

of the PPR elements. This is done by connecting the male and the female physical ports 

between two equipment modules. It is important to note that there can be several types 

of physical interfaces, which may not always be a one to one connection. 

7.3.8 Evaluation of Maintenance Costs for Configuration Solutions 

Once the configuration solutions are generated by IICOS, then the cost for maintain 

the assembly system represented in each of the solution should be evaluated. This 

evaluation helps to rank the solutions based on their maintenance cost and select the best 

solution that can suitably fulfil all the criteria set by the manufacturing enterprise. 

Table 7.1: Scheduled Maintenance Actions for the Equipment Modules that are included in the 

RMAS Design Problem 

Module 
PM Actions Overall 

Cost j1 j2 j3 j4 j5 j6 j7 j8 j9 

Semi Auto Frame - New 0M 0M 0M 1a 0M 0M 1a 0M 1a 600 

Semi Auto Frame - Old 0M 1a 0M 1a 0M 1a 0M 1a 0M 800 

Auto Frame - New 1a 1a 1a 1a 1a 1a 1a 1a 1a 3150 

Auto Frame - Old 1a 1a 1a 1a 1a 1b 0M 1a 1a 3850 

Gluing Module - New 2p 2p 2p 2p 2p 2p 2p 2p 2p 3600 

Screwing Module - New 1a 1b 1a 1b 1a 1b 1a 1b 1a 765 

Screwing Module - Old 1a 2p 1a 2P 1a 2P 1a 2P 1a 725 

Pressing Module - New 0M 1a 0M 1a 0M 1a 0M 1a 0M 80 

Pressing Module - Old 0M 1a 0M 1a 0M 2P 0M 1a 0M 160 

Tape & Reel Unit 1a 1a 1a 1a 1b 0M 1a 1a 1a 960 

Magazine Feeder - New 0M 1a 0M 1a 0M 1a 0M 1a 0M 260 

Magazine Feeder - Old 0M 1a 0M 1a 0M 1b 0M 1a 0M 495 

Part Bin - New 0M 0M 0M 0M 0M 0M 0M 0M 0M 0 

Part Bin - Used 0M 0M 0M 0M 0M 0M 0M 0M 0M 0 

Figure 7.16 provides the output values of the decision variable (𝑋𝑀𝑘𝐽𝑖𝑇𝑞
), which 

illustrates the degrading reliability of various sub-systems in the illustrative example. It 

is important to note that all the plots have been plotted using excel based on the initial 

(𝑇(0,𝑞)) and final (𝑇(𝑣,𝑞)) values of the  decision variable (𝑋𝑀𝑘𝐽𝑖𝑇𝑞
). Table 7.1 provides 

the overview of the various maintenance actions scheduled for all the sub-systems and 
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equipment modules described in the illustrative example. Also, the overall reliability of 

the system is calculated and plotted separately as shown in Figure 7.17. 

 

Figure 7.16: Reliability Degradation of Various Equipment Modules 
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Once the maintenance cost of the configuration solutions is evaluated, it is then up to 

the user or the enterprise expert to decide on the final design. The finalised design is then 

converted into an AML file that contains the instances of the assembly equipment that 

are collectively represented in the finalised design solution. Instead, if the short-listed 

solutions do not satisfy the business expectations, or cost standards, then the workflow 

is looped back to generate new solutions. 

 

Figure 7.17: Reliability Degradation of various Equipment Modules and Configuration 

Solutions Illustrated for the Verification Scenario 
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7.4 Application in Prototype Environment 

The three contributions proposed in this work has also been used to develop the 

underlying knowledge backend for an integrated and web-based assembly system design 

environment via the ReBORN project [16]. The developments within the ReBORN 

project are quite extensive and not all of them lie within the scope of this work. However, 

the overall methodology and the fundamental models used are still within the scope of 

this work. The overall outcome is an interactive online web portal that encapsulates all 

the stages of the RMAS design process in one place. The web portal is called as the 

ReBORN Workbench that provides all the individual design stage developments and the 

supporting tools to the end-users as well the backend developers. The access to this 

workbench was limited only to the project partners and was available online until the end 

of the project (August 2016). 

The developed environment has been rigorously tested with various industrial 

demonstration cases by the partners and other industrial collaborators. Throughout the 

course of the project, no major concerns were raised with regards to the underlying 

methodology or the semantic models that are reported in this work. Instead, the suitability 

and benefits of developing a full commercial application has been greatly acknowledged. 

This section gives an overview of the ReBORN’s web-based design environment with 

a particular focus on the application of the proposed contributions. The idea is to show 

how the proposed models can be translated into a suitable knowledge backend to deliver 

on ReBORN’s mission to support the decision-making process while designing RMAS. 

7.4.1 ReBORN Overview 

The vision of the ReBORN Project [16] is to incorporate reuse strategies in the design 

and production phases of the manufacturing systems, while creating new business 

opportunities for system maintenance, service and integration. Therefore, the focus is on 

the design of modular assembly systems (MAS) by providing suitable methods and tools 

to access the reuse suitability of used equipment modules. The downside of many of the 

assembly system design approaches is that they do not consider the historical operational 

information of the assembly equipment. The idea of the ReBORN project is to insist more 

on the data-driven approaches that are becoming more realistic with the recent 

advancements in digitalization and data acquisition systems. Despite this new trend, there 

is still no methodology that considers the use of the historical information to support the 
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design of reusable modular assembly systems (RMAS). Therefore, the novelty and 

requirements to achieve reusability in RMAS can be summarized as follows: 

• Effective standards and models that capture the domain knowledge to enable 

transparent descriptions that enable the formalization of the MRAS design steps. 

• Integrated solution that enables the gathering of operation information for efficient 

prediction of equipment lifespan. 

• Customization of design process steps with common underlying semantic models. 

• Effective methods that includes the used production equipment during the 

configuration and reconfiguration of new assembly lines. 

Under this landscape, the ReBORN project aims to establish a collaborative 

framework that allows seamless, agile and remote participation of stakeholders involved 

in the RMAS design process. This will include tools that support the decision-making 

process, including the integration of new business consideration for RMAS. 

