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Abstract 

In a fast-paced and synchronised assembly line production an efficient material handling of parts 

to be consumed is crucial. In the automotive industry this problem is particularly significant due 

to the customisation of individual vehicles. Here not only parts need to be delivered to the line in 

the right place, time and quantity but also the lack of space to store such quantity has become an 

issue. Still, although a problem, it also offers manufacturers the opportunity to enhance their 

logistics operations and increase their competitiveness as they come up with strategies to address 

the issue through innovation and continuous optimization. 

In this sense, after a brief overview of the automotive industry, this work provides a theoretical 

background regarding the topic. Here, important concepts and current methodologies used by 

different original equipment manufacturers are identified and characterized through the study of 

different conceited articles and relevant works done in the field.  

After, the case of Volkswagen Autoeuropa is studied and analysed, identifying its main 

methodologies, processes and characteristics in an in-house logistics perspective. Here the main 

problematics regarding the delivery of parts to the assembly line from a decentralized storage 

point are identified. Following, on field data collection undergone in order to respond to these 

same problems is presented leading to the next topic where the simulation model, which is to 

make use of the same, is regarded. Promptly, scenarios are built with the intent of solving the 

identified challenges. Results are then retrieved in the form of different performance indicators 

which are thoroughly analysed and discussed. Lastly, as conclusion, key points to retain from the 

work, recommendations to Volkswagen Autoeuropa and guiding lines for possible future 

development are identified. 

 

Keywords: automobile; in-house logistics; mixed model assembly line; simulation; material 

handling; manufacturing; supermarket 
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Resumo 

Em uma altura em que a produção em linha opera a um ritmo cada vez mais acelerado e com 

elevado nível de sincronização, uma eficiente gestão de peças a serem consumidas é fulcral. 

Este é um problema particularmente significativo na indústria automóvel dado ao elevado nível 

de personalização de veículos individuais oferecido a clientes. Como consequência, resultam 

grandes pressões em termos de espaço para além do já elevado grau de dificuldade presente 

neste tipo de produção onde as peças têm que por norma chegar à linha no local e instante de 

tempo exato como também nas quantidades corretas. No entanto, ao mesmo tempo que constitui 

um problema, exponencia também as capacidades das grandes marcas melhorarem os seus 

processos logísticos e conceberem novas metodologias para atacar o mesmo através de 

inovação e uma melhoria continua.  

Assim sendo, neste trabalho, após uma breve introdução à indústria automóvel, um estudo 

teórico sobre o tema é concebido com base nos artigos mais relevantes da área de estudo em 

questão. Aqui são apresentados não só conceitos fundamentais em relação ao tema, como 

também metodologias e processos usados atualmente pelas grandes marcas. 

Posteriormente, uma análise detalhada aos processos logísticos internos da Volkswagen 

Autoeuropa, como também às suas metodologias, é efetuada sendo que este servirá como caso 

de estudo real onde o trabalho será desenvolvido. Ainda no mesmo tópico, aproveita - se para 

se apresentar a problemática existente que toma como foco o transporte de peças entre um 

ponto de armazenamento descentralizado e a linha de montagem.  

De forma então a atacar o problema, um tratamento dos dados recolhidos diretamente da fábrica 

é efetuado. De seguida os mesmos foram inseridos em um modelo de simulação que serviu 

como ferramenta base para o desenvolvimento do trabalho. O desenvolvimento em relação a 

este modelo é então descrito e os dados inseridos. Tirando proveito do mesmo, cenários são 

fundamentos e elaborados com o objetivo de se encontrar a melhor solução possível. Resultados 

são então retirados em forma de coeficientes de performance onde são sujeitos a uma intrínseca 

análise e discussão. Por último, como conclusão, os pontos chave do trabalho são referidos como 

também recomendações à Volkswagen Autoeuropa e possíveis caminhos para desenvolvimento 

futuro do trabalho. 

 

Palavras chave: automóvel; logística interna; linha de montagem mista; simulação; gestão de 

materiais; manufatura; supermercado 
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1 Introduction 

This chapter has the objective of providing an insight of what are the main project objectives and 

how this will be accomplished. In section 1.1 the context of the project, as well as the motivation, 

will be tackled. Section 1.2 relays what is the purpose and objective of this project and section 

1.3 provides the structure of the work developed. 

1.1 Problem background and motivation 

The automotive industry is a global industry, being its final product the motor vehicle, spread out 

through the four corners of the world. The car culture has become part of the human way of living 

and the vehicle is the main tool used for the transportation of individuals and goods in our society. 

An industry that has become the main driver for the economy of countries providing jobs, stability 

and growth, that shares some similar features with other global industry such as electronics and 

consumable goods, while also being distinct in many ways (Klink et al., 2014; Sturgeon et al., 

2009). 

Today, regions that were once leaders in vehicle production are now suffering from stagnant 

market growth and overcapacity in production, as China alone is producing more than entire 

Europe or America regions (OICA, 2016). In order to stay competitive, some original equipment 

manufacturers (OEM’s) are now offering a value-added service, where customers are able to 

choose specific parts that they want in the vehicle. Consequently, each vehicle at the assembly 

line is tailored, with a specific set of parts to be installed and, therefore, mixed-model assembly 

line (MMAL’s) have been adopted in the industry (Emde and Boysen, 2012). Of course, the 

complexity of the in-house logistics process concerning the handling of parts at the shop floor has 

exponentially increased. So, OEM’s are actively researching for better ways to deal with this 

almost infinite number of parts. Different assembly line feeding policies, following just-in-time (JIT) 

philosophy, are being tested with the intention of securing a steady flow in production, decreasing 

operational costs, ensuring high quality standards (Faccio et al., 2013) and allowing for more 

flexible, faster and reliable logistics processes (Saaidia et al., 2015). 

Known for high investment in research and development (R&D), it is without a doubt a highly 

technological industry which is responsible for spreading technology and innovation to other 

adjacent industries.  

The case study of this thesis is Autoeuropa (AE), the biggest vehicle manufacturer in Portugal, 

which is currently introducing a new vehicle model and at this moment suffering capacity 

limitations. The challenged focuses on the engine assembly line, where the transportation of parts 

goes from a decentralized storage point (also known as supermarket) to the assembly line by a 

combination of workers and automated guided vehicles (AGV’s). Here it is observed a low 

efficiency regarding the workers as arrival of AGV’s at the collection point is not synchronised 

with the completion of parts collection tours. Thus, with the intent of moving towards optimization, 

a simulation model is to be developed where different approaches are experimented. 



 
 

2 
 

1.2 Project objectives 

The present project aims to identify the problem arisen in an in-house logistics perspective in 

Volkswagen (VW) AE, by providing a framework that could bring meaningful outputs. This 

problem concerns the management of a great number of parts following JIT and lean principles 

in a typical automobile1 industry shop floor. For that, a review of the literature concerning alike 

problems is firstly analyzed, for a better understanding of in-house logistics and the current state 

of art. Next, as the problem concerns VW AE, a trough analysis was made to its internal processes 

and methodologies to better address the problem. After studying in detail the system to be worked 

on, it is translated into a virtual setting where various scenarios are to be introduced with the 

objective of finding the best overall solution. 

1.3 Research methodology 

The research methodology for the thesis is as presented in Figure 1. 

 

Figure 1 - Research methodology 

Step 1 – Characterization of the automotive industry 

The first step places the characterization of the automotive industry as its focus. In this section it 

is intended to provide the reader with some contextualization of the automotive industry by 

presenting a bit of its history, characteristics and challenges it is currently facing. 

Step 2 – In-house logistics and state of art review 

After providing some sense to the automotive industry more detail is presented of its in-house 

logistics processes and challenges as it is the core of this work. Here more detail is to be provided 

regarding the generic problem that we are to face and state of the art work related to it is 

presented. 

Step 3 – Problem characterization 

This step considers a very detailed description of the critical area to be worked on, being a 

fundamental step for understanding the problematic and its challenges 

 

 

                                                           
1 Automobile – In contrast with the automotive concept, automobile only refers to the manufacturing of four wheel 
vehicles, more specifically cars. 
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Step 4 – Data collection and treatment 

In this step it is intended to go into more detail in the problem characterization, begun in section 

4.4, through gathering and research of relevant data. After, this new data is to be treated and 

elaborated in such a way that its implementation in the model is made possible, adding any 

premises when needed.  

Step 5 – Model elaboration 

Here all relevant information that concerns the creation, reliability or understanding of the model 

will be provided. Then data collected in the previous step is to be incorporated addressing time, 

costs and infrastructure/layout issues. 

Step 6 – Analysis and discussion of results 

The last step of the methodology is when results obtained are studied and analyzed. It is intended 

to create scenarios and alternatives that could represent an improvement from the current state 

of the problem. Finally, the best solution is to be presented, analyzed and discussed. 

1.4 Thesis structure 

The thesis is structured in the following way:  

Chapter 1 

Concerns the present chapter, in where the theme of the project is briefly introduced. After this 

brief introduction the objectives of this project are shown and their respective purpose, followed 

by the structure of the same. 

Chapter 2 

For a better contextualization of where the industry situates itself in the world and more specifically 

in Portugal. Here topics like characteristics of the industry and market shares in Portugal are 

presented, along with some values of the main companies on activity today. 

Chapter 3 

In this chapter a literature review is presented, to show current works done in the respective 

research field. Functional descriptions of in-house logistics and related topics are also presented 

allowing a better understanding of the problem context. 

Chapter 4 

The company of where the work will take place, AE, is introduced. Here key figures and other 

meaningful aspects are shown. After, a brief overview of the methodologies used on the shop 

floor and a more concise problem characterization is displayed.  
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Chapter 5 

In this step it is intended to go into more detail in the problem characterization, begun in the 

previous chapter, through gathering and research of relevant data. After, this new data is to be 

treated and elaborated in such a way that its implementation in the model is made possible, 

adding any premises when needed.  

Chapter 6 

The elaboration of the simulation model where the future scenarios are to be implemented is 

undertaken. Here fundamental concepts regarding simulation and the simulation software to be 

used are presented as first stage which will then lead to the exaplanation of the various properties 

and logics used when building the model 

Chapter 7 

The scenarios that are to be imputed in the model are elaborated, presenting their motivations 

and properties. After, the outputs regarding the same are to be analysed in detail and interpreted 

in the sense of which solution is more feasible for the present state as well as for the future. 

Chapter 8  

Final conclusions of the thesis are accomplished along with a critical thinking and interpretation 

of the same.  Future development of the present work is also to be addressed. 
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2 The automotive industry 

The objective of this chapter is to provide some contextualization regarding the automotive 

industry. Thus, in section 2.1 the automotive industry is presented in a global point of view with 

the help of some key figures, and secondly, in section 2.2, it is shown where the industry differs 

from other globalised ones. After, Portugal is brought into the spotlight presenting its contribution 

to the economy of the country regarding the production of vehicles (2.2.1). Lastly some 

conclusions are summarised in section 2.3. 

2.1 Overview of the global automotive industry 

The automotive culture has spread over the entire globe and has changed the life of billions of 

people and the economy of various countries.  

As a main driver for macroeconomic growth the core of the automotive industry (production of 

vehicles and components) supports a wide range of business and segments, upstream and 

downstream, along with other adjacent industries as it is depicted in Figure 2. This creates a 

multiplier effect for growth and economic development, providing stability and technological 

advancement in developed or developing countries. More specifically it contributes to important 

factors for the building of nations by generating government revenue through related taxes (sales, 

personal use, business); creating economic development from attracting foreign direct 

investments (FDI) and increasing the gross domestic product (GDP); encouraging people 

development through the creation of jobs (direct and indirect) and skills development. It also 

fosters research and development (R&D) investment and innovation as it is the third industry that 

spends the most in R&D (108$ billion compared to 111$ billion by technology companies and 

120$ billion by pharmaceuticals, numbers collected in 2011 representing the top 1500 companies 

worldwide) (Klink et al., 2014). 

 

Figure 2 - Automotive industry span (Klink et al., 2014) 

As an example, in the Europe Union (EU), key figures provided by ACEA (2016), show that this 

industry was responsible for employing, directly and indirectly, 3.1 million people in 2013 in 
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manufacturing related activities, and in 2015 generated a trade balance of 101.4€ billion while 

providing 401.5€ billion through fiscal income (i.e taxation).  

Still, despite the huge impact it causes, this industry has until now been dominated by a small 

number of leader OEM’s who are present in a world global scale, seizing opportunities regarding 

economies of scale in developing countries and being closely followed by their major suppliers.  

2.1.1 Characteristics, markets and production 

The automotive industry shares similar features with other globalised ones such as electronics, 

apparel and consumable goods and has several features that make it distinct.  

According to Sturgeon et al. (2009), there are two common features among these industries. The 

first one states that all these industries FDI have a cross-border trade and the global production 

has significantly increased since the late 1980’s. Real and potential market growth along with a 

large offer of low-cost but skilled labour offered in countries like Brazil, China, India, Mexico 

attracted large FDI flows to supply local markets and export back to developed countries. 

Secondly, they are characterised by an increased outsourcing and bundling value chain activities 

in supplier firms. Suppliers from developed countries have now become themselves globally 

present with their own FDI and trade business while allowing local suppliers to increase their 

capabilities.  

The automotive industry is distinct in the sense that i) presents itself as an oligopoly where an 

extraordinary amount of power is concentrated in a small number of firms present worldwide; ii) 

the final product (the vehicle) is assembled near the final markets; iii) has a strong regional 

structure; iv) has a lack of standardization among parts, as only a few can be used in different 

vehicle models.  

The extremely concentrated firm structure limits the spawning of new players in the industry due 

to high entry barriers and limits the prospects of smaller companies being able to develop 

themselves. The industry is dominated by a handful of big leading firms, and some first-tier 

suppliers, that exercise power and control over their global value chains. The production of 

vehicles and parts have mainly been close to final markets due to political and costs factors. 

Governments, even more in developing countries, tend to take measures when their local 

businesses are being threatened by imports from big leading firms, which can result in political 

countermeasures in order to protect national interests. Other than this, the tendency for OEM’s 

to “make where they sell” allows for decreasing costs in logistics (e.g. transportation) and allows 

for more flexibility when responding to local customers demand characteristics.  

Also, the lack of standardisation among parts has led to closer relationships between lead firms 

concentrating power even more. This lack of standardisation is due to the high level of inter-

relationships between the components used that have different performance characteristics. As 

each vehicle model is different and has its own set of performance characteristics, such as noise 

vibration and handling, it is hard to find parts that suit all models. Also the share of vehicle 
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platforms is limited between some models and brands under the same lead firm (Gastrow, 2012). 

In fact, a tendency has been seen where big OEM’s tend to use the same supplier in various 

locations, which limits the possibilities of local part manufacturing businesses. Nevertheless, 

opportunities involving operations in second-tier sourcing where a global reach is not needed do 

exist, opening doors for small suppliers entering the global value chain  (Sturgeon et al., 2008). 

When OEM’s begin activities in different countries, in contrast with the other global industries 

mentioned above, they must comply with regulations specific to each market like water 

regulations, air regulations, fuel quality, enforcing distinct features ii) (assembly near final market) 

and iii) (strong regional structure). Other reasons for the strong regional structure is the conditions 

presented in each country as in developing countries roads are of poorer quality, resulting in 

vehicle needing to have fortified body chassis, suspension, brakes etc. The UK is also a good 

example of these regional characteristics, where steering wheels are on the passenger side or 

the high request for light pick-ups in Thailand (Humphrey and Memedovic, 2007). The rapid 

expansion of the vehicle production in developing countries was in the 1990’s along with the 

emerging markets. These countries were characterised by having low-cost skilled labour, high 

population density and low motorisation rates. Production then bloomed passing from roughly 56 

million units in 1999 to 93 million in 2017, with a positive growth rate of 2% compared with 2016 

(Oica, 2016). Most of this growth was mainly due to the production done in developing countries, 

while in the Triad regions (North America, Japan and Western Europe) the industry was mature 

and suffering from overcapacity, that despite still producing most of the world production it didn’t 

grow while countries like China and India have continuously increased their share in the last 

decades. In Figure 3 we can observe the shares based on regions today. 

 

Figure 3 - Production by regions (2017) (OICA, 2016) 

China is responsible for more than 50% of the total production of Asia-Oceania with an 

astonishing production of 29 015 434 million vehicles, surpassing the entire America region or 

Europe region with 20 669 527 million and 22 161 107 million respectively. 

54%

1%

22%

23%

Production by regions (2017)

Asia - Oceania Africa America Europe
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2.2 Automotive industry in Portugal 

The automotive industry has a major importance in Portugal, due to its processes and technology 

innovation influenced by the transfer of technology from more evolved countries and high 

investments in R&D. This is particularly significant when it comes to the strong contribution given 

to both to the Portuguese GDP and creation of jobs (ACEA, 2016). 

