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ABSTRACT 

This master thesis reports a research conducted at Vanderlande, a provider of material handling 

systems such as airport baggage handling system, warehouse automation, and parcel and postal 

systems (P&P). The latter is the product segment on which this research will be focused. Firstly, this 

research describes the current sales engineering process, in which several difficulties arise from 

which we see the potential for improvement. In this process, product and services are seen as 

separate parts of a customer solution in which a solution can become unnecessarily over specified 

because services are only considered in a later stage by a completely different department. 

Moreover, the current engineering process rest on principles that are not based on exact 

calculations but rather on best practices that solely rely on experience of the sales engineer. 

Therefore, the quality of the solution, and thus the extent to which a solution is satisfying customer 

requirements, is highly dependent on the experience of the sales engineer. Apart from this, the 

current sales engineering process takes a couple of weeks to months up to having a detailed 

concept. This is a long period compared to competitors. Not only this negatively affects 

Vanderlande’s efficiency, but it is also on the burden of the customer as they only get a price 

indication when there is a detailed concept. This research suggests an integrated Product Service 

System (PSS) as business strategy that argues for product and services together as an integrated 

whole. In order to embrace PSS, it has been suggested to introduce a modular structure for both the 

physical equipment (product modules) and the services (service modules) for capital goods such as 

Material Handling Systems (MHS). The modular structure has a purpose of configuring a customized 

solution through a combination of product and service modules, in which also the integration is 

achieved. Subsequently, a configuration method formulated as a multi-objective optimization 

problem (MOOP) is proposed, which is developed specifically for capital goods such as material 

handling systems. The multiple objectives represent two perspectives considered in a product-

service system: the customer and the PSS provider. Since the answer to a multi-objective 

optimization problem (MOOP) is a compromise between multiple objectives, a non-dominated 

sorting genetic algorithm (NSGA-II) is proposed to obtain a set of solutions as diverse as possible 

while closely matching the Pareto-front. In order to extract the best compromise solution from a set 

of feasible solutions, a fuzzy-based configuration evaluation method is included. Last, a case study of 

a material handling system (parcel & postal) is reported to gain insight into the proposed multi-

objective PSS configuration optimization. The results demonstrate that the proposed method is 

applicable for concept development during the sales engineering process of a solution provider of 

capital goods such as Vanderlande. 



 

 iv 

PREFACE 

First of all, I would like to thank my parents as they have always supported me with all the 

possibilities and resources that one can imagine, and they are the main reason that I came this far in 

my (educational) career. 

 

Next, I want to thanks Vanderlande, especially Radj, for the opportunity for defining my own project. 

I started this Vanderlande journey with the questions: “how can we integrate services with 

products?” and “what does the customer really want?”. For this, we agreed that I got the time to 

firstly conduct a literature study within Vanderlande, from which the result is the theoretical 

background of the proposed method in this master thesis. To be honest, I found it difficult to 

understand the literature and had only a vague idea about what I was about to do at the final 

research proposal. At this point, I am grateful to say that I rule the concepts, and it is interesting to 

see how theory is becoming practice. 

 

Very next, I what to thank my first supervisor and mentor Geert-Jan, without your help I was not 

able to achieve this result. I am very thankful that you had the time for finding an assignment at 

Vanderlande even before I went on my exchange in Taipei. Also this exchange semester I owe you 

because of your international contacts. During this semester I met some pleasant people, thanks for 

that. Furthermore, I enjoyed the informal and sometimes casual relation, this is something that put 

me at ease and made me feel that you are personally involved. There were enough moments that 

you let me do my own thing, but when it was needed you had the time to have regular meetings and 

helped me in the right direction – even on your way home you were able to visit me at Vanderlande. 

 

Similarly, I want to thank my second and third supervisor for reading and criticising my work. 

Especially Néomie, since you were able to find the time to provide me with very useful feedback, 

even two times. 

 

My sister Julie, thanks for your critical opinion and feedback. I’m glad that you found some time to 

help me, especially because you are finishing your master yourself! I hope that we can keep each 

other motivated and disciplined as we have done in the past years. 

 

In particular, I want to thank Nina, you helped me a lot and brought this report to a higher level. But 

also for making our graduation time a grateful time. 

 

At least, I would like to thank my friends from Duçibus who made my student life in Eindhoven an 

unforgettable period, you guys always kept me busy with the endless parties. But seriously kept me 

inspired and motivated which helped me to brought this study to a success. Martijn, for you a 

special thanks! 



   
 

v 
 

EXECUTIVE SUMMARY 

This research is executed at Vanderlande, one of the world’s leading partners for logistic process 

automation. Vanderlande is active in three market segments, baggage handling systems (BHS), 

warehousing (WH) and parcel and postal (P&P). Vanderlande has an extensive portfolio of 

innovative logistics process automation solutions, intelligent software, and services. For this 

portfolio the company works closely together with its customers to improve operations and logistics 

performance throughout the entire life-cycle of the product. This research is initiated at the Pricing 

& Proposal Verification (P&PV) department in order to get insight in how Vanderlande can improve 

their internal processes to provide integrated system and service solutions towards its customers. 

With these integrated solutions, Vanderlande expects to offer a solution that is more valuable to the 

customer and can be priced accordingly. 

 

Problem identification  

To begin with, the current situation concerning the sales engineering process is explored. In this 

process several difficulties are discovered that give potential for improvement. First, the current 

engineering process rests on principles that are not based on exact calculations but rather on best 

practices that solely rely on the experience of the sales engineer. This results in a lower quality of 

the solution, and thus the extent to which a solution is satisfying customer requirements highly 

depends on the experience of the sales engineer. Moreover, in this process, product and services are 

seen as separate parts of a customer solution. This way, a solution can become unnecessarily over 

specified since services are only considered in a later stage by a completely different department. 

Within Vanderlande, they expect that a non-unnecessarily over specified integrated solution can be 

of more value to the customer, so the pricing of the solution can be done accordingly. Last, the 

current sales engineering process takes a few weeks up to several months to have a detailed 

concept. This is a long period compared to competitors. Not only this negatively affects 

Vanderlande’s efficiency, but it is also a burden for the customer as they only get a price indication 

when there is a detailed concept.  

A method that accompanies the sales engineer in developing a solution that directly integrates 

services with its product and is based on exact calculations rather than on the engineer’s experience, 

would be desirable for Vanderlande. It is expected to lead to more satisfying solutions and 

accordingly pricing. Such an accompanying method is then also advantageous for the customer as 

Vanderlande can provide a price indication earlier in the engineering process. Thereby, if 

Vanderlande is able to provide a reliable price indication earlier in the process, customer’s 

expectations can be managed and concept engineering can be steered in the right direction which 

will result in more effectively using resources. 

 

Identifying the core problems and their potentials for improvement, results in the following research 

objective: 

 

Develop a concept engineering method used during the sales engineering process that considers 
both the perspective of the customer and Vanderlande. 
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Following the objective, this research suggests a business strategy that argues for product and 

services together are integrated as a whole, for which we adopt the Product Service System (PSS) 

strategy. In order to embrace PSS to integrate products with its services, is has been suggested to 

introduce a modular structure for both the physical equipment (product modules) and the services 

(service modules) that come with capital goods such as material handling systems. The modular 

structure has the purpose of configuring a customized solution through a combination of product 

and service modules. In our approach, the modularization should result in product/service 

architectures so that the integrated product service solution can be obtained by assembling pre-

existing components (Durán, Pérez, & Batocchio, 2012).  

 

Multiple objective configuration optimisation  

There are multiple methods of finding the optimal configuration for such a modular product service 

solution. Most configuration optimization models that have been developed to find optimized 

solutions focus on single objectives (e.g. cost) and ignore other aspects. However, a suitable 

configuration design typically involves multiple objectives, such as performance, cost, task time, and 

satisfaction (Wei et al., 2014). A multiple objective approach can account for objectives from 

different perspectives, i.e. the manufacturer’s as well as the customer’s perspective. These 

objectives are then typically conflicting, therefore, a compromise needs to be achieved. Instead of 

reducing the problem dimension by combining all objectives into a single objective, recent literature 

proposes multi-objective configuration optimization that considers a set of optimal solutions. 

However, because of the conflicting nature of the multiple objectives, it is possible that no single 

solution exists that simultaneously optimizes all objectives. We introduce a Pareto-optimal solution 

to this end. A solution is called Pareto-optimal if none of the objectives can be improved without 

deteriorating the performance in any other objective. After performing extensive literature research, 

we chose the Non-dominated Sorting Genetic Algorithm (NSGA-II) to be applied as multiple objective 

configuration optimization algorithm.  

 

Objectives for Multi-Objective Optimisation Problem 

By formulating the integrated configuration into a Multi-Objective Optimization Problem (MOOP), it 

is possible to include multiple conflicting perspectives within one optimization model. In this 

research, we include three objectives, which correspond to the perspective of the customer, the 

manufacturer and both the customer and the manufacturer respectively. The first objective aims to 

maximise customer’s satisfaction and is referred to as utility. The utility of a certain configuration is 

calculated with the features configuration performance and cost.  

The second objective aims to maximise the manufacturer’s profit and is referred to as profit ratio 

(for which in this research the Earnings Before Interests and Taxes ratio is applied). The profit of a 

certain configuration is calculated with the features cost and quotation.  

The third objective aims to maximise system availability, which is the ability to meet a certain 

predefined throughput. This objective finds its origin in availability-oriented business models for 

capital goods. The availability of a certain configuration is calculated with the features Mean Time 

Between Failure and Mean Down Time. 
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Modular structure 

This research thus considers a modular structure for integrated product service configuration of a 

Material Handling System (MHS). We formulate an MHS configuration based on modular technology 

for which we introduce the concepts of product and service modules and mandatory as well as 

optional modules. An MHS is build upon Functional Modules (FMs), each FM fulfils an unambiguous 

function, e.g., Receiving, Sorting, and Shipping. Within these FMs, multiple module instances exist. A 

module instance accomplishes the same functionality but with other means. A module instance 

varies from another instance because it is composed differently in order to fulfil the function defined 

in the FM, e.g., “Receiving” has three instances: i) “Receiving – manual”, ii) “Receiving – Semi-

Automatic and iii) “Receiving – Automatic”. Note that each module instance has other score on the 

different objectives Utility, Profit and Availability. Furthermore, the physical functioning of the MHS 

is defined within product modules and the service functions are defined within the service modules. 

Last, a distinction is made between mandatory modules and optional modules, where mandatory 

modules are essential for the functioning of the MHS and optional modules are additional modules 

to meet unique customer requirements. 

 

Case study 

A case study is performed to test the applicability of the proposed method of integrated product 

service solution configuration using multi-objective optimisation. The scope of the case study is a 

Parcel and Postal (P&P) segment of Vanderlande. P&P systems are the core systems within a parcel 

or postal delivery network. To make the case study as insightful as possible, we focus on a particular 

type of P&P system, namely a postal company. As postal companies are more interested in total 

solutions that fulfill a complete business process and are extra interested in additional functionalities 

and services, we focus our case study on P&P systems that are in line with the business needs of 

those postal companies.  

First, the module library, with all P&P product and service modules and instances, is established. For 

solving the multi-objective configuration optimization problem, the Non-dominated Sorting Genetic 

Algorithm II (NSGA-II) is implemented in Python 3. For this case study specifically, parameters of the 

algorithm are set. We run the algorithm 30 times in order to find the optimal results. The algorithm 

was able to converge to the optimal solution at each run. However, this optimal solution is a set of 

solutions instead of a single one, because the objectives for customer satisfaction, profit ratio, and 

system availability are not entirely consistent with each other. The optimisation result shows, with 

the increasing generation of the algorithm, it is able to gradually approach a set of Pareto-optimal 

solutions that is reasonably distributed. As this set of Pareto-optimal solutions can be large and it is 

probably inconvenient to consider them all, a fuzzy-based selection procedure is employed that 

selects the first candidate based on the three objectives. The sales engineer is now able to further 

investigate this candidate solution from which a detailed concept can be derived. 

An extra analysis is executed in which the customer is more sensitive to the quoted price, from 

which we conclude that our method is capable of finding a suitable solution under different 

customer budget.  
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From the case study, we conclude that using this method results in better comparing multiple 

concepts than in the current sales engineering process. This because the run time is less than 4 

minutes, which makes it possible to quantitively compare different concepts, which is impossible to 

do manually. 

 

Conclusion 

The proposed method in this research considers a capital good like a Material Handling System 

(MHS) as a Product Service System (PSS) in order to combine product and services into an integrated 

solution. PSS is a business strategy that embraces product service modular design technology to 

configure solutions. In this paper, we formulated the configuration problem as a Multi Objective 

Optimisation Problem (MOOP) for which we measured the performance of each configuration based 

on three objectives: customer utility, profit ratio, and system availability. A Non-dominated Sorting 

Genetic Algorithm II (NSGA-II) is used to find the Pareto-optimal solutions to our MOOP. We showed 

the applicability of the NSGA-II to solve the problem and converge to a Pareto-optimal solution set 

from a large number feasible solutions. Next, a fuzzy-based selection procedure is employed that 

selects the first best candidate solution from the set of Pareto-optimal solutions, based on the three 

objectives. The sales engineer is now able to further investigate this candidate solution from which a 

detailed concept can be derived.  

We conclude that the method has potential to work in a concept engineering phase within 

Vanderlande, since it is now possible to quantitively analyse multiple solutions in a short period of 

time. This positively affects Vanderlande’s efficiency in terms of providing the customer with a 

detailed concept earlier in the engineering process. Moreover, the proposed method is based on 

exact calculations, which eliminates subjectivity in the sales engineering process. Lastly, the 

provided method integrates products with its services, which avoids the solution being unnecessarily 

over specified. A solution that is not over specified, is expected to be of more value to the customer, 

meaning that the pricing of the solution can be done accordingly.  

Although the proposed method avoids unnecessary subjectivity, the definition of the PSS attributes 

and the quantified relations between the PSS attributes and the modules instances are somewhat 

subjective, so it would be appropriate to include more objective method in future research. 

Moreover, this research considers a specific product family (product group) within Vanderlande: 

Parcel and Postal. It is interesting to test the applicability of the proposed method for other product 

families within Vanderlande. 
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NOTES TO THE READER 

• We refer to a solution where both physical equipment (or tangible products) and services are 

considered that together function as a whole.  

• We refer to product design when we want to emphasise the fact that only the physical equipment 

is considered, in which the effect of services is (still) neglected. 

• The utility is a solution’s ability to meet technical requirements and price expectation of the 

customer. 

• In this report, we are often referring to a sales engineer; this is a function within Vanderlande as 

part of the sales team. The sales engineer will prepare layouts and present the design to the 

customer, and helping them make decisions for the appropriate solution. The sales engineer 

coordinates the bid process and price the designed system at the appropriate level.  

• The numbers in this report are fictitious and only for clarification. 
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1. INTRODUCTION 

1.1. Company description  

Vanderlande, headquartered in Veghel, the Netherlands, carries out international projects in 105 

different countries employing 5500 people worldwide and is one of the world’s leading partners for 

logistic process automation. Vanderlande is active in three market segments, which are baggage 

handling systems (BHS), warehousing (WH) and parcel and postal (P&P). First, BHS is providing systems 

for airports that process all luggage from a check-in desk towards an aeroplane and back to arrival 

carousel, by sorting, screening, and temporary storing the luggage. Second, WH is focusing on 

automatically storing and retrieving the products in a warehouse. Third, P&P provides sorting systems 

for parcel and postal hubs in order to sort parcels and subsequently dispatch them to trucks or vans. 

From there the products are delivered to the end-customer or transported to another hub where they 

will be processed further. Vanderlande has an extensive portfolio of innovative logistics process 

automation solutions, intelligent software, and services for which the company works closely together 

with its customers to improve operations and logistics performance throughout the entire life-cycle of 

the product. They strive for the improvement of the customer’s operational activities and the 

expansion of its logistic achievements. Vanderlande achieved a revenue of approximately 1.5 billion 

euros in 2018 (Year Report FY2018, 2018).  

1.2. Vanderlande solution 

In the past years, Vanderlande has been a market leader offering several material handling systems 

(MHSs) for the operating segments Airports, Warehousing, and Parcel. Initially, it was easy to grow and 

to have a sustainable source of profit by only providing a product because at the beginning of its life-

cycle it is sufficient to rely on product and process innovation (Aurich, Fuchs, & Wagenknecht, 2006). 

However, customer needs are changing much faster nowadays, and margins are under pressure (Hoff, 

2007), which causes products to commoditize faster. By offering integrated solutions, which are 

customized long-term contracts that combine intangible services and physical products (Rabetino, 

Harmsen, Kohtamäki, & Sihvonen, 2018), manufacturers seem to avoid this commoditization 

successfully. They do this by shifting the focus of their business from product-oriented towards more 

service-oriented business models (Gesing, Maiwald, Wieseke, & Sturm, 2014). Nowadays, Vanderlande 

is actively discovering new insights in how to incorporate such business models that are robust against 

fluctuating margins. This has led to the finding that a Vanderlande product is not a stand-alone 

concept but needs to be seen as complementary with its services. Within the company, this concept is 

translated into a so-called Vanderlande solution, which considers products and services as a whole. 