7.4.2 Modular Assembly System Design Process 

Assembly systems are generally designed to assemble one or more product variants. 

From a technical point of view, the RMAS design process would not deviate from the 

traditional MAS design process, which is typically divided into four main steps as shown 

in Figure 7.18. The first step is to capture the requirements of the desired assembly 

system. This is usually grouped into product, process, system and business requirements. 

This process is mainly focused on the product related aspects, such as product structure, 

sub-assembly/component features, physical links, specific handling needs, system 

performance and cost requirements. The specification of requirements also enables the 

 

Figure 7.18: Overview of RMAS Design Process 
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elicitation of process requirements based on the product details. It is important to note 

that this is a dynamic process, which can change during the design process due to 

unexpected constraints. This can include mandatory changes, which are mainly the 

information feedback from the other design stages. For instance, if it not possible to 

configure the assembly system with the available resources, then the requirements may 

need to be adjusted accordingly. 

Once the requirements are established, the second step is to match the requirements 

against an available set of equipment modules (new and/or used) to produce one or more 

valid assembly system configurations. This process gets more complex with higher 

number of available modules, as the solution space exponentially increases. ReBORN 

proposes a Web-based online repository called “Market Place”, which can hold the new 

and used equipment specifications from several suppliers. The used equipment 

specifications details when the modules are not in use and include up to date information 

in terms of their remaining life span, operational and service histories. Reusing 

equipment modules will also increase the solution space, and subsequently increases the 

system integrator’s effort to analyse all the possible combinations of equipment modules 

which result in valid solutions. Moreover, the idea of reusing equipment modules adds 

concerns about their reliability, which needs to be considered. The resulting complexity 

can be addressed by adopting an appropriate computational technique, which can 

efficiently explore the solution space and provide optimal solutions with less time and 

effort. Furthermore, the addition of reliability and costing aspects should not overly be 

complicated, as this would again significantly increase time required to find solutions. 

The third step of the MAS design process, which highly influences the success rate of 

the business, as it evaluates the performance and cost of the configuration solutions 

generated at step two. It has been recognized from the literature that the key parameters 

to assess the configuration solutions are cost, time, quality and flexibility [66]. However, 

the balance between these aspects is not always clear, particularly with solutions that 

combine new and used equipment. Subsequently, the generated solutions are ranked in 

terms of their risks, and a human-driven decision can be made to select an appropriate 

solution. 

The final step is to consider the system layout, which may often result in the 

adjustments of transport mechanisms to best use the factory space. This could also 

identify potential new requirements and require restarting the whole design process cycle. 
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Once all steps are validated and approved, the MAS design process is concluded, and the 

system can be commissioned. 

7.4.3 General Architecture of the Prototype Environment 

The modularization of production systems has enabled the smooth integration and the 

development of configuration methodologies. However, these advances are not 

considered for the equipment reusability due to the concerns about their reliability. More 

recently, the trend toward self-descriptive equipment modules and cyber-physical 

devices has opened the door for gathering information about equipment operations 

(ReBORN Project, 2013). This ensures a better understanding about the current state of 

the used modules, which in turn can help to establish certain metrics for reusability. 

Additionally, modules are expected to have higher lifespans due to better predictive 

maintenances, which can be scheduled based on the operational data of the equipment. 

The combination of these aspects provides a greater potential to exploit their increased 

life and reliability by reusing them in newer production setups. Therefore, this work 

proposes the development of a new framework based on the established design process, 

which can support the design of RMAS. The ReBORN project developed a Workbench 

to aggregate all the stages of the RMAS design process in a single workplace. It was 

designed to encapsulate all the individual design stage developments and provide support 

tools to the end-users as the design process progresses.  

The developed Workbench is not only a graphical interface but also a management 

instrument for the layout design and reconfiguration of production lines. It has both 

frontend and backend interfaces. The frontend is a Web interface developed in HTML5 

and JavaScript, accessible through any Web browser (mobile supported). The Web 

interface allows authenticated users to access the different tools. The first step in the 

process enables users to define a set of assembly process requirements, relevant 

constraints and objectives for a given system. The Workbench allows the tracking of the 

sub-sequent developments of the design process, while providing access and ensuring 

successful integration between all the tools. This is achieved through the backend 

consisting of REST Web Service Application Programming Interface (API) that manages 

the entire communication between the different tools. The API is modular and flexible to 

the extent that it allows the users to add, remove or edit the tools without violating the 

communication protocols. The tools are independent of one another and can be used on 

demand to facilitate any of the design process. 
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Figure 7.19 provides overview of the framework, which details the functionalities of 

the RMAS design process. This process is divided into four main stages, which requires 

four specialized support tools: requirements tool, the RMAS configurator, system 

assessment tool (SAT) and the layout tool. A Marketplace tool is also required as a 

critical input to this framework. This tool will allow equipment suppliers and owners to 

list their equipment. The requirements tool will facilitate the capture and the 

formalization of the product, process and business requirements for the new or 

reconfigured assembly system. The RMAS configurator enables an efficient exploration 

of configuration solution space. It provides several optimal solutions based on a given 

set of product requirements and available modules. The SAT is used to analyse and detail 

the total lifecycle impact of the proposed solutions to ensure the appropriate solution is 

selected. The layout tool analyses the final solution and provides support for its 

adaptation, given the layout constraints of the shop floor. 

The data exchange between the different tools and the ReBORN Workbench is done 

through AutomationML (AML) [159]. AML is an emerging standard providing the 

advantages of having data exchange across multiple engineering domains. The data 

 

Figure 7.19: Overview of the General Architecture of the Prototype Environment 
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format is XML schema-based which makes it ideal for the modelling production systems 

and self-descriptions of plug-and-produce devices. As the current developments in AML 

do not entirely support the assembly systems domain, several enhancements were done 

to ensure the support for the RMAS design process. This enables the incorporation of 

RMAS data without compromising the object-oriented modelling approach of AML, 

while providing the hierarchical representation of the assembly system. The use of this 

common AML model allows a seamless communication through every single step of the 

design phase. Furthermore, it allows information integration across all the self-

description files of the plug-and-produce equipment modules (ReBORN Project, [16]). 