The three major activities performed by this industry are the production of molds, components 

and vehicles (AICEP, 2016). Vehicle production will be studied and analysed in more detail. 

2.2.1 Vehicle manufacturing sector 

The Portuguese vehicle manufacturing sector has been growing in the last decades as shown 

previously. Today it has achieved a considerable dimension and has been placed in the top 40 

vehicle manufacturer countries (AICEP, 2017). 

By the end of 1980 there were ten companies with vehicle assembling units that produced on 

average 140 000 vehicles per year. Today, this number was reduced to less than half, with only 

four companies being responsible for all production which was around 140 000 vehicles in 2016. 

These companies are Mitsubishi Fuso Truck Europe, PSA Peugeot Citroen, Toyota Caetano and 

VW AE. The production is divided into two big categories: passenger and commercial vehicles 

(ACAP, 2016; Inteli 2005). 

In Figure 4, it can be seen the variation of production throughout the years. It can be observed 

that the industry had its highest production value in 2006 (227 326 units). Then there was a major 

fall back in terms of production in the following years. Taking into account that i) Ford in 2000 and 

later General Motors in 2006 ceased their activities in Portugal, and ii) the global economic crisis, 

resulting in one of the lowest production values achieved in 2009. Ever since the sector has tried 

to push itself back on top with most of the production carried out by AE.  

 

Figure 4 - Vehicle production in Portugal (ACAP, 2017) 
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Thus, AE is responsible for most production in passenger vehicles. In 2016, its total production 

was of 85 126 vehicles, accounting for 85.8% of the total production of the passenger category 

and approximately 60% of the overall production (ACAP, 2017). The company alone had an 

impact of 0.8% in GDP in the same year (INE, 2017). 

This sector relies almost exclusively on exportation, which is a characteristic that is also present 

in the components industry. The main markets are Germany, Spain, France, United Kingdom and 

China. In 2016, 98.8% of the total production of passenger vehicles went for exportation as well 

as 86.9% of the commercial vehicles. These are values that have been steady for the last decade 

and it is a trend that will most likely remain (ACAP, 2017). In Table 1, it is presented a summary 

of the manufacturer’s activities in 2016. 

Table 1 - Summary of manufacturers (2016) (ACAP, 2017) 

Manufacturers Production (units) Area (m2) 
Business 
volume 

(Million €) 
 Passenger Commercial Total   

Volkswagen 
Autoeuropa 

85 126  85 126 2 000 000 1 528,70 

Peugeot Citroên 14 074 35 391 49 465 87 300 420,00 
Mitsubishi Fuso 

Truck Europe 
 6 682 6 682 40 558 141,30 

Toyota Caetano  1 823 1 823 39 000 42,40 
Each category has a sub-category of light or heavy type of vehicle. In Portugal, there is only 

production of light passenger and commercial vehicles, except for Mitsubishi that produces heavy 

commercial vehicles. In this year (2016) the production of such vehicles was of 4 184, which is 

taken into account in the commercial category in Table 1. As it was referred, AE is the main 

producer and only focuses on (light) passenger type of vehicles. According to Table 1, it greatly 

exceeds the production and area of occupation of all other manufacturers combined and, as 

expected, is also responsible for the highest business volume.  

Although our project focus solely in vehicle manufacturing it is also interesting to note that the 

components sector of the automotive industry in Portugal represents the strongest impact, 

providing 50 000 job positions and contributing 5% to the GDP in 2017 (AFIA, 2018). 

2.3 Chapter conclusions 

This chapter has shown that the automotive industry is a truly global one with a long history, being 

a major booster for the countries where it establishes itself. Today it is a major economic pillar to 

the Portuguese economy where the components sector alone is responsible for creating 50 000 

job positions and with a contribution of 5% to the Portuguese GDP in 2017. Still it is an industry 

that can be moving towards disruption due to new technologies and global market shifts. Thus, it 

is of uttermost interest of the Portuguese government, and of companies, that the domestic 

automotive industry continues to improve itself in terms of processes, capabilities and technology 

in order to stay competitive. 
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3 Logistics in the automotive industry 

In this chapter some insights about in-house logistics in the automobile industry are provided, 

which is indispensable for comprehending the work developed throughout this project. Here are 

presented the main concepts, functional descriptions and decision problems to be considered, 

followed by a literature review. So, in section 3.1 the logistics concept is briefly tackled followed 

by in-house and part logistics in sub-section 3.1.1. In section 3.2 different assembly line feeding 

policies are presented and a related literature review is shown in sub-section 3.2.1. After, the 

supermarket concept is addressed in section 3.3 along with its main decision problems, and as 

the previous, followed by a literature review in sub-section 3.3.1. Finally, kit assembly and order 

picking are addressed in section 3.4, followed by related topics concerning efficiency and state of 

the art technology in sub-sections 3.4.1 and 3.4.2 respectively.  

3.1 In-house and part logistics 

According to Jonsson (2008), logistics systems are always open and exchanging information and 

material with its surroundings, but the boundaries can be different depending on the perspective 

(Granlund, 2011). In-house logistics is one of these perspectives, where the boundaries in which 

the exchange happens, correspond to the physical limits of the company (Gupta and Dutta, 1995), 

meaning that the logistic process happens within the company walls.  

The main fields of in-house logistics are warehousing, transportation and production line 

organization (Battini et al., 2012). The first function concerning in-house logistics is warehousing, 

where the two main options to choose from, are the use of centralized or decentralized storage 

points. Traditionally, central storage points were always the option, but manufacturing facilities 

today are so large that this is no longer a viable possibility, due to the large distances between 

assembly lines and the centralized storage point. This among other problems led to the 

supermarket concept that basically consists of intermediate storage points closer to the assembly 

line (Emde and Boysen, 2012). The second function is transportation, whose task is the 

transportation of material inside the plant, after being delivered by the suppliers. Three main 

transportation devices are used in this operation, namely forklift, tow train and/or feeder line. The 

forklift is a standardized (with low cost) transport vehicle with lifting capability but with low 

capacity. Tow trains can be automated guided vehicles (AGV’s) or manual guided vehicle 

(MGV’s), and consist of a towing vehicle coupled with wagons that are able to store material. 

Comparing with the forklift a tow train has much more capacity being able to carry more material 

in one run, but lacks the lifting skill. The feeder line supplies parts directly to the assembly line 

and has high investment costs. Is more suitable for the transportation of parts that are heavier, 

bigger or more valuable/fragile parts (Emde and Boysen, 2012). Finally, the third function is 

production line organization, or more specifically line side presentation, that tackles the problem 

of how bins (or other objects able to carry parts) are placed in the border of line (BoL). This is one 

of the most relevant functions in in-house logistics since it is on the assembly line where the most 

value is created. However, it is very expensive in terms of production costs, worker density and 

material optimization. Thus, it is necessary a continuous optimization to enable a steady flow in 
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production mostly through ergonomic factors, which enable better working conditions for 

assembly line workers (Sali and Sahin, 2016). 

In the automobile industry, the request for customized vehicles by the customers has led OEM’s 

to adopt MMAL’s. As expected, the complexity relative to the production has also become much 

higher, often comprising the production of various models (Boysen et al., 2009). This is how 

concepts like part logistics and assembly line feeding systems following JIT philosophy (which 

aims at synchronizing the supply of parts with their demand (Golz et al., 2012)) started to be 

adopted by OEM’s around the globe (Emde and Boysen, 2012) allowing more flexible, reliable 

and faster logistics processes (Saaidia et al., 2015).  

In the automotive industry, the standard procedure in which parts are treated is depicted as in 

Figure 5. 

 

Figure 5 - Part logistics processes (adapted from Boysen et al, 2014)  

The main goal is to have a secure and steady feeding of parts to the assembly line, avoiding 

stock-outs and, consequently, line-stoppage and idleness of workstations and workers (Faccio et 

al., 2013). The order in which these processes are executed is not rigid and can vary depending 

on the feeding policy applied. For example, in line stocking the sequencing of parts is done after 

being delivered to the line. When reviewing the existing literature, many of these processes 

(Figure 5) have a variety of dedicated studies, which proves their complexity. Still, it is important 

to notice that all of these processes are interdependent  (Kilic and Durmusoglu, 2015), as 

decisions upstream of the logistics part process will influence decisions downstream and vice 

versa. 

3.2 Assembly-line feeding systems 

Material (parts) feeding systems have become an intrinsic part of today’s assembly line 

operations. These systems assure that parts are available where and when they are needed in 

diverse assembly operations. Several systems are proposed by different authors each of them 

presenting advantages and drawbacks (Caputo et al., 2017). There are two which are the most 

common: i) kitting and ii) line stocking. 

In kitting, the delivery of components or sub-assemblies to the assembly line is done in pre-

determined quantities and sequences, in specific containers which are called kits, following a JIT 

supply of parts to the assembly line. A kit, as defined by Bozer and McGinnis (1992), is a “specific 

collection of components and/or sub-assemblies that together (i.e., in the same container) support 

one or more assembly operations for a given product or shop order”, where a component is 
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something that cannot be divided and sub-assemblies is a construction that is composed by two 

or more components. For simplification, we will refer from now on to both cases as parts. In order 

to assemble the kit, it is required a prior operation to line feeding which concerns the sequencing 

of parts. This operation is called kit assembly (kitting) and is also explained in Bozer and McGinnis 

(1992) work as: “Kit assembly is an operation where all the components and/or sub-assemblies 

that are required for a particular kit type are physically placed (sometimes in a specific positions) 

in the appropriate kit container”. After completed, kits can be stored in a special type of rack, here 

on after referred to as kit rack, which can be fixed or movable and store various kits. Sometimes 

kits are already placed in the kit rack and are assembled this way. There are diverse ways to fulfil 

a kit. These techniques are discussed in section 3.4. The content of kits are constrained by 

maximum weight, volume and the order in which kits are assembled and delivered to the line, 

according to a pre-determined assembly line production schedule (Hua and Johnson, 2010; 

Limère et al., 2012) 

Once the kit is fulfilled they need to be transported to the correct point-of-fit (POF)2 in the BoL. 

Concerning kits, the delivering is normally done by tow trains (automated or manual) that perform 

milk-runs inside the plant. A milk-run is a loop made by a tow train around the assembly line, while 

serving all stations with the corresponding kits (Sali et al., 2015). 

When delivered at the assembly line there are two types of kits: i) those who follow the assembly 

line products (i.e., travelling kits), so that the kit parts are used in more than one workstation (Sali 

and Sahin, 2016), and ii) those who remain at a workstation until it is depleted (i.e., stationary 

kits) (Bozer and McGinnis, 1992). Figure 6 represents the kitting operation using travelling kits. 

 

Figure 6- Kitting operation with travelling kits (Caputo and Pelaggage, 2011) 

On the other hand, line stocking, sometimes referred as continuous replenishment or POF storage 

systems, store individual component containers, boxes or pallets that have multiple instances of 

the same part, as represented in Figure 7. They are delivered in the BoL near their point of use 

by forklifts or guided vehicles from upstream storage areas, normally a central warehouse. Often 

                                                           
2 Point-of-fit (POF) – Location where the part is to be placed or consumed. 
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relies on a two-container system where a storage and  replenish container is used for each 

component, controlling inventory and stock-outs (Limère et al., 2012).  

 

Figure 7 - Line stocking (Caputo and Pelagagge, 2011) 

Another policy that is not as common as line stocking or kitting is the Kanban system-based 

feeding policy. In a Kanban system (Figure 8), cards are used to authorize production or 

transportation of material, enabling material flow control, production and inventory levels. There 

are two types that can be used, namely dual-card system and single-card system. In the dual-

card system, there are production and transportation cards. The transportation card determines 

the quantity needed in the preceding stage and that should be withdrawn from the preceding one. 

The production card determines the quantity to be produced at a station in order to replace what 

has been withdrawn. Still, this dual-card system is complex to implement and often a single-card 

system is used where it is only used the transportation card and the production follows a 

predetermined schedule provided by the central production planning (Akturk and Erhun, 1999). 

In the automobile industry, the kanban system is also used in supermarkets in which tow trains 

exchange empty part containers with full ones in a point-to-point approach and where it is also 

stored the kanban cards (Caputo and Pelagagge, 2011).  

 

Figure 8 - Kanban based JIT supply (Caputo and Pelagagge, 2011) 
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Other feeding policy, could be through the delivery of just-in-sequence (JIS) parts from the 

supplier, where supplier trucks arrive in a JIT manner, respecting a time schedule, in a special 

dock where parts (e.g. seat) are unloaded by forklifts and placed in a conveyor systems (e.g 

feeder line) which in turn delivers the parts directly to the assembly line (Boysen et al., 2015). 

This, as expected, requires good relationship and communication with the given supplier.  

When implementing feeding systems, it is difficult to say for sure which provides better results. 

Regarding this issue, in the next sub-section (3.2.1) various works are presented comparing 

different policies in different environments based on certain trade-offs.   

3.2.1 Literature review: feeding systems 

When looking at the literature on feeding systems it can be said that most works focus on 

comparing costs performances between diverse types of systems. Here, it is aimed to present 

the work done previously by different authors on the subject. The reviewed articles are 

summarised in Appendix 1. 

Bozer and McGinnis (1992) study is one of the first to works on the MMAL feeding problem. Firstly, 

they have presented a set of definitions regarding kitting, which are used throughout the literature 

until today. They have also present numerous advantages and limitations expected from kitting 

feeding systems. Their model approach consisted in elaborating a hypothetical quantitative model 

regarding material handling performance when comparing line stocking and kitting using a 

stationary (Plan A) and a travelling (Plan B) kits. The results showed that when kitting is used, the 

storage at the line diminishes greatly as well as the average work in progress (WIP) and container 

flow within the shop.  

Battini et al. (2009) try to provide a framework in which assembly line managers could guide 

themselves to find the best overall design for their assembly system. First tackling the 

centralization/decentralization of storage problem, and then opting for the best of three feeding 

policies: pallet-to-workstation (i.e., line stocking), trolley-to-workstation (i.e., stationary kit) and kit-

to-assembly line (i.e., travelling kit), through multifactorial analysis. It is found that the chosen 

feeding policy goes in link with lot size (physical dimension of parts), number of components and 

distance between assembly line and storage. From the factors presented, the work suggests that 

the most relevant factor is lot size. When parts have high dimensions, line stocking is favourable, 

while for medium to small parts, kitting is better using stationary and travelling kits respectively. 

Limère et al. (2011) developed a very interesting research where the objective was to find the 

best feeding policy to use in accordance with the type of parts (or as the author suggests, family 

parts) using stationary kits. In this model, a mixed integer programming (MIP) was developed, 

which defined which parts should be kitted or not, in order to minimize total costs. The optimum 

result retrieved a hybrid policy, meaning that there would be used line stocking with kitting 

simultaneously. One interesting aspect of their work was the analyses of the parts characteristics 

that were chosen to be kitted. Characteristics that are more propitious for kitting suggested by the 

model are i) parts that free up a lot of space at the BoL that do not incur much higher extra costs 
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in handling, like uncommon or unique parts that are stored in the BoL but only need one space in 

the kit; ii) ‘free riding’ parts, meaning parts that can easily be kitted due to the fact that double 

handling and picking at the kitting area are almost equal to the cost of transporting them in bulk 

to the line;  iii) smaller parts that have the advantage to larger ones, as they fit in kits more easily; 

iv) parts that are delivered to the line in pallets, because pallets require a lot of space at the BoL. 

In the same way, Caputo and Pelagagge (2011) extended the model provided by Limère et al. 

(2011) by adding a third feeding policy to the line stocking and kitting (using travelling kit), which 

is the Kanban feeding policy working in a JIT philosophy through lead times.  They further 

enhance the model by adding more costs that were not present in Limère et al. (2011) model, like 

worker costs, investment costs, WIP holding costs and floor space occupation costs. The model 

retrieves a hybrid policy that almost consists on JIT policy for 75.8% of the parts followed by line 

stocking with 18.3% and kitting with 5.9%. Still, the study done was based on a single-model 

assembly line which is not as complex as the MMAL. 

Hanson and Brolin (2013) provide a qualitative overview comparing two cases of companies using 

line stocking and kitting. They focus on the comparison of man-hour consumption, product quality 

and assembly support, flexibility, inventory levels and space requirements. Relative to the man-

hour, their study showed that there was a reduction of man-hour consumption at the assembly 

line, as assemblers did not need to fetch and pick parts. Still, the savings offered at the assembly 

line, where nowhere near the increment at the kit preparation area plus transportation between 

kit preparation area and assembly line. In product quality and support, they state that assembly 

workers appreciated the support provided by kits as they could work in a more efficient way, 

focusing only on the assembly work at hands. But for this, kits must be well structured. When it 

comes to quality, Hanson and Brolin (2013) state that the problem is not so clear, as mistakes in 

kit assembling normally incur more costs as the parts are stored further away from the assembly 

line. Despite that, as we will see in sub-section 3.4.1, state of the art technology has led to lower 

occurrence of this kind of mistakes. In terms of flexibility, kitting enables a large variety of parts 

to be handled at a single workstation, whereas in line stocking space limitation is a constraint to 

the number of parts to be handled. Finally, regarding inventory levels, it is stated in the work that 

although inventory levels at the line decrease, they were just moved upstream to the kit 

preparation area. 