Figure 1-1, shows a systematic view of such a Vanderlande solution; this figure distinguishes the 

physical system design and the service design that together realize customer requirements. Some 

customer requirements can be fulfilled by both the physical systems and by services. The trade-off in 

this configurational part has a substantial influence on the performance, cost, and characteristics of a 

Vanderlande solution. Hence, a less comprehensive system design is required when it is supplemented 

with complementary services. For instance, to achieve better system availability, it is possible to add 
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redundant by-pass equipment; however, the system can also be enhanced with extra maintenance in 

order to prevent the system from going down and thus achieving better availability.  

    

 
Figure 1-1: Configurational Part in a Vanderlande solution 

1.3. The pricing & proposal verification department 

This research is initiated at the Pricing & Proposal Verification (P&PV) department in order to get 

insight into how Vanderlande can improve their internal processes to provide an integrated system 

and service solutions towards its customers. With these integrated solutions, Vanderlande expects to 

offer a solution that is more valuable to the customer and can be priced accordingly. 

 

Vanderlande grows fast internationally and expects to grow 10% each year in both revenue and 

number of employees (Year Report FY2018, 2018). To enable this rapid growth, it is necessary to have 

structured processes in place to be able to get the same desired results each time and from each 

geographical location with various employees. Therefore, there is a worldwide P&PV department 

within the Vanderlande corporation that advises, trains, assists, and checks sales engineers on the 

technical, conceptual, financial and contractual aspects with a tool as CAP8 (Computer-aided pricing). 

The P&PV is under the direct responsibility of the CTO of Vanderlande and consists of a team of ten 

people globally. The P&PV department supports the organization for issues related to 

commercial/financial, risk/opportunity, and cost/price related subjects. The goal of the department is 

to improve Vanderlande’s market position, increase its market share and profitability, and mitigate 

risks. Furthermore, the P&PV department is responsible for improving and maintaining the pricing 

tool, benchmarking Vanderlande’s performance, and participating in internal cost-reduction projects. 

The department operates by gathering information about best practices from Vanderlande’s Customer 

Centres (CC) (also called sales offices), and thereon challenge the CCs on these procedures. 

1.4. The current sales engineering process 

Vanderlande’s manufacturing process can be defined as Engineered To Order (ETO), which is a 

manufacturing process in which a product is designed, engineered and produced after an order has 

been received. A customer often demands a material handling system (MHS) via a tender or asks a 

specialized consulting company to lead the acquisition. When the request reaches Vanderlande, they 

assign a sales manager to this request, who will be responsible for this sales lead. The sales manager, 

together with a sales engineer is responsible for defining a system concept that is in line with the 

customer requirements after which the customer decides to acquire the solution from Vanderlande. 
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This process will take a couple of weeks to months, during which the sales manager and sales engineer 

are continuously interacting with the customer. The sales engineering process is structured as a 4-step 

design model to guide the engineering of a customer-specific system concept. It is the Vanderlande 

way of working for system concepting and provides a base for one way of working. This model has four 

iterative steps; analyse, define concepts, select a concept, and detailed concept, respectively. Figure 

1-2 gives a visual representation of this process. 

 

 
Figure 1-2: Engineering process 

 

During the first step, the sales engineer and manager analyse the customer’s processes, after which 

they derive the business case. The business case defines how a Vanderlande material handling system 

can fit in the customer’s business process. In this phase, the sales manager and the sales engineer are 

continuously interacting with the customer in order to discover the customer requirements and 

business needs, which includes gathering essential data about capacity requirements and product 

volume and how the material handling system should connect with existing processes and 

infrastructure. Secondly, the sales engineer will develop several concepts that meet the technical 

requirements defined in the first step. The concept development is based on best practices that rest 

on the experience of the sales engineer. Each concept is composed differently and will have different 

characteristics, but all have the goal to meet the customer requirements. However, in this phase, 

services are seen as additional and not included in the various concepts. Besides, it is difficult for the 

sales engineer to develop concepts in such a way that it considers Vanderlande’s profit. During the 

third step, they choose one of the concepts developed; this is done based on a qualitative evaluation 

in which they relatively compare system concepts. The last step will detail the chosen concept, 

correspondingly. They select the actual equipment whereafter the sales engineer derives the cost and 

sales price. The bottom part of Figure 1-2 shows the relation between price inaccuracy and the level of 

design details: At the beginning of the sales engineering process the price inaccuracy is high, and level 

of design detail is low and in the end vice versa. During this last phase, the maintainability of the 

system and which services are suitable, are thought about for the very first time. The service 

department, a completely separate unit, is responsible for developing the service concept.  
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1.5. Problem description  

In the previous section, we discussed the current sales engineering process, in which several 

difficulties arise from which we see the potential for improvement. Currently, the last three steps of 

concept engineering rest on principles that are not based on exact calculations, but rather on best 

practices that solely rely on the experience of the sales engineer. This makes that the quality of the 

solution, and thus the extent to which a solution is satisfying customer requirements, is highly 

dependent on the experience of the sales engineer. Besides, services are only considered in the last 

phase of the engineering process. This stand-alone view that Vanderlande currently applies, where 

services are only considered in a later stage by a completely different department, can lead to a 

solution being unnecessarily over specified. Such an over-specified solution increases costs for both 

Vanderlande and the customer and can lead to not being able to satisfy customer requirements. Or 

even worse, a solution that does not satisfy customer requirements could lead to not getting the 

project from the customer. However, if the products and services were integrated into one solution, 

Vanderlande could prevent the solution from being over-specified because services are now 

considered earlier in the engineering process. Even better, within Vanderlande they expect that an 

integrated solution can be more valuable for the customer, and they can price the solution 

accordingly. 

 

Moreover, the current sales engineering process revealed that it takes a couple of weeks to months up 

to having a detailed concept. This is quite a long period compared to competitors. Not only this 

negatively affects Vanderlande’s efficiency, but it is also on the burden of the customer as they only 

get a price indication when there is a detailed concept. Vanderlande does not communicate the price 

in an earlier stage, simply because the price can still vary significantly up till now, which would bring 

Vanderlande in a bad negotiating position. However, when the customer and Vanderlande cannot 

agree on the offer at the last stage of the process, many resources have already been used, which is 

disadvantageous for both parties. If Vanderlande was able to provide a reliable price indication earlier 

in the process, customer’s expectations can be managed and concept engineering can be steered in 

the right direction which will result in more effectively using resources.  

 

From this section, we conclude that a method is required that guides sales engineers develop concepts 

more smartly. Therefore, we conclude that concept engineering can be improved by;  

i. excluding the dependence on employee’s experience,  
ii. considering both the customer requirements and Vanderlande’s financial perspective, 

iii. integrating services with its product, and  
iv. providing the customer with a concept and price indication more quickly. 

1.6. Research objectives 

The primary assignment is to develop a method that integrates physical system design and service 

design, which considers the customer perspective and the financial perspective of the provider. The 

customer perspective incorporates how well a solution performs according to the customer 

requirements and its price expectations. Vanderlande’s perspective (thus the perspective of the 

provider) includes how well a solution performs according to its financial objectives. The method 

should provide insight into the trade-offs during the engineering phase that influence performance, 
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system characteristics, and costs. This insight into how the physical system design interacts with the 

service design should facilitate the communication between the system design and service design to 

align the development of an integrated solution. Eventually, the method should provide a high-level 

configuration design that the sales engineer can use as a guideline. The end goal is to faster develop 

concepts that are in line with the customer demands and, therefore, more valuable to the customer 

and can be priced accordingly. We formulate the main research objective as follows: 

 

Develop a concept engineering method used during the sales engineering process that considers 

both the perspective of the customer and Vanderlande. 

 

In order to structure the research, we follow the first three phases of the Design Science Cycle 

(Wieringa, 2014), and define the following sub-phases: 

 

Problem Investigation 

i. Context description 

ii. Literature review 
 (Re-)design  

iii. Develop a generic integrated configuration method 

iv. Determine a suitable optimisation method 

v. Implement the integrated configuration method 
Validation 

vi. Validate the implemented configuration method 

vii. Report a case study 

1.7. Research approach  

As stated in the research motivation and research objective, we propose a method that should be able 

to help a sales engineer to develop several concept solutions that integrate products and services. The 

research will start from a general perspective and will then be implemented in a more specific case 

study for a specific customer segment within Vanderlande. First, we conduct literature research on 

product and service integration. Subsequently, we describe configuration methods available in the 

literature with integrated product and services as a goal. We conclude with which configuration 

method to use for integrated product-service solutions within a business context of a material 

handling system (MHS) provider. Secondly, based on our findings in the literature, we develop an 

integrated concept engineering method applicable to Vanderlande. Third, we validate the 

configuration method using randomly generated data. Finally, we present a case study, at which point 

the applicability of the method will be discussed, and conclusions will be drawn. 



 

6 
 

2. THEORETICAL BACKGROUND 

To be able to better develop a concept engineering method that fulfils our research objective, we 

provide an overview of relevant literature. In Section 2.1 we first introduce several theories that focus 

on integrated system and service solutions, namely: servitization, product-service systems, and vertical 

integration. We follow with configuration methods available in the literature with integrated product 

and services as a goal from which we make the distinction between single and multiple objective 

methods in Section 2.2. After describing both, we further elaborate on multiple objective optimisation. 

We describe some case studies using multiple objectives in Section 2.3 and give arguments for 

applying this type of optimisation to our research in Section 2.4.  

2.1. Integrated system and service solution 

Product terminology is generally well understood by manufacturers. In the world of manufacturers, a 

“product” is typified by a material artefact (e.g., car, boat, and plane). The term “services”, however, is 

more contentious, often used loosely and its definition is based on what it is not (i.e., a product) 

(Baines, Lightfoot, Benedettini, & Kay, 2009). The question arises as to whether products and services 

can still be seen as separate components in the life-cycle of a product. Vandermerwe and Rada (1988) 

state that modern corporations are increasingly offering fuller market packages or “bundles” of 

customer-focused combinations of goods, services, support, self-service, and knowledge. However, 

services are beginning to dominate, also called the ‘servitization of business.’ Baines et al. (2009) call it 

an innovation of an organisation’s capabilities and processes to shift from selling a product to selling 

integrated products and services that deliver value in use.  

2.1.1. Shift focus from product to integrated products and services  

As introduced in Chapter 1, with this shifted focus towards service-oriented business models, firms 

tend to avoid product commoditization. Oliva and Kallenberg (2003) further summarize arguments 

from the management literature that suggest integrating services in the core product offerings. First, 

there are several economic arguments. Services, in general, have higher margins than products. This 

because they are installed based and with a long life-cycle and thus generate a continuous income 

during a substantial period. They are also more resistant to economic cycles that drive investment and 

equipment purchases. Second, customers are demanding more services. Much more firms are focusing 

on their core competence and therefore demanding more flexible and specialised services from other 

businesses. Finally, there is a competitive argument. Services are more difficult to imitate because of 

the intangibility, resulting in a sustainable source of competitive advantage. Lusch and Vargo (2006) 

add that a combined solution of product and service achieves better outcomes than the sum of the 

individual components. Moreover, Davies, Brady, and Hobday (2007) define integrated solutions as 

tailored combinations of products and services that address the specific needs of customers. This 

emphasis that a solution is highly customised is also recognised by Galbraith (2002), who underlines 

the existence of more and more customer-specific kinds of solutions. Also Goedkoop, van Halen, te 

Riele, and Rommens (1999) see potential in the transition from the product manufacturer to service 

provider by mentioning the following advantages: The ability to cope with fast-changing customer 
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needs, achieving a higher profit ratio compared to only offering products and having a lower 

environmental impact as it reduces material consumption and is thus more sustainable.  

2.1.2. Advantages of the shifting focus 

Although Goedkoop et al. (1999) see advantages for both the customer and the manufacturer 

simultaneously, not every author adopt this view. Tan et al. (2010), for example, only focus on creating 

value-adding opportunities for customers while Vijaykumar et al. (2011) emphasise the adding value 

for the system rather than the customer. Authors that do not distinguish between the perspective for 

whom value is added are Goedkoop et al. (1999), Baines et al. (2009), and Annarelli, Battistella, and 

Nonino (2016). Instead, they argue about products and services being value-adding to the core 

offerings by adding services. So they see potential in the product (instead of the customer or the 

manufacturer). From business strategy literature, several authors (Slywotzky and Morrison, 1998; Wise 

and Baumgartner, 1999) argue that the success of world’s largest manufacturers, such as Boeing and 

Coca-Cola, is built upon new forms of vertical integration which is conceived as a movement forwards 

from manufacturing to services. The last argument for integrating products and services is from Tukker 

and Tischner (2006), who states that manufacturing companies should focus on selling integrated 

solutions because of its sustainable potential: because by adding services to the product, the life-cycle 

of a product is extended. 

2.2. Modularisation  

Multiple approaches exist for developing a product service solution. In this research, we choose to 

focus on a modular approach. Modularisation refers to the design of something in separate sections. 

Most of the existing research on modularisation focuses on the creation of a product rather than a 

service (Wang et al., 2011). Modularity is one of the primary means of achieving flexibility, economies 

of scale, product variety and easier product maintenance and disposal. In our approach, the 

modularisation should result in product/service architectures so that the integrated product-service 

solution can be obtained by assembling pre-existing components (Durán, Pérez, & Batocchio, 2012). 

According to Tseng and Jiao (1996), a benefit of modularisation is that product and service modularity 

enables modules to be easily reused or recycled. Thereby, a modular design improves reliability in 

maintenance and repair. 

2.2.1. Configuration of a modular system 

The shift in the way a manufacturing firm does business has an impact on the way products are 

developed and realised. The focus on the integration of services affects the manufacturer’s 

development process, i.e. how development work is organized and which tools and methods are used 

(Isaksson, Larsson, & Rönnbäck, 2009). The same holds for the modular approach of a PSS, which can 

then be improved by setting the right configuration: by in- and excluding the right modules an optimal 

configuration can be reached (Marques, Cunha, Fernando, & Leitão, 2013). 
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2.2.2. Types of configurations 

We consider two types of configurations related to products and services, respectively. Product 

configuration is a particular case of design activity in which components are selected from a pre-

defined component library and then connected according to customer requirements (Li, Chen, Huang, 

& Zhong, 2006). Various methods are applied within the field of product configuration. Service 

configuration is similar to product configuration but uses pre-defined service modules to constitute a 

service solution. It enables manufacturers to enhance design efficiency and reduce design cost (Song & 

Chan, 2015). Also, in this part of configuration optimisation, many methods are applied to find the 

optimal service configuration scheme. 

 

Most of these product and service configuring methods found in the literature are descriptive rather 

than based on exact engineering methods. Conventional configuration methods use knowledge-based 

reasoning (Song & Chan, 2015). However, when the solution space grows, e.g., when there are more 

module instances, fewer configuration constraints or fewer customer requirements, the descriptive 

method might not be appropriate anymore as too many elements are available in the problem space. 

Furthermore, the available engineering methods that propose an optimisation method are mainly 

focused on product configuration and therefore not directly suitable for optimising a service 

configuration (Wei, Fan, & Li, 2014). 

2.2.3. Single versus multiple objectives  

Some configuration optimisation models have been developed to find optimised solutions. However, 

they often focus on single objectives (e.g. cost) and ignore other aspects. Besides, the prevailing 

literature on configuration optimisation that considers multiple objectives is often solved by 

converting the problem into a single objective optimisation (Song & Chan, 2015; Wei, Fan, & Li, 2014). 

However, a suitable configuration design typically involves multiple objectives, such as performance, 

cost, task time, satisfaction (Wei et al., 2014). A multiple objective approach also can account for 

objectives from different perspectives, i.e. the manufacturer’s as well as the customer’s perspective. 

These objectives are then typically conflicting; therefore, a compromise needs to be achieved. Instead 

of reducing the problem dimension by combining all objectives into a single objective, recent literature 

proposes multi-objective configuration optimisation that considers a set of optimal solutions. For 

example, Xuanyuan et al. (2008) propose a product configuration method based on a multi-objective 

Genetic Algorithm (GA) and come up with a set of Pareto-optimal solutions. 

2.3. Overview of case studies using multiple objectives  

Wei et al. (2014) focused on product configuration and proposed a method that uses a multi-objective 

genetic optimisation algorithm to find the optimal product configuration on multiple objectives. The 

objectives were the performance, cost and time and the optimisation model was purely product-

driven. To validate the model, the authors executed a case study on air compressors. They also 

compared their model with two other multi-objective genetic optimisation algorithms and were able 

to show that their results outperformed the other in terms of product configuration optimisation.  
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Also Xuanyuan et al. (2008) focused on product configuration using a multi-objective optimisation 

algorithm, but presents the problem from the perspective of using two types of attributes: static and 

dynamic, differing in the attributes having a constant value or a value that vary according to decisions 

that are being made during the configuration process. Other than Wei et al. (2014), Xuanyuan et al. 

(2008) end their research with a Pareto-optimal solution set (implying that no single optimal solution 

exists but that there is a set of valid optimal solutions), while Wei et al. (2014) go one step further by 

developing a configuration scheme evaluation and select mechanism which contributes to extracting 

the best compromise solution from the Pareto-optimal set. They aim that this is a crucial step in the 

proposed model due to the imprecise nature of the human decision.  

 

Authors that did focus on service configuration rather than product configuration are Song and Chan 

(2015) who provide a multi-objective optimisation model that simultaneously considers the objectives 

service performance, service cost and response time. The study’s framework is quite similar to that of 

Wei et al. (2014), both using a non-dominated sorting genetic algorithm (NSGA-II). The authors claim 

their study to be innovative in the sense that traditional product configuration models are not suitable 

for service configuration optimisation as they cannot account for service-related unique features 

(more involvement of stakeholders, the intangibility of service and service element heterogeneity). 