7.4.3.1 Requirement Tool 

The requirements tool captures all the key requirements of a production line and 

provides a Web interface which guides the user through the process. The information that 

is gathered comprises general company details (e.g. name, country), factory-related 

information (e.g. available space, layout), KPIs that the user is interested in (e.g. OEE, 

TLC), components that are required for the production (e.g. dimensions, required 

feeders), assembly process requirements specifying how an assembly is built together 

(e.g. assembly workflow) and the assemblies themselves, linking the assembly with all 

information collected before. Requirement sets can be stored and reused anytime for 

different scenarios or for corrections. As soon as the requirements specifications are 

stored, they are formalized and exported in the ReBORN enhanced AML format. It then 

can be used in the ReBORN Workbench to advance the design process. 

7.4.3.2 Market Place 

The ReBORN Marketplace [160] is a platform, based on the multi-sided market 

concept, which allows equipment owners/providers and buyers to have a common ground 

to communicate. The Marketplace has two main parts: a database and a Web interface. 

The database has the data for both new and old equipment modules, which includes 

module description, reliability data, skills and historic operational records. All this 

information has access/authorization restrictions. The Marketplace Web Interface allows 

a vendor to add equipment to be sold or to be rented with all the necessary information, 

such as country, price and condition of the machine (years, operating hours, reliability 

data based on past operation, etc.). This rent/sell information that can be viewed by 

everyone. 
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The Marketplace can receive requests from the Workbench and send all the 

information available from the modules that meet the request. The information is stored 

in an AML file that is sent to the Workbench. 

7.4.3.3 RMAS Configurator 

The RMAS configurator generates solutions based on the set of established 

requirements and the existing equipment modules (old and new). IBM ILOG CPLEX 

Optimization Studio [148] was used to build an assembly configuration optimization 

model and generate solutions. The detailed operational description of this model can be 

found in [161]. 

The input for the RMAS configurator is an AML file with system requirements and 

both old and new equipment modules. This file is sent by the ReBORN Workbench 

through the REST service bus. This tool uses critical information from the requirements, 

namely skill types, cycle time, cost, reliability information and remaining life of the 

reusable modules. It is important to note that a simplified cost model is used as this 

significantly reduces the solution space making this process faster. Nevertheless, this 

does not replace the need for a more detailed total lifecycle cost analysis, which is 

conducted by the SAT (see section 7.4.3.4). 

After the internal solution generation process, the configuration solutions are inserted 

in AML files. These files are then sent to the ReBORN Workbench. It is important to 

note that each configuration solution contains all the information at this stage. This entails 

the requirements, all the individual module self-descriptions and the configuration 

information. The configuration information provides the link between modules and 

requirements, while also providing the configuration details of the actual system. This 

guarantees that all the required information for the subsequent tools is stored in the output 

AML files. 

7.4.3.4 System Assessment Tool 

The SAT [162] receives the multiple solutions created by the RMAS Configurator as 

AML files. For each of these solutions, the SAT calculates the reliability and the life 

cycle status information of the system, using the equipment operational records, which 

are included in the AML file. This tool has two main objectives: 
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• provide an easy and intuitive way for a user to compare machines or production 

lines; and 

• provide a Web API service to be able to receive requests and communicate the 

results with the other components in the Workbench, or other future applications. 

The SAT is able to compare machines and production lines in terms of reliability metrics 

(failure rate, mean time between failure, mean time to repair, reliability, availability, 

performance, quality, and OEE overall equipment effectiveness), of life cycle cost 

metrics (future value, present value, net present cost and net present value with initial 

costs) and of life cycle assessment metrics (life cycle emissions and impact categories 

such as Global Warming Potential or Ozone Depleting Potential). The ability to compare 

the solutions in detail will inform the selection of the final design. It is important to note 

that the information gathered during this process will be stored in the respective AML 

solution files, which guarantees complete transparency without any loss of data. 

7.4.3.5 The Layout Tool 

The Layout tool is the component responsible for finding the optimized layout for the 

factory shop floor. It takes into consideration several aspects like space restrictions, 

equipment to be included, restrictions on material flow and delivers a solution 

minimizing the associated cost. The largest cost of designing a layout is related to the 

material transport. Therefore, the main objective of the Layout Tool is to define a layout 

that optimizes transport, reducing the need for such equipment. 

The Layout Tool gets an input of the updated system configuration solution from the 

SAT which should be the most cost-effective solution (before layout). The tool tries to 

fit the footprint of the proposed system within the available space on a given factory shop 

floor blueprint. Additional transport modules may have to be introduced to allow 

workstations to be arranged to avoid existing obstacles and round around corners. Based 

on the modified layout, the decision is taken whether to use the optimum solution of the 

system configuration or explore one of the less optimal solutions in case they are a better 

fit for the available space in the factory. Any additions to the system configuration (added 

transport modules) are included in a modified AML file. 

7.4.4 Illustrative Example 

The demonstrator for the ReBORN provides the environment to showcase the 

integrated design environment. The modular assembly system platform of PARO AG has 
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been used to demonstrate and test the integrated RMAS design approach. Sample 

modules are shown in the Marketplace as part of Figure 7.20. PARO AG is a special 

purpose machine and systems builder, particularly focused on the development of 

technologies for the automation of assembly systems. PARO was a project partner in 

ReBORN and delivered their experience in the field of flexible assembly systems. Their 

equipment modules were enhanced with the technology developed in the project and used 

for demonstration purposes. The illustrated example includes PARO AG’s flexible 

assembly workstation frames, tools, conveyors and feeders. 

The RMAS design process begins with the definition of product requirements. In this 

illustrative example, a simple product assembly consisting of four parts (base plate, a 

peg, a ring, and a cover) is used (see product-driven requirements example in Figure 

7.20). This information establishes the base inputs for the Requirements tool, which is 

triggered using the ReBORN Workbench. The user defines the sequence of assembly 

 

Figure 7.20: Overview of the Illustrative Example used in the Prototype Environment 
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tasks that are required to complete the product assembly. This includes the task 

precedencies, special part handling requirements and tooling requirement. Moreover, the 

user can also provide business requirements (production rate, product quality, etc.) and 

system requirements (energy consumption, space constraints, etc.). On completing the 

requirements definition, an AML file is generated and passed to the workbench. 