More recently a complete cost minimization problem has been provided by Caputo et al. (2017) 

where the authors suggest that many of the work previously done in the field neglected costs that 

are critical to assembly systems performance analysis. In this model various costs are considered 

such as investment costs (vehicles, containers, storage racks), direct operating costs (transport 

and kitting workforce, vehicles energy consumption, maintenance and quality costs) and indirect 

operating costs (space requirements, WIP and safety stock holding costs, administrative and 

control). The work considers three types of feeding, namely kitting, line stocking and kanban. 

They conclude that the most critical factors influencing kitting systems performance are indeed 
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the workforce due to the extra material handling and the costs of kit errors, going in accordance 

with previous studies.  

Other less relevant works for this project such as Wanstrom and Medbo (2008) study how 

packaging type and components racks configuration can impact work in the workstations and 

consequently performance at the assembly line, while (Christmansson et al., 2002) focus on 

ergonomics and physical labour in kitting systems.  

Concluding, when choosing a feeding policy many aspects must be taken into consideration for 

each case, this is one of the reasons why authors mainly focus on quantitative methods when 

considering different policies. Still, it is safe to state that kitting simplifies the material flow 

throughout the shop floor, where only kits need to be moved to the workstations instead of 

individual parts containers, reducing storage at the line. More than reduced storage at the line, 

kitting also improves quality and productivity since parts are readily available, checked and pre-

positioned which, if correctly done, can also function as a work instruction shortening learning 

times and associated costs. Kitting is better to use when there is a lot of variety in the products 

assembled (as is the case of the MMAL) with small batch sizes consisted of small weight parts, 

being much more flexible when dealing with mass customization.   

Kitting loses to other feeding policies (e.g. line stocking) when there are errors in kits or defective 

parts as the sequencing point is further away from the assembly line. In the same way, the main 

disadvantage of kitting is extra material handling that incurs a lot of costs and increases the risk 

of damaging parts, which can offset the gains at the assembly line.  

Finally, through the analysis of the regarded literature, it seems that the best option is not a single 

policy but a hybrid one. In addition, not much work has been done in this scenario and it should 

be further explored. 

3.3 The supermarket concept 

When storing parts in the automotive industry there are mainly two options: a centralized 

warehouse which serves all the assembly line; or various decentralized storage points who serve 

specific assembly line segments. 

Having a centralized warehouse enables the supply of large workstations with a consequent 

reduction of the average stock of components and an increase of free space near the assembly 

line. But this also results in increased lead time, a higher quantity of refilling workstations and 

higher transport frequency (Battini et al., 2010). 

Automotive industry adopt JIT-Supermarkets that are decentralized intermediate storage points 

for components and sub-assembles, that are strategically located at nearby line segments which 

they serve (Battini et al., 2012), allowing for flexible and frequent small-lot deliveries. Normally, 

replenished through tow trains or more capacitated transportation modes, from a central storage 

point. 
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From these supermarkets, tow trains perform milk-runs delivering JIT-containers and collecting 

empty ones (or kit containers), from the workstations that belong to their predetermined routes. 

These milk runs begin and end in the supermarket, and once complete, tow trains are refilled and 

restart their run.  

As suggested by Emde and Boysen (2012) there are four main problems when considering the 

implementation of supermarket strategy i) localization planning problem - focuses on the number 

of supermarkets to install, their locations and line segments which they will serve. The shop floor 

is very valuable and often scarce, having a too greater number of supermarkets can result in more 

costs than benefits. On the other hand, poorly placed supermarkets can greatly diminish their 

positive effects; ii) routing problem - consists of determining the number of tow trains per 

supermarkets and their routes; iii) scheduling problem - here the problem is to determine the 

delivery schedule for each tow train for supplying parts to the assembly line. Basically, to decide 

the number of milk runs done by each tow train accounting for the time serving the workstations 

and loading/unloading times at the supermarkets and iv) loading problem - the decision about 

types and quantity of parts to be loaded per milk run, focusing on minimizing inventory at the line 

and avoiding stock outs (JIT principles). 

In Figure 9 it is demonstrated how these four decision problems can be applied on the shop floor 

and how interdependent they are. 

 

Figure 9 - Schematic shop floor layout with supermarket (Boysen et al, 2012) 

Boysen et al. (2015) present one more problem that tackles the layout of the supermarket and 

the disposition of stored parts. This is very important since kitting normally takes place in the 

supermarket where good ergonomics result in higher picking efficiency. This problem is explored 

in sub-section 3.4.2.   
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3.3.1 Literature review: supermarket concept 

The supermarket concept is quite recent and its main decision problems tend to be long term. 

Consequently, related literature is not abundant. Still, some authors have been actively 

researching on the field, mainly on routing (ii) and scheduling (iii) problems. A summary of the 

reviewed articles is presented in Appendix 2.   

Concerning the supermarket location problem (i) Battini et al. (2010) tackle the problem in a shop 

floor with multiple parallel assembly lines, instead of a single one with diverse workstations. Here, 

based on the commonality of parts, supermarkets are placed as close as possible to the lines 

they serve. The model used was based on trade-offs regarding inventory costs (there was safety 

stock in the supermarkets) and travelling costs associated with the distance to the assembly line. 

The model is based on linear programming for optimization, being the objective the minimisation 

of total costs.  

In the same way, Emde and Boysen (2012) present an algorithm to find the best location for a 

supermarket. The methodology is based on a trade-off between investment cost for placing a new 

supermarket and decreasing travel distances to the assembly line. It was used a polynomial-time 

dynamic procedure followed by a simulation depicting real case scenarios. The methodology 

proposed indicates also for what type of parts category is recommended to use kitting or just opt 

for centralized/decentralized solution decreasing global costs. 

Vehicle routing problems (VRP’s) and inventory routing problems (IRP’s), which are 

generalizations of the travelling salesman problem (TSP), are quite relatable to problem ii) and iii) 

but do not account for time-varying demand, as is the case in MMAL’s. 

Vaidyanathan et al. (1999) focus on finding the route of vehicles (ii) that enables a JIT delivery of 

parts to demand locations in the production system. Extending the traditional VRP, they named it 

just-in-time capacitated vehicle routing problem (JITCVRP) being the immediate objective the 

minimisation of the total trip time of all available vehicles. Here trucks, after being loaded with the 

parts, follow a specific route and deliver no more parts than those request, being just enough to 

satisfy demand until the truck stops at the station again. The trucks have a limited capacity and 

intervals are not allowed between milk runs, neglecting the scheduling problem. The model works 

based on static conditions as demand is always constant.  To solve the JITCVRP, it was used the 

nearest neighbour approach (with some modifications) to generate tours followed by an 

optimization of the solution found using 3-opt heuristics. The capacity constraint used in the model 

was nonlinear, differentiating from the traditional VRP.   

In the paper presented by Emde and Boysen (2012b), it is stated that the routing (ii) and 

scheduling (iii) problems are heavily interdependent and the best approach is to solve them 

simultaneously. The problems are solved through a nested dynamic programming approach in 

polynomial runtime to find routes with cyclic and non-cyclic schedules for the delivery to the 

assembly line. The objective is the minimization of total costs present in the objective function, 
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being the main trade-offs based on the number of tow trains, their respective capacity, and 

inventory held at the stations. 

The loading problem (iv) can be considered trivial if the demand of parts are standardized, 

constant and there are no unpredictabilities on the system, which as we know, is not always the 

case. In MMAL’s, this problem gets more complex. This problem is investigated by Emde et al. 

(2012) using polynomial time procedure, where given the tow train capacity and stations demand, 

loading plans for the different tours are made in order to minimize inventory levels. 

The scheduling (ii) and loading (iv) problems are also studied by Fathi et al. (2014) using a mixed 

integer linear programming (MILP) model at a VW plant, for optimally loading tow trains and 

scheduling deliveries. An improvement criterion in the model is the number of tours and inventory 

levels. Other criterion that the authors try to optimize is the workload variation related to drivers 

on the shop floor. 

In addition, a static mathematical model accompanied by simulation is presented by Faccio et al. 

(2013) focusing on the performance of Kanban based feeding policy concerning the routing (ii) 

and loading problem (iv). With the validation provided by simulation, using different scenario 

approaches, it is possible to foresee the impact of long-term and short-term decisions in the key 

performance indexes (KPI’s) defined. Some of the KPI’s targeted in the study are tow train 

utilization, number of trips, total distance travelled, containers per trip, number of delays and 

instant inventory level. 

The VRP and the IRP, which share similar characteristics to problems ii) and iii), are considered 

NP-hard problems for large instances, meaning that an optimal solution may not be possible. In 

this type of situations, heuristics proof to be good tools for solving such problems or improving 

the solutions obtained through the models (Yampolskiy, 2012). In a recent paper (Zhou and Peng, 

2017) investigates the JIT scheduling of parts in an automotive assembly line, through a combined 

routing and loading distribution mathematical model in order to minimise inventory at the BoL and 

determine the stations and parts quantity to deliver. After, it is used a back-tracking method to 

acquire optimal solutions for small-case instances and an artificial bee colony (ABC) based 

metaheuristic allied with simulation for larger-cases, depicting real-case scenarios. 

Another interesting heuristic is provided by Golz et al. (2012) concerning problems ii), iii) and iv), 

where the objective is to minimize the required shuttle drivers in order to save manpower costs. 

The work is based on a dynamic system where transportation orders derive in a predictive manner 

based on the production sequence and customer specific bill-of-materials (picking list) for each 

model in the assembly line. Tours are dynamically generated based on received orders and where 

travel, loading and unloading times are deterministic. Then, a modified classic VRP problem is 

applied when merging tours where the savings is time instead of distance. The delivery to the line 

is made in two steps. First, forward scheduling is applied, then an algorithm tries to eliminate 

critical intervals (with maximum tour agglomeration) by shifting tours forward if no new critical 

intervals are created and if it is feasible to do so (due date). 
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The supermarket concept is an active research field where articles are published every year, 

although the quantity isn’t, currently, very abundant. Extraordinary works have been done related 

to the subject, providing good solutions considering the complexity of it. Still, most of these models 

lack one of two aspects: i) they only consider one transport device (tow train); ii) do not account 

for the case of defective/wrongly picked parts or changes in sequence. A suggestion would be to 

develop a simulation model to implement both aspects compensating one another, i.e., 

considering kitting, shortages in the line could be taken as emergency situations where alternative 

transport devices (e.g. forklift, moped, bicycles) could be quickly deployed to deliver the needed 

parts.  

3.4 Kit assembly and order picking 

Part sequencing is a special retrieval process where selected parts from centralized storage 

points or supermarkets are arranged into JIT-containers in the same sequence as in the vehicles 

they will be installed (sequencing) (Boysen et al., 2015). One of the major drawbacks when 

adopting kitting system is the man-hour time, and the associated cost to prepare the kits. This 

double handling of the material does not present itself an added value activity. And so, the 

efficiency of kit preparation must be taken into consideration when designing kitting systems. 

An important part of the process in kit assemblies is order picking. Order picking is defined by 

Koster et al. (2007) as “the process of retrieving products from storage (or buffer areas) in 

response to a specific customer request”. Order picking is considered to be the most intensive 

warehouse operation in terms of labour and capital (Koster et al.,2007) 

There are two main order picking organization forms (picking policies): picker–to–parts and parts–

to–picker.  As the name suggests in the first case the picker walks (or drives) through a 

determined route in which they collect the needed components. The later, normally consists of 

highly automated equipment and procedures, where the components are brought to the picker 

through automated machinery (e.g. aisle bound cranes). When considering picker-to-parts we 

can have high-level picking and low-level picking. In low-level parts are stored in ground bins or 

low storage racks (up to 2 meters vertically), where the picker walks and collects the parts. In 

high-level, the picker is aboard of a lifting order-pick truck or crane that automatically stops in front 

of the picking location and waits for the picker to collect the part (Koster et al., 2007). 

Traditionally, in order to complete an order, the picker starts by performing administrative and 

startup tasks (e.g. collecting the picking list, collecting the kit container and/or kit rack, obtaining 

picking device) and then he begins a multiple stop tour, collecting and documenting parts, 

specified in the picking list, until the order (or orders) is completed.  

When talking about picking efficiency, normally it refers to minimising the total time of the process 

mentioned before, which consists on the time spent on the administrative process, the picking of 

the items itself, documenting the picking and travel time between each picking location. Normally, 

the reduction in travel time between picking locations is the main concern, as it accounts for 50% 

of the total time in traditional warehouses (Chan et al., 2010).  And so, as expected, most of the 
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work done on the subject concerns the routing of pickers to minimize travel time. The problem is 

that most of these picking operations are made in large warehouses with many different products, 

whereas in the automobile industry the order picking (i.e. kit preparation) is done in supermarkets 

which are relatively small in size, comparing to the later, and are normally composed by a small 

number of parts.   

Thus, the main problems tackled when considering efficiency in order picking are i) the layout of 

the warehouse (or supermarket) - the number and location of shelves and the dimension of the 

aisles; ii) routing of pickers - the sequence in which items will gather in order to minimise total 

travel time; iii) storage policy - how parts or products are displayed on shelves to facilitate their 

picking. As it is expected these decision problems are also highly interdependent, and decisions 

need to be taken as a whole in order to achieve better efficiency.  

The routing problem is linked directly to the type of technique used to fulfil orders (build kits). 

There are mainly three ways to do this: batch picking, zone picking and discrete picking. Batch 

picking consists of portioning the set of parts to be retrieved into subsets of items to be jointly 

collected during a single tour. Zone picking consists of picking a single order, or a batch, in 

different zones. The picking area is divided into individual pick zones. Once picking in a zone is 

complete, the order bin/container travels to the next zone. Finally, discrete picking consists of only 

picking order by order (Boysen et al., 2015; Bozer and Kile, 2008; Brynzér and Johansson, 1996; 

Koster et al., 2007).  

Regarding storage policies the three types which are most present in the literature are: class-

based, dedicated and random storage. Dedicated and random storage are considered opposite 

extreme cases of the class-based storage. In dedicated storage, each part has its own class, 

while in random storage all the parts belong to one single class. Class-based storage is based on 

the idea of assigning groups of parts to a determined class and then store it in strategic areas 

(Chan and Chan, 2011). 

Still, these problems relate more to traditional warehouses with large areas. In the automotive 

area, specifically in kit preparation, these areas are quite compact and travel distances become 

shorter and almost constant from round to round (Hanson et al., 2015). Thus, without disregarding 

travel time, the time deployed on other operations becomes more relevant (i.e., administrative, 

collecting, and documenting). In the same way, a typical layout of these areas differs from the 

traditional way, being that supermarkets with U-shaped layouts have been more adopted by 

different OEM’s (Glock and Grosse, 2012). Concerning the storage policies, supermarkets serve 

specific stations with specific demands for parts, which directly affects the parts that are stored in 

these areas without following any specific class storage policy.  

In the automobile industry, it is normally used a picker-to-parts policy with batching. Consequently, 

the problems relating to kit assembly are in fact condensed to the batching of parts and routing 

of pickers. 
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3.4.1 Kit assembly efficiency 

Literature regarding efficiency in terms of labour in order picking is abundant, but it evolves in the 

routing of pickers, either concerning routing directly or how storage policies can affect it. But as 

referred, conditions in the automotive industry differ from the traditional warehouses. 

Supermarkets are small, and here picker tends to do the same route from round to round, either 

crossing the entire supermarket or in u-shaped patterns. Still, the batching problem is important 

as it defines what will go into the kit and in what order. Literature regarding batching in kit 

assembly is scarce but still, some works can be highlighted. 

In accordance to Gu et al. (2007) the batching problem can be stated as, given: 

i) warehouse configuration; 

ii) time window schedule; 

iii) a set of orders to pick during a tour. 

The objective is then to determine a partition of orders to assign to waves or pickers, subject to: 

picker effort; imbalance among pickers; time slots; picker capacity; and order due dates. Waves 

are time windows which serve to agglomerate different types of orders, with the goal of keeping 

operations balanced in terms of picking. 