2.4. Multi-objective optimisation  

In the few studies about modular product service configuration using an engineering method, the 

configuration method is formulated as a Multi-Objective Optimisation Problem (MOOP). Because the 

technique is frequently used in practice, the MOOP is applied in this research. In this section, we first 

provide more insight into MOOPs, including different methods that exist for approaching a multi-

objective optimisation. We also discuss what the best multi-objective optimisation method would be 

in the context of our research.  

 

Multi-objective optimisation is used for multiple criteria decision making and involves more than one 

objective function to be optimised simultaneously. Applications of multi-objective optimisation can be 

found in many fields of science, involving economics, engineering, medical, and logistics. In those 

fields, there are numerous examples where a trade-off exists between multiple objectives, often 

considering profit to be maximised and costs to be minimised (Emmerich & Deutz, 2018). A general 

definition of a multi-objective optimisation problem where 𝑛 objectives are minimized simultaneously 

is:  

 

min𝒚 = 𝒇(𝒙) = (𝑓1(𝒙),… , 𝑓𝑛(𝒙)), (2.1)  

 

subject to 𝑚 inequality constraints: 

𝒈𝒊(𝒙) ≥ 0, 𝑖 = 1, 2, … ,𝑚 (2.2)  

 

and the 𝑝 equality constraints: 

ℎ𝑖(𝑥) = 0, 𝑖 = 1,2, … , 𝑝 (2.3)  
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where 𝒙 = (𝑥1, 𝑥2, … , 𝑥𝑘) ∈ 𝑿 and 𝒚 = (𝑦1, 𝑦2, … , 𝑦𝑛) ∈ 𝒀. 𝒙 is the decision vector of 𝑘 decision 

variables and 𝒚 is the objective vector. 𝑿 denotes the decision space while 𝒀 represents the objective 

space.  

 

However, because of the conflicting nature of the multiple objectives, no single solution may exist that 

simultaneously optimises all objectives. We introduce a Pareto-optimal solution to this end. A solution 

is called Pareto-optimal if none of the objectives can be improved without deteriorating the 

performance in any other objective, which is also referred to as non-dominated solutions. Each non-

dominated solution is considered equally good. The Pareto front gives a representation of how the 

different objectives are related and compromised to each other. The goal of multi-objective 

optimisation is then to let a decision-maker select the most preferred solution from the set of non-

dominated solutions (Emmerich & Deutz, 2018).  

 

Considering the timing when the decision-maker interacts with the multiple-objective optimisation, 

two general approaches are distinguished: a priori methods and a posteriori methods (Miettinen, 

2012). In a priori methods, preference information is given first to the optimisation model. 

Subsequently, one solution is found that satisfies those preferences the best. This is done by 

scalarizing the multiple objectives into a single optimisation problem by defining one global objective 

function. This objective then contains mutual preferences from which only one single optimum can be 

found. Examples of solving methods that can be applied when the multi-objective optimisation 

problem is solved using the a priori method are the weighted sum and the weighted exponential sum 

(Zadeh, 1963; Athan et al., 1996). However, it is not always desirable or even possible to determine 

those preferences on forehand. One can choose to apply the a posteriori method to this end, in which 

the preference information is determined afterwards, meaning there is an insight into the resulting 

solutions. A set of Pareto optimal solutions is found first, and then the decision-maker can choose one 

of them as a best preference with insight into the complete set of (Pareto-optimal) solutions.  

 

A posteriori methods are often preferred because it allows a greater degree of separation between the 

algorithm and the decision-making process which also enables the testing process to be conducted 

independently of the application (Giagkiozis, Purshouse, & Fleming, 2015). Thereby, isolating the 

decision-making process from the algorithm increases generalizability. Classical multi-objective 

optimisation methods which generate a set of Pareto optimal solutions are either mathematical 

programming-based algorithms or evolutionary algorithms. In the former, by repeatedly solving one 

single optimisation problem with as a result one Pareto-optimal solution, a set of Pareto-optimal 

solutions is obtained. A frequently used programming-based algorithm in practice is the 𝜀-constraint 

method. However, this exact method is not suitable anymore when it comes to problems with a large-

sized solution space as it will take much computational time. For example, an unconstrained modular 

configuration with fifteen modules and each module having four instances, which is not unthinkable 

within the domain of our research, has more than a billion configuration possibilities. We also refer to 

this as combinatorial optimisation. A heuristic is then a better solution method, which is achieved by 

the latter type of algorithm. Evolutionary algorithms are metaheuristic optimisation algorithms, whose 

name is originated from Darwin’s evolution theory (Holland, 1960). This because the algorithm 

performs applications from biology like mutation, crossover and natural selection (Ashlok, 2006). See 

Table 2-1 for the pseudo-code of a general evolutionary algorithm.  
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Evolutionary algorithms are prevalent approaches for approximating the Pareto-optimal set of 

solutions (also denoted as Pareto front). However, they are also not guaranteed to find a Pareto-

optimal set of solutions. There are several evolutionary multi-objective optimisation algorithms that 

can approximate the Pareto front with good quality, but the ones with the best performance are the 

Pareto Envelope-based Selection Algorithm (PESA II), the Non-dominated Sorting Genetic Algorithm 

(NSGA-II) and the Strength Pareto Evolutionary Algorithm 2 (SPEA-2)(Kunkle, 2005). The different 

algorithms are very similar but differ by the way they deal with multiple objectives and diversity in the 

population. When it comes to optimisation in engineering, which is the case in our research, especially 

NSGA-II is applied. Moreover, from the extensive comparison of different multi-objective optimisers, 

Castellini (2008) showed that the NSGA-II performed best in terms of robustness and convergence 

speed. Also, Kreng and Lee (2004) found that when comparing with traditional techniques, GA-based 

methods excel in solving combinatorial optimisation problems. It is for that reason that we choose to 

apply the NSGA-II algorithm in this research. We will give a more detailed description of this algorithm 

to this end in Chapter 7.  

 

Table 2-1: Pseudo code Evolutionary Algorithm 

Pseudocode Evolutionary Algorithm 

Initialize random start population 

Do while Iteration <= MaxIteration  

   If BestFitness <= MaxFitness 

        For each individual in population 

             Calculate fitness of each individual in population 

        End for  

        Select individuals based on best fitness 

        Perform crossover with probability 𝑃𝑐  

        Perform mutation with probability 𝑃𝑚 

        Generate new population  

        Iteration = iteration + 1 

   End if  

End while 

2.5. Conclusion  

We have now introduced the relevant concepts in this domain together with some case studies about 

product and service configuration. We can conclude the following: To our knowledge, few methods 

exist that optimise (i) a PSS configuration, by applying (ii) an engineering method and by solving (iii) 

multiple objectives that highlight different perspectives of the domain (both manufacturer and 

customer) simultaneously. We see an opportunity here to elaborate further these three factors 

combined in a model. Diving deeper into methods for solving a multi-objective optimisation, we came 

to the conclusion to apply the Non-sorted Genetic Algorithm II (NSGA-II). 
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3. DESIGN OF AN INTEGRATED PRODUCT SERVICE 

CONFIGURATION   

In this chapter, we discuss how we aim to improve the current sales engineering process at 

Vanderlande by applying a multi-objective product-service system configuration optimisation. Section 

3.1 gives a brief introduction into multi-objective product-service systems. We discuss the multiple 

objectives applied in this research in Section 3.2. In Section 3.3, we provide an overview of the 

chapters that together constitute the method proposed for the sales engineering process within 

Vanderlande. Last, we describe the goals of the proposed method that integrates products and 

services in Section 3.4.  

3.1. Multi-objective product-service system configuration optimisation  

Within modular integrated product service configuration architecture, we obtain a solution by 

assembling pre-existing components. Modularity is one of the means of achieving flexibility, 

economies of scale, product variety, and easier product maintenance and disposal. It is also one of the 

primary means of the concept of mass customisation (B. Li et al., 2006; H. Li, Ji, Chen, & Jiao, 2017). 

Mass customisation joins the two concepts mass production and customisation, and aims at best 

satisfying individual customer needs with mass production efficiency (Jiao & Tseng, 2004). As 

mentioned in Chapter 2, various researches describe the configuration of products or services, and 

there are only a few that see product and service as an integrated whole. Moreover, conventional 

product and service configuration methods are descriptive and use knowledge-based reasoning. 

However, we see increasingly more arguments to adopt an optimisation method that configures 

product and service modules into a customised solution. Besides, we found that most researches are 

using a single optimisation scheme. Though a well integrated product service configuration design 

involves multiple objectives, as multiple perspectives are involved, an optimal configuration is a 

compromise between those perspectives. This is because the acquisition of a Material Handling 

System (MHS) is a negotiation process between the customer, that wants a system that fulfils 

requirements for a certain price, and the provider, that wants as high as possible profit.  

3.2. Objectives 

We thus propose an integrated product-service configuration optimisation method using multi-

objective optimisation. By formulating the integrated configuration into a Multi-Objective Optimisation 

Problem (MOOP), it is possible to include multiple conflicting perspectives within one optimisation 

model. The MOOP includes one objective, corresponding to the perspective of the customer, that 

maximises its satisfaction, where we refer to as customer utility. Based on several types of research, 

we refer to utility as a solution’s ability to meet technical requirements and price expectation of the 

customer (Ji, Jiao, Chen, & Wu, 2013; Jiao & Tseng, 2004; Keeney & Raiffa, 1993; Song & Chan, 2015). 

Based on existing methods in the literature, we used the profit ratio as an objective for the 

manufacturer’s perspective (Du, Jiao, & Chen, 2014; H. Li et al., 2017). There are various types of 

financial steering mechanisms and ratios used to operate firms, from which the type highly depends 

on the company’s financial objective. The manufacturer in the case study, for example, steers her 
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projects on the Earnings Before Interests and Taxes (EBIT) and EBIT ratio. To stay in line with the 

perspective of the manufacturer where the case study is based on, we decided to use this financial 

measure as profit ratio. A novel third objective, the maximisation of system availability, is added. This 

third objective finds its origin in the research area of availability-oriented business models for capital 

goods, which is part of the PSS domain (Bake et al., 2018; Mert, Herder, Menck, & Aurich, 2016; 

Olivotti et al., 2018). Because this objective incorporates the impact of services, we chose to add this 

novel third objective. System availability is the ability to meet a certain predefined throughput. 

Availability is of crucial importance for an industrial product such as an MHS, which is often used in the 

primary process of the user. Downtime of those capital goods may lead to delayed production or even 

loss of production (Schönsleben & Schönsleben, 2019). Next, to the fact that the solution needs to 

fulfil the business requirements for a specific price, we consider system availability as the essential 

aspect. We argue that availability as an objective, rather than a hard constraint, reflects the nature of 

the acquisition process better, as a customer makes a trade-off between system availability, 

functionality, and costs. In this research we will use the following objectives for our MOOP;  

 

i) Profit Ratio, 
ii) Customer Utility,  
iii) System Availability.  

 

Figure 3-1 provides an overview of the design phase of this research; more insights are given in Section 

3.3.  

3.3. Overview of the design phase 

The proposed configuration optimisation method is formulated into an MOOP. The goal of the 

configuration optimisation is to find the best combination of modules from a configuration library that 

performs the best according to multiple objectives. The first part describes how the configuration 

library needs to be established, whereafter the second part defines the MOOP; the third and fourth 

provide more detail about how the MOOP can be solved and how we obtain a solution.  

3.3.1. Establish the configuration library 

Chapter 4 and 5 describe how we establish a modular configuration library. The modular configuration 

library is prepared once, whereafter it can be used for multiple concept developments within a 

particular product family. 

 

Modular structure for integrated product service configuration  

In chapter 4, we provide a formal definition of the modular structure used for integrated product 

service configuration. We define concepts as functional modules (FMs) and module instances and the 

distinction between product- and service modules. We also distinguish between mandatory and 

optional modules, wherefrom the mandatory modules, one module instance must be chosen; from the 

optional modules, a module instance might be chosen. The question of how to obtain modules is 

outside the scope of this research. However, it provides a definition that will be used throughout the 

research. 
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Features of modules 

In Chapter 5, we obtain multiple features for every module. These features represent the 

characteristics of the module. Based on the value of these features, it is possible to compare modules 

on its performance in a configuration, e.g. quotation and costs of a module. The result of this phase is 

a configuration library in which all the modules are defined in one table and where all the feature 

values for every module are available.   

 

 
Figure 3-1: Chapter Overview method design 

3.3.2. Multi-objective optimisation problem 

In order to find the best configuration of product and service modules, we set up a MOOP in Chapter 

6. We obtain three configuration objectives that represent the perspectives in the modular product-

service configuration. The objectives will make use of the modular structure and uses the feature 

values defined in Chapter 5 as input.  
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3.3.3. Solving the MOOP 

In Chapter 7, the Non-dominated Sorting Genetic Algorithm II (NSGA-II) is introduced to obtain a non-

dominated set of solutions either on or close to the Pareto-optimal solutions. The result of a MOOP is 

a set of solutions that define the best trade-off between the multiple objectives.  

3.3.4. Selecting the best compromise solution 

The result of solving a MOOP is a set of non-dominated solutions, from which the sales engineer can 

select a few for further investigation, this is discussed in Chapter 8.  

3.4. Integrated product-service configuration optimisation within Vanderlande’s sales 

engineering process 

The proposed method has a goal to help the sales engineer develop concept solutions in a unified 

manner. The method is based on exact calculations rather than vague principles and has a goal to 

minimise the dependency on the experience of the sales engineer. The developed method can be 

implemented in a tool within the current sales engineering process defined in the 4-step design model. 

The proposed method also aims to prevent the sales engineer to “reinvent the wheel” over and over 

again. Where the sales engineer currently develops a solution by combining various types of 

equipment on a very detailed level, our proposed method uses proven concepts instead. Such a 

proven concept is the output of our engineering method: the method uses product and service 

modules defined on a certain aggregation level that together can be configured into an MHS. In the 

proposed method, the focus of the sales engineer is mainly to obtain customer requirements and 

carefully translate them into pre-defined attributes that characterise the MHS, after which the 

proposed method can configure various concepts. Since the method uses multi-objective optimisation, 

the result is a set of Pareto optimal solutions where each solution is a compromise between the three 

objectives customer utility, profit ratio and system availability. The obtained solutions have the 

characteristic that there exist no other configurations that perform better on the three objectives 

simultaneously. The optimisation problem embeds the different perspectives during the acquisition 

process. Therefore the solutions represent a compromise in the negotiation between the customer 

and the MHS provider. From the selection procedure, the sales engineer obtains a solution that is 

performing relatively the best on the three objectives simultaneously. This is the first candidate that 

the sales engineer can further investigate and from which a detailed concept can be derived. Since 

there are multiple Pareto-optimal solutions, a sales engineer can thoughtfully select additional 

solutions to further discuss with the customer. The sales engineer has now insight into how well each 

solution performs given by the three objectives and therefore, he can, for example, select concepts 

that have a satisfactory profit ratio. Furthermore, the sales engineer can directly give the customer 

insight into how well the given concepts perform according to utility and system availability, which 

should help the customer to make deliberate decisions about which concept to choose for a detailed 

solution. Moreover, the method makes it possible for the sales engineer to provide the customer with 

a reliable price indication earlier in the process. This is advantageous in terms of effectively using 

resources because when a price indication can be provided earlier in the process, customer’s 

expectations can be managed which will result in a solution that is more in line with customer 
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requirements and thus less chance of customers dropping off in a later stage of the engineering 

process. 

 

To summarize, the proposed method facilitates the sales engineer to develop better concepts that (i) 

exclude the dependence on employee’s experience, (ii) consider both customer requirements and 

Vanderlande’s financial perspective, (iii) integrate products and services, and (iv) provide the customer 

with a concept and price indication more quickly.  

3.5. Demonstrating example 

Throughout this study, we use a demonstrating example. Based on this example, we explain the 

different concepts and making the concepts more intuitive. An MHS is considered, which consists of 

three main functional areas, i.e., receiving, sorting, and shipping. In this example, an MHS is 

considered that sorts postal packages in a distribution hub. The postal hub will receive packages from 

various regions and distribute these onto smaller courier vans that will deliver the packages to the 

customer. The MHS provider in this example has various equipment that can fulfil the functions of 

receiving, sorting and shipping in a postal distribution hub, varying from basic functionalities to 

completely automated systems. The MHS provider recognises that besides the equipment, some 

customers require additional services that help the customer to maintain their equipment. Therefore, 

we consider in this example two types of services, namely maintenance service and spare parts 

service. The maintenance service is varying from a response team of engineers that help the customer 

to repair the system correctively to a proactive approach that monitors the condition of critical 

components and replace them preventively. The spare part service consists of a centralised spare part 

webshop where the customer can order all the needed components for maintaining their equipment 

to an optimised spare part package on site of the customer. An overview of the MHS and its services is 

given in Figure 3-2.  

 
Figure 3-2: Overview demonstrating example 
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4. ESTABLISH CONFIGURATION LIBRARY - MODULAR STRUCTURE  

This chapter describes the modular structure for a Material Handling System (MHS). The modular 

structure is the basis of the integrated product service configuration. We formulate an MHS 

configuration based on modular technology for which we introduce the concepts of product and 

service modules and mandatory as well as optional modules. These concepts are explained based on 

an intuitive example of a modular MHS. 