Once the requirements are established, the workbench allows the triggering of the 

RMAS Configuration tool. This tool uses the AML formalized requirements, in 

combination with the AML formalized information of new and used equipment modules 

provided by the Marketplace. The tool then explores the solution space by matching the 

requirements with the equipment specifications to generate solutions (see the 

configurator example in Figure 7.20). This process is enabled by the formal AML model, 

which establishes the relationships between the core concepts, namely, “Skill”, “Skill 

Requirement” and “Skill Recipe”, with an underlying common concept of “Skill Type”. 

“Skill” defines the process capabilities of the assembly system and its sub-systems or 

“Equipment Modules”. The “Skill Requirements” enable the formalization of the process 

requirements for the product. Both these concepts need to share a common “Skill Type” 

to ensure automatic matching between these concepts. The “Skill Recipe” defines how a 

“Skill Requirement” can be fulfilled by equipment’s “Skill”, which has an acceptable 

range of “Parameters”, and is generated by the RMAS Configuration tool. The detailed 

operational description of this model can be found in [161].  

Each valid solution generated is stored in a separated AML file. For illustration, one 

can have a requirement that can be fulfilled by a new or old equipment module. This 

results in at least two solutions being generated. The following step would require the 

detailed assessment of these solutions, which is enabled on the Workbench when the 

solutions are available. Therefore, the user can trigger the SAT tool, which receives the 

AML solution files as an input. The SAT analyses the solutions in terms of reliability, 

life-cycle cost and life-cycle assessment metrics, as mentioned before. The SAT then 

updates the system configuration AML solutions with these metrics as to keep a record 

of these and establish a ranking of the solutions (see the SAT example in Figure 7.20). 

The user then decides which solution to take forward based on the provided 

information. This enables the Layout tool in the Workbench, which is triggered using the 

selected solution (AML) as the input. This tool examines the configuration solutions and 

assesses the feasibility of the solution based on the space restrictions. This tool is then 
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used to guide the user to establish a cost-effective layout based on the inputs provided. 

For illustration, one might be able to put three PARO workstations in a row and require 

a conveyer in between two of the cells (see the layout tool example in Figure 7.20). In 

the end of this process, the final system blueprint is generated and stored in a final AML 

file. 

7.5 Dissemination and Application 

The process of designing assembly systems is complex and the introduction of 

reusable equipment only increases this complexity. Nevertheless, this remains a human-

driven process and thus it is important to provide support tools to deal with the 

complexity. A service-based integrated prototype framework developed in the context of 

the ReBORN project has been reported in [163]. The communication through an 

enhanced AML model provides an integrated and transparent approach for the 

automation domain, which is extendible to other engineering domains. Furthermore, this 

model was used to gather data from the equipment modules, which can in turn be used 

to ensure reusability of equipment does not compromise the reliability of the system. 

The supporting tools and their impact are described across the several phases of the 

RMAS design activities. The potential of this integrated approach is illustrated industrial 

case study, where any of the steps could be replace by other tools. This work provides a 

novel service-based framework that uses an enhanced AML model for exchanging 

engineering information throughout the design process. This approach provides system 

configurations using both new and reused modules, without compromising the overall 

reliability of the system.  

This approach was tested in the ReBORN demonstrators, which provide the first step 

toward the validation of this approach. Future work will investigate the scalability of the 

approach on other design solutions with higher degrees of complexity. The scalability of 

this approach for complex industrial scenarios will require further investigation to reduce 

the associated computational effort. This is expected to provide valuable improvements 

and additional validation cases, which will be used to increase the level of trust in the 

Framework. The ultimate aim is to deliver a design framework to small and medium-

sized enterprises and provide low cost RMAS solutions. 
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7.6 Summary 

This chapter presents the verification of the proposed methodology with a help of an 

industrial use case. The application of the proposed models has been demonstrated in 

accordance to the industrial use case. The RMAS design process has been explained in 

steps while providing the details of the concepts and definitions that facilitate each step. 

The first step was focused defining the assembly product and its requirements using 

AML. Subsequently, the second step was focused on the establishing equipment modules 

specifications using AML. It is important to note that the equipment modules 

specifications should include the details regarding its maintenance costs. In this regard, 

this chapter highlights the use of the model proposed in chapter 5 for the evaluation of 

the equipment modules maintenance costs. 

Once the equipment specification and product definitions are established in AML, it 

is then supplied as an input for the design problem. The input specifications for the design 

problem is an AML file which is converted into the desired file format using a parser 

developed as a part of the ReBORN project. IBM ILOG CPLEX has been selected as the 

solver for solving the model proposed in chapter 4. Each individual RMAS design 

solution generated is then converted back into an AML file. A detailed step by step 

procedure for instantiating such a hierarchical design solution is also explained in this 

chapter. 

Finally, the chapter provides the details of the prototype design environment 

developed as a part of the ReBORN project. Furthermore, this chapter highlights how the 

proposed models and AML framework are being integrated in to the prototype 

environment. 
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8 Conclusions and Future Work 

This research work was carried out with an intension to contribute to the advancement 

of knowledge that can support the design of RMAS. The study provides a brief state of 

the art literature review and identifies specific requirements that are necessary for the 

development of a new methodology for the design of RMAS. Furthermore, the study 

highlights the limited availability of models that could provide a holistic design 

methodology at the appropriate level of detail required for the reuse of modular assembly 

systems. Discussions with domain experts from industry and academia have confirmed 

the solid need for a comprehensive design methodology that can evaluate the suitability 

of the used assembly equipment for newer production lines. 