Batching can be considered as a capacitated vehicle routing problem (CVRP). An often-used 

heuristic to the partition of orders and creation of batches is the seed algorithm. This algorithm 

initially selects a single seed order in the batch, then more orders are added according to a route 

closeness given a certain criterion, until the capacity constraint is reached. This constraint can be 

for example time, weight or number of orders. A common criterion used is the similarities that 

components have with each other, but in assembly line feeding system with JIT principles the 

information regarding the assembly sequence, therefore the parts to be presented in the kits, is 

not available until shortly before the assembly takes place (Hanson et al., 2015). Other innovative 

ideas for passing information to the picker are regarded further ahead. 

Hanson et al. (2015) provide an analysis of batching time efficiency in kit assembly operation 

through two experiments made in a MMAL. The experiments consisted of recording the time used 

by pickers in different parts of the kit assembly operation using two different kit racks (one larger 

than the other) and making the batches (batching here is considered as grouping various kits) as 

large as possible without compromising the handling of the kit rack. Experiment 1 consisted then 

in a batch of four kits and experiment 2 in a batch of 6 kits. They then proceeded to compare the 

results between kit preparation using batching and discrete picking (preparing one kit at a time). 

The results show that batching is much quicker in situations where the travel distance between 

parts is very short. Still, the authors state that it is hard to generalize this assumption for every 

case since there are other factors that can influence it such as the supermarket layout, packaging 

of parts, size of parts and pickers efficiency. 



 
 

23 
 

Other work that can be related to kit assembly efficiency, although the authors do not say the 

study is made in an automotive industry perspective, is the study of Glock and Grosse (2012). 

The authors focus on how a u-shaped pattern layout with a movable base moving along the aisle, 

where the items collected are stacked (e.g. kit rack). They also use a storage policy where the 

items are stored vertically in stillages, one above the other. The model they present can either be 

used for batching or discrete picking, and the routing is based on distances between the base 

and the items to be taken or between two items. Their findings suggest that this approach, with 

the storage policy and the movable base, can improve the average time needed to complete an 

order in storage points that have narrow aisles (e.g. supermarket). 

A very interesting work is provided by Hanson and Medbo (2016), where based on existing 

literature regarding kitting and order picking alongside with the help of experts in the field, enables 

to highlight some of the main characteristics regarding design that affect man-hour efficiency in 

kit assembly operations. The most important aspects highlighted were picking density, size of 

area, racks for storage of packages (number of levels), area layout, moving or stationary kit rack, 

storage package (design of part), batch size, kit rack (how many racks, design) and finally 

information system (e.g. picking list, pick-by-light). The authors define picking density as the 

number of picks per cycle divided by the number of square meters available to the picker. Based 

on these aspects they analyse 15 different cases. Some of its findings show that a higher pinking 

density negatively correlates to the time spent picking parts, meaning the higher the density the 

shorter is the time needed to collect apart. The information system also plays a significant role as 

some require more administrative time than others (e.g. in order to activate the pick-by-light 

system the picker must first scan a paper containing the requested kits). Also, the packaging of 

the stored parts if not readily accessible could decrease efficiency (e.g. parts wrapped on the 

plastic fin, among others). 

Furthermore, as referred, errors in part feeding systems are recognized as the main problem in 

internal material handling. Most of these tasks are manual and are prone to the human error 

causing relevant quality problems. Any material handling error in picking determines additional 

correction costs and is directly linked with efficiency, not only in kit assembly but with the 

performance and profitability of the business process (Caputo et al., 2015).  As a mean to cope 

with this problem technology, techniques and devices have been developed. Some of the 

technologies that come to replace the traditional printed blacklist paper are barcode scanning, 

pick-by-light and pick-by-voice. In barcode scanning, the picker is equipped with radio frequency 

scanners that are linked with the company Enterprise Resource Planning (ERP) or warehouse 

managing system (WMS), and once the item is scanned it is automatically retrieved from the 

inventory. In pick-by-light shelves are equipped with lights and displays that show which items 

are to be picked and what quantity, but the lights are only activated after scanning a paper with 

the information about the orders. In pick-by-voice the picker is equipped with a headset and 

retrieved the items as communicated. An advantage of this type of technologies, other than 

improved accuracy, is the skipping of the documenting operation, which enables time saving 

(Proliftequipment, 2018). Digital displays are also used for the picking such as Tablets-Pc. 
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Another aspect is that order picking is considered the most intensive labour activity on the shop 

floor, as referred before. Work derived musculoskeletal disorders are common in manual material 

handling operations, and in order picking the constant repetitive movements and work postures 

with the arms abducted or elevated are known to be risk factors to the limbs and neck especially 

(Christmansson et al., 2002). 

An alternative to solve both issues could be the implementation of automatic systems (e.g. robots) 

on the shop floor. Going with the today trend of industry 4.0, picking robots have become more 

functional and efficient than ever before.  

3.4.2 Industry 4.0 and picking robots 

Industry 4.0 or also known as “the fourth industrial revolution”, “smart manufacturing”, “integrated 

industry”, has been a much-discussed topic in the latest years with the promise of changing the 

way goods are designed, manufactured, delivered and paid. Its goal is to achieve a higher level 

of efficiency and productivity as well as automatization (Gregor et al., 2017; Hofmann and Rüsch, 

2017). One of the key features of its development is the utilization of Cyber Physical systems 

(CPS) production with the use of heterogeneous data and knowledge integration. CPS bring the 

physical and the virtual world together. In manufacturing, this means that information related to 

the physical shop floor and the virtual computational space are highly synchronised allowing for 

a higher level in control, surveillance, transparency and efficiency in production (Hofmann and 

Rüsch, 2017). Other than CPS, it involves numerous technologies and associated paradigms 

such as radio frequency identification (RFID), ERP, Internet of Things (IoT) and cloud-based 

manufacturing.  

Along with the coming of Industry 4.0 also comes the age of robots which are today more evolved 

than ever. For this study, we pay special attention to robots developed for picking. Some 

companies have started to develop robots that can solve the ergonomic issues and human errors 

that cause problems in the kitting operation. Based on Bonkenburt (2016) along with online 

research it is presented some companies, their respective projects and how they work. 

Firstly, we begin with Kiva, a company that has been bought by Amazon, and that developed a 

system where a special type of robots can collect entire shelves and deliver them to the human 

picker, becoming stationary. After the human picker collects the items needed, the shelf is taken 

away and another one arrives. It is estimated that this type of systems can decrease about 50% 

of the total labour relating to the picking activity as it eliminates walking out of the process. Still, 

this system requires large investments as it is needed a network of connected shelves, tracks, 

robotics shuttles, elevators and conveyors, and still not eliminating the problem of the repetitive 

moments that manual picking requires from the human picker (Bonkenburt, 2016). 

A company called Fetch Robotics has developed a system of robots that work together to pick 

different items. These robots were given the name Fetch and Freight. Fetch is a robot that can 

stretch its torso to reach higher levels of the shelf while Freight is a smaller robot that holds the 

items collected by Fetch. Each Fetch robot can have multiple of these small Freight robots around 
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him, helping when needed. The agiler and faster freight robots can go to different areas helping 

other Fetch robots as these solely focus on the picking operation, creating a hybrid version of the 

parts-to-picker and picker-to-parts policies. This freight can be sold separately and can also be 

used to aid human pickers in case of items that are more complicated for the Fetch robot to pick 

(Wise et al., 2015). 

Another company called IAM robotics is also developing another type of robots that are equipped 

with an arm on top and camera systems, that can pick items and place in a container.  

TORU is a picking robot developed by Magazino, that specializes in the picking and stowing of 

individual cuboid items (e.g. shoes) in e-commerce warehouses. TORU can move itself to the 

items location pick and store it in an in-built shelf and deliver it directly to the shipping station. 

TORU is connected to the warehouse management systems through WI-FI and can store 20 

items depending on its characteristics, he can recognise objects through barcode identification, 

laser or viewpoint configuration and is already available commercially. TORU can work alongside 

humans providing a JIT delivery of items (Magazino, 2018) 

Not relative to order picking, but interesting, Magazino is also currently developing another robot 

that can replace tow trains in the automotive industry, its name is SOTO and its predicted to be 

ready in 2018.  

Still, there is no literature regarding the efficiency of this type of robots/systems in the warehouse 

as the papers focus more on the development of these robots (e.g. mobility, visualisation, 

communication and grasping). 

3.5 Chapter conclusions 

Given the complexity derived from MMAL’s it is not safe to say that there exists sufficient literature 

to fully understand what the appropriate steps are to follow in order to maximise efficiency at the 

shop floor. Still, it is an active research field where academics mostly have developed 

mathematical models that are used to assess the performance of different assembly line feeding 

systems essentially trough comparing costs or time losses, as seen in the literature review. From 

here it was possible to derive the key challenges logistic operations managers face when dealing 

with the multiple parts used in MMAL as the storing, transportation and sequencing. As the 

supermarket concept is a vital component in the system, that directly concerns the storing and 

transportation, a functional description and definition along with the main problems referring to its 

implementation in the shop floor was also delivered (i.e localization, routing, scheduling and 

loading). A selection of previous academic works was also reviewed and summarised. The same 

goes to order picking, as is a closely related area to kitting/sequencing, a brief description was 

provided. Here, due to the broad scope of the subject, special attention was given to the efficiency 

in kitting operations scenario, where literature is scarce. Finally, ways to cope with efficiency 

problems using innovative technologies under industry 4.0 scope where presented.   
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4 Case study: Volkswagen Autoeuropa 

In every logistics research project is very relevant to have a real-case scenario where theory can 

be applied. To this end, contact was made with the biggest vehicle manufacturer in Portugal, AE, 

which in return offered the possibility to collaborate. This chapter serves then the purpose of giving 

a better notion of where the work will be developed. In that sense this chapter first starts with a 

brief introduction of the VW Group in section 4.1 and of VW AE in section 4.2 followed by a 

detailed description of its organizational structure in sub-section 4.2.1. Then AE in-house logistics 

are described in section 4.3, beginning with some information regarding physical characteristics 

of the whole factory and the layout observed at the shop floor in sub-section 4.3.1. Also, the type 

of packages and containers used at the shop floor are presented in sub-section 4.3.2. In 4.3.3 the 

whole internal transportation process is described, presenting its main transportation modes, 

strategies relative to parts feeding and its current transportation routes in sub-sections 4.3.3.1, 

4.3.3.2 and 4.3.3.3 respectively. In section 4.4 a problem characterization of the process which 

will be the target for optimization is shown. Here the engine dress line is described in sub-section 

4.4.1 followed by the main challenges observed in 4.4.2. Finally, as in the previous chapters, 

some conclusions are drawn-out in section 4.5 

4.1 Volkswagen group 

VW Group is one of the biggest automobile manufacturers in the world, with origins around 1930 

in Germany, and currently with its head office located at Wolfsburg. The group represents twelve 

different brands all sharing one purpose, mobility. The twelve brands are VW, Audi, SEAT, 

Bentley, Bugatti, Lamborghini, Ducati, VW commercial vehicles, Scania, Skoda, Porsche and 

MAN. Even though all these brands share one main purpose, they all act independently having 

their own target audience and markets, going from low-cost to luxury vehicles.  

Accounting for all the brands, in 2017 the group was responsible for an accumulated value of 

230.7 € billion in sales with a profit of 11.8 € billion. Nowadays, owns 120 production plants spread 

through the world (Europe, Americas, Asia and Africa) producing an average of 44 000 vehicles 

per day and employing 642 292 individuals (Volkswagen AG, 2018).  

The vision of the group is to continue to be one of the world’s leading providers when it comes to 

sustainable mobility. For that purpose, a new future programme has been approved named 

TOGETHER – 2025 that in summary aims to restructure the core business of the group in new 

technologies such as batteries and autonomous driving but also to invest in new mobility solutions 

and business in order to prepare the group for the future (Volkswagen AG, 2018) 

4.2 Volkswagen Autoeuropa 

The history of VW AE begins a little before 1991 with rumours of the big North American 

multinational, Ford, in a joint-venture with VW Group looking to establish a new production plant 

somewhere in the Iberian Peninsula. In 1991 the joint-venture was official, and a contract was 

signed with the Portuguese government to establish this new production plant in Palmela. In 1995 

the plant is augured and production started with the models VW Sharan, SEAT Alhambra and 
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Ford Galaxy, representing the biggest FDI ever done in Portugal, with an initial investment of 

1 970 million € (Féria, 1999). 

The joint-venture eventually ceased and in 1999 and VW Group acquired the total share of AE 

and consequently ceasing the production of Ford Galaxy in 2006. In the same year the production 

of VW Eos, a convertible car, started. Due to the specifications of this model, the factory started 

to have two separate lines in the plant, one for multipurpose vehicles (MPV’s), as saying Sharan 

and Alhambra models, and one for VW Eos.  

In 2008 the production of VW Scirocco began and later on, through big investment and 

technological restructuring, the assembly line of MPV’s ceased and a single line for all models 

was implemented (MMAL). This approach enhanced the flexibility in the plant allowing the 

production of different models in the same line and a more balanced work distribution between 

workstations and, consequently, between workers. The new generations of Alhambra and Sharan 

MPV’s where introduced in 2010.  

More recently, in 2017, the sports utility vehicles sports utility (SUV) T-Roc model was launched 

at full gas and now represents the majority of production in AE, with a proportion of 3 SUV to 1 

MPV, while the production of EoS and Scirocco ceased. As the company is the only plant globally 

to produce the model, the company has switched from 16 hours of production per day to 24 hours 

per day and encounters itself on its capacity limit, producing a daily average of 900 vehicles 

(Volkswagen Autoeuropa, 2018) 

4.2.1 Autoeuropa organizational structure 

The organizational structure of AE is conceived such that the functioning of the factory is never 

jeopardized. Thus, AE has diverse expert departments, that working together aim to reach this 

goal. The organizational structure of AE is represented in Figure 10 where we can identify eight 

main departments under the administrative board.  

 

Figure 10 - AE organizational structure 

Although all of these areas play an important role in the correct functioning of the company, they 

are not all in the scope of this study, and only the logistics area will be addressed  

The main goal of logistics in AE is to feed the plant, and consequently the assembly line, in 

accordance with production demand. For that, principles as lean management, JIT delivery and 

JIS delivery are applied in logistics, both internally and externally. Other than this immediate 

objective, logistics department has other functions as increasing resiliency of the supply chain, 
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optimizing costs, decreasing delivery times and create long lasting relationships with clients and 

suppliers. The logistics department is sub-divided in different teams represented in Figure 11. 

 

Figure 11 - AE logistics department structure 

This project will be developed with the collaboration of the logistics planning team. This team is 

in charge of applying some of the principles mentioned before (Lean, JIT), guaranteeing that the 

correct parts are delivered at the destined place in the right time, correct quantity and packaging 

at the assembly area. The information flow in this division is of most importance that with the right 

equipment and technology allows the department, and consequently AE, strive for minimum costs 

and constant innovation (Volkswagen Autoeuropa, 2018). 

4.3 Autoeuropa in-house logistics 

In this chapter the in-house logistics regarding the assembly area of AE is described. Firstly, the 

factory and assembly area are presented, accompanied with some relevant information and 

numbers.  

Then the type of packaging used in all operations is identified, as it impacts all transportation 

processes. Regarding transportation, the main modes are briefly mentioned followed by a detailed 

analysis of the methodologies used for the movement of parts including the routes currently used 

for the same. 

4.3.1 Factory and assembly area 

At the moment AE is producing, as referred, three different model types resulting in the 

management of approximately a total of 4 000 parts. As expected a tremendous effort must be 

made in order to cope with this large amount of parts, where some are produced locally and others 

come from nearby suppliers, situated in Portugal, or from other countries.  

The total area of the AE factory is around 1 100 000 m2 which comprehends the areas of presses 

and body, painting and assembly. To reach its final state the product needs to go through all these 

areas in the same sequence as they were referred, with the final area being the assembly. In 

Appendix 3 it is shown a schematic representation of the whole logistic surface regarding the 

assembly area. This space has an area around 140 000 m2 which comprehends the central 

warehouse, also known as Logistiks Optimirung Zentrum (LOZ), and other logistic areas such as 

supermarkets as well as the assembly line.  



 
 

29 
 

It is on the shop floor and assembly line where the most value is created. Here time is precious, 

and errors can lead to dire situations. The shop floor is divided by assembly zones, with a total of 

eight identified by letters A, B, C, E, F, G, H and J spread through the shop floor. Each zone is 

responsible for carrying out a special set of tasks which can be more or less automated and which 

are vital for the completion of the final product, the vehicle. The main vehicles’ assembly line is 

composed by 277 workstations. Additionally, there are two other small assembly lines which are 

responsible for the assembly of engines and of pre-assemblies.  

Logistic areas are shared between AE own employees and its current logistics partner DHL. This 

option of keeping some logistic areas still in control of AE resulted from internal politics regarding 

AE employees and the need to retain full responsibility of certain processes. 