4.1. Functional modules and module instances   

This research considers a modular structure for integrated product service configuration of an MHS. In 

which an MHS is divided into Functional Modules (FMs), each FM fulfils an unambiguous function, e.g., 

Receiving, Sorting, and Shipping. Within these FMs multiple module instances exist. A module instance 

accomplishes the same functionality but accomplishes this with other means. So, an FM is an umbrella 

for a group of module instances with the same functionality. A module instance varies from another 

instance because it is composed differently in order to fulfil the function defined in the FM, e.g., 

“Receiving” has three instances: i) “Receiving – manual”, ii) “Receiving – Semi-Automatic and iii) 

“Receiving – Automatic”. Figure 4-1 provides a representation of the modular configuration. Level 1 

represents a library with all the available module instances, each block represents a module instance, 

and a pile of module instances represents an FM. To accomplish a modular configuration, one selects 

module instances from a module library. 𝑀 is defined as the total set of FMs in the configuration 

library, and 𝑁𝑗  is the number of instances of the 𝑗-th functional module. For the first FM “Receiving” it 

holds that 𝑁1 = 3. A configuration is given by the vector 𝑿 = {𝑥11, … , 𝑥1𝑁𝑗 , … , 𝑥|𝑀|,𝑁|𝑀|} where 𝑥𝑗𝑘  is 

the binary decision variable, which represents whether the 𝑘th instance of the 𝑗th functional module is 

selected (𝑥𝑗𝑘 = 1) or not (𝑥𝑗𝑘 = 0). 

 
Figure 4-1: modular product service configuration 
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4.2. Types of functional modules  

This research considers an MHS as a modular system for which there exists a modular structure that 

represents both the physical equipment and the service proposition. The physical functioning is 

defined within the product modules, and the service functions are defined within the service 

modules.1 For example, we define three product modules; Receiving, Sorting, Shipping, and two 

service modules; Maintenance services and Spare part services. Product modules are a subset of the 

complete set of functional modules 𝑀, represented by 𝑃 ⊆ 𝑀. Correspondingly, the service modules 

are a subset of the total set modules 𝑀, indicated by 𝑆 ⊆ 𝑀. As a module can only be a product or a 

service module, a particular module can only belong to one set, and thus 𝑃 ∩ 𝑆 = ∅. 

Subsequently, to the consideration of product and service modules, product and service modules are 

classified into mandatory modules and optional modules. Where mandatory modules are essential for 

the functioning of the MHS, optional modules are additional modules to meet unique customer 

requirements. Within the category of mandatory modules, there exist both product and service 

modules. Similarly, both product and service modules occur in the set of optional modules. It is 

essential to realise that a specific mandatory module cannot be both a product and a service module; 

it is either a product or a service module. Mandatory and optional modules are defined similarly; both 

are a subset of the entire set of modules and are defined as 𝑅 ⊆ 𝑀 and 𝑂 ⊆ 𝑀, respectively. Also, the 

following holds 𝑅 ∩ 𝑂 = ∅. An overview of the types of FMs is given in Figure 4-2. 

4.3. Running Example 

An example is given in Figure 4-1, where the module “Receiving” is mandatory, and the module “Spare 

parts Services” is optional for the functioning of the MHS. In this case, we have four mandatory 

modules: receiving, sorting, shipping, and Maintenance Services. The service module Spare Part 

Services is in our example an optional module. For each of the optional modules, a dummy (empty) 

instance is defined, this first instance is selected when the module is not added to the configuration, 

and it holds that 𝑁𝑗 ≥ 2 ∀ 𝑗 ∈ 𝑂. This property will be used and becomes more intuitive in Chapter 5.   

 

 
Figure 4-2: Mandatory and optional vs. product and service modules

                                                            
1 To improve readability, we refer to functional modules (FMs) as modules  
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5. ESTABLISH CONFIGURATION LIBRARY – FEATURES VALUES 

This chapter has a goal to explain how one can obtain the feature values for the module instances. 

Every module instance in the configuration library has the same features but has different values for 

these features. These features represent the characteristics of a module instance. Based on these 

features, the best combination of module instances can be selected. The result of this chapter is a 

table, similar to Table 5-1, in which every module instance is defined with the corresponding features 

and their values. This chapter is divided into three sections, in which every section describes how we 

obtained the feature values that correspond to one of the three objectives. 

 

In Section 5.1 we explain how to obtain the features cost 𝐶𝑗𝑘  and quotation 𝑄𝑗𝑘. These features 

correspond to the objective of the profit ratio. Section 5.2 explains how to obtain the 𝑀𝑇𝐵𝐹𝑗𝑘, 

𝑃𝑀𝑇𝐵𝐹𝑗𝑘, 𝑀𝐷𝑇𝑗𝑘, and 𝑃𝑀𝐷𝑇𝑗𝑘, which are all related to the objective system availability. Section 5.3 

elaborates on how to obtain the configuration performance 𝑝𝑗𝑘, which is the configuration’s ability to 

meet customer requirements. At the end of each section, the reader is provided with the intuition 

behind the feature values in the configuration library of the demonstrating example.  

 

Table 5-1: Configuration Library with feature values 

 

5.1. Features and feature values corresponding to the objective: Profit Ratio 

In this section, we consider the features cost 𝐶𝑗𝑘  and quotation 𝑄𝑗𝑘  that corresponds to the objective 

profit ratio, which we base on the previously mentioned Earnings Before Interests and Taxes (EBIT) 

ratio. For this research, we assume that the cost 𝐶𝑗𝑘  and quotation 𝑄𝑗𝑘  of the 𝑘th instance of the 𝑗th 

module is fixed and given. The current pricing tooling within the case company considers a given cost 

and a given mark-up per saleable item. Costs in an MHS are for example project management, 

engineering, material supply, site work and other costs. For this research, we assume that within the 
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company, this information is available and defined per module instance. The data can be derived from 

earlier product and service sales of the MHS provider. Quotation 𝑄𝑗𝑘  is the price that the customer will 

pay for the 𝑘th instance of the 𝑗th module when it is used in the integrated configuration. The 

quotation is determined by adding a certain percentage (Mark-up) to the cost of the module instance. 

A capital good as an MHS has an extensive lifetime, varying from 10 up to 50 years. In this research, we 

consider Vanderlande’s assumption that a system is generally engineered for an economical life span 

of at least 20 years. We assume that there is a given cost and quotation for every module instance that 

takes into account a lifetime of 20 years. These costs and quotation are given in the two vectors 𝑸 =

{𝑄1,1, … , 𝑄1,𝑁𝑗 , … , 𝑄|𝑀|,𝑁|𝑀|} and 𝑪 = {𝐶1,1, … , 𝐶1,𝑁𝑗 , … , 𝐶|𝑀|,𝑁|𝑀|}. 

5.1.1. Feature values corresponding to the profit ratio of the demonstrating example 

Figure 5-1 shows an example of how the cost and quotation are calculated for product modules. In this 

example, we assumed that the various module instances are build-up from the same elements, 

referred to as equipment A to D. Each piece of equipment has a given cost and a given mark-up which 

results in a given quotation. Note that the cost and quotation of a module instance are calculated 

based on the number of times the type of equipment occurs in the module instance. The cost and 

quotation calculations of the service modules are similar; only the cost elements consist of different 

service components (e.g. service resources and processes) from which the costs and quotations are 

given yearly. For service modules, the present value of the total cost and quotation during the whole 

lifetime are considered, which is paid annually in advance. The present value (𝑃𝑉) for cost and 

quotation for an annuity paid in advance, also referred to as annuity due, is given as follows: 

 

𝑃𝑉 = 𝑃 + 𝑃 [
1 − (1 + 𝑟)−(𝑛−1)

𝑟
] (5.1) 

 

where 𝑃 is the yearly cost (or quotation), 𝑟 the annual interest rate, and 𝑛 the number of years. When 

we consider for instance a yearly payment of 100 euro, during the coming 20 years, assuming an 

interest rate 𝑟 = 0.03, the 𝑃𝑉 =  1,532.38 euro. 

 

 
Figure 5-1: Cost and Quotation of module instances 
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5.2. Features and feature values corresponding to the objective: System availability 

In this section, we first define the concept of technical system availability, for which we follow the 

approach of Vlasblom (2009) who conducted a research within Vanderlande. Next, we explain the 

features 𝑀𝑇𝐵𝐹𝑗𝑘, 𝑃𝑀𝑇𝐵𝐹𝑗𝑘, 𝑀𝐷𝑇𝑗𝑘, and 𝑃𝑀𝐷𝑇𝑗𝑘  that correspond to the optimisation objective 

system availability. We explain the intuition behind these features and how one can obtain values for 

these features. An important distinction between product and service modules is made, where 

product modules determine a base value of the system availability and service modules can improve 

the availability to some extent.  

5.2.1. Technical System availability  

Technical system availability is build-up from two parts: operational availability and overall equipment 

effectiveness. The operational availability considers the long-run availability of a capital good on the 

moments that the system is required to be operational. For example, when a capital good is required 

to produce 24 hours per day, the operational availability is calculated by the daily average number of 

hours a system is available, divided by 24. Overall equipment effectiveness is often used in the process 

industry. This measure incorporates the fact that a system can be down partially and is not able to 

produce towards its maximum rate. We achieve the overall equipment effectiveness from the 

production rate divided by the maximum production capacity. When we assume that a system can 

process 10.000 items per hour and is used in one shift of 8 hours per day in which it currently 

processes 75.000 items, its overall equipment effectiveness is 75.000 (8 × 10.000)⁄ × 100% =

 93.75%. Besides, we distinguish downtime due to operational failure and technical failure, where an 

operator mistake often causes operational failure, and failure of equipment causes technical failure. 

Since the technical failure is within the responsibility of the solution provider (and operational failure is 

not), we will only consider the technical failure in calculating system availability. 

 

We consider a system being technically available when it can meet the throughput where the solution 

provider and its customer agreed on. A system is unavailable when due to technical failure, the system 

is not able to meet on the agreed throughput (Vlasblom, 2009). For the long-run performance of the 

system, the following formula holds (Niebel as cited in Vlasblom, 2009): 

 

𝐴𝑇 =
𝑀𝑇𝐵𝐹

𝑀𝑇𝐵𝐹+𝑀𝐷𝑇
 (5.2)   

 

where 𝐴𝑇 represents the technical system availability, and the mean time between failures and mean 

system downtime are given by 𝑀𝑇𝐵𝐹 and 𝑀𝐷𝑇, respectively.  

5.2.2. Product and service modules determining System availability 

Integrated product and service configuration combines various product and service modules into one 

solution. Product modules represent the physical equipment with specific characteristics that 

determine uptime and downtime, and the service modules represent the intangible services that can 

affect the uptime and downtime of that equipment. In short, the product modules determine a 

specific base value for the availability and service modules can improve the availability of a 
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configuration by decreasing the downtime or increasing the uptime. Service modules are considered as 

the percentual improvement on the downtime or uptime for the configured equipment. In this 

research, we assume that uptime and downtime are known for every product module instance and are 

defined in 𝑀𝑇𝐵𝐹𝑗𝑘  and 𝑀𝐷𝑇𝑗𝑘, respectively. Moreover, we assume that percentual impact on the 

uptime or downtime of service module instances are defined in 𝑃𝑀𝑇𝐵𝐹𝑗𝑘 and 𝑃𝑀𝐷𝑇𝑗𝑘, respectively. 

 

 

Figure 5-2: System Availability 

5.2.3. Uptime   

Vlasblom (2009) conducted research within Vanderlande in which he determined the main factors that 

determine the uptime of a Material Handling System (MHS). The following factors are determined: the 

level of preventive maintenance, modifications and retrofits and system design. System design is 

dependent on the level of redundancy and the type of equipment that is selected. Following the 

reasoning of Vlasblom (2009), we exclude the influence of modification and retrofits; these are future 

interventions that adjust a system to future requirements. We excluded this factor because it is 

difficult to estimate the effect of this intervention. See Figure 5-2. In the remainder of this section we 

discuss the impact of system design and the level of preventive maintenance on the uptime.  

 

System design  

Type of equipment 

Each product module is built up from smaller pieces of equipment. A functional module (FM) fulfils a 

function, and a specific instance of this module will realise this function with a particular combination 

of equipment. The critical components in a module instance have a certain failure rate 𝜆. The reliability 

measures of those components are aggregated into 𝑀𝑇𝐵𝐹 (= 1/𝜆), specific for a product module 

instance. For this reason, each module instance can have a different value 𝑀𝑇𝐵𝐹 and therefore 

influences the system availability differently. To configure a system with a longer expected operational 

lifetime, a module instance with a higher 𝑀𝑇𝐵𝐹 must be selected, which means that the selected 

product module instance will influence the uptime of the system, and therefore its availability. 
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Level of redundancy 

Redundancy is added to MHSs in order to increase the availability or to increase the capacity. Adding 

redundancy is adding equipment with the same functionality to the system. To design a system with a 

longer expected operational lifetime or increased capacity, one can add a redundant line which 

duplicates the function of a critical component. For instance; a bypass line that helps items to follow 

another route through the system when it is (partly) down, so it can stay operational (either partially 

or as a whole). Alternatively, the capacity can be increased by adding more input lanes to the system 

to increase the input. To conclude, adding redundant equipment can be used to increase the capacity 

of the system or to increase the uptime of the system and therefore the availability. Therefore, we 

distinguish availability redundancy and capacity redundancy.  

 
Level of preventive maintenance 

With planned maintenance activities and conditional maintenance, it is possible to prevent a system 

from failure during operation. Maintenance activities are typically embedded in service modules. A 

higher frequency of inspection will increase the probability of noticing smaller problems and fixing 

them before a major breakdown occurs, so an increase in 𝑀𝑇𝐵𝐹. On the other hand, increasing the 

frequency of inspections will lead to higher direct maintenance cost. There can be argued that the 

effect of increasing frequency of inspections will diminish after several inspections, so there is a 

concave relationship between the number of inspections and the 𝑀𝑇𝐵𝐹. So, the first inspection has 

the most significant positive effect, and every next intervention will have less impact. In the case that 

the level of preventive maintenance is embedded in a particular service module, it will increase the 

uptime of the system, and therefore, the availability of the integrated product-service solution. 

5.2.4. Downtime 

Following Vlasblom (2009), we include the following three main elements that determine the 

downtime of an MHS: Mean Time To Repair (𝑀𝑇𝑇𝑅), Mean Logistic Delay Time (𝑀𝐿𝐷𝑇(𝑆𝑐𝑝)), and 

Mean Administrative Delay Time (𝑀𝐴𝐷𝑇). Figure 5-3 shows the typical elements from which the 

downtime is built up from during a technical failure in an MHS.  

 
Figure 5-3: breakdown of the mean downtime 

 

Each element in downtime has its decision variables that influence the downtime in an MHS, resulting 

in the following formula: 

 

𝑀𝐷𝑇 =  𝑀𝑇𝑇𝑅 +𝑀𝐿𝐷𝑇(𝑆𝑐𝑝) + 𝑀𝐴𝐷𝑇 (5.3)  

 

In Appendix 11.1, the reader can find detailed descriptions of the three different elements that 

together determine the downtime (𝑀𝐷𝑇). 
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5.2.5. Feature values availability of the demonstrating example 

This section provides more intuition behind the values of the features that correspond to system 

availability in our demonstrating example. Considering two module instances: Manual and Automatic. 

In Figure 5-4 the calculation of the 𝑀𝐷𝑇𝑗𝑘  and the 𝑀𝑇𝐵𝐹𝑗𝑘  are given. The example shows that the two 

instances are build-up from different equipment, and the number of times the equipment occurs in 

the instance can be different. The MDT and MTBF in this example are given in hour per week. To 

compose the 𝑀𝐷𝑇𝑗𝑘 and the 𝑀𝑇𝐵𝐹𝑗𝑘, there is considered that similar equipment is configured in 

parallel and blocks of different equipment are configured in series. For equipment that is configured in 

parallel, we consider that at least 50% of the equipment needs to be available. A more detailed 

calculation example is given in Appendix 11.3.  

 

 
Figure 5-4: Demonstrating Example - Product Module Instance Availability 

 

The service modules in our example are Maintenance Services and Spare Part services, see Table 5-1.  

In which the first one has three module instances with an increased maturity level from corrective 

maintenance to condition-based maintenance. Here, we expect that the chance of fixing smaller 

problems before a major breakdown occurs increases from corrective to condition-based 

maintenance. It explains the different percentual impact of the improvement (increase) of the 𝑀𝑇𝐵𝐹, 

which is denoted by 𝑃𝑀𝑇𝐵𝐹. For Spare Part services, there are two optional module instances. The 

first one is a one-stop webshop, in which the customer can order all the spare parts materials at a 

central webshop without the need to contact other suppliers for their spare parts. The second, which 

is the optimised spare part package, involves on-site spare part warehousing and replenishment tuned 

to the specific configuration. Here, we state that the optimised spare part package can better (faster) 

fulfil the requested spare parts when a technical failure occurs. Therefore, one can expect that the 

percentual improvement (decrease) of the downtime is higher with the optimised spare part package.  
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5.3. Feature and feature value corresponding to the objective: Customer Utility 

In this research, we assume that a solution is satisfactory to the customer when the solution has a high 

degree of configuration performance and a satisfactory price. We refer to this combination as utility. 