It was hypothesised that the proposed models and framework would address some of 

the key knowledge gaps identified in the literature study (see also chapter 3): 

• Use of predefined skill-based concepts to capture the functional behaviour of 

assembly equipment, and the process requirements of the assembly product 

• Use of predefined concepts to capture specific design constraints of modular 

assembly systems 

• Definition of a formal mathematical model using constraint programming 

technique to generate configuration solutions 

• Use of predefined equipment reliability degradation models to evaluate the 

remaining useful life of used equipment, and maintenance costs of all the 

equipment modules participating in the design problem 

• Enhancing the existing AML data standard by adding the predefined skill-

based concepts and definitions for an integrated representation and dynamic 

exchange of design information 

Reliability-based design methodology for reusable modular assembly systems 

(RMAS) has been developed based on these hypotheses. The developed methodology 

has been applied to an industrial use case to verify its applicability. Furthermore, the 

implementation of the proposed contributions in a prototype environment developed 

within the ReBORN Project [16] has also been reported. 
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8.1 Key Contributions 

A new reliability-based design methodology has been developed to support the 

design of modular reusable assembly systems (RMAS). 

The key decision-making principles for the design of reusable production systems 

have been identified. A new methodology has been defined to enable the iterative design 

of assembly systems for various changes in the product, process and equipment 

specifications. The design constraints are categorised into several groups to maximise the 

general applicability of this methodology, while offering enough support and freedom to 

extend it according to the changes in the design requirements. 

A new skill-based formal mathematical model has been developed to generate 

RMAS design solutions based on a product’s assembly requirements. 

Although the proposed model is making use of the existing skill-based concepts, new 

mathematical formulations has been developed to enforce the constraints that are 

required for equipment selection, process selection, configuration selection, layout 

restrictions, hardware limitations, etc. Similarly, the physical connection between various 

equipment modules participating in the design solutions has been previous defined with 

the help of slot architecture and physical port connectors. This work makes use of the 

physical port concept and enforces several constraints on them to be logically coherent 

with the generated solutions. Furthermore, this work has investigated the computational 

effort spent towards the various levels of product complexity and physical connections 

between equipment modules. 

A new constraint programming model has been developed to evaluate the optimal 

maintenance cost for individual equipment modules and RMAS design solutions. 

Granting that the field of equipment reliability and maintenance are well explored in 

the past, there is a very limited investigations on the impact of equipment maintenance 

and its reliability for the reusing in new production lines. New constraint-based 

formulations have been defined to automate the evaluation of optimal maintenance cost 

for both individual equipment modules and RMAS design solutions. The impact on the 

reliability improvements for every corresponding maintenance action have also been 

captured simultaneously by imposing suitable constraints. This information plays a vital 

role in estimating the remaining useful life of an equipment module before being 

categorised as economically not viable to repair or recondition.  
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Existing AML data standard has been extended with skill-based concepts to 

represent PPR domain specific information for the design of RMAS. 

Even if the formal definitions of the skill-based semantic models for the PPR domains 

are already defined, the translation of these concepts into AML is achieved via the 

definition of new AML libraries. The new libraries are defined in such a way that it offers 

complete traceability between the PPR domains. Furthermore, to ensure the consistency 

of the translations from the semantic models into AML definitions, this work provides 

the necessary procedures (rules) to define various domain-specific AML objects, classes, 

interfaces and attributes. 

A new AML-based framework has been developed to support the design of RMAS. 

The AML framework defines a new set of fundamental modelling formalisms that are 

required to capture the knowledge transformations during the design of assembly 

systems. The specifications of the PPR domains have been captured in detail with a help 

of unique sematic models for each of them. This allows a seamless transformation with 

all the required characteristics for the definition of assembly product requirements, 

assembly processes and the capabilities of the assembly equipment. A few basic 

interfaces have been defined to stress the various relationships between the core concepts. 

This enables a more reliable and efficient way of modelling essential elements while 

making sure that all the underlying constraints (relationships) are fully adhered.  

8.2 Areas of Application 

The models and framework proposed in this work are expected to be valid for a wide 

range of applications in the MAS domain. It is also more likely that these contributions 

are going to directly benefit the system integrators during the design and redesign of 

RMAS. In this context, it is assumed that the system integrators are familiar with the 

skill-based concepts for modelling equipment capabilities, product’s assembly 

requirements, and assembly processes. Also, it is assumed that the skill-recipes are 

predefined by the equipment suppliers and may need some tweaking or generation of 

new recipes to match product’s skill requirements. To guarantee trust and reduce risks 

while tweaking and generating new skill recipes, an automated consistency checking 

mechanism can be developed which is outside the scope of this research work. 

The use of AML format for describing all the PPR domain relevant information will 

provide seamless and transparent means of exchanging information between all the 
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stakeholders involved in the design process. The proposed skill-based models and their 

representation in AML have already been used extensively during the European projects 

REBORN and openMOS. The span of both of these projects has come to an end by 

August 2016 and January 2019 respectively. It is also more likely that the partners from 

the above-mentioned projects will continue to use these models and AML-based 

information representation in their future projects as well. 

The proposed design methodology is anticipated to be integrated with other tools that 

support the design process. It has also been identified in the literature that the advances 

in the supporting tools will create new business opportunities. The extendable and 

adaptable nature of the proposed models and framework will allow it to be integrated into 

the automatic design and solution deployment for the control domain. 

The constraint programming technique used in this RMAS design methodology can 

be used for other modular domains such as; the product and process configuration 

problems. It is important to note that new input models should be developed to enable 

the use of the similar techniques in other domains. 

The proposed maintenance-based reliability evaluation of the assembly equipment is 

expected to have a big impact in the early assessment of RMAS design solutions. This is 

simply because of the reason that it can even be used as a standalone method for a 

manually driven equipment selection process. 

8.3 Future Work 

While the reported research was focused on addressing numerous issues related to the 

design of RMAS, it has also provided some clear directions for further research as 

follows; 

1. The solver used for the proposed model searches for solution in a Branch and 

Bound fashion, which is not the efficient way of exploring the solution space for 

problems larger number of requirements and equipment modules. Using genetic 

algorithms combined with certain heuristic techniques will be useful to achieve 

better solutions in a reasonable amount of time. This can also benefit from relying 

more on the computational capacity of the machine used for solution generation. 