Regarding the central warehouse, it was built to serve mainly the assembly area and has an 

approximate surface of 24 000 m2. Here more than the simple storing of parts is accomplished, 

as it is also where trucks from suppliers arrive at the unloading area to collect orders and also 

where some quality checks and decantation processes take place (described in sub-section 

4.3.2), both with dedicated areas. It is also here that an area named Bahnhof is situated. This 

area acts like a buffer for the exchange of empty containers with full ones between the LOZ 

warehouse and the shop floor  (Volkswagen Autoeuropa, 2018). 

4.3.2 Universal packaging 

In an attempt to standardise their processes across their various production locations, VW Group 

defines that the packaging used at facilities must be standardised. These types of packages not 

only are used inside the factory but are also shared between suppliers, easing the supply process. 

Very rarely, unstandardized packages are used. Still, when this happens more often than not 

decantation processes are undertaken where supplied parts are transferred from these packages 

to standardized ones.   

The universal packages are mainly of two types: big and small. Big dimension boxes are 

designated as Grosse Ladungsträger (GLT) and smaller ones as Kleine Ladungsträger (KLT). 

Important to note that there are various versions of GLT’s and KLT’s as they are modified due to 

parts characteristics. The smallest package of a given product is designated as a Stock Keeping 

Unit (SKU), and they can be stored inside of other bigger boxes. Also, sometimes, for cost and 

transportation reasons KLT’s are stocked together in a cube shape receiving the name of Gebinde 

Typen (GT). Other than this, sometimes special racks are used for transport inside the shop floor 

and for short time storing.  

Most of these packages after being utilized are cleaned by LOZ operators and sent to a buffering 

location inside the factory boundaries, waiting to be picked and sent again to suppliers so that 

they can be refiled.  
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4.3.3 In-house transportation 

The in-house transportation system at AE is quite complex, reason why this responsibility was 

fully passed onto DHL. Needlessly to say that optimized production flow can only be achieved 

with an also optimized transportation system, as parts need to be constantly moved around 

balancing inventory levels at supermarkets and at the BoL, in a JIT manner. 

Throughout this section the transportation system is broken down for a better understanding.  

4.3.3.1 Transportation modes 

The most prevalent transportation mode in the facility is, without question, the tow tug, a kind of 

manual guided tow train. Its flexibility plus its capacity makes it an indispensable tool to have at 

the shop floor. The amount of parts that the tow tug is able to carry depends highly on the type of 

trolley used to store the same, as there are special racks that are used for certain types of parts. 

Height and weight are some of the characteristics that have fixed limit values for security reasons. 

Still, if the trolleys are standard, the tow tug is able to transport up to five GLT’s, receiving the 

name of “crocodile”. These tow tugs have an in-house limit velocity of 10 
𝑘𝑚

ℎ
, VW Group standards.  

In a similar function, the AGV is also used for the transportation of parts. These, in contrast to the 

manual guided tow train, have much less flexibility as they are limited to the band stripes placed 

on the floor, have limited capacity and are much slower, having a maximum velocity of 4,3 
𝑘𝑚

ℎ
. 

Due to that they are mostly used in kitting operations, where only small boxes (kit containers) are 

transported.  

The forklift is used almost exclusively at LOZ warehouse due to safety reasons, with the exception 

of working near the engine assembly line at the shop floor where a decentralized warehouse of 

heavier parts is located. The main functions of the forklift are then the retrieving of parts from the 

suppliers at the unloading area and storing or placing them on the Bahnhof to be later retrieved 

by tow tugs.   

There is other equipment such as order picking mobile cranes that are used at the LOZ 

warehouse, but they are not relevant to this work. 

4.3.3.2 Strategies of transportation and line feeding 

There are three pathways in which parts are fed to the assembly line. These pathways are 

elaborated so as to achieve a better efficiency at the plant, by reduction of time, costs or occupied 

space at the line, without ever jeopardizing the flow of production. Figure 12 shows a schematic 

representation of these pathways.  
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Figure 12- Assembly line feeding pathways 

The simpler case is the pathway denoted as case 1. Here, suppliers deliver JIT sequenced parts 

directly to the plant which are transported to the assembly line in a conveyor belt in most cases. 

This can only be achieved by a high communication level between AE and its suppliers. These 

parts normally have big dimensions and high value, e.g cockpit and seats.  

In case 2 and 3, the approach is different. Here, parts delivered by suppliers are stored in the 

central warehouse LOZ. At this stage, some go through a decantation process as packages 

delivered by suppliers are not appropriate or need to be transferred to smaller packages due to 

BoL space restrictions. Then, as orders are dispatched by the production system, parts are 

brought to the Bahnhof near the entrance gates of the shop floor, where they wait to be 

transported inside the same. Here, two different situations emerge, or the parts are sent directly 

to their POF at the assembly line (case 2) or they are stored in an intermediate POF in a 

supermarket (case 3 a)). 

In case 3, after parts are delivered to the supermarket, they undergo the typical kitting or 

sequencing process, and are transferred from the containers to specialized racks or specific kit 

containers, that are different for each set of parts. When the process is completed, the rack waits 

for a transportation mode which will make the deliveries at the respective POF’s in the assembly 

line (case 3 b)).  

The distinction between kitting and sequencing referred before originates from the fact that AE 

characterizes each of these processes differently. Kitting is referred to the picking of a group of 

parts for only one vehicle, while sequencing to the picking of a group of parts for various vehicles 

(normally twelve or twenty four). 

In summary: 

• Case 1 – JIT sequenced parts from supplier; 

• Case 2 – Line stocking;  

• Case 3 – Travelling kit and stationary sequenced racks. 

Kanban systems at the factory are almost inexistent. In accordance by the logistics planning team 

there are only two processes where it is used but are soon to be discontinued. This was mostly 
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due to the process itself being inefficient. One reason being the use of cards becoming more of a 

burden, as they need to be constantly replaced due to losses or damage. 

4.3.3.3 Transportation routes and replenishment 

Due to the complexity of managing all these parts and the extensive area of the shop floor plus 

the LOZ warehouse, routes have been established with cooperation between AE and its currently 

outsourced logistics partners, DHL. There are several factors that contribute to creation of 

different routes as seen in the literature regarding the routing and scheduling problem, analysed 

in sub-section 3.3.1.  

Currently there is a total of 21 routes, but they can be split into two major groups: Cyclic and non-

cyclic routes.  

Cyclic routes correspond to the transportation of parts between supermarkets and the correct 

POF in the assembly line (case 3 b)). These, as the name implies, are cyclic, meaning that they 

do not vary. These cyclic routes are performed by AGV’s or tow tugs.  

On the other hand, non-cyclic routes concern the transportation of parts between the LOZ 

warehouse to the respective POF in the assembly line or supermarkets (cases 2 and 3 a)). These 

routes, although having established limits, vary accordingly to the consumption of parts, meaning 

that the routes although having defined boundaries may vary from run to run. Here only tow tugs 

are used for transportation and there are two ways drivers know when to replenish a given part. 

These two ways are: 

• Automated: Here vehicles are read by sensors as they progress through the assembly 

line, which in turn send information to the system about the parts being consumed at each 

location. Then based on the takt time3 of that part type the system calculates when it is 

going to become depleted in the future, triggering an order at the right time. 

• Manual:  A visualization method is used where employees when going through their 

routes need to check specific containers, identified with a white label, which are required 

to be picked in case of near depletion. The system will then know and trigger an order for 

the next run.  

Non-cyclic routes are, as expected, much complex than cyclic ones. DHL organizes these routes 

through the type of packaging: KLT’s, GLT’s and GT’s.  

KLT’s have five standard routes each one having a name of a country. Concerning GLT’s there 

are currently eight standard routes which are done using “crocodiles” (five GLT’s per run). Lastly, 

we have GT’s with only three routes.  

 

                                                           
3 Takt time – Time gap between the consumption of one part and the consumption of the following. 
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To ensure that there is no stock out at the supermarket or at the assembly line, there is always 

two containers of a given part. Furthermore, a system flag is also used to aid tow tug drivers in 

locating the correct location to do the exchanges, making the process more efficient and faster.  

4.4 Problem characterization 

Within the context above described it is in the best interest of AE then to aim for continuous 

optimization of its operations in terms of logistics and quality, may it be through the traditional 

infield observation and study or through the modernization of procedures if justified in financial 

terms. A critical area identified through infield observation along with the feedback of the logistics 

planning team coordinator, was the engine dress line located at zone C. Here a combination of  

AGV’s, tow tugs and different types of assembly line feeding systems can be observed. A mildly 

modernized process where ergonomic conditions are still pushed to the limit, and older 

infrastructures diminish the potential of modern ones. This area has potential for improvement. 

4.4.1 Engine dress line process 

The engine dress line itself is composed by 19 workstations which are divided in two areas: C1 

and C2. In terms of supermarkets this line is fed by Suma C3, Suma Motores and Suma Caixa.  

The Suma C3, where the kit assembly process undergoes, has the typical u-shaped layout seen 

in the automobile industry. Here a typical picker-to-parts system is used with a movable base (i.e 

kit rack) and with the aid of a Tablet-Pc for the picking process. The storing applied at Suma C3, 

is based on the consumption rate of a given part and in the order in which kits are built (more than 

one kit type is assembled here). The characteristics presented in this supermarket are much alike 

the one presented in Glock and Grose (2012) work (see sub-section 3.3.1). 

The other two supermarkets only have the same type of family parts, engines and engines boxes, 

but these have a lot of variations between them. In terms of replenishment, Suma C3 is served 

by routes Alemanha and Itália in what concerns KLT packages while GLT’s are replenished 

through Croc Suma G2. The other two supermarkets are replenished by a decentralized 

warehouse that was placed in the vicinity of the same and which focuses only in the storage of 

engines and engines boxes (not a supermarket). Here, due to the physical characteristics of the 

parts, an exception is made and forklifts are used for in-house transportation. 

Currently, the process in this sector is as depicted in Figure 13. For a better comprehension of 

the process, the explanation will be divided in three phases. Important to note that in this line, the 

rhythm is dictated by employees as the AGV’s work in a stop-and-go manner, where employees 

need to press a button for the AGV’s to proceed to the next station, increasing the variabilities 

associated. 

Said that, phase 1 begins with the picking of two different types of kits (named Kit 1 and Coolant) 

and two other parts (console and starter) at Suma C3 which can be viewed in Appendix 4 placed 

in the kit rack. The correct engine and engine box are then picked in Suma Motores (SM) and 

Suma Caixas (SC) respectively. All these parts and kits are placed in one AGV, Logistics AGV 
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(LAGV), which after the collecting is complete will reach phase 2. A picture of the LAGV with all 

the parts can be visualized in Appendix 4.  

Phase 2 begins as soon as the LAGV enters the first area of the engine dress line which is called 

C1. Here another AGV, Production AGV (PAGV), also enters the area carrying an empty coolant 

container from a previous milk run. After, checkpoint 1 is reached and both AGV’s come to a stop 

side by side. At this stage, a line operator switches the empty coolant container brought by the 

PAGV with the Kit 1 and engine in the LAGV. Kit 1 then becomes a travelling kit, as the PAGV 

goes from station ED 020 to station ED 075.  

 

Figure 13- Problem scheme 

It is important to note that the LAGV and PAGV do not go at the same velocity. While line 

operators are working in the engine that was placed in the PAGV, the LAGV continues to go its 

way supplying the remnant parts to upstream workstations. 

Phase 3 begins as checkpoint 2 is reached. Here another exchange between containers happens 

as an empty Kit 1 container (not the same as in phase 2) is exchanged with the full Coolant 

container brought by the LAGV. After this exchange is completed the LAGV goes all the way back 

to Suma C3 carrying only empty containers, which will then be refilled and the process repeated. 

While this happens, the PAGV that just received the Coolant container goes all the way from 

station ED 075 to station ED 140 (area C2), also becoming a travelling kit. Checkpoint 3 marks 

the time where all parts from the Coolant container have been consumed, from here the PAGV 

continues its way to another area (which is not in the scope of this study) where the just assembled 

engine is attached to the bottom of the vehicle. 

Two cycles (i.e milk runs) must then be considered: LAGV and PAGV. A LAGV cycle is considered 

complete when it reaches Suma C3 again, while the PAGV is considered complete as soon as 

he reaches checkpoint 1. The cycle time of LAGV is approximately half of the PAGV.  
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4.4.2 Challenges observed 

With the process explained there are three key issues identified in site observation and 

communication with the zone coordinators, which call for special attention.  

Firstly, often a mismatch between the sequencing done by the employees at Suma C3 and the 

arrival of the AGV’s can be seen. Employees take too much time for picking parts resulting in 

stacked LAGV’s waiting near the supermarket and idle employees at the assembly line, or the 

employees at the line take too long assembling the engine resulting in idle employees at the 

supermarket as sequencing runs are completed. This idleness in both scenarios obviously has 

costs for the company and has been a much discussed topic at the logistics department.  

Secondly, the current infrastructure and methodology used in Suma C3, has proven to push 

pickers to physical limits and is currently identified by the quality department as critical. Here, 

pickers have to walk an average of 50 meters per run while pushing the kit rack. 

A third problem to be solved concerns line balancing problems. As the parts carried by the AGV 

are very time consuming, in an assembly perspective, they need to be divided into different 

working stations. This means that the parts brought by the LAGV do not belong to the same 

sequences (or as saying the same vehicle) having gaps between them, which creates often 

confusion at the assembly line and has been in the past a cause for line stoppage. 

The solution to all of these problems cannot be found by focusing solely in one of the components 

of this complex system (i.e assembly line feeding, supermarket or order picking optimization) as 

the intricate linkages that each category has with one another have to be considered. Also, 

uncertainties referring to the type of engine to be assembled (i.e more or less complex), sporadic 

events such as a missing part or an employee being slower than usual, for example, directly 

influence time and consequently increase the difficulty of reaching a solution for the identified 

problems (more precisely problem one and three). Given these reasons, a discrete-event 

simulation model integrating all of these problems is to be developed. Simulation is adequate to 

address complex systems and test different scenarios or configurations while analyzing the 

outcomes through a systematic evaluation of operational indicators.  

4.5 Chapter conclusions 

This section firstly presented the VW Group by showing some interesting facts about its dimension 

and power in the automotive industry. Promptly, the company in which the work will take place, 

AE, is also presented, beginning by its history and introduction in Portugal accompanied by some 

relevant key figures. A detailed characterization of the organizational structure was accomplished 

with a special focus on logistic. Still on the logistics subject, the process developed by AE in what 

concerns in-house logistics was analyzed. Lastly, the main issues where identified and their 

solution will be the main focus throughout the following chapters with special attention to the 

idleness of the pickers as they are currently incurring in wasted funds. 
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5 Data treatment 

This chapter explains on how the data used to elaborate the model was gathered. An overview 

of the methods used when retrieving the necessary information and the simplification strategies 

used and necessary assumptions will be provided. This is not only one of the most important 

steps when building a model as it also ensures the quality and reliability of the results obtained, 

but also one of the most time consuming processes that was only possible due to the numerous 

visits to the factory and a constant contact with experts on the field. This constant presence at 

VW AE not only allowed for the gathering of the data but also to better understand the processes 

and linkages between the different components of the system.  

So firstly, the various data categories needed are identified and the gathering process explained. 

After, a more rigorous treatment of some categories of the respective data are done with the of 

the statistical analysis software R. Using R enabled the elaboration of the respective probabilistic 

distributions that characterize random behaviours in the system, while also allowing a better 

visualization of how these distributions compare to the real data that was gathered. 

5.1 Data collection and simplification strategies 

In this section, the collection of the different categories of data, as for example costs, distances, 

velocity and times, is explained. This not only allows for a better comprehension of the model but 

also of the environment in which the data was collected.  

To be able to gather as much as possible first a good understanding of the current ERP system 

of the VW AE was needed. For that several hours were used to understand the software 

accompanied by counselling from colleagues that helped on a more focused search throughout 

the VW AE information universe. Still much of the data collected from the system came in a raw 

manner, meaning that a lot of skimming was done in order to retrieve what was really relevant for 

the building the model. The combination of the powerful analytics software R with Excel allowed 

for a much needed trimming of the data collected allowing a better comprehension of the same 

and easing its manipulation. 

However, not all data is accounted in the system. For such processes a more traditional way of 

collecting results was undergone using analogical tools such as a wheel measurer, metric tapes 

and chronometer. Regarding time related processes that were not accounted in the system, rules 

were set for collecting observations with the chronometer as to make the methodology more 

standardised with the intent of diminishing discrepancies inside the same set of results (also 

explained throughout this section).  