Configuration performance is a solution’s ability to meet technical requirements. The goal of this 

section is to explain the procedure to determine the feature value configuration performance (𝑝𝑗𝑘). 

The procedure is inspired by the research of Song & Chan (2015). This procedure includes two parts, 

where the first part (Section 5.3.1) is executed only once and serves as setup. Here, we explain what 

product and service attributes are and how to obtain these for a specific product family. After which 

product and service attributes are linked to specific module instances, and their relation is quantified 

in a correlation matrix. This setup is needed as input for the second part, where a customer-specific 

measure for configuration performance is obtained by the correlation matrix and the customer’s 

attribute weight vector.  

5.3.1. Product service attributes 

Product and service attributes are a technical representation of general customer requirements 

corresponding to a particular product family. A product family targets typically a market segment with 

products that are similar but meet slightly different needs or tastes (i.e. Parcel and Postal system) 

(Meyer & Utterback, 1992). Based on the assumption that within the company, there are experts that 

are knowledgeable about the customers in the market segment and have knowledge about the 

corresponding product family. An expert team will predefine these product and service attributes. 

Once the expert team determined the product and service attributes, it is given input for every 

configuration that belongs to a particular product family. An important aspect is that these product 

and service attributes are not specific to one customer, but general for a product family. Product and 

service attributes are characteristics of the integrated product-service solution, which makes it distinct 

from other product families. Attributes are more concrete functionalities, components and features 

that represent the technical customer requirements for a certain product family. For instance, a 

customer can state “the system needs to be reliable”, this is a fuzzy requirement that is internally 

expressed into one or more product or service attributes, for example: “equipment with high 

availability”, “preventive maintenance”, “system monitoring”. Acquisition of customer requirements 

and conversion into product and service attributes is not the focus of this paper. However, if 

interested, we refer to the industrial customer activity cycle (I-CAC), described in the research of Song, 

Ming, Han, & Wu (2013). In the remainder of this chapter, we refer to product and service attributes as 

PSS attributes. 

5.3.2. Correlation matrix 

Besides the fact that a product family is characterised by certain PSS attributes, also the module 

instances have attributes to portray itself. An expert team within the company is asked to map the 

relation between the PSS attributes and the existing product and service module instances. A relation 

between a product service module instance and a PSS attribute indicates that the module instance can 

fulfil the customer requirements that the attribute represent. For instance, the PSS attribute “system 

monitoring” can be fulfilled by both the module instances “bearing wear monitoring system” and “belt 
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conveyor elasticity monitoring system”. Figure 5-5 provides a schematic representation of PSS 

attributes and module instances; the dotted arrows indicate a relation between the two. Note that 

multiple module instances can be related to one or multiple PSS attributes and, also multiple module 

instances from different modules can be coupled to one or multiple PSS attributes. Correspondingly, a 

single module instance can contribute to multiple PSS attributes, again see Figure 5-5. From the 

previous example, imagine that both module instances “bearing wear monitoring system” and “belt 

conveyor elasticity monitoring system” can as well partly fulfil the PSS attribute “preventive 

maintenance”. In short, there exists a many to many relationship between the product service module 

instances and the PSS attributes. However, not all relations are equivalent, some relations between 

product service module instances and PSS attributes are stronger than others. We introduce a method 

that will quantify the relations between these two. Configuration engineers with rich experience and 

knowledge quantify these relations with a very strong, strong, weak or neutral relationship. We map 

these relations in a correlation matrix where each row represents a specific module instance, and each 

column represents a PSS attribute. Each element in the matrix represents the strength of the relation 

between the module instance and the PSS attribute. Adapted from Song & Chan (2015) the scores 9, 7, 

4, 1, 0 indicate a very strong, strong, medium, weak, and no relation respectively, see Table 5-2. Since 

these scores are somehow subjective, we advise to construct an expert team and invite each member 

to obtain this correlation matrix and check the consistency. There are several existing techniques 

available in the literature that have the goal to improve the consistency of judgements expressed in 

matrices (Song et al., 2013; Xu, 2003). Here again, once the expert team determined the correlation 

matrix, it is given input for every configuration that belongs to a particular product family, and the 

correlation matrix is not customer specific but corresponds to a product family. However, we advise to 

regularly evaluate the correlation matrix and whether the relations and scores still hold.  

5.3.3. Customer-specific feature value configuration performance 

This section assumes the PSS attributes and the correlation matrix that are described earlier, are given 

from now on. As customer requirements are often vague since the customer finds it hard to concretise 

the specific needs and requirements, the sales engineer will help the customer in expressing their 

specific requirements into the predefined PSS attributes. This is done by assigning weights to these PSS 

attributes. These attribute weights are used to determine a customer-specific feature value 

configuration performance (𝑝𝑗𝑘) for each module instance specifically. Each element in the weight 

vector represents the importance of that particular PSS attribute according to the customer, see Figure 

5-5. The vector contains a weight between 0 and 1 for each element and all the elements add up to 1. 

The upper part of Table 5-2 shows four PSS attributes with a corresponding weight. With a rough 

group Analytic Hierarchy Process (AHP), it is possible to accomplish prioritisation of the PSS attributes 

according to the customer, described in the research of Song, Ming, Han, & Wu (2013). Table 5-2 

shows an example of the correlation matrix, together with the customer attribute weight vector, and 

the most right column shows the module instance-specific values for configuration performance. Since 

PSS attributes are an internal translation of the customer requirements, and the correlation matrix 

represents to what extent a module instance fulfils a PSS attribute, the value for configuration 

performance is the module instance its ability to meet the customer requirements.  
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Figure 5-5: Product-Service Module Instances vs Product-Service Attributes 

5.3.4. Formal notation of configuration performance 

The remainder of this section provides a formal notation for the feature configuration performance. 

We define the PSS attribute vector as 𝑃𝑆𝐴 = [𝑃𝑆𝐴1, 𝑃𝑆𝐴2, … , 𝑃𝑆𝐴𝐿] and the weight of the customer 

to each attribute is denoted with the vector 𝑊𝑃𝑆𝐴 = [ 𝑊𝑃𝑆𝐴1 ,𝑊𝑃𝑆𝐴2 , … ,𝑊𝑃𝑆𝐴𝐿]. As mentioned before, 

the vector 𝑃𝑆𝐴 is fixed and given for a specific product segment, whereas the weight vector 𝑊𝑃𝑆𝐴 is 

customer-specific. The elements in the correlation matrix between the 𝑙th PSS attribute and the 𝑘th 

instance of module 𝑗. The matrix is then represented as follows: 

 

𝚪 =  

[
 
 
 
 
 
 
 
𝛾11,1 𝛾11,2 ⋯ 𝛾11,𝑙 ⋯ 𝛾11,𝐿
𝛾12,1 𝛾12,2 ⋯ 𝛾12,𝑙 ⋯ 𝛾12,𝐿
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝛾21,1 𝛾21,2 ⋯ 𝛾21,𝑙 ⋯ 𝛾21,𝐿
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝛾𝑗𝑘,1 𝛾𝑗𝑘,2 ⋯ 𝛾𝑗𝑘,𝑙 ⋯ 𝛾𝑗𝑘,𝐿
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝛾𝑀𝑁𝑀,1 𝛾𝑀𝑁𝑀,2 ⋯ 𝛾𝑀𝑁𝑀,𝑙 ⋯ 𝛾𝑀𝑁𝑀,𝐿]
 
 
 
 
 
 
 

 with dimensions (∑𝑁𝑗
𝑗∈𝑀

) × 𝐿 (5.4)  

 

where 𝛾𝑗𝑘,𝑙 indicates to what extent the 𝑘th instance of module 𝑗 can fulfil the 𝑙th PSS attribute. 𝛾𝑗𝑘,𝑙 is 

judged by configuration engineers with rich experience and knowledge. Recall that 𝑀 is the total 

number of modules, and 𝑁𝑗  represents the number of instances of the 𝑗th module, where 𝐿 is the total 

number of PSS attributes. We provide an example in Table 5-2, where the rows represent the module 

instances, and the columns represent the PSS attributes. The quantified relations in the correlation 

matrix are fixed once the subject matter experts have determined this, after which the matrix will be 

used for every integrated product service configuration corresponding to a particular product family.  

 



Chapter 5 – Establish Configuration Library – Feature Values 

 28 

Table 5-2: Correlation Matrix PSS Attributes vs. Module Instances 

 
 
Combining the customer weight column vector 𝑊𝑃𝑆𝐴 together with the correlation matrix 𝚪, we obtain 

the vector 𝒑. This is the feature value configuration performance for every instance in the 

configuration library. It represents to what extent the module contributes to the ability to achieve a 

specific functioning according to customer requirements. 𝑝𝑗𝑘  is thus defined as follows: 

 

𝒑 = 𝚪 ∙ 𝑊𝑃𝑆𝐴 = [∑(𝛾11,𝑙 ∙ 𝑊𝑃𝑆𝐴𝑙
),

𝐿

𝑙=1

∑(𝛾12,𝑙 ∙ 𝑊𝑃𝑆𝐴𝑙
),

𝐿

𝑙=1

⋯ ,∑(𝛾𝑗𝑘,𝑙 ∙ 𝑊𝑃𝑆𝐴𝑙
),⋯ ,∑(𝛾𝑀𝑁𝑀𝑙 ∙ 𝑊𝑃𝑆𝐴𝑙

)

𝐿

𝑙=1

𝐿

𝑙=1

] , (5.5) 

 

where ∑ (𝛾𝑗𝑘𝑙𝑊𝑃𝑆𝐴
𝐿
𝑙=1 ) indicates the comprehensive correlation between the 𝑘th instance of module 𝑗 

and the PSS attributes. It represents the ability to what extent the module instance can meet the 

specific customer requirements. 𝒑 represents a vector with the configuration performance of each 

module instance related to the customer requirements, see the examples shown in Table 5-2 in the 

most right column. 

5.3.5. Demonstrating example 

The expert team within the provider's company contains members that are often in contact with its 

customers and are knowledgeable about the product portfolio that the company provides to its 

customers. Assume that the expert team regularly find (fuzzy) customer requirements that are the 

same or similar to the requirements shown in the upper part of Figure 5-6. Together they are able to 

establish a number of product and service attributes (PSS attributes) that represent those customer 

requirements, whereas those PSS attributes are more concrete and represent actual characteristics of 

the MHS. These PSS attributes are shown in the middle part of Figure 5-6. Next, an expert team is 

asked to map the relations between the PSS attributes and the product and service module instances. 

Afterwards, these relations are quantified in the correlation matrix, as shown in Table 5-2.  
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To obtain a customer-specific feature value for configuration performance for each module instance, 

the sales engineer, together with the customer obtains the attribute weight vector. In Table 5-ii, these 

attribute weights are all given as 0.2 and together add-up to 1. Multiplying the correlation matrix with 

the attribute weight vector, we obtain the configuration performance for each module instance, and 

this is shown in the most right column in Table 5-2. PSS attributes are an internal translation of 

customer requirements, and the correlation matrix represents to what extent a module instance fulfils 

a PSS attribute. We state that feature value configuration performance, specific for a module instance, 

is the module instance’s ability to meet customer requirements.  

 

 
Figure 5-6: Fuzzy requirements into Attributes Example
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6. FORMULATION OF THE MULTI-OBJECTIVE OPTIMISATION 

PROBLEM 

In this chapter, we formulate a modular configuration optimisation of an integrated product-service 

solution as a multi-objective optimisation problem (MOOP). A MOOP is introduced to develop various 

concept solutions during the sales engineering process. Section 6.1 first provides an introduction.  

Sections 6.2, 6.3 and 6.4 provide a detailed description and a formal definition of the objectives profit 

ratio, system availability, and customer utility, respectively.  

6.1. Introduction 

On level 1 in Figure 6-1 two module instances are highlighted within the same functional module (FM) 

where both instances fulfil the functionality “Receiving” but score differently on the feature values. 

One can imagine that during the configuration of an integrated product-service solution, a 

compromise decision between those modules needs to be made, which is a compromise between the 

three objectives. Level 2 shows a fictive example of a configuration, indicated by the dark marked 

product-service module instances. Notice that for the configuration, only one module instance is 

selected for each of the mandatory modules. For the optional modules, it again holds that only one 

instance is selected, only if the optional module is used in the configuration. This particular 

configuration scores 5.3, 0.32, and 0.96 on the objectives customer utility, profit ratio, and availability, 

respectively. The goal of modular configuration optimisation is to find the best combination of product 

and service module instances that together maximise the objectives simultaneously.  

 

 
Figure 6-1: Configuration Selection 
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6.2. Optimisation objective of profit ratio 

Corresponding to the perspective of the Material Handling System (MHS) provider, an objective profit 

ratio is included in the MOOP, which is inspired by the work of Li et al. (2017). Choosing for a profit 

ratio will include the fact that the business is not able to invest unlimited in a project in order to gain a 

higher profit. Profit ratio is given by revenue minus the total cost divided by the total cost. It 

represents the percentage of sales that have turned into profits or, stated differently, how many cents 

of profit the business has generated for each euro of sales. Dependent on the financial objective of the 

PSS provider, it is also possible to replace this ratio with an objective that calculates only the profit, 

which is the revenue minus total cost. For this model, we assume that a higher profit margin is more 

desirable than the total profit. ∑ ∑ 𝑥𝑗𝑘𝑄𝑗𝑘𝑘𝑗  is the total revenue that the solution provider will gain 

from its configured product service system, where ∑ ∑ 𝑥𝑗𝑘𝐶𝑗𝑘𝑘𝑗   is the total cost for the provider.2 We 

obtain the measure for profit ratio 𝑃𝑅 as follows:  

 

𝑃𝑅 =
∑ ∑ 𝑥𝑗𝑘𝑘𝑗 (𝑄𝑗𝑘 − 𝐶𝑗𝑘)

∑ ∑ 𝑥𝑗𝑘𝐶𝑗𝑘𝑘𝑗
, (6.1) 

 

where 𝑥𝑗𝑘  is the binary decision variable, which represents whether the 𝑘th instance of the 𝑗th module 

is selected (𝑥𝑗𝑘 = 1) or not (𝑥𝑗𝑘 = 0). 𝐶𝑗𝑘  and 𝑄𝑗𝑘  are the corresponding cost and quotation of the 

module instance, respectively. A larger value for the profit ratio indicates an increase in the share of 

profit compared to the total incurred cost for the configuration. So, from the perspective of the 

solution provider, a higher value for 𝑃𝑅 is more desirable.  

6.3. Optimisation objective of system availability  

In this section, an objective measure for system availability within a modular PSS configuration is 

established, which incorporates the impact of services. To our knowledge, this objective is new to the 

research domain of modular PSS configuration. From Chapter 5, we know that we distinguish product 

and service module instances, in which product modules represent the physical equipment that has 

characteristics that determine uptime and downtime, and the service modules represent the 

intangible services that affect the uptime and downtime of the equipment. We assume that product 

module instances are configured in series, which implies that we multiply the availability of one 

module instance with the availability of the other instance in order to calculate the system availability. 

First, we provide the formula for system availability that only considers product modules, later we 

extend this by including the service modules. In the case that only product module instances are 

configured into a system, we calculate the availability as follows:  

 

∏(
∑ 𝑥𝑗𝑘𝑀𝑇𝐵𝐹𝑗𝑘𝑘

∑ 𝑥𝑗𝑘𝑀𝑇𝐵𝐹𝑗𝑘𝑘 + ∑ 𝑥𝑗𝑘𝑀𝐷𝑇𝑗𝑘𝑘
)

𝑗∈𝑃

, (6.2)  

 

                                                            
2 In this chapter we use ∑ = ∑  𝑗∈𝑀𝑗 and ∑ = ∑  

𝑁𝑗
𝑘=1𝑘 as abbreviations  
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where 𝑀𝑇𝐵𝐹𝑗𝑘 is the mean time between failures (uptime) and 𝑀𝐷𝑇𝑗𝑘   is the mean downtime 

(downtime) for the 𝑘th instance of module 𝑗. 

 
In this research, we model the effect of services as the percentual impact on the uptime and downtime 

on the configured equipment. So, when a service module instance is selected it will improve the 

uptime or downtime of the configured product module instances. For example, adding a particular 

service module instance can have the result that it improves (decreases) the downtime by 1%. The 

downtime will improve with this percentage for all the product instances selected in the configuration, 

independent from the exact selected product modules instances. So, it assumes that no matter what 

product module instances are configured, adding a particular service module instance will have 

relatively the same impact. Furthermore, we include that service modules are complementary, 

meaning that the effect of multiple service modules is aggregated into one measure for the total 

impact on uptime and one measure for the total impact on downtime. We define system availability 

𝐴𝑉 as follows:  

 

𝐴𝑉 =∏(
∑ 𝑥𝑗𝑘𝑓𝑢𝑀𝑇𝐵𝐹𝑗𝑘𝑘

∑ 𝑥𝑗𝑘𝑓𝑢𝑀𝑇𝐵𝐹𝑗𝑘𝑘 + ∑ 𝑥𝑗𝑘𝑓𝑑𝑀𝐷𝑇𝑗𝑘𝑘
) 

𝑗∈𝑃

, (6.3) 

 

where 𝑓𝑢 and 𝑓𝑑 represent the total impact of the services on the uptime and downtime respectively, 

and can be calculated as follows:  

 

𝑓𝑢 = 1 +∑∑𝑥𝑗𝑘𝑃𝑀𝑇𝐵𝐹𝑗𝑘
𝑘𝑗∈𝑆

, (6.4)  

 

 

𝑓𝑑 = 1 −∑∑𝑥𝑗𝑘𝑃𝑀𝐷𝑇𝑗𝑘
𝑘𝑗∈𝑆

 , (6.5)  

 

where 𝑃𝑀𝑇𝐵𝐹𝑗𝑘  and 𝑃𝑀𝐷𝑇𝑗𝑘  are given for the percentual impact on uptime and downtime 

respectively. 