2. The performance of the proposed model should be tested against other research 

solutions. A comparison against an agent-based method for the design of MAS 
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can be useful to establish some benchmarks in terms of processing time, 

optimality of the solution, computational effort, etc. 

3. In this work, the concept of skill recipe formalises the assembly processes, and it 

is assumed to be provided by the system integrator or the equipment supplier. 

However, in real-time the matching between assembly product requirements and 

equipment capabilities should allow dynamic generation of skill recipes. This 

would be an interesting avenue to explore the possibilities of generating skill 

recipes in real-time based on the accumulated information that are referred as the 

process knowledge. 

4. In this work, the reliability degradation was calculated based on the assumed 

values for the Weibull reliability distribution parameters. In future, it would be 

interesting to use the actual life-cycle information collected from various the 

various condition monitoring sensors that are installed on the equipment modules. 

This will allow us to investigate further on the estimation of the true values for 

the reliability parameters based on the actual life cycle information. Furthermore, 

the data that are relevant to maintenance and diagnosing times can also be used 

for precise cost calculations.   

5. The AML instantiations carried out in this work are entirely a manual process, 

and it can be prone to errors. Therefore, it would be interesting to build a new API 

that reduces the number of steps involved in instantiating AML objects and 

classes. An automated mechanism for checking the consistency of the instantiated 

objects, classes and interfaces could really be useful to boost the confidence 

among the AML users. Furthermore, this could also provide an opportunity for 

its broader acceptance and usage across industries and academia. 

6. The design solutions or the recommendations generated by this approach can have 

a significant impact on the lifecycle cost of the system. This may need a lot of 

justification to gain the trust of the manufacturing enterprises. Simulation-based 

modelling could be useful to speed up this process.  

8.4 Concluding Remarks 

This work was motivated by the growing need towards the development of methods 

and techniques to enable the reuse of old and reconditioned manufacturing equipment in 

new production lines. Being an active participant in the European project REBORN was 

very useful in understanding the main knowledge gaps that restricts the reuse of 
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production equipment while designing new facilities. The analysis of the modular 

concepts indicated a clear possibility for the development of a new design methodology 

that can be catered for the reuse of manufacturing equipment. However, the challenge 

was on the usefulness of the accumulated equipment lifecycle information for predicting 

the remaining useful life and the reliability of those equipment. This led to the conclusion 

that a cost-based evaluation of evaluation of system designs would be a suitable 

approach. Furthermore, the existence of skill-based concepts was considered as an added 

advantage for equipment selection based a set of assembly product requirements. 

The definition of a formal mathematical model that capture all the constraints for the 

design of RMAS was one of the challenges of the REBORN project. The project required 

a more comprehensive model to capture the impact of maintenance and its adverse effects 

on the design solutions. This led to the decision that the model should be defined in two 

folds where the first one focus on capturing the design constraints of the modular 

assembly domain, and the second one focuses on the cost-based evaluation of 

maintenance actions and their reliability improvements. The model was used and proved 

to be useful for generating the least costing design solutions for various test cases used 

within this project. The analysis of the performance of model clearly indicated scalability 

as a problem. The literatures highlight that the use of genetic algorithms combined with 

heuristic searches would have addressed this scalability problem. However, the focus of 

this research work is limited to the formalisation of design constraints for the modular 

assembly domain. 

In the REBORN project, one of the main objectives is to provide a common data 

standard for seamless and dynamic exchange of design information between the various 

stakeholders involved in the project. The AML framework proposed in this work 

provided the necessary guidelines to create and edit various design specifics in an 

integrated fashion. The resultant AML file is very lightweight and easy to share with all 

the stakeholders in the project. The only downside of this approach is that the 

instantiation procedure in AML is completely a manual process and can be prone to 

errors. One of the future works highlighted in this direction is to develop an API that 

eases this process with autonomous consistency checking for instantiated information. 

The solution presented did not investigate all the aspects of the design and 

maintenance aspects, but it is still considered as a substantial contribution for reducing 

the design time and effective information management. 
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A OPL Representation of the 

Formal Mathematical Model 

using CP; 
 
// Business Requirements Definition 
float MaxCycleTime = ...;        
float OperatingPeriod = ...;     
 
// Definition of workstations using tuples 
tuple WorkStation { 
key string ID; 
int        Position; 
}; 
{WorkStation} WorkStations = ...; 
 
// Definition of stations using tuples 
tuple Station { 
key string ID; 
int        Position; 
string     WSID; 
string     Direction; 
}; 
{Station} Stations = ...; 
 
// Definition of assembly process requirements using tuples 
tuple SkillReq { 
  key string   ID; 
  string    Name; 
  string    SkillType; 
}; 
{SkillReq} SkillReqs = ...; 
 
// Definition of the precedence requirments using tuples 
tuple Precedence { 
  key string     Pre; 
  key string     Post; 
}; 
{Precedence} Precedences = ...; 
 
// Definition of Equipment Specification using tuples 
tuple EquipmentDat { 
  key string   ID; 
  string    Name; 
  string    Type; 
  string    Manufacturer; 
  int       FixedCost; 
  int       VariableCost; 
  string    Status;   // "OLD" or "NEW" 
  int       OEE; 



Appendix A: OPL Representation of the Formal Mathematical Model 

195 

 

}; 
{EquipmentDat} Equipment = ...; 
 
// Definition of skill recipes using tuples 
tuple SkillRecipe { 
  key string ID; 
  string   SKILL_ID; 
  string   REQ_ID; 
  string      Equipment_ID; 
  int     PTime; 
}; 
{SkillRecipe} SkillRecipes = ...; 
 
// Definition of Equipment’s physical interface ports using tuples 
tuple PortDat { 
  key string ID; 
  string    Equipment_ID; 
  string    Name; 
  string    Type; 
  int       Direction; // 01 - Male; 00 - Female 
}; 
{PortDat} Ports = ...; 
 
 
// *** Decision Variables *** 
 
// Definition of Boolean Variables for Configuration Selection 
dvar boolean A[WorkStations][Equipment]; 
dvar boolean B[WorkStations][SkillReqs]; 
dvar boolean C[WorkStations][SkillRecipes]; 
dvar boolean D[WorkStations][Ports][Ports]; 
 