Said that many of the data used in the model has a lot variability associated as it is directly 

concerned with human behaviour. Nevertheless, the best effort was done to collect observations 

and treat them in such a way that it truly depicts individual behaviours as well as the whole system. 
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5.1.1 Picking locations 

The multiple picking locations at Suma C3 were gathered through on site observation. As referred 

before, in this supermarket there are three different kit families that must be collected in order to 

deliver them to the LAGV. Most of these locations are identified firstly by an alphabet letter such 

as for example “A”. “A” location represents a shelf that contains multiple KLT containers which 

contain a certain type of part. In average each shelf has 9 different types of parts, the location of 

this part in the shelf, as it can be higher or lower position vertically, is identified by a number, and 

so for example for a specific coolant tube its location can be “A02” while a slightly different version 

of the same type of part can be “A08”. This code of letters and number is what appears at the 

pickers Tablet-PC for them to correctly collect a given part. 

Other than the KLT shelfs, there are GLT containers. GLT containers only contain a specific type 

of part, which normally is larger, heavier or more costly. The whole Starter’s sequence is 

composed of only GLT’s. The physical dimensions of both the GLT and KLT shelfs are important 

also as it directly influences the distances pickers need to walk on average.  

Considering the three sequences there are around 220 different parts positions. This high number 

of positions would be highly difficult to model as it is required to independently registers an specific 

picking time for each position with the chronometer, as such information is not available in the 

ERP of VW AE. Other than the time that would be consumed by doing such task, it would also 

result in an over complexity of the model, without giving much in return. For that reason, locations 

such as “A01, A02, A04, A06” were simply aggregated into the parent location “A”. This 

simplification resulted in a decrease of the 220 locations to a much-reduced number of 57 in total. 

The distribution of these locations are as represented in Appendix 5. 

As we can see, and as previously mentioned, each sequence has a mix KLT shelfs and GLT 

containers. The total number of locations for sequence Coolant, Starter and Kitting 1, are 

respectively 25, 15 and 17 respectively.  

5.1.2 Kits diversity 

Whenever a picker starts a new sequence, a new log is saved in the ERP. This log contains a 

start time and an end time with a list of the collected parts belonging to this sequence. To have a 

good perception of the demand of a given kit type, data from a seven-day period was collected.  

 Using an ID for each sequence item from this log in Excel and with the Pivot Tables tool, it was 

possible to find patterns and their accumulated value (i.e the sum of the ID of all parts found in a 

pattern). Finding the accumulated value of patterns, in turn, provided an ID for the sequences.  

In total, 61 different kit types were identified, with 31, 11 and 19 corresponding respectively to the 

coolant, starter and kitting1 families. In Appendix 6 these kits are presented with their respective 

parts and real probabilities. The probabilities were obtained through a simple division equation 

regarding the number of times a specific kit type was found by the total number of observations 
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regarding its family. This was done separately to each family, as in the model these sequences 

are treated as independent, as they are in real life.   

5.1.3 Distances, dimensions and velocities 

The distances used in the model, were retrieved on site with the use of a wheel measurement 

tool. This tool allowed for a precise accounting of the distance between the different locations in 

Suma C3 as well as the distance the LAGV travels to perform a complete cycle. The results 

showed that a full lap in Suma C3 is 74.5 meters and a full lap of the LAGV is 124 meters. 

Regarding physical dimensions, data was collected regarding the LAGV, KLT shelfs, GLT 

containers, are as presented in Table 2. 

Table 2 - Physical dimensons 

Object Length (m) Width (m) Height (m) 

KLT 1,35 0,9 1,6 

GLT 1 1,2 0,85 

LAGV 1,35 0,9 1,6 

 

These measurements are important as they bring more contextualization in the virtual setting, not 

only in the esthetical point of view (i.e 3D modelling) but also as they can influence for example 

how the LAGV’s occupy the route throughout the whole circuit. 

In terms of velocities and as previously mentioned the AGV’s have specific velocities rules from 

Group VW as they need to respect safety measures, and so the LAGV velocity is 4,32 
𝑘𝑚

ℎ
.  When 

considering the velocity of the pickers, it can be more tricky to determine as it can be highly 

variable. Not only does physical characteristics of the individual play role but also other more 

subjective factors as fatigue or willingness also contribute to the variability. For that reason, an 

average velocity 4 
𝑘𝑚

ℎ
  was associated with pickers in the model, considering that the average 

human walking speed is around 5 
𝑘𝑚

ℎ
.  

5.1.4 Time related data 

In this sub section, as the title refers, time related data is worked on. Most of the data here 

presented was retrieved from the ERP system of the company, the rest was gathered trough the 

traditional chrono metring of the activity as previously said. This data is fundamental as it 

represents most of the variabilities associated with the factory and consequently the model.  

5.1.4.1 Picking times 

Each entry of a given kit type has the total time it took to collect the specific sequence of parts 

For diversity and reliability concerns, the sample retrieved englobed three different shifts working 

on three different days, this way ensuring different behaviours by the workers and the facility itself. 

Since the number of parts for a given kit was known it was possible to retrieve the average time 

spent picking each part. For that Equation 1 was used to calculate the average time per picking, 
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where “TT” is the total time spent collecting the sequence of kit i, “DT” is the total time the picker 

spent walking from one location to another until conclusion, i represents the kit observation and 

finally “NP” is the number of parts present in kit i.  

                 𝐴𝑣𝑔𝑇𝑖𝑚𝑒𝑖 =
(𝑇𝑇𝑖−𝐷𝑇)

𝑁𝑃𝑖
                     (1)                                                                                              

This average time picking by location allowed to have a better perception of how much time the 

picker spends retrieving a part depending on the kit family. Due to this, the three different families 

were treated differently, as the average time picking by location for the coolant family is different 

from the starter family, for example, all the parts in the starter family are retrieved from a GLT 

container which is substantially easier to collect.  

The data distribution functions that were obtained for the average time picking by location for the 

three different families are presented in Appendix 8. More information regarding how this data 

distribution functions were obtained will be covered in section 5.2. 

5.1.4.2 Times at Suma Motores, Caixa Motores, assembly line and LAGV loading 

All the times herein discussed were obtained through the traditional method of observation and 

chronometry, as expected the sample is much smaller than the ones obtained through the ERP 

system.  

Regarding the administration time, it refers to the time the picker spends on writing on the paper 

information regarding the last family sequence completed. The time starts to be counted as soon 

as the picker directs himself into the table to write and ends as soon he starts the next picking 

sequence.  

SM and SC values were obtained through the same procedure, where the time starts counting as 

soon as the LAGV stops to receive the respective engine or gear box and ends as soon as the 

LAGV is loaded and the worker presses the “go” button in the LAGV. Here a simplification was 

made relative to SM times, as in reality due to the length of the supermarket the LAGV stops in 

two different locations, one where the LAGV normally stays stationary longer as the engine is 

loaded onto it and a second where a worker just needs to press the “go” button. To identify the 

correct location where it would stay longer only generates over complexity to the simulation by 

trying to “guess” where the position of the engine to be picked is in the supermarket. For that 

reasons “stop1” and “stop2” values were both incorporated into a new middle stop where both 

values are accounted for.  

Line station times refer to the times the LAGV spends at station ED020, ED030 and ED075. Here 

the time retrieved for the three locations is similar. The time is measured using the chronometer 

in the following way, the LAGV stops at the location then waits for the line worker to take or place 

what is needed in the LAGV, as soon as this is completed and LAGV starts going forward again, 

as a worker presses the “go” button, the chronometer is stopped and the time saved.  
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Lastly, we have the load time regarding the exchanging of empty for full kits at the entrance of 

Suma C3. Similar to the methods used to account the line station times, here the time starts to 

be accounted as soon as the LAGV stops at the exchange location until the loading/unloading 

process is done and the LAGV starts his way to the next stop at SM.  

As expected these values that were gathered through the usage of the chronometer are not as 

accurate as the ones registered by the system, and the sample obtained is also much smaller, 

approximately fifty observations for each, still it was treated the same way in the R software as 

will be presented in section 5.2. 

5.1.4.3 Work time schedule and PAGV arrival rate 

The factory works 24 hours a day 6 days per week, Sunday being the day off. Through these 24 

hours three different shifts are used to fulfil production objectives, divided trough different times 

of the day. Table 3 shows how the shifts are organized throughout the day, including lunch time 

and rest breaks. These work schedules led to confusion in the simulation since it accounted this 

breaks as idle time the lunch breaks and pauses. For that reason, these pauses were taken out 

of the normal simulation run. 

Table 3 - Factory work schedule 

Shifts Start Break 1 Lunch Break 2 

Morning 7.0 8.53 11.45 13.53 

Afternoon 15.30 17.53 19.45 22.23 

Night 0.0 1.23 3.45 5.23 

 

As for the arrival time of the PAGV at station ED010 is of uttermost importance as it is the one 

marks the pace of the engine assembly line. Due to its importance, VW AE has in function a 

sensor that records every entrance of a given PAGV. Hence it was collected through the ERP 

system and a distribution was associated with its arrival time. 

5.2 Statistical treatment 

In this section, the process of statistical treatment of the data is explained. First by introducing the 

software on which the treatment was done, R. This software is mostly considered an analytics 

software, used mainly for data treatment, it offers great tools not only in mathematical terms but 

also in the visualization of the data itself. As R works based on the packages one uses for coding, 

it was chosen for the finding of the various probabilistic distribution the package fitdistrplus. 

The general firstdistrplus package aims to facilitate the fit of univariate parametric distributions to 

censored or non-censored data where the two main functions used are the fitdist and fitdistcens. 

In this work, we used the fitdist function to obtain the parametric distributions of our random times. 

There are four methods which fitdist function can use to estimate the distribution parameters. 

These are maximum likelihood estimation, moment matching estimation, quantile matching 

estimation and maximum goodness-of-fit estimation. In this case it was used the default method 

which the maximum likelihood estimation.  
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Before estimating the parameters of our observed data, we first need to choose the distribution 

function that better describes it (e.g normal, Gaussian, gamma). For that the fitdistrplus package 

also gives a function called descdist that helps identifying the best candidate for application. As 

an example we have the applying of this function to the values observed of station ED030. By 

applying this function, the software calculates some basic statistics such as: Min, max, median, 

mean, standard deviation, skeweness and kurtosis. Then based on these estimation, descdist 

function plots a Cullen and Frey graph, presented in Figure 14.   

 

Figure 14 - Cullen and Frey graph for finding suitable candidates 

As we can see, there are a number of candidates for our observation, but the ones that better 

represent it are the betta or gamma distribution. For this data sample it was chosen the gamma 

distribution at the observation value is right on top the gamma distribution line. 

Now that we have selected our distribution, we can use fitdist function to use the maximum 

likelihood method to accurately estimate the distribution parameters. Very briefly explained the 

maximum likelihood method, given the distribution chosen (in this case gamma), tries to reshape 

the curve in function of the data observed, resulting in more precise parameters. This reshape is 

based on some conditional probabilities and log functions which are not in the scope of this thesis. 

What is important to note is that one of the cons of using maximum likelihood method is that it 

makes an assumption that all the data points observed are independent from each other, which 

is true as in our case. Each observation doesn´t have any correlation with a following one, 

meaning they are all independent. The fitdist function output is as we said, the estimation of new 

parameters for our distribution, for instance as we are dealing with a gamma distribution, the 

parameters estimated had a shape of around 2.7 and a rate of 0.06555, each having a standard 

deviation error of around 0.659 and 0.01755427 respectively. To have a better grasp of how 

accurate this distribution really fits our data the plot function is used. In Figure 15 it is possible to 

see how the data retrieved on site compares to the new associated distribution. Then, in order to 

test our new distribution, a goodness of fit (GOF) test is applied in order to find the p-value 
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associated. P – values indicate how good our assumption relatively to the empirical data found 

is, based on the null hypothesis. The null hypothesis (H0), generally is the hypothesis that is used 

to compare to the hypothesis that is more relevant, or that is being investigated (H1). Said that, 

there are various GOF tests to choose from, in this thesis the Kolmogorov-Smirnov test was 

chosen.  

 

Figure 15 - Theoretical vs empirical comparisson 

This was the procedure undergone for all the data that required similar treatment. In Appendix 7 

the plots can be observed for the estimated distributions used in the model. For the distributions 

and p-values, Appendix 8. As it is seen, some estimated distributions are more accurate than 

other, still it is important to bear in mind that it is impossible to perfectly describe a behaviour. 

5.3 Chapter conclusions 

This chapter was created in order for the reader to better comprehend how the data was collected 

firstly by indicating where they were retrieved, how they were collected and how they were 

simplified. As for the simplifications in summary it were 1) generalization of the picking locations; 

2) general velocity of 4 
𝑘𝑚

ℎ
 attributed to the pickers; 3) Picking time for each parts calculated based 

on their family; 4) Transformation of two LAGV stops in SM to only one; 5) Removal of the lunch 

and intermediate breaks from the simulation total run time. 

After, time related data was treated through software R. The packages, functions used and their 

purpose were identified and explained in order for the reader to understand how the distributions 

were addressed and how reliable they are. This was done through the visualization of graphics 

but also through the estimated p-value associated with each. In conclusion, with this chapter the 

basis is formed for the development of the model. But more than that a real grasp of what is being 

inputted in the model was provided which should always be accounted when interpreting its 

outputs. 
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6 Simulation and model elaboration 

This chapter regards the construction of the model used for the resolution of the problem 

presented previously in section 4.4. It begins by providing some fundamental basic knowledge 

related to simulation in section 6.1. After the basics are well addressed, the model foundations 

are considered and explained mostly through schemaes and diagrams. Here it is where the 

simulation “skeleton” is defined. In section 6.3 the development of the computational model begins 

firstly by introducing the software used, SIMIO. After, its main tools for the programming of the 

model are identified and explained mainly through sections 6.3.1 and 6.3.2, also providing the 

reader with fundamental knowledge for the comprehension what is to be modelled afterwards.  

The true modulation previously mentioned regards sub-section 6.3.3. This sub-section is one of 

the most important of the whole thesis as it is here that reader is able to correlate all the other 

chapters into the model as how data is inputed, what assumptions were needed and 

fundamentally how the different components of the system communicate with each other as the 

model is running. Lastly, the validation of the model is done by comparing simulation outputs with 

data gathered in the real world in sub-section 6.3.4. 

6.1 Simulation basics 

When developing a simulation model it is very important to define the system boundaries. With 

boundaries meaning the frontier where the components inside the system are not allowed to 

communicate to an extern environment, even though the external environment can have an 

impact in the system modelled. Porta Nova (2008) defines system as a group of entities that work 

and interact with one another in order to find and reach a specific goal.  

The system is composed by various components that allow it to work, which are: 

• Entities – Objects of interest in the system; 

• Attributes – Properties of the entities; 

• Activity – Action that occurs in the system; 

• Event – an occurrence that alters the system; 

• State – describes a specific situation in a specific time registering the value or string of         

interest in a variable. 

Also, according to Porta Nova (2008), to successfully build a model one should follow certain 

steps: 1) Problem formulation; 2) Development of a model; 3) Collection and treatment of relevant 

data; 4) Construction of the model in an appropriate language; 5) Verification of the computational 

model; 6) Validation of the computation model; 7) Scenario elaboration; 8) Analysis of the results; 

9) Implementation. 

Step 1 has already been accomplished in section 4.4 and step 3 trough chapter 5. The steps that 

are left are to be complete throughout the rest of thesis. Step 2 refers to the identification of 

relevant entities in the system and how they are to interact with one another; Step 4 to the 

construction of the model in the computational language such as done used in this thesis; Step 5 
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to the rectification and optimization of the model as many errors are to be encountered; Step 6 

validation of the model comparing with the real setting; Step 7 elaborating diverse scenarios with 

the constructed model; Step 8 the analysis of the results with the variability associated and finally, 

step 9 the implementation of the results if that’s suitable (not in the scope of this thesis). All the 

relevant steps are to be elaborated throughout chapter 6, 7 and 8.  

6.2 Model foundations 

In this section the objective is to translate the real problem into the simulation mindset. For that, 

entities and interaction between them are important to translate into a simplified, understandable 

form. In Figure 16 we have a basic scheme of the system to be modelled. 

 

Figure 16 - Model scheme 

Before explaining the scheme it is important to refer what kind of entities we have present in the 

system. There are two different type of entities, those who always stay in the system, i.e 

permanent, and those who exit the system, i.e temporary. In this system we have as permanent 

entities the Picker and the LAGV and as temporary entities all the different types of kits belonging 

to the three families, i.e Kit_Coolant Kit_Starter, Kit_Kit1, and also the PAGV. For simplification 

purposes kits belonging to the different families will be addressed as Kit_C (Coolant), Kit_S 

(Starter) and Kit_K (Kitting1). 

Now for the scheme we have the following notation. 