6.4. Optimisation objective of customer utility 

In this research, we consider that a solution is satisfactory to the customer when the solution has a 

high configuration performance and a satisfactory price, which we refer to as utility. In the previous 

chapter, we obtained formula (5.5) that represents the configuration performance (𝑝𝑗𝑘) of a module 

instance. Following Li et al. (2017), we establish the configuration optimisation objective for customer 

utility 𝑈 as follows: 

 

𝑈 =  ∑∑𝑥𝑗𝑘𝑝𝑗𝑘𝑒
−𝑤∙𝑄𝑗𝑘

𝑘𝑗

(6.6)  
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where 𝑝𝑗𝑘  is the configuration performance of the 𝑘th instance of the 𝑗th module, and 𝑄𝑗𝑘  is the 

corresponding quotation,  𝑤 ∈ (0,1] is a quotation sensitivity constant, judged by the sales engineer. 

The exponential recovery function 𝑒−𝑤∙𝑄𝑗𝑘  represents the degree of configuration performance to the 

quotation of the 𝑘th instance of module 𝑗. A larger value for 𝑤 considers that the customer is more 

sensitive to the quoted price, while a smaller value of 𝑤 means that the customer is more concerned 

with the configuration performance alone. A higher value for 𝑈 indicates a configuration that is more 

in line with the customer requirements but also has a satisfactory price.  

6.5. Constraints of PSS configuration  

We will now discuss several constraints to which the variables in the above-described objectives are 

subjected to. We start with the restrictions on the dummy variable 𝑥𝑗𝑘. We have the restriction that 

each module must be selected in the configuration process. Moreover, only one module instance can 

be chosen for the selected module. These restrictions for 𝑥𝑗𝑘  are formulated as: 

 

∑𝑥𝑗𝑘
𝑘

= 1 ∀ 𝑗 ∈ 𝑀, (6.7)  

 

The next constraint says that the sum of the quotations of each module cannot be higher than that 

maximum price (𝑃𝑚𝑎𝑥) that the customer is willing to pay. However, it is not always the case that this 

maximum price is known. Thereby, including this constraint will exclude a part of the solution space 

where a suitable solution can be found. Therefore, we advise to include the constraint but set the 

value of 𝑃𝑚𝑎𝑥  to an unrealistic high value, so the presence of the constraint will not decrease the 

solution space.  

 

∑∑𝑄𝑗𝑘
𝑘

≤ 𝑃𝑚𝑎𝑥 .

𝑗

 (6.8)  

 

In addition, not all combinations of modules are rational in the PSS configuration. Not all module 

instances are independent. Therefore, the modular configuration should also satisfy the following 

combination rules adopted from two relevant papers about configuration optimisation (Song & Chan, 

2015; Xuanyuan, Jiang, Patil, Li, & Li, 2008):  

i. Mutually inclusive: This refers to the situation in which two modules always happen together. 
If module instance 𝑗𝑘 and module instance 𝑙𝑚 are mutually inclusive, when module instance 
𝑗𝑘 is not selected, the module instance 𝑙𝑚 cannot be selected either, and vice versa. 

ii. Mutually exclusive: when the module instances 𝑗𝑘, and 𝑙𝑚 are mutually exclusive, module 
instance 𝑙𝑚 cannot be selected when module instance 𝑗𝑘 is selected, which means that either 
one of the two module instances can be selected.  

 

We refer to these combination rules with variable R defined as:  

𝑅𝑗𝑘,𝑙𝑚 = {
 1 if module instance 𝑗𝑘 and 𝑙𝑚 are mutually inclusive,
−1 if module instance 𝑗𝑘 and 𝑙𝑚 are mutually exclusive,
 0 otherwise.

 (6.9)  
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where 𝑗 = 1, 2, …𝑀, 𝑘 = 1, 2, …𝑁𝑗, 𝑙 = 1, 2, …𝑀, 𝑚 = 1, 2, …𝑁𝑙. Then the constraint can be defined 

as follows: 

∑∑𝑅𝑗𝑘,𝑙𝑚𝑥𝑙𝑚
𝑚𝑙

= {
0 𝑥𝑗𝑘 = 0, 𝑅𝑗𝑘,𝑙𝑚 = 1,

0 𝑥𝑗𝑘 = 1, 𝑅𝑗𝑘,𝑙𝑚 = −1.
 (6.10)  

 

The above constraint shows that if a certain module instance is not selected, 𝑥𝑗𝑘 = 0, none of its 

mutually inclusive 𝑅𝑗𝑘,𝑙𝑚 = 1 module instances should be selected. In case a module instance is 

selected, 𝑥𝑗𝑘 = 1, it's mutually exclusive 𝑅𝑗𝑘,𝑙𝑚 = −1 module instances cannot be selected.  

 

Finally, we have some validity constraints, and Appendix 11.2 gives a full overview of the specific 

constraints per variable. 

6.6. The MOOP for PSS configuration  

We now show how the optimisation objectives described in equations (6.1), (6.2), and (6.4) can be 

combined into a MOOP. The three objectives all have the characteristic that a higher value is more 

favourable, meaning that all objectives need to be maximised. The complete objective function in the 

MOOP can then be defined as follows:  

 

𝐹(𝑋) = {max∑∑𝑥𝑗𝑘𝑝𝑗𝑘𝑒
−𝑤∙𝑄𝑗𝑘

𝑘𝑗

,  

max
∑ ∑ 𝑥𝑗𝑘𝑘𝑗 (𝑄𝑗𝑘 − 𝐶𝑗𝑘)

∑ ∑ 𝑥𝑗𝑘𝐶𝑗𝑘𝑘𝑗
, (6.11)  

max∏(
∑ 𝑥𝑗𝑘𝑓𝑢𝑀𝑇𝐵𝐹𝑗𝑘𝑘

∑ 𝑥𝑗𝑘𝑓𝑢𝑀𝑇𝐵𝐹𝑗𝑘𝑘 + ∑ 𝑥𝑗𝑘𝑓𝑑𝑀𝐷𝑇𝑗𝑘𝑘
) 

𝑗∈𝑃

}  

 

where 

𝑓𝑢 = (1 + ∑ ∑ 𝑥𝑗𝑘 ∙ 𝑃𝑀𝑇𝐵𝐹𝑗𝑘)𝑘𝑗∈𝑆 ,  𝑓𝑑 = (1 − ∑ ∑ 𝑥𝑗𝑘 ∙ 𝑃𝑀𝐷𝑇𝑗𝑘)𝑘𝑗∈𝑆 ,  𝑝𝑗𝑘 = ∑ (𝛾𝑗𝑘𝑙𝑊𝑃𝑆𝐴𝑙)
 
𝑙 ∈ 𝐿  

 

subject to 

∑ 𝑥𝑗𝑘
𝑁𝑗
𝑘=1

= 1 ∀ 𝑗 ∈ 𝑀  

∑ ∑ 𝑄𝑗𝑘 ≤ 𝑃𝑚𝑎𝑥
𝑁𝑗
𝑘=1𝑗∈𝑀 , 

∑ ∑ 𝑅𝑗𝑘,𝑙𝑚𝑥𝑙𝑚
𝑁𝑗
𝑘=1𝑗∈𝑀 = {

0 𝑥𝑗𝑘 = 0, 𝑅𝑗𝑘,𝑙𝑚 = 1

0 𝑥𝑗𝑘 = 1, 𝑅𝑗𝑘,𝑙𝑚 = −1
  

𝑥𝑗𝑘 ∈ {0,1} ∀ 𝑗 ∈ 𝑀 and ∀ 𝑘 ∈ 𝑁𝑗  

and the input validity constraints as given in Appendix 11.2.
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7. OPTIMISATION ALGORITHM  

As a result of extensive literature research in Chapter 2, we chose to apply the NSGA-II in this research 

for finding the best set of Pareto-optimal configurations.3 The proposed set of configurations helps a 

sales engineer choosing the best configuration in order to develop a concept solution that integrates 

services with their products. In this chapter, we will give a more technical description of the NSGA-II 

and how the algorithm is applied. 

7.1.  Principles of non-dominated sorting genetic algorithm (NSGA-II) 

The NSGA-II is a so-called elitist multi-objective evolutionary algorithm, where the term ‘elitist’ is 

generally referred to as ‘remembering the best solution found’. Elitism involves taking a small set of 

only the fittest candidates to the next generation, keeping them unchanged. Then, these fittest 

candidates that are preserved unchanged through elitism, remain eligible for selection as parents 

when breeding the remainder in the next generation. In the following sections, we will describe the 

algorithm step by step. First, we describe how the Genetic Algorithm (GA) is encoded in the context of 

our research in Section 7.1.1. Section 7.1.2 describes the concepts of crossover and mutation, followed 

by the fast non-dominated sorting principle in Section 7.1.3 and 7.1.4, respectively. The concepts of 

crowding distance and binary tournament selection are elaborated in Section 7.1.5. In Section 7.2, we 

will discuss the overall computation framework of the NSGA-II, followed by the ways of constraint 

handling in Section 7.3, and lastly, we demonstrate two examples in Section 7.4.  

7.1.1. GA encoding 

The basis of the GA is the representation of the configuration problem into a string called a 

chromosome. One chromosome represents the decision variables in a particular integrated product 

service configuration, the length of the chromosome is the total number of module instances 𝐵. Each 

gene in a chromosome represents a particular module instance, a group of genes represents one 

module. Figure 7-1 shows how the decision variable 𝑥𝑗𝑘  is encoded to describe the configuration 

problem, where 𝑥𝑗𝑘 = 1 in the case the instance is selected. We apply the theory of Goldberg (1989) 

here, who uses binary representation, meaning that each individual (module) is represented by a 

number of binary (0 or 1) bits (Sarker, Mohammadian, & Yao, 2002). Note that in our configuration 

problem it is only allowed to select one and only one module instance from a particular module, this is 

captured by the fact that we only allow one gene to be ‘1’ within a group of genes that represent a 

module. By this reasoning, our algorithm is only able to generate feasible solutions through the 

generation-growing process.  

                                                            
3 The set of Pareto-optimal configurations is a set of solutions that are not dominated by any member 
of the solution set. 
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Figure 7-1: GA Encoding 

7.1.2. Crossover and mutation  

To obtain feasible solutions, GA operations through crossover and mutation of chromosomes should 

take place based on satisfying the modular constraints. Crossover involves two individuals to breed, 

selected from the existing population, meaning that they randomly exchange certain groups of genes 

in order to generate offspring. Figure 7-2 shows the crossover mechanism. First, two individuals (which 

we refer to as parents) are selected. Second, within the chromosome of the parents, randomly groups 

of genes (modules) are selected as crossover points where after the two selected chromosomes 

generate two offspring chromosomes that share the characteristics of their parents. Subsequently, 

each individual in the offspring population 𝑂𝑡 will be exposed to mutation, meaning that with a 

predefined probability, a minor change will be applied to the chromosome. When a chromosome 

undergoes mutation, randomly a group of genes (a module) will be selected, and within this module, 

another gene (module instance) will be selected. As described in the general encoding part above, we 

constrained the code by allowing only one gene within a module to be ‘1’. Referring to the binary 

representation that we use, note that a selected module instance gets a 1, the others have 0. This 

process is also shown in Figure 7-2. Thus, selecting another module instance will automatically 

deselect the first module instance, because otherwise, the solution will not be feasible anymore.  

 

 
Figure 7-2: Crossover and Mutation 

7.1.3. Fast non-dominated sorting 

In order to determine which of the individuals are carried to the next population, individuals are 

evaluated according to our three objectives customer utility, profit ratio and system availability. We 

can obtain the value (fitness) for each individual in the population. Next, based on the fitness value, it 

is possible to identify the non-dominated front. Each solution can be compared with every other 

solution in the population to find whether it dominates another individual or it will be dominated by 
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another individual. An individual 𝑥1 will dominate 𝑥2 if every single fitness value is no worse than 𝑥2, 

and at least one of the objective values is better than the other. So, solution 𝑥1 is no worse than 𝑥2 in 

all objectives, and solution 𝑥1 is strictly better than 𝑥2 in at least one objective. Then we can say 𝑥1 

dominates 𝑥2 and 𝑥2 is dominated by 𝑥1. Deb, Pratap, Agarwal, & Meyarivan (2002) propose a fast 

non-dominated sorting procedure that works as follows: Two calculations are done, namely the 

domination count which is the number of individuals that dominates the given individual, and the 

domination set which is a set of individuals that the given individual dominates. The result of this fast 

non-dominated sorting approach is a subdivision of the population in the corresponding non-

dominated fronts, where the individuals in the first front (𝐹1) are dominated by none of the other 

individuals, correspondingly the individuals in 𝐹2 are only dominated by the individuals in 𝐹1, the 

individuals in 𝐹3 are only dominated by 𝐹1 and 𝐹2, and so on. In the worst case, there are 𝑁 fronts and 

there exists only one solution in each front. Figure 7-3 shows the first individuals of the first front in 

black, and the individuals of the second front in white.  

7.1.4. Crowding distance 

Along with convergence to the Pareto-optimal set, it is desired that the algorithm maintains a good 

spread of the solutions in the obtained set of solutions (Deb et al., 2002). To evaluate the rank of the 

solutions within a front, the crowding distance is calculated. The crowding distance calculates the 

average distance of the points on either side of the particular individual along each of the objectives. 

This distance serves as an estimate of the perimeter of the rectangle formed by the nearest 

neighbours, see Figure 7-3.   

 
Figure 7-3:  Non-dominated fronts and crowding distance 

7.1.5. Binary tournament selection 

The binary tournament selection then uses this crowding distance to select the parent group of the 

current generation. Two randomly chosen individuals will enter a tournament, and the one with the 

best fit is chosen. Here, there are three criteria to check for the best fit. First of all, a feasible individual 

is always preferred above an infeasible one, referring to constraints we have set for the outcome of 

our solution. The handling of constraints is elaborated in Section 7.3. If both individuals are feasible, it 

ranks the individuals according to their non-dominated front rank. Here count the lower the better, as 

a low rank means that few fronts dominate. If both individuals belong to the same front, the selection 

is based on their crowding distance. Here counts the greater the better, as a great distance means that 

the solution covers a good part of the solution space. We prefer solutions with a lower (better) non-
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domination rank. If both solutions belong to the same front, then we prefer the solution that is located 

in a less crowded region.   

7.2. Computation framework of NSGA-II 

Now we have discussed all the terms and concepts belonging to the algorithm, we will describe the 

computation framework of the NSGA-II in this section. The overall computation framework of the 

NSGA-II is also visually illustrated in Figure 7-5. 

 

Initialisation  

Initially, a random parent population 𝑃1 is created with 𝑁 feasible solutions, so 𝑁 represents the 

population size, and every individual represents a particular configuration and is captured in a 

chromosome. Each individual is assigned to its non-domination front (rank) based on its value on the 

three fitness functions. Afterwards, an offspring population 𝑂1 is created by binary tournament 

selection, crossover, and mutation. 

 

Main loop 

First, a combined population 𝑅𝑡 = 𝑃𝑡 ⋃𝑂𝑡  is created, with a population size 2𝑁. Then the population 

𝑅𝑡 is sorted using fast non-dominated sorting. Now, solutions that belong to the best non-dominated 

front (𝐹1) are the best solutions in the current population, and firstly those solutions are carried to the 

new population 𝑃𝑡+1. In the case that the set of solutions in 𝐹1 is smaller than the population size 𝑁, 

we select all the members from this set for the new population. The remaining individuals of the 

population 𝑃𝑡+1 are selected from the subsequent non-dominated fronts in the order of their ranking. 

Since we only allow 𝑁 members in a population, probably a subsequent front (𝐹2, 𝐹3, etc.) does not 

completely fit into the population 𝑃𝑡+1. In the case that a subsequent front does not completely fit 

into the population, we rank those members based on the crowding distance and select only the 

individuals that score the best on the crowding distance. This process ensures elitism and diversity 

preservation, the selection process is illustrated in Figure 7-4.  

 

 
Figure 7-4: NSGA-II selection procedure 
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7.3. Constraint handling 

Following the literature on multi-objective genetic algorithms, constraints are not addressed directly. It 

is assumed that a penalty approach is used to treat constraints (Marler & Arora, 2004). This means 

that individuals that violate one or more constraints are less likely to be chosen because a penalty is 

given. We identify the following constraints as being important in the context of our research:  

 

Module combinations 

Mutually in- and exclusive modules. Due to certain functionalities modules have, it can be preferable 

that selecting one module must assure that another model is also selected, or not having selected a 

module must assure that another module is also not selected (mutually inclusive). Or that having 

selected a certain module must assure that another module is not selected, and vice versa (mutually 

exclusive).  

 

Maximum solution price 

It can occur that a customer has indicated the maximum price that they are willing to pay for the 

whole solution. In that case, a maximum solution price constraint is added. When specific modules are 

selected that together exceed this maximum price, and thus the constraint is violated, a penalty is 

given.  