// Definition of Interval Variables for scheduling time periods 
dvar interval E[WorkStations][SR in SkillRecipes] optional size SR.PTime; 
dvar interval F[Stations][SR in SkillRecipes] optional size SR.PTime; 
dvar interval G[Stations] optional; 
 
// Definition of integer Variable for counting purposes 
dvar int H[Stations][Stations]; 
 
 
 
// *** Objective Function *** 
 
minimize sum(W in WorkStations, E in Equipment) ((E.FixedCost + 
            (E.VariableCost * OperatingPeriod)) * A[W][E]); 
 
// *** Constraints *** 
 
subject to { 
 
// *** Process Constraints *** 
  
forall(R in SkillReqs) 
  sum(W in WorkStations) B[W][R] == 1;    
 
 
forall(SR in SkillRecipes) 
  sum(W in WorkStations) C[W][SR] <= 1; 
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forall(R in SkillReqs, W in WorkStations) 
  B[W][R] == sum(SR in SkillRecipes: SR.REQ_ID == R.ID) C[W][SR]; 
   
forall(W in WorkStations, SR in SkillRecipes) 
  C[W][SR] == presenceOf(E[W][SR]); 
   
forall(W in WorkStations, SR in SkillRecipes) 
  alternative(E[W][SR], all(S in Stations: S.WSID == W.ID) F[S][SR]);   
 
forall(S in Stations, P in Precedences, SR1 in SkillRecipes, 
       SR2 in SkillRecipes: SR1.REQ_ID == P.Pre && SR2.REQ_ID == P.Post) 
  endBeforeStart(F[S][SR1], F[S][SR2]); 
   
forall(S in Stations) 
  span(G[S], all(SR in SkillRecipes) F[S][SR]); 
   
forall(S1 in Stations, S2 in Stations: 
               S1 != S2 && S1.Position < S2.Position) 
  endBeforeStart(G[S1], G[S2]); 
   
forall(S1 in Stations, S2 in Stations: S1.WSID == S2.WSID && 
       S1.Direction == "F" && S2.Direction == "R") 
  presenceOf(G[S1]) == presenceOf(G[S2]); 
 
forall(S1 in Stations, S2 in Stations: S1 != S2 && S1.WSID == S2.WSID && 
       S1.Direction == "F" && S2.Direction == "R") 
  (lengthOf(G[S1]) + lengthOf(G[S2])) <= 10;  
   
 
//*** Material Flow Constraints **** 
 
forall(S1 in Stations, S2 in Stations: S1 == S2) 
  H[S1][S2] == 0; 
   
forall(S1 in Stations, S2 in Stations: S1 != S2) 
  H[S2][S1] <= 1;   
   
forall(S1 in Stations, S2 in Stations: S1 != S2 && S1.Position < 
S2.Position) 
  H[S2][S1] == 0; 
  
forall(S1 in Stations, S2 in Stations: S1 != S2) 
   H[S1][S2] == sum(P in Precedences, SR1 in SkillRecipes, SR2 in 
                SkillRecipes:SR1.REQ_ID == P.Pre && SR2.REQ_ID == P.Post) 
   (presenceOf(F[S1][SR1]) * presenceOf(F[S2][SR2])); 
 
 
// *** Configuration Constraints ***   
   
forall(WS in WorkStations, SR in SkillRecipes) 
  C[WS][SR] <= sum(E in Equipment: E.ID == SR.Equipment_ID) A[WS][E]; 
   
forall(WS in WorkStations, E in Equipment) 
   A[WS][E] <= sum(SR in SkillRecipes: E.ID == E.Equipment_ID) C[WS][SR];   
   
forall(WS in WorkStations) 
  sum(E in Equipment: E.Type == "FRAME") 
  (A[WS][E]) >= max(E in Equipment: E.Type != "FRAME") A[WS][E]; 
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forall(WS in WorkStations) 
  sum(E in Equipment: E.Type == "FRAME") A[WS][E] <= 1; 
   
forall(E in Equipment) 
  sum(WS in WorkStations) A[WS][E] <= 1;    
   
// *** Connection Constraints *** 
 
forall(WS in WorkStations, PT in Ports) 
  sum(PT2 in Ports) (D[WS][PT][PT2] + D[WS][PT2][PT]) <= 1; 
 
forall(PT1 in Ports, PT2 in Ports: PT2.Direction == PT1.Direction) 
  sum(WS in WorkStations) (D[WS][PT1][PT2] + D[WS][PT2][PT1]) == 0; 
   
forall(PT1 in Ports, PT2 in Ports: PT2.Type != PT1.Type) 
  sum(WS in WorkStations) (D[WS][PT1][PT2] + D[WS][PT2][PT1]) == 0; 
   
forall(PT1 in Ports, PT2 in Ports, WS in WorkStations) 
  sum(E1 in Equipment: E1.ID == PT1.Equipment_ID) 
  (D[WS][PT1][PT2] * A[WS][E1]) == sum(E2 in Equipment:E2.ID == 
PT2.Equipment_ID)(D[WS][PT1][PT2] * A[WS][E2]); 
   
forall(WS in WorkStations, PT in Ports, E in Equipment: 
  E.ID == PT.Equipment_ID) 
  sum(PT1 in Ports) (D[WS][PT][PT1] + D[WS][PT1][PT]) <= A[WS][E];  
   
forall(WS in WorkStations, E in Equipment: E.Type != "FRAME", E in 
Equipment: E.Type == "FRAME") 
  sum(PT1 in Ports: PT1.Equipment_ID == E.ID, 
      PT2 in Ports: PT2.Equipment_ID == E.ID && 
      PT2 != PT1 && PT2.Direction != PT1.Direction && PT2.Type == PT1.Type) 
  D[WS, PT1, PT2] >= A[WS][E] * A[WS][E]; 
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B OPL Representation of the 