Sources 

The sources are where temporary entities are introduced in the system. For sources 1, 2 and 3 

the entities regarding the different types of Kit_C, Kit_S and Kit_K are introduced into the system 

by this order, when a picker is performing a sequence. As for source 4 it is where the PAGV 

temporary entity enters the system. 
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Queues 

There are more queues than those represented in scheme. Still, queue 1, 2 and 3 are the more 

relevant to our model. Queue 1 is where the picker waits for the LAGV to unload the collected kits 

and vice versa. The same happens in queue 2 where the LAGV wait for a PAGV entities to enter 

the system to unload a certain kit and queue 3 where there PAGV waits for the LAGV to begin 

the engine assembling.  

Actions 

Actions are procedures where time is involved. Mainly picking times, assembling times, unloading 

time etc. The main actions performed in the model are represented in the schematic where action 

a,b and c represent the picking locations for the multiple type of kits which are Kit_C, Kit_S and 

Kit_K respectively. Then we have action d (SM) and e (SC) which are the engine picking and 

placing on the LAGV and the same for the gear box. Then actions f, g, h represents the unloading 

times of the kits in the correct stations which are ED020, ED030 and ED075 respectively. All the 

action, other than a temporary entity, also needs a permanent entity to undergo the process. In 

the case of sequences is a picker, for the remnant ones a LAGV. 

 Sink 

Finally, we have the sink, which is where all entities are destroyed or as saying exit the system. 

Still, to better understand the different entities and their intricate linkages with one another, life 

cycle diagrams (LCD’s) are used. LCD’s are a schematic of the different processes a given entity 

performs in the system composed by active states (rectangles that represent actions done or 

undergone by the entities) and passive states (circles where entities wait to proceed to the next 

activity, many times as required conditions are satisfied). It is a schematic of the model itself that 

allows for an easy read of the entities and intricate linkages they have with one another and other 

components of the system. Figure 17 represent the LCD of temporary entity Kit_C. LCD of kit 

starter and kit kitting 1 are in Appendix 9. 

 

Figure 17 - LCD Kit_C 
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Regarding the LCD of the Kit_C in Figure 17 “(..)” represents a repetitive loop of the queue “Wait 

for availability at picking location” and activity “Pick part”, as there are diverse locations where 

parts must be collected. Another important note is that, as explained, these sequences of parts 

are different due to the diversity of kit types. Explaining the diagram throughout, it begins with a 

variation of Kit_C entering the system (in source 1) which then waits to be collected by the first 

available picker. After the picker proceeds to collect the various parts of the respective kit, it is 

loaded into the first available LAGV which in turn delivers the kit to the respective station where 

it is to be consumed, leaving the system.  

The LCD of temporary entity PAGV, and of the permanent entities picker and LAGV can and 

should also be consulted in Appendix 9. 

The PAGV enters the system at source 4 as represented in Appendix 9. Here it needs to wait for 

an available LAGV, which then proceeds to accompany the LAGV as the diverse kits are unloaded 

finally leaving the system. As explained before, the velocity of the PAGV is not the same as the 

LAGV, and the kits are unloaded into different PAGVs. Still, due to modelling reasons and as it 

does not affect our system, as time are accounted according to the time the LAGV spends at each 

station and not the PAGV, this is disregarded. The PAGVs are in the system because they 

represent a big bottleneck as for the LAGV to unload the first kit needs a PAGV to enter the 

system. This will be better addressed in the computational modelling section.  

The LCD of the picker only concerns what is done in Suma C3. Here it is represented its function 

but as seen in the LCD of Kit_C “(…)” represents a loop of collecting all the parts for the requested 

kit, here with the difference that it also accounts the completion of the two other sequences. After 

completing all three sequences, the kit containers are transferred onto the LAGV and the picker 

becomes idle again and available for performing one more tour.  

As for the LAGV it begins with a request by the picker to unload a completed tour of kits. After 

loading, the LAGV then proceeds to transport the different kits to the respective stations but first 

passing by SM and SC. After delivering all the kits and collecting the empty containers it goes 

back to the entrance of Suma C3 and becomes idle until a new request is made by a picker.  

Finally, we have the Activity Cycle Diagram (ACD) of the system in Figure 18, which shows the 

interaction between the different entities and the system as a whole. Each entity is represented 

by a different colour. Special attention should be addressed to this figure as it represents all the 

fundamental linkages between the different entities which, as a whole, represents our system. 



 
 

47 
 

 

Figure 18 – Activity cycle diagram of the system 

6.3 Modelling in SIMIO 

SIMIO is a simulation modelling software that allows the user to build complex and intricate 

simulation models with the advantage of using 3D animations and an interactive mode, allowing 

a better communication with stakeholders. It allows for a very detailed programming of diverse 

environments such as factories, supply chains, airports, hospitals and so on.  

For the building of the models SIMIO uses diverse tools. For instance, in SIMIO a model is defined 

by its properties, events, states, external view and logic incorporated, in short. Inside these 

concepts, there is as well a very extensive list of tools that allows the programmer to create 
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models through its own individual creativity and logical thinking, with the aid, if desired, of already 

programmed features known as objects.  

Properties are input values that are specified by the user. For example, the processing time of a 

server or the capacity of a queue or buffer. Other properties can be for instance the model running 

time, the number of vehicles, arrival tables and so on.  

States are dynamic values that have the capability of changing as the model executes. These 

can be seen as variables that change as the model is running, for example establishing the priority 

of a given process over other in a specific time period or even for the registering of the idle time 

of a worker. 

Events are things that can be fired throughout the simulation run to trigger specific 

actions/processes and are very useful. Example, firing an event when specific conditions are 

satisfied making the simulation end. 

External view regards the 3D graphical representation of physical components in the model. It 

helps on aesthetic level but also it is important to note that 3D dimension can depict real life 

measures providing an even more accurate simulation model. 

Lastly, we have logic. Logic in SIMIO can be modelled trough diverse tools and it is here where 

the creativity of the programmer is greatly put on test and where the specific conditions/limitations 

of the setting to be modelled are incorporated. It can be used to determine the specific behaviour 

of a worker for example when it reaches a decision node or what happens when there are new 

arrivals at a given server but its capacity is already full.  

Understanding these basic concepts is key to be able to program and understand how a model 

created in SIMIO works. Of course, this knowledge is very basic and it only serves as a mean to 

better understand the approaches made when creating the model. In this thesis the main used 

ones will be presented and explained as it is important not only, as mentioned, for the 

understanding of the model but also to its validation. These tool/concepts will be presented in the 

following sub-sections. 

6.3.1 Objects 

There are five general categories of objects in SIMIO. These are: 

• Fixed: Have unique fixed locations in the system/model such as a machine or a shelf. 

• Entity: A dynamic object that can be created and destroyed. The whole model 

functionates based on entities as these represent the “products” or the thing that enters 

and exits the system. Entities can also enter and exit all other objects of the model. 

• Link: Provides a pathway were entities may dislocate from one location to another. 

• Node: Acts as an intersection between one or more incoming/outcoming links. Many 

times act as entry nodes, exit nodes to other objects or decision nodes. 



 
 

49 
 

• Transporter: A special type of object that is able to pick up and drop of entities in different 

nodes. Can also act as a secondary resource required for operating a fixed object such 

as a machine.  

As referred, these are the general categories inside of each there are many variations. In this 

thesis it will only be addressed those that were used to build the system that is to be studied.  

Beginning with fixed objects, in our model it was used the source, sink, server and combiner 

objects, represented in Figure 19 with their default animations and queues.  

 

Figure 19 - SIMIO standard objects 

In Figure 19 the blue dots are output nodes and the green lines are queues or can also be 

addressed as buffers depending in the interpretation desired. There are input queues, output 

queues and processing queues. When an entity is in the processing queue it means that the 

server is currently performing an action with that specific entity. For relevancy issues, only the 

relevant properties that characterize the behaviour of each object will be presented throughout 

this section. Throughout sub section 6.3.3, as desired behaviours are to be modelled into these 

same objects, a more detailed explanation of other properties is provided. 

The source, as the name implies, is where entities are generated following a specified time and 

arrival pattern. The source is composed by an output node and output queue where entities wait 

to be seized or requested for another action. The most important property of the source is as 

expected, the one that revolves around creating entities. The arrival mode defines in how the 

entities arrive, and this can be through interarrival time where entities start to be generated 

following a given distribution, a fixed time or it can be trough an arrival table.  

The sink is were entities are destroyed/leave the system. It is composed of only an input node 

and an input queue. The only property that can be considered as more relevant for defining the 

behaviour of this object would be time it requires to destroy an entity, other than that properties 

are pretty standard.  

The server can be considered as the “main” object when it comes to represent an action where 

time is evolved, such as creating a product, assembling a unit, attending a customer etc. It has 

one input node, an output node and three queues which are input, output and processing. The 

properties will be better explained under practical use in sub section 6.3.3 as well. 

The combiner is a type of server but it has a special feature, which is the combination of two 

different entities into one “package”. For that the combiner uses two input nodes which are named 

the memberinput node and parentinput node. In summary, the output given by a combiner is the 
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entity that entered at the parentinput node with the entity that entered in the memberinput node 

inside it. As expected for the combiner to process it needs both the parent and member entities 

present at the respective queues. The combiner object has then three node (two input one output) 

and four queues. One of the most useful properties of the combiner is that both parent and 

member behaviours can be modelled trough different logics as well how large should the batch 

be, meaning how many member entities are to be integrated into the parent. As one can expect, 

this property is incredibly useful when dealing with an order picking system where diversified parts 

are to be incorporated into one container.  

Lastly, there is diverse standard properties that all fixed objects share with each other and that 

are to be explored in the following sections. Still one of these standard properties presents itself 

as a highly efficient tool and which was immensely explored in the building of the model which is 

the add-on process triggers.  

6.3.2 Processes, states variables and tally statistics 

Objects from the standard library of SIMIO, such as those addressed in the previous section, are 

very good to rapidly build models. Still it is difficult for them to address more complex situations 

with the base code program. For that SIMIO provides an alternative to solve this problem by 

introducing the concept of add-on processes. An add-on process logic is a small piece of custom 

logic that can be inputted onto the standard library objects in order for them to perform less 

orthodox behaviours such as change route of entities, save special data onto variables, evaluate 

alternatives and so on. 

A process in SIMIO is a sequence of steps that is executed by a token and may change the state 

of one or more elements. As the token moves through the process it executes the various steps 

which in turn perform certain system changes, or not. In Figure 20 an example is presented. 

 

Figure 20 - Add-on process example 

The process in Figure 20 is composed by three steps, seize, delay and release. As soon as the 

process is triggered, which can be achieved through a certain condition applied to the base object, 

the process will initiate. There are many ways these can be triggered such as trough the behaviour 

of an entity as they enter/exit a node, begin processing, enter the buffer etc, or they can be 

triggered trough created events that can be modelled as the programmer is willing to. Said that, 

each step has its own properties. Delay for instance, has its own specific time for delaying what 

is intended. SIMIO provides an extensive list of steps which can be used for the construction of 

this custom logic processes. Still here it is only addressed those that were used in the building of 

the model, which were: 
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• Assign – A very important and highly used step in the model. It assigns values while the 

simulation is running to variables which can be created or already associated with a given 

object. 

• Decide – A step that works as similar as the “If” condition in LP. It checks the validity of a 

given condition and retrieves true or false based on the verification, meaning two paths 

were the process can go. 

• Delay – Makes the overall completion of the process delay for a certain time. 

• Tally – Tallies a value in the specified tally statistic element. 

• Clear Statistics – Clear all statistics gathered until a certain specified period of the 

simulation run. 

As referred, SIMIO allows us to create our own state variables that can change dynamically 

throughout the simulation run allowing for the construction of more complex processes but also 

to save important data for posterior analysis as the simulation run ends. Besides state variables 

we also have state and tally statistics which can also be freely created. Still these are tools for the 

posterior analysis of the system, as they create logs and entries as the simulation is running which 

can later be exported to Excell to be better worked on. State and tally statistics often make use 

of state variables. Tally statistics record statistics as the tally step is used saving the precise time 

in which the statistics were recorded by creating logs and entries, providing a higher degree of 

detail on the data gathered. The advantage of tally statistics comparing to state statistics is that it 

is possible program it directly into the most critical/important processes as SIMIO provides a 

dedicated process step for this action. 

6.3.3 Model construction in SIMIO 

Now that the basic concepts of building models in SIMIO were grasped it is possible to explain 

how the computational construction of the model itself was accomplished from scratch. The 

complex variability associated not only with time regarding issues, but also the demand of kits 

was something that consumed a lot of time when inputting all the data into the model. The final 

version of the model, depicting the current state at the factory is as presented in Figure 21. 

 

Figure 21 - 3D model presentation 
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In the image above, we have the model in 3D view. We have the workers and the various kits 

(model entities) in the left-hand side of the figure, Suma C3 with the KLT shelfs and GLT 

containers in the middle and the LAGV route with a seemingly rectangle shape with the multiple 

stoppage points.  

In section 5 assumptions and simplification strategies related to the treatment of the data were 

addressed, now assumptions, simplification strategies and restrictions regarding the modelling of 

the system are presented, considering the system as it is now. 

The restrictions are: 

Restriction 1 – Pickers cannot pass in front of each other when collecting the kits. The same 

stands for the LAGV’s that cannot pass in front of each other as they go through their route. 

Restriction 2 – Kits must always be collected in the appropriate order, meaning that pickers 

cannot pass a currently unavailable picking location to collect another part and then move back 

to collect the missing one.  

Restriction 3 – The sequence in which the different families kits must be gathered must be 

respected and is always the same, i.e coolant family first, starter secondly and kitting 1 in third.  

Restriction 4 – When all families are collected the picker needs to wait for the LAGV to unload 

the kits, it cannot proceed to commence a new tour. 

The assumptions are:   

Assumption 1 – There is never shortage of parts in the different KLT shelf and GLT containers. 

Stock levels are always guaranteed by dedicated sources. 

Assumption 2 – In real life pickers make shortcuts when picking locations diverge from the 

normal picking path. In the model they always follow the path, even tough there is no need to. 

This was due to the fact, that it was very difficult to model restriction 1, if pickers did not follow a 

defined path.  

Assumption 3 – In the model kits are considered as destroyed or consumed as soon as the 

LAGV reaches the entrance of Suma C3. 

Assumption 4 – Entity PAGV in the model is considered only as a resource factor needed for 

the LAGV to start the process of unloading kits. The following stations where kits are supposed 

to be unload is assumed that different PAGV’s are there to collect them. 

Simulation run 

For the simulation run it was considered a workday of labour, or as saying 24 hours. Still in our 

model, as explained in section 5, lunch breaks and pauses were taken out of this work period as 

it would interfere with the statistical results obtained in the end of each simulation run.  
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A workday without lunch and breaks is around 22 hours. This period is counted from 8 to 6 AM, 

due to the need of a warm up period. 

Warm up period 

In order to collect reliable results, a “warm up” period had to be defined. The warm up period is 

defined as the period where statistical results are not collected. This is done in order to cope with 

the initialization bias caused by the values adopted in the beginning of the simulation, which are 

not in accordance with the normal behaviour of the system. The normal behaviour of the system 

begins when it reaches a steady state. The time between the beginning of the simulation until it 

reaches the steady state is called the transient state. The transient state is then the period where 

statistical results should not be accounted for the analysis of the system. In Figure 22 it can be 

seen these states considering the duration of the PAGV waiting time at queue 3. 

 

Figure 22 - Warm up time 

In Figure 22 the blue line connects all the observations collected by the model regarding the time 

PAGV waits for a LAGV at queue 3. As it can be observed the results beginning at 6.30 AM to 

around 7 AM largely differ from those throughout most of the simulation run. The red line 

represents the instant where results start to be classified as reliable which begins at 8 AM. As it 

is possible to see the model already had reached a steady state beforehand, still 8 AM was used 

as a safety measure to still provide reliable results when applying different scenarios which are 

to be approached further ahead. Thus, the warm up time decided for the simulation is 90 minutes 

which is the exact length of time between 6.30 AM and 8 AM. 

Following this process logic, as soon as the simulation clock reaches 8 AM an event is fired which 

in turn starts the process that runs a step that clears all statistics collected until that point.  