 
In the visual representation of the execution of the NSGA-II in Figure 7-5, we indicate when constraint 
handling occurs.  

 
Figure 7-5: flow diagram NSGA-II 
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7.4. Validation of the Genetic Algorithm 

In order to validate our implemented NSGA-II, we run two experiments, the first one shows the 

applicability of the algorithm in a randomly generated case. In the second experiment, we apply the 

algorithm to the demonstrating example.  

 

Experiment with random data 

The performance of the algorithm is said to be good if the maximum, minimum and average are 

identical after many dozen of runs, which means that the optimal solution can be obtained in the case 

of multiple runs (H. Li et al., 2017). Therefore, we executed the algorithm 30 times with 250 evolving 

generations and concluded that the output did not differ much between the runs. In order to find the 

Pareto-optimal solutions with our algorithm we set the population size to 120, and the mutation 

probability and crossover rate 0.4 and 0.3, respectively.  

 
Results  
Figure 7-7 present the results and show the average profit ratio, customer utility, and system 

availability among a population, after several generations the averages are less fluctuating, which 

indicates that the algorithm is converging towards a compromise. Figure 7-6 shows the initial 

population and the population after 50 generations, the solution in generation 50 constitute a clear 

front. Together with the fact that our algorithm is able to find every run similar results, we conclude 

that the solutions are on or close to the Pareto-front.  

 
Figure 7-6: Initial population (left) and the population after 50 generations (right) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-7: Average Profit Ratio, Customer Utility, and System Availably 
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Demonstrating example 

Since the number of modules and module instances in our demonstrating example is relatively small, 

we derive the Pareto-optimal solutions by enumeration. In order to show that the implemented NSGA-

II is working sufficiently, we compare the output of our algorithm with the derived Pareto-optimal 

solutions. With 𝑁1 = 3, 𝑁2 = 2, 𝑁3 = 3, 𝑁4 = 3, and 𝑁5 = 3 we have in total 3 × 2 × 3 × 3 × 3 =

162 possible configurations, and in this example, we assume that there are no configurations 

constrains. By enumeration, we found in a total of 15 Pareto-optimal solutions. In order to find the 

Pareto-optimal solutions with our algorithm, we set the population size to 120 and the number of 

generation to 250,  the mutation probability and crossover rate 0.3 and 0.1, respectively.  

After running the algorithm once, we found that eight solutions were Pareto-optimal. As mentioned 

above, by enumeration, we found in total 15 Pareto-optimal solutions, which means that our 

implemented NSGA-II is capable of finding 8 out of 15 Pareto-optimal solutions, which is slightly more 

than a half. Note that this result is achieved only after one run of the algorithm, at which no parameter 

tuning is applied. We expect that with running the algorithm more often and with tuning the 

parameters, we can find more Pareto-optimal solutions. We conclude that our algorithm is able to find 

Pareto-optimal solutions.   
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8. SELECTION OF THE BEST COMPROMISE SOLUTION 

Solving the multi-objective optimisation problem with the NSGA-II results in a set of non-dominated 

solutions on, or close to, the Pareto-optimal solutions. Since the set of non-dominated solutions can be 

as large as the population size of the NSGA-II, a mathematical model for selecting the best compromise 

solution is desirable. In this chapter, we explain the selection procedure.  

 

Fuzzy selection method – membership function 

Due to the imprecise nature of the decision maker’s judgement, the 𝑛th objective function of a 

solution in the Pareto-optimal set 𝐹𝑛 is represented by a membership function 𝜇𝑛 defined as (Abido, 

2006) 

𝜇𝑛 =

{
 
 

 
 1,    𝐹𝑛 ≤ 𝐹𝑛

𝑚𝑖𝑛

𝐹𝑛
𝑚𝑎𝑥 − 𝐹𝑛

𝐹𝑛
𝑚𝑎𝑥 − 𝐹𝑛

𝑚𝑖𝑛
, 𝐹𝑛

𝑚𝑖𝑛 < 𝐹𝑛 < 𝐹𝑛
𝑚𝑎𝑥

0,    𝐹𝑛 ≥ 𝐹𝑛
𝑚𝑎𝑥 .

 (8.1)  

 

Where 𝐹𝑛
𝑚𝑎𝑥  and 𝐹𝑛

𝑚𝑖𝑛 are the maximum and minimum of values the 𝑛th objective function, 

respectively. For each non-dominated solution 𝑘, the normalised membership function 𝜇𝑘  is calculated 

as: 

𝜇𝑘 =
∑ 𝜇𝑛

𝑘𝑁𝑜𝑏𝑗
𝑛=1

∑ ∑ 𝜇𝑛
𝑗𝑁𝑜𝑏𝑗

𝑛=1
𝑃
𝑗=1

(8.2)  

 

where 𝑃 is the number of non-dominated solutions. 𝑁𝑜𝑏𝑗  is the number of optimisation objectives, in 

our case 𝑁𝑜𝑏𝑗 = 3. The solution with the minimum value for 𝜇𝑘  is the best compromise solution. 𝐹𝑛
𝑚𝑎𝑥  

and 𝐹𝑛
𝑚𝑖𝑛 can be set by a decision-maker according to fuzzy requirement intervals, where the 𝐹𝑛

𝑚𝑖𝑛 is a 

value that the configuration at least needs to achieve. For the objectives profit ratio and system 

availability, the values of 𝐹𝑛
𝑚𝑖𝑛 are intuitive as it is directly interpretable, e.g. the configuration should 

achieve an availability of at least 0.8 or should have a profit ratio of at least 0.3. 𝐹𝑛
𝑚𝑎𝑥  can be set to a 

value from which we are satisfied when the configuration achieves at least that value, e.g. a decision-

maker can state that configurations with an availability higher than 0.95 are equally good. Again, for 

the profit ratio and system availability, the values of 𝐹𝑛
𝑚𝑎𝑥  are intuitive. However, it is possible that the 

decision-maker is not able to determine the values for 𝐹𝑛
𝑚𝑖𝑛 and 𝐹𝑛

𝑚𝑎𝑥, for example, when the 

objective is not that intuitive (which is the case with utility), or simply because the values are not 

known. We then advise using the corresponding minimum and maximum objective value from the set 

of solutions obtained from the multi-objective optimisation, because then decision-maker gets a 

relative score of this objective. By this reasoning, the objective utility becomes more interpretable.  

By using the normalised membership function (𝜇𝑘) from equation (8.1) and (8.2), the set of solutions is 

more interpretable for the decision-maker as he can compare values on a relative scale. Note that a 

value of zero is the most desirable. 𝐹𝑈
𝑚𝑎𝑥  and 𝐹𝑈

𝑚𝑖𝑛, 𝐹𝑃𝑅
𝑚𝑎𝑥  and 𝐹𝑃𝑅

𝑚𝑖𝑛, 𝐹𝐴𝑉
𝑚𝑎𝑥 and 𝐹𝐴𝑉

𝑚𝑖𝑛, are the 

maximum and minimum values corresponding to the objective customer utility, profit ratio, and 

system availability, respectively. 
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9. CASE STUDY 

In this chapter, we report a case study within Vanderlande to test the applicability of the proposed 

method of integrated product-service solution configuration using multi-objective optimisation. In 

Section 9.1, we provide a more detailed description of a Vanderlande Parcel & Postal system (P&P), 

on which we will focus on this chapter. In Section 9.2, we establish the module library and establish 

the feature values in Section 9.3. In Section 9.4, we obtain the non-dominated solutions and discuss 

them in Section 9.5 and 9.6. 

9.1. Vanderlande Parcel and Postal System  

The proposed model is built to be general and applicable to all the product segments within 

Vanderlande, but the more specific product and customer knowledge are needed to configure a 

solution that can be validated. The scope of our case study will be on the Parcel and Postal (P&P) 

segment of Vanderlande. P&P is selected because it is a less complicated system compared to other 

Vanderlande systems, from which it is easier to have a sufficient understanding of the customer as 

well as the product. Furthermore, in our analyses, we found that within P&P, there are already 

useful data available that can be used in the case study.  

9.1.1. Product description P&P 

P&P systems are the core systems within a parcel or postal delivery network. Shipment of goods 

begins with the so-called “first-mile” and ends with the “last-mile”. The first mile refers to the goods 

entering into the distribution network, i.e., the parcel can be picked up at the sender’s location by a 

courier, or can be dropped off at a postal outlet by the sender. The same principles apply to the last 

mile, that is the last step in the delivery network. Usually, the parcel is brought to the recipient’s 

home or office, and it can also be stored until the recipient picks up the parcel or forwarded to 

another address. For parcel distribution, often a hub-and-spoke network is combined with depot 

networks, see Figure 9-1. For which a depot network is responsible for the “first-mile” and “last-

mile” and the hub-and-spoke network carries out the long-distance transport between the depots. 

In the depot goods from a larger area are collected and processed further with a single truckload 

towards a bigger hub. In this hub the packages from multiple depots are collected, subsequently 

sorted and transported to another hub by aircraft or line-haul afterwards, or towards a local depot 

in the region of the recipient. In this local depot, the goods are again sorted into smaller regions, and 

the last-mile is carried out by smaller vans. Vanderlande provides sorting systems that are used 

inside those depots and hubs. The packages from the trucks are loaded onto the P&P system, which 

will sort the packages on destination and subsequently load those packages onto the trucks that 

distribute the packages further. The Vanderlande systems are crucial to the delivery network, as the 

hubs and depots are interconnected with tight margins in order to achieve the agreed delivery 

times, sometimes even within the same day. In a short period of time, a truckload full of packages 

needs to enter the sorting system, sorted, and subsequently forwarded to another truck.  
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Figure 9-1: Spoke-and-hub delivery network 

 

Figure 9-2 shows a 3D drawing of a Vanderlande system. In the figure, we can recognise the three 

main areas, which are; receiving, sortation, and shipping. The receiving area consists of infeed zones 

from which packages enter the sorting system. In this case, the sortation is done by a so-called line 

sorter, by which goods are conveyed and released from the conveyor into an outfeed zone (chute) 

that represent a particular region. All the goods with the same destination region are gathered in the 

same outfeed zone from which they are loaded onto a truck. Within Vanderlande, there are various 

configurations of products for the receiving, sortation, and shipping areas. The type of sortation 

mechanism as well the sort- and shipping area depends on the capacity needed, the type of 

packages, and other customer preferences. A P&P system at an airport (air hub) that handles 

express packages has completely different characteristics than a P&P system at a city depot. The air 

hub receives packages consolidated in numerous truckloads and subsequently ships them in 

containers towards aircraft with various destinations, where a city depot needs to distribute the 

packages in smaller courier vans to deliver the goods at the location. So, the P&P systems are 

dependent on how they need to connect with the logistics infrastructure of the customer, and which 

link in the chain it fulfils.  

 

 
Figure 9-2: 3D drawing line-sorter 
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9.1.2. Postal system  

As mentioned earlier in this case study, we focus on P&P systems, even though Vanderlande’s 

product portfolio is so diverse that we will focus on a particular type of P&P system to make the case 

study as insightful as possible. Within Vanderlande Parcel companies are roughly classified into 

express companies and postal companies, where express companies are often a few large worldwide 

operating companies, and where postal companies are often smaller but have more specialised 

needs. Express companies acquire automated material handling systems (MHS) on a more regular 

basis and are knowledgeable about Vanderlande’s P&P systems; for them, it is practically a 

commoditised product. As they have their own engineering departments and are therefore primarily 

focused on acquiring equipment. For postal companies, the requirements are somewhat vague and 

do not precisely know what they want. As postal companies are more interested in total solutions 

that fulfil a complete business process and are extra interested in additional functionalities and 

services. Postal companies are more interesting as they are more receptive for recommendations, 

providing them with a complete proposal in terms of functionality and support could be more 

valuable. For that reason, we are focusing on P&P systems that are in line with the business needs of 

those postal companies.  

9.2. Establish Module library 

The P&P product and service modules and their instances are shown in Table 9-1 and Table 9-2. In 

this category, shown in Table 9-1, we establish in total four product modules; receiving, sorting, 

shipping and screening, with each having 4, 5, 7, and 2 instances respectively. Note that the first 

instance of the screening module is a dummy variable, as it is an optional module.  

 

Table 9-1: Product module instances P&P-Postal 
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We establish four service modules in total; hotline, spare parts, preventive maintenance, and 

correct, with each having 3, 3, 7, and 4 instances, respectively. Also, note that the first instance of 

preventive maintenance and correct are dummy instances as they are optional.  

 

Table 9-2: Service module instances P&P-Postal 

 
 

At this moment, we have established the module library within total 8 product and service modules, 

without further constraints, there are a total of 70560 possible configurations. A detailed product 

and service module description is provided in Appendices 11.1 and Error! Reference source not 

found., respectively.  

9.3. Feature values  

Determining the feature values for the product modules is convenient, however determining the 

feature values for the service modules is rather tedious. For product modules, the information about 

cost, quotation, downtime and uptime are already available. Pricing experts provide the cost and 

quotation within the company. Similarly, the mean downtime (𝑀𝐷𝑇) and mean time to failure 

(𝑀𝑇𝑇𝐹) for the product modules are determined together with configuration experts within the 

firm. The service modules are in general less tangible than the product modules. Determining the 

feature values for service modules are based on estimations by experts within the company, see 

Table 9-1 and Table 9-2. In Appendix 11.1, a detailed description of the service modules is provided 

and the reasoning behind the percentual effect on the uptime and downtime of the equipment is 

given.  

To determine the configuration performance of each module instance, we first define the 

corresponding PSS attributes for the P&P system on which we focus in this case study. The PSS 

attributes for the postal customer are given in Table 9-3. The matrix of correlation between the 

product and service module instances and the PSS attributes is given in Table 11-1 in Appendix 11.4. 

The correlations are scored according to Section 5.3.2. The correlation matrix is established together 
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with configuration experts within the company. There are several tools available in the literature to 

quantitatively determine the weights assigned to PSS attributes, however this is not part of our 

research. We chose to assign weights to the PSS attributes intuitively, which are shown in the upper 

row in Table 9-5. In the same way, we set the price sensitivity constant 𝑤 to 0.05. 

 

Table 9-3: Product Service System Attributes - Postal 

PSSA #:  description PSSA #:  description 

1  Receiving – single container   9  Storage  
2  Receiving – multi container  10  Automation  
3  Sortation – loop sorter - smalls  11  Asset Services – Support  
4  Sortation – loop sorter – regulars   12  Asset Services – Maintain   
5  Sortation – multisorter – regulars   13  Logistic Services – Optimize  
6  Shipping – single container   14  Logistic Services – Operate   
7  Shipping – multi container  15  Business Services – Consult   
8  Screening   16  Business Services – Participate   

9.4. Obtaining the non-dominated solutions with NSGA-II 

For solving the multi-objective configuration optimisation problem, the Non-dominated Sorting 

Genetic Algorithm II (NSGA-II), as described in Chapter 7, is implemented in Python 3. In this case 

study for optimising the configuration of a P&P system for parcel companies we used a population 

size of 120, crossover probability of 0.3, mutation probability of 0.4, and ran this for 250 

generations. We run the algorithm 30 times in order to find the optimal results. The algorithm was 

able to converge to the optimal solution at each run, and Figure 9-3 illustrates one of the running 

results. 

 
Figure 9-3: Population 1 (left) and population 250 (right) 

9.5. Selection of the best compromise solution  

Since the objectives for customer satisfaction, profit ratio, and system availability are not entirely 

consistent with each other, the solution of the integrated product service configuration is not a 

single solution but a set of solutions. Figure 9-3 shows the optimisation results, and each single point 

represents an optimised configuration. The optimisation result shows, with the increasing 
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generation of the algorithm, it can gradually approach a set of Pareto-optimal solutions that is 

reasonably distributed. Remark that the Pareto front in this case is discontinuous, and the non-

dominated solutions are clustered. In our case, we obtained a set of solutions as large as the 

population size 120, from which 99 solutions are unique non-dominated solutions. The sales 

engineers can select an optimised configuration based on the three objectives from the Pareto 

solution set. 20 solutions obtained from the NSGA-II are shown in Figure 9-5, the list is sorted in 

ascending order on the value of 𝜇𝑘. This value is obtained with equation (8.1) and (8.2) as described 

in Chapter 8. In this case, we set the following maximum and minimum values for the corresponding 

objectives.  

 

Table 9-4: Max and min objective values 

  Utility Profit Ratio Availability 

Max 8.4703 0.5664 0.95 

Min 3.3121 0.3 0.9 
 

We used the maximum value from the solution set for utility and profit ratio; the minimum value of 

utility is also set to the minimum of the solution set. Based on 𝜇𝑘  we select solution 7 as our first 

candidate, as shown in Figure 9-4, the solution can be decoded and will result in a list with the 

selected modules. The solution has the corresponding objective values 6.78, 0.47, and 0.96 for 

customer utility, profit ratio and system availability, respectively. The cost and quotation of this 

integrated product-service solution are 9,990,250 and 14,641,225 euro. The sales engineer can 

further investigate this solution as the first candidate, and a more detailed concept can be derived. 