Maintenance Model 

 
 
 
int TL = 5000;              // Total Life of the System   
int RangeTP = 500;          // Time period before a maintenance activity 
range TP = 1..RangeTP;      // Range for the above mentioned period 
int NbMI = TL div RangeTP;  // Number of maintenance intervals 
range MI = 1..NbMI;    // Range for the above mentioned intervals 
int NbPM = NbMI - 1;        // Number of maintenance activity 
range PM = 1..NbPM;         // Range for the above mentioned activity 
 
float Rmin = 0.80;          // Minimum Reliability Threshold 
 
// Definition of equipment reliability information using tuples 
tuple Module { 
key string ID; 
int        Theta;  // Weibull Scale Parameter 
float      Beta;   // Weibull Shape Parameter 
float      IR;     // Initial Reliability for Equipment Modules 
float      M1;     // Improvement Factor for 1A Maintenance 
float      M2;     // Improvement Factor for 1B Maintenance 
int        M0;     // Cost for 0M Type of Maintenance 
int        A1;     // Cost for 1A Type of Maintenance 
int        B1;     // Cost for 1B Type of Maintenance 
int        P2;     // Cost for 2P Type of Maintenance 
}; 
{Module} Modules = ...; 
 
// Definition of maintenance types using tuples 
tuple  Main { 
string PmType; 
}; 
{Main} Maintenance = ...; 
 
// *** Decision Variables *** 
 
// Defining variables for calculation involving decimal points 
 
dvar float RD[Modules][MI][TP];   // Reliability Degradation           
 
dvar float RPM[Modules][PM];      // Improved Reliability After Maintenance                 
 
dvar float MC[Modules][PM];       // Maintenance Cost 
 
// Definition of Boolean Variables for the selection of equipment maintained    
// at specific intervals and the type of maintenance activity carried out  
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dvar boolean MA[Modules][PM][Maintenance];   
 
 
// Definition of integer variables for counting maintenance activities 
 
dvar int+ MT[Modules][PM]; 
 
// *** Objective Function *** 
 
minimize sum(M in Modules, J in PM) MC[M][J]; 
 
 
// *** Constraints *** 
 
subject to { 
 
 
// Calculating the normal reliability degradation 
 
forall(T in TP, I in MI, M in Modules, J in PM: I == 1) 
  RD[M][I][T] == (M.IR * (exp(-(pow((T/M.Theta), M.Beta))))); 
 
// Calculating the new reliability after maintenance   
 
forall(M in Modules, J in PM, I in MI, T in TP: I == J+1 && I != 1) 
 
// *** 1A - Maintenance *** 
 
 ((sum(MT in Maintenance: MT.PmType == "1A") MA[M][J][MT] == 1) && 
 (RD[M][I][T] == (RPM[M][J] * (exp(-(pow((((1/M.M1)*T)/M.Theta), 
M.Beta))))))) || 
 
// *** 1B - Maintenance *** 
 
 ((sum(MT in Maintenance: MT.PmType == "1B") MA[M][J][MT] == 1) && 
 (RD[M][I][T] == ((RPM[M][J] + (M.M2 * (M.IR - RPM[M][J]))) * (exp(-
(pow((((1/M.M1)*T)/M.Theta), M.Beta))))))) || 
 
// *** 2P - Maintenance *** 
 
 ((sum(MT in Maintenance: MT.PmType == "2P") MA[M][J][MT] == 1) && 
 (RD[M][I][T] == (M.IR * (exp(-(pow(((T)/M.Theta), M.Beta)))))));  
 
// Calculating the sum of maintenance cost under each of its types  
 
forall(T in TP, J0 in PM, J in PM, I in MI, M in Modules: T == 500 && I == J 
&& J0 == J-1) 
 
  // *** 0M - No Maintenance Required *** 
 
  ((RPM[M][J] == RD[M][I][T]) && 
  (MC[M][J] == M.M0) && 
  (MT[M][J] == MT[M][J0]+1) && 
  (sum(PM in Maintenance: PM.PmType == "0M") MA[M][J][PM] == 1)) || 
 
  // *** 1A - Maintenance *** 
 
  ((RPM[M][J] == (RD[M][I][T] * (exp(-(pow((((1/M.M1)* 0)/M.Theta),  
M.Beta)))))) && 
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  (MC[M][J] == M.A1) && 
  (MT[M][J] == 0) && 
  (sum(PM in Maintenance: PM.PmType == "1A") MA[M][J][PM] == 1)) || 
 
  // *** 1B - Maintenance *** 
 
  ((RPM[M][J] == ((RD[M][I][T] + (M.M2 * (M.IR - RD[M][I][T]))) * (exp(-
(pow((((1/M.M1)* 0)/M.Theta), M.Beta)))))) && 
  (MC[M][J] == M.B1) && 
  (MT[M][J] == 0) && 
  (sum(PM in Maintenance: PM.PmType == "1B") MA[M][J][PM] == 1)) ||   
 
  // *** 2P - Maintenance *** 
 
  ((RPM[M][J] == (M.IR * (exp(-(pow((((1/M.M1)* 0)/M.Theta), M.Beta))))) && 
  (MC[M][J] == M.P2) && 
  (MT[M][J] == 0) && 
  (sum(PM in Maintenance: PM.PmType == "2P") MA[M][J][PM] == 1))); 
 
// Constraining the reliability degradation not to fall below the 
// reliability threshold  
 
forall(T in TP, I in MI, M in Modules) 
  RD[M][I][T] >= Rmin; 
 
// Only one type of maintenance activity can be carried out per 
// maintenance interval  
 
forall(M in Modules, J in PM, PM in Maintenance) 
  0 < sum(PM in Maintenance) MA[M][J][PM] <= 1; 
   

} 

 

 



Appendix C - Skill-Based AML Enhancements 

201 

 

C Skill-Based AML Enhancements 

 

 

 

Figure C.0.1: AML Base Role Class Library 
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Figure C.0.2: Skill-Based Additional Role Classes for AML
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Figure C.0.3: Granularity of Skill Definitions in AML Role Classes 
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Figure C.0.4: Domain Specific System Unit Class Library Part 1
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Figure C.0.5: Domain Specific System Unit Class Library Part 2
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Figure C.0.6: AML Interface Class Library 
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