Before entering into more detail regarding the model construction, it is needed to present the 

created state variables as well as the state and tally statistics as they are a fundamental part of 

custom logic that was inserted into the different objects and also a crucial tool for collecting 

results.  
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Table 4 - Model variables 

State Variables 

WorkerPriorityi Defines the priority of the respective worker 

EnterTimeWi Saves the entering time of the worker into node TransferAGV 

ExitTimeWi Saves the exiting time of the worker from node TransferAGV 

ContentsLAGV1 Retrieves the number of parked LAGV's in queue 1 

ContentsLAGV2 Retrieves the number of parked LAGV's in queue 2 

ContentsPAGV Retrieves the number of waiting PAGV's at queue 2 

WhoPickedMeUp* Registers the name of the last transporter for a given modelentity 

WhoPickedMeUpAGV* Registers the name of the last LAGV transporter for a given modelentity 

SeqEnterTimeWi Saves the current time when a worker enters administration table 1 

SequenceTimeWi Saves tour collection time as it becomes completed 

Output Results 

State statistics 

NrSequences Registers the number of completed tours at Suma C3 

SizeLineLAGV1 Registers the number of parked LAGV's in queue 1 in 5 min intervals 

SizeLineLAGV2 Registers the number of parked LAGV's in queue 2 in 5 min intervals 

SizeLinePAGV Registers the number of parked PAGV's in queue 2 in 5 min intervals 

SeqTimeWi Register the tour collection time of worker 

IdleTimeWi Register total idle time of worker 

IdleCost Register total costs incurred by the idleness of workers 

Tally statistics 

CycleLAGVl Registers the time the LAGV entered node TransferAGV 

i ∈ [1,4] 

l ∈ [1,11] 

* Model Entity Variables 

 

The difference between model and entity variables is that model variables can be used by all sorts 

of objects while entity variables regard one and only one entity. Many of these variables rely on 

others to be able to provide results. 

Kit sources 

For introducing the various kits into the system, the source object was used. As example source1 

will be used regarding the generation of the coolant family.  

 

Figure 23 - Kit source example 
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As observed in Figure 23, SIMIO when creating entities searches the entity type from a table 

named “Table_KitType”. An example of this table can be seen in Appendix 10. It contains the 

name of the kit at the “TableReference1” column such as “Kit1_C” followed by a series of columns 

which identify the parts needed to be collected throughout the various picking locations and the 

respective quantity at each. Still before creating the entities, as it can be observed in the “Table 

Row Referencing” label, a condition is put into practice which dictates that the row to be chosen 

from the table depends on the probability associated with that given kit, hence the pathway to 

“TableKitType.RowNum.RandomRow”. As it can be observed in Appendix 10 the “RowNum” 

column addresses the probability of a given kit being ordered, the “RandomRow” is a SIMIO 

expression that checks all the rows and then randomly selects one based on this random row 

value.  

As for the arrival rate of the entities it was chosen arrival based on event which in this case is an 

object leaving the sink parking queue where LAGV’s are parked in the beginning of the simulation 

and which must always pass through as they complete a cycle. This way it is ensured that an 

entity is created every time it is transferred from the picker onto the LAGV never leading to delays 

regarding the orders, as in real life and allowing the model to run smoothly as unnecessary entities 

are not created.  In the beginning, as no event has still fired, all sources create 4 kit entities are 

created, one for each picker. 

The same methodologies and properties were used for the other two kit sources, namely starter 

and kitting1. Only diverging in the data tables associated, as each family has a specific table, as 

well as their location in the model. 

Picking locations 

All picking locations are combiner objects where the parent entity is the kits generated through 

source 1, 2 and 3 and the member input entities are model entities that simulate the different 

variations of parts that are supposed to be in the diverse compartments of the shelf. These parts 

are generated by specific source objects distributed through the picking locations simulating the 

re-stock of the shelfs.  

As example, in Figure 24 the location “A21” belonging to the coolant sequence is shown. For the 

batch quantity the same table referenced for the generation of kits is used. As the parent entity 

arrives SIMIO correlates the given entity (which is a kit) to the quantity specified in the path 

expression observed in the “Batch Quantity” which in turn returns an integer value which is the 

quantity to be collected at the shelf.  
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Figure 24 - Combiner picking location example 

For the processing time the expression “Random.Gamma(10.561937(), 0.55227268()) * 

Table_KitType.Quant_Pick_A21” is utilized. This expression randomly generates the time it would 

take to collect one part based on the distribution selected, in this case Gamma, times the number 

of parts that are to be collected.  

As for the picking process to undergo a picker is needed. Thus, for secondary resources it is 

requested that the last transporter of the parent entity participates in the processing process of 

the combiner. By using the “Modelentity.WhoPickedMeUp” variable it is ensured that the correct 

picker is requested at the combiner at the right time. 

As it can be observed in Figure 24, the combiners have custom logic process associated, which 

basically consists of an assign step that changes the kit (i.e parent entity) priority to 2 as the 

processing process commences. From here on after, explaining custom logic processes, instead 

of using SIMIO diagrams, pseudo code will be used as it enables a more simplified readability 

and comprehension of what is intended to transmit.  

Other than properties regarding the objects, their input and output nodes can also be subject to 

behaviour modifications. For the picking location the output node of the combiners was also 

altered in order to better serve the needs of the system. The properties are as exemplified in 

Figure 25.  
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Figure 25 - Output node logic 

Considering the crossing logic, a first in first out rule is put in practice so entities are unable pass 

in front of each other. As for the routing logic, the entity destination type is specified “By 

Sequence”. One of the tools that SIMIO has is the creation of “Sequence Tables”. Sequence 

tables are basically a list of checkpoints organized in a fixed order were the entity specified needs 

to follow, an example is shown in Appendix 10. By having the entity destination type “By 

Sequence” makes the entity, and its transporter, to find the shortest possible route to the next 

checkpoint ensuring that order picking is accomplished in the correct manner. Regarding the 

transport logic, “Ride on transporter” option is specified as true, meaning that the entity to be 

allowed to move needs to first seize a transporter object (the picker). This is done by defining the 

“Transporter Type” as specific and making use of the ModelEntity.WhoPickedMeUp variable to 

ensure that always the same transporter is used from beginning to finish. For all the picking 

locations, this was also the methodology used, of course for different families, different tables are 

used and as well the appropriate processing time distributions. 

Administration tables 

Administration (Adm) tables is where the collection of a previous kit ends and when a new one 

starts. The administration tables are then located near sources 1, 2 and 3 (recall Figure 16).  

Administration tables are also combiners with the exception of administration table 1 which is only 

a server due to the fact that is where the Sumat C3 begins. In contrast with the combiners used 

for the picking locations, here the member input and parent input switch. This happens because 

now that the collection from a previous kit is completed, a new parent entity needs to be 

associated with new kit sequence so that SIMIO is able to properly use sequence tables. This 

allows the picker to collect all the three sequences while carrying all of them, as it happens in real 

life when a completed order is stored in the kit rack for posterior unloading onto the LAGV.  

The properties used for the administration tables are much similar to the picking locations. The 

difference is in the processing time and how the secondary resource is seized, as the previous 

collected part becomes a member input of the new kit, SIMIO does not acknowledge it anymore 

and so “ModelEntity.WhoPickedMeUp” variable becomes unusable. Thus, the picker is selected 
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by the transporter list and a smallest distance criterion is used, and as the pickers cannot pass in 

front of each other the order will be maintained. As the picker loads itself with a new kit 

“ModelEntitty.WhoPickedMeUp” assumes a new value it becomes usable again for the rest of the 

kit sequence.  

Custom logic is also used here, as the processing action starts, which regards the assignment of 

the new parent entity, in this case the starter kit, to a priority of “2” in administration tables 2 and 

3 and to a priority of 1 in administration table 1. This will be better addressed when analysing the 

Picker object properties. 

Before concluding the properties of administration tables, there is an important add-on process 

logic regarding table 1. When workers enter at the output node to collect the first kit the current 

time is added to “SeqEnterTimeWi” variable, indicating the start time of a new tour. It will be 

needed to assess the tour collection time as it becomes completed. 

TransferAGV node 

This TransferAGV node is situated near queue 1, represented in the scheme shown in Figure 16. 

As the name indicates it is where the transfer of kits from the picker to the LAGV takes place. The 

properties associated with the TransferAGV node are the following. 

 

Figure 26 - TransferAGV node properties 

As the picker is no longer the transporter of the kits, a new transporter resource must be seized, 

in this case the LAGV. Similar to the administration tables, the LAGV is selected through a list, 

the “AGVList”. Then a selection criterion of the smallest value is put in practice, regarding the 

current priority of the LAGV to be seized, more on this when the LAGV is to be analysed. Lastly, 

for reserving the LAGV it must currently be located at the “Input@Sink1” node, hence the 

condition “Candidate.Vehicle.CurrentNode == Input@Sink1”.  

As it can be noticed, there is also a state assignment as an entity enters the node. This 

assignment refers to the “NrSequences” state statistics, basically whenever an entity enters the 

value the integer variable “NrSequences” is incremented by one, resulting at the final of the 

simulation having the total of sequences completed at Suma C3. 
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As for the add-on process, its logic is specified as followed. 

 
Figure 27 - TransferAGV custom logic 

The objective of this add-on process is to correctly retrieve statistical results regarding the idle 

time of the picker at TransferAGV. Still this is only a complement of a more broad logic that makes 

use of add-on processes embedded into the pickers themselves. 

Pickers 

The transporter standard object is also a standard library object, but on contrary of those 

presented in section 6.3.1 it is considered a resource object and not a fixed object. 

In Figure 28, the four pickers utilized in the model are displayed along with the properties utilized. 

 

Figure 28 - Worker properties 

The capacity type of the picker is select as “Fixed” and has value of 1, ensuring that the picker 

only collects one kit at a time. For the desired speed, from the beginning to the end of the 

simulation, it was attributed the value of 4 
𝑘𝑚

ℎ
. As for the travel logic, pickers are confined to only 

perform the tours inside the picker network.  

The initial node refers to the position of the pickers when the simulation run begins. It was decided 

to assign as home the node near source1, where coolant kits are generated, as this is normally 

where real life pickers situate themselves as shifts change. The unload time is set as zero, 
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because the loading and unloading times are already considered in the processing time used at 

the different picking locations. 

Now as for the add-on process we first start with Entered_Node process. As a picker enters a 

node this process runs. This specific add-on process complements the one presented in the 

TransferAGV logic and works as follows. 

 

Figure 29 - Worker custom logic (1) 

This process is mostly for the registering and assigning of different values to the presented 

variables which in turn are also used in the TransferAGV node. Other than this it also resets the 

worker priority to 1 which leads to the next add-on process that regards evaluation of transport 

request by the pickers. As it can be seen the complete tour collection time is also calculated 

through this process making use of the variable “SequenceTimeWi” and “SeqEnterTimeWi”. 

 
Figure 30 - Worker custom logic (2) 

This process ensures that the picker only accepts to transport kits at the right times. It makes use 

of three other different process to complement its logic. Basically, it says that the picker can only 

collect an entity if it has the same priority value. Thus, when a kit leaves source 1, it has a priority 

of 1 and so does the picker so he accepts the transport request, then as they stop in the first 

picking location both their priority values are changed to 2 by the add – on process logics inputted 

in combiner. Also recalling the add-on process in administration table 2 and 3 both values of the 

new parent entities are changed to 2. Now, as the picker enters the final node, which is the 

TransferAGV, it has priority value changes to 1 so he is able to collect the new kit waiting at 

source 1 but only after transferring the whole group of kits onto the LAGV.  

As for the loaded process it is just the assigning of the “ModelEntity.WhoPickedMeUp” variable. 

By understanding this logic it becomes more clear how this variable functions, basically every 

time a picker loads an entity, i.e at administration tables 1, 2 and 3, this variable is updated and 

assigned to the new model entity or as saying kit.   
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LAGV 

The LAGV as the picker is a transport resource object. In this case the standard object vehicle 

was used. In total there are 11 LAGV’s making the transport of kits from the supermarket to the 

assembly line. In Figure 31 animation and properties of the LAGV are presented.   

 

Figure 31 - LAGV properties 

The capacity of all LAGV’s is defined as 1, to ensure that only 1 group of collected kits are 

transferred. The load time expression also refers to the time the LAGV takes to collect the said 

group of kits at the TransferAGV node. The expression is as following (LAGV1[1].CurrentNode 

== TransferAGV) * 5. If the expression is “True” it retrieves one as an answer which in turn 

multiplies by 5, and so the load time when at this node is 5 seconds. This processing time value 

is the only one who is deterministic in the whole model. This was due to the fact that it was very 

hard to time this specific behaviour as many times, pickers would start placing the kits onto the 

LAGV before it had even stopped or there would be more than one picker placing the various kits 

onto the LAGV helping one another. When a normal behaviour did occur, i.e. one picker placing 

all kits onto the LAGV, the average time would be around 5 seconds. 

As referred, the AGV’s top speed at the shop floor is 4.35 
𝑘𝑚

ℎ
. As for the picker, there is also 

defined path network which the LAGV is obliged to follow in order to make its different stops. It is 

identified in Figure 31 as “AGV network”. 

As for the routing logic, the same initial node as for the pickers is used, the difference is in the 

routing type where for the pickers we have by sequence while in the LAGV’s is by demand. Using 

a by demand sequence obligates the LAGV to stop at every server/combiner required. 

The loaded add–on process refers to the assignment of the ModelEntity.WhoPickedMeUpAGV 

so the entity always asks for the same transporter, basically the same methodology used in the 

picker. As for the entering node add-on process there are two functions addressed by it. Pseudo 

code is as follows. 
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Figure 32 - LAGV custom logic (1) 

Recalling, the TransferAGV properties, the candidate for transportation that is to be seized is 

chosen based on the smallest priority value and be located at Sink1.ParkingStation or as to say 

queue1. This process objective is then to assign the priority of the LAGV based on their order of 

arrival ensuring a FIFO logic. 

Still, in order for this code to work properly, as LAGV’s leave the parking station, the priority values 

need to be rectified. This is done through an add-on process implemented in Sink1 object that 

works as follows: 

 

Figure 33 - LAGV custom logic (2) 

As observed the model elaboration can be quite tricky with all the different behaviours performed 

by the different objects presented. The process of elaborating the model was also quite intensive 

leading many times to errors which in turn led to rectifications. The add-on process logics added, 

and the different expressions were only accomplished through a lot of trial and error and finding 

ways to combine the add-on process of different objects as to achieve a better communication 

with one another. Due to this it is of uttermost importance the validation of the model. 

6.3.4 Model validation 

Validation of the outputs retrieved from the simulation model is of most importance, as it is what 

allows us to comprehend if the model does indeed represent the real world correctly. If this is 

positive, then the door is open for experimentation and building scenarios that will also represent 

accurately the possibility of future endeavours and its consequents impacts, i.e positive or 

negative.  

For that, a direct comparison, of what are considered the most important indicators at the shop 

floor, was made with the outputs retrieved by the model. These indicators are: 

• Indicator 1 – Tour collection average at Suma C3; 

• Indicator 2 - Average cycle time of the LAGV’s; 

• Indicator 3 - Generation of the different kits and associated probabilities; 
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• Indicator 4 - Average number of engines produced by day. 

To collect the results, the model was subject to 20 independent separate runs. This number was 

chosen to achieve confidence intervals (CI) that are considered acceptable for the simulation. 

This acceptance value had as target the CI width of indicator 2, as it was the one that present 

highest variability, to a maximum value of 30 seconds. With 20 runs the total width is 17 seconds. 

Indicator 1 is of considerable importance as it directly affects one of the most critical problems to 

be solved which is the idleness of workers when waiting for the LAGV. Concerning real life 

observations, values were obtained from the ERP system by aggregating different family 

completion times. As these family completion times are obtained separately they do not account 

for administration times. Thus, an average of 30 seconds was added to the sum. This 

methodology was undergone in opposite to the traditional timing as it provided a greater sample 

of observations. In Table 5 some summarised statistics considering the values gathered trough 

VW AE ERP system and the values obtained in the model can be observed. 

Table 5 - Tour collection time validation 

    Picker 1 Picker 2 Picker 3 Picker 4 

M
o

d
el

 R
e

su
lt

s 

Mean 00:03:35 00:03:33 00:03:34 00:03:33 

Upper Bound 00:03:36 00:03:34 00:03:35 00:03:34 

Lower Bound 00:03:34 00:03:32 00:03:33 00:03:32 

Max 00:05:29 00:05:35 00:05:21 00:05:26 

Min 00:02:24 00:02:14 00:02:24 00:02:18 

St Dev (Mean) 00:00:01 00:00:01 00:00:01 00:00:01 

R
ea

l L
if

e 
R

e
su

lt
s 

*
 

Mean 00:03:41 - - - 

Upper Bound 00:03:48 - - - 

Lower Bound 00:03:33 - - - 

Max 00:05:12 - - - 

Min 00:02:51 - - - 

St Dev (Mean) 00:00:30       

 

The upper bound and lower bound values presented in Table 5, were calculated with a confidence 

interval of 99%. This value was chosen since the system represents a high variability and we 

want to have a strong confidence interval where we can be sure that the true mean is contained 

in it. Still, as we can see, since the observations gathered trough the model are quite large