 

 
Figure 9-4: Solution 7 - decoded example 

 

Selection of the best compromise solution with different customer budget 

In this analysis, the price sensitivity constant is doubled to 𝑤 = 0.1 because a greater value for 𝑤 

indicates that the customer is more sensitive to the quoted price, which has a direct effect on the 

customer utility of the solution. We obtain a set of 100 non-dominated solutions, after which the 

solutions are sorted in ascending order on 𝜇𝑘, based on the maximum and minimum values in Table 

9-5. The first five solutions are shown in Figure 9-6. In this case, we select solution 48 as our first 

candidate, the solution has the corresponding objective values 4.84, 0.48, and 0.95, for customer 

utility, profit ratio and system availability, respectively. The cost and quotation of this integrated 

product-service solution are 9,042,850 and 13,412,225 euro. The sales engineer can further 

investigate this solution as the first candidate, and a more detailed concept can be derived. 

 



Chapter 9 – Case Study 

 49 

Table 9-5: Max and min objective values - w=0.1 

  Utility Profit Ratio Availability 

Max 6.9516 0.5664 0.95 

Min 2.4365 0.3 0.9 

9.6. Results from the case study 

 
Figure 9-5: Solution set ordered ascending based on 𝝁𝒌 

 

 
Figure 9-6: Results w=0.1 

 

Analysing the results from Figure 9-5, it is interesting to see that solution 57 and 75 are equal in the 

solution space, meaning that these solutions have the same values for the corresponding objectives. 

However, they differ in the underlying configuration visible in gene 14 and 15. Further notice that a 

customer with a lower budget, and therefore more sensitive to the quoted price has a lower value 

for utility. Interesting to see is that the quotation of the solution is also lower when the customer is 

more sensitive for the quoted price, for us this is an indication that the method is capable of finding 

a suitable solution under different customer budgets. 

It is considered that using this method results in better comparing multiple concepts than in the 

current sales engineering process. This because the run time is less than 4 minutes, and makes it 

possible to quantitively compare different concepts, which is impossible to do manually. A last 

remarkable appearance from the results in the bitstring in Figure 9-5 the solutions that are provided 

show a lot of similarities. From this, we can conclude that a particular combination of modules that 

happen often can form a solid base from which the sales engineer can derive a detailed concept.
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10. CONCLUSION, DISCUSSION & FUTURE RESEARCH 

Conclusion 

This paper has presented a novel concept engineering method within Vanderlande. The study is set 

up to be as generic as possible. However, in order to validate the applicability of the proposed 

method, we make parts of our method specific to our case company. This paper reports a design 

research for the development of a method for an integrated product and service solution design. 

The proposed method considers a capital good like a Material Handling System (MHS) as a Product 

Service System (PSS) in order to combine product and services into an integrated solution. PSS is a 

business strategy that embraces product service modular design technology to configure solutions. 

In order to find an optimal combination of product and service modules, it requires simultaneous 

consideration of multiple objectives, which are conflicting with each other. The objectives are 

conflicting since they represent the different perspectives of the customer and the provider during 

the acquisition of an MHS. Modular configuration implies that analysing each feasible solution is a 

combinatorial problem since the solution space becomes enormous when more modules with 

multiple instances are considered. 

Furthermore, there exists no single optimal solution, i.e. the solution is Pareto-optimal, which is a 

set of valid optimal solutions. In this paper, we formulate the configuration problem as a Multi-

Objective Optimisation Problem (MOOP) for which we measure the performance of each 

configuration based on three objectives: customer utility, profit ratio, and system availability. To our 

knowledge, the latter objective is new to the literature of modular PSS configuration. We state that 

an optimal solution is a compromise between a suitable profit ratio for the provider, while the 

customer gains an appropriate configuration performance and a satisfactory price, and ultimately all 

with sufficient system availability. A Non-dominated Sorting Genetic Algorithm II (NSGA-II) is used to 

find the Pareto-optimal solutions to our MOOP. We showed the applicability of the NSGA-II to solve 

the problem and converge to a Pareto-optimal solution set from a large number of feasible 

solutions. A sales engineer is then able to investigate further these solutions from which a detailed 

concept can be derived. As the Pareto-optimal solution set can be large, and it is probably 

inconvenient to consider them all, a fuzzy-based selection procedure is employed that selects the 

first candidate. Lastly, a case study is reported to show the applicability of the proposed method. We 

conclude that the method has potential to work in a concept engineering phase within Vanderlande 

since it is now possible quantitively analyse multiple solutions in a short period of time. 

 

Discussion 

Conventional configuration methods only consider product configuration and do not incorporate 

service configuration, while even fewer consider the combination of the two. This paper enhances 

literature by supplementing a research area in which products and services are considered into one 

configuration method. However, relevant research often uses knowledge-based reasoning and a 

descriptive design method. In this paper, we consider an engineering method based on quantitative 

analysis. Literature that is using an engineering method propose a design method that only 

considers one perspective, mostly that of the customer, making it difficult to reflect the nature of 

the negotiation process during the acquisition of a capital good as an MHS. This research includes 
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multiple objectives that reflect the perspective of both the customer and the provider. In literature, 

these multiple objectives are eventually translated into a single-objective in order to acquire 

solutions. This research proposes an approach based on multi-objective optimisation genetic 

algorithm to solve the multi-objective configuration optimisation problem that integrates both 

products and services. It provides a set of optimised solutions that successfully balance the multiple 

objectives of the different perspectives. Due to the imprecise nature of human decisions, a fuzzy-

based configuration evaluation and selection mechanism is proposed, which helps to extract the 

best compromise solution from the Pareto optimal set. The proposed method can help designers 

(sales engineers) to effectively and quickly find the optimised concept solutions satisfying multiple 

objectives from a large number of feasible solutions. In this respect, it enhances the efficiency of 

integrated product-service solution design. Moreover, it avoids unnecessary subjectivity in the 

design process, hence the quality of the solution is less dependent on the experience of the sales 

engineer and is based on a quantitative engineering method. The proposed method can be 

implemented within a tool that provides guidance for effective decision making during the sales 

engineering process of the MHS provider. The tool configures a number of integrated product-

service solutions. 

 

Future Research 

Although the proposed method avoids unnecessary subjectivity, the definition of the PSS attributes 

and the quantified relations between the PSS attributes and the modules instances are somewhat 

subjective, it would be appropriate to include a more objective method in future research.  

This research considers a specific product family (product group) within Vanderlande: Parcel and 

Postal. It is adequate to test the applicability of the proposed method for other product families 

within Vanderlande. 

This research is concise in the definition of product and service modules within a modular structure. 

However, defining a modular structure of both the equipment and service processes is suitable for 

further research. There are various studies that investigate methodologies for optimal modular 

product family architecture. 

In this research the modular product-service configuration is translated into a multi-objective 

optimisation problem, in which there are no hierarchical dependencies between the objectives. In 

future research one can examine whether there are hierarchical dependencies between the 

objectives, for which we suggest translating the configuration optimisation in to a leader-follower 

joint optimisation model.  
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11. APPENDIX  

11.1. MTTR and MLDT 

Mean Time to repair (𝑴𝑻𝑻𝑹) 

The mean time to repair is the expected time to correctively repair a module instance. It is the time 

from the moment that the maintenance engineer arrives at the site until the engineer is able to repair 

the system. In which we exclude the time for collecting the necessary spare part. We distinguish two 

parts; the time to diagnose the failure and the time to repair the failure. In which we argue that the 

time to repair the failure (𝑀𝑇𝑇𝑅 − 𝐵) is specific for the type of equipment (selection of product 

module instances) and where we state that the time de diagnose a failure (𝑀𝑇𝑇𝑅 − 𝐴) is dependent 

on service module instance selected.  

 

𝑀𝑇𝑇𝑅 − 𝐴 is the time to diagnose the failure and is dependent on the type of service that is 

configured within the integrated product-service solution. The different service types have a certain 

number of maintenance engineers with other types of skillsets that execute various service processes. 

We state that a maintenance engineer with more experience can diagnose a failure faster than an 

engineer with a minor skillset. Further, we argue that when multiple failures occur within a short time, 

more maintenance engineers are capable of resolving the problems more quickly. So, 𝑀𝑇𝑇𝑅 − 𝐴 is 

dependent on the type of service and the intensity of this service, these are embedded in service 

modules.  

 

The time to repair the failure (𝑀𝑇𝑇𝑅 − 𝐵) is dependent on the type of equipment. In the case that a 

failure occurs, the failed component will be replaced, the time to replace (repair) the component is 

assumed to be dependent corresponding product module. This because a product module instance 

contains the characteristics that influence the mean downtime (𝑀𝐷𝑇). For example, the easiness to 

repair the system, and when a failure occurs and how often a failure will occur. So, each product 

module instance will have a particular base value for the downtime, which is dependent on the type 

and number of critical components in a module instance.  

 

To design a solution with a lower expected downtime, product modules with a lower 𝑀𝑇𝑇𝑅 − 𝐵 must 

be selected, or service modules which improve (decrease) the time to diagnose the failure 𝑀𝑇𝑇𝑅 − 𝐴 

of a system.  

 

Mean Logistic delay time (𝑴𝑳𝑫𝑻) 

When a technical failure occurs within the module instance, it is often due to a technical failure in one 

of the components. In general, this will be resolved by replacing the component. In order to quickly 

resolve technical failures, often a spare part inventory is kept on-site. Time to collect the spare part is 

dependent on the current spare part level on-site. When a spare part is available the time to collect 

the spare part is almost negligible compared to the rest of the 𝑀𝐷𝑇. In the case that the spare part is 

not available, the solution provider will transport the spare part with an emergency shipment, this can 

have a substantial impact on the 𝑀𝐷𝑇. Therefore, for each module instance, the most critical 

components are stocked, the stock level policy will influence the probability out of stock. Where a 
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higher stock level will generally reduce the chance that there is no spare part on the moment that a 

part is needed but entails higher costs for both initial investment and holding cost, where a lower 

stock level will decrease the cost, but the probability out of stock will be higher. Based on the stock 

level 𝑆 of SKU 𝑐𝑝, it is possible to calculate the Mean Logistic Delay Time (𝑀𝐿𝐷𝑇) for the given SKU as 

follows:  

 

𝑀𝐿𝐷𝑇(𝑆𝑐𝑝) = 𝑇𝑇 + ∑
𝑚𝑐𝑝

𝑀
𝑃𝑐𝑝(𝑆𝑂) ∙ 𝑇𝐸𝑐𝑝

𝐶𝑃

𝑐𝑝=1
 (5.3)  

 

Assume that there are total 𝐶𝑃 number of critical parts in a module instance, where 𝑆𝑐𝑝 is the stock 

level of SKU 𝑐𝑝 (for 𝑐𝑝 = (1,… , 𝐶𝑃)). 𝑇𝑇 represent the expected travel time from the local warehouse 

to the location of the failure, and 𝑇𝐸𝑐𝑝 is the expected emergency shipment time for SKU 𝑐𝑝 when it is 

out of stock. 𝑚𝑐𝑝 is the failure rate of SKU 𝑐𝑝 in the module instance, where 𝑀 is the failure rate of the 

whole module instance. The out of stock probability 𝑃𝑐𝑝,𝑗(𝑆𝑂) is based on the Erlang loss system. With 

the number of parts in repair follows an M/G/c/c queue, with 𝑐 = 𝑆𝑐𝑝 parallel servers, the arrival rate 

𝑚𝑐𝑝 and the mean replenishment time 𝑇𝑃𝑐𝑝. (Houtum and Hoen, 2008) 

 

The above calculations can be used to calculate the number of spare parts needed (and investment) 

for a specific SKU to achieve a specific service level. Differently, for a given investment, the optimal 

combination stock level per SKU 𝑐𝑝 = (1,… , 𝐶𝑃) can be calculated. So, when the customer only has a 

fixed amount to invest in spare parts, the calculations can be used to calculate the best performing 

portfolio of SKU levels in terms of logistic delay time. Our model has not as objective to determine the 

optimal stock level, and we use the characteristic to calculate the expected mean logistic delay time 

for a given investment. With this property, we can relate a particular spare part package to the 

downtime of the MHS and therefore its availability. Spare part inventory is mostly defined in particular 

service modules. We assume that it is possible to define a generalisation of spare part service modules 

that represent a 𝑥 percentage of the total equipment cost will result in a 𝑧 percentage decrease in 

downtime. A higher investment in spare parts will in general lead to higher availability of spare parts 

and therefore an improvement (decrease) of the 𝑀𝐿𝐷𝑇 and therefore the 𝑀𝐷𝑇, which results in 

higher system availability.  

 

Mean administrative delay time 

The mean administrative delay time is defined as the time between the moment when the actual 

failure occurs and the moment that the maintenance engineer arrives at the site. When a failure 

occurs, the failure first needs to be noticed where after a maintenance engineer needs to be alerted to 

go to the site and start with the failure diagnosis. The mean administrative delay time depends on the 

type of contract and is dependent on several variables like; system size, monitoring systems, travel 

distance to and within systems, and presence of an on-site team, call-centre, or response team. These 

variables are typically embedded in service modules.  
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11.2. List with variables  

𝑥𝑗𝑘  is the binary decision variable, which represents whether the 𝑘th instance of the 𝑗th module is 

selected (𝑥𝑗𝑘 = 1) or not (𝑥𝑗𝑘 = 0). 

𝑀 is the total set of modules 

𝑁𝑗  is the number of instances of module 𝑗 

𝐿 total number of product-service attributes where 𝑙 = (1,2, … , 𝐿)  

𝑃 is a subset of 𝑀 with product modules, where 𝑃 ⊆ 𝑀 

𝑆 is a subset of 𝑀 with service modules, where 𝑆 ⊆ 𝑀, and 𝑃 ∩ 𝑆 =  ∅ 

𝑅 is a subset of 𝑀 with mandatory modules, where 𝑅 ⊆ 𝑀 

𝑂 is a subset of 𝑀 with service modules, where 𝑂 ⊆ 𝑀, and 𝑅 ∩ 𝑂 =  ∅ 

𝑄𝑗𝑘  is quotation the 𝑘th of instance of the 𝑗th module 

𝐶𝑗𝑘  is cost the 𝑘th of instance of the 𝑗th module 

𝑀𝑇𝐵𝐹𝑗𝑘  is the mean time between failures (uptime) for the 𝑘th instance of module 𝑗 

𝑀𝐷𝑇𝑗𝑘  is the mean down time (uptime) for the 𝑘th instance of module 𝑗 

𝑓𝑢 is the uptime factor that represent the impact of the (service) module instances on the equipment 

𝑓𝑑 is the downtime factor that represent the impact of the (service) module instances on the 

equipment 

𝑃𝑀𝑇𝐵𝐹𝑗𝑘  represent the percentual uptime impact of the 𝑘th instance of module 𝑗 

𝑃𝑀𝐷𝑇𝑗𝑘  represent the percentual downtime impact of the 𝑘th instance of module 𝑗 

𝑃𝑆𝐴 is PSS attribute vector for a specific product segment.  

𝑊𝑃𝑆𝐴 is the PSS attribute weight vector of the customer. 

𝑃𝑚𝑎𝑥 is the maximum price that the customer is willing to pay  

 

For the variables the constraints are expressed as follows:  

The weights of the PSS attributes 𝑊𝑃𝑆𝐴 by definition need to sum up to one and are subjective to the 

non-negative constraint:  

∑𝑊𝑃𝑆𝐴 = 1

𝐿

𝑙=1

, 𝑊𝑃𝑆𝐴𝑙 > 0 (11.1)  

 

𝑄𝑗𝑘 , 𝐶𝑗𝑘 , 𝑢𝑗𝑘 , 𝑀𝐷𝑇𝑗𝑘 , 𝑃𝑀𝑇𝐵𝐹𝑗𝑘 , 𝑃𝑀𝐷𝑇𝑗𝑘 ≥ 0 ∀ 𝑗 ∈ 𝑀, (11.2)  

 

𝑀𝑇𝐵𝐹𝑗𝑘 > 0 ∀ 𝑗 ∈ 𝑀, (11.3)  

 

𝑀𝐷𝑇𝑗𝑘 = 0 ∀ 𝑗 ∈ 𝑆, (11.4)  

 

𝑃𝑀𝑇𝐵𝐹𝑗𝑘 , 𝑃𝑀𝐷𝑇𝑗𝑘 = 0 ∀ 𝑗 ∈ 𝑃. (11.5)  

 

For dummy modules instances (𝑗 ∈ 𝑂) and (𝑘 = 1) the following conditions hold:  

 

𝑄𝑗1, 𝐶𝑗1, 𝑢𝑗1, 𝑀𝐷𝑇𝑗1, 𝑃𝑀𝑇𝐵𝐹𝑗1, 𝑃𝑀𝐷𝑇𝑗1  = 0 ∀ 𝑗 ∈ 𝑂, (11.6)  

 

𝑀𝑇𝐵𝐹𝑗1 = 1 ∀ 𝑗 ∈ 𝑂. (11.7)  
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11.3. Operational availability 

In the example beneath the operational availability for a set of equipment configured in parallel (𝐴𝑛,𝑚) 

is shown. In this example we consider 𝑁 = 10, which are the number of components configured in 

parallel. 𝑀 = 5 is the maximum number of components that is allowed to fail to consider a set of 

equipment available. 𝐴 denotes the equipment availability.  

 

𝐴𝑛,𝑚 =∑
𝑁!

𝑖! × (𝑁 − 𝑖)!
× 𝐴𝑁−𝑖

𝑀

𝑖=0

× (1 − 𝐴)𝑖  (11.1) 
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11.4. Matrix of correlation case study 

Table 11-1: Matrix of correlation 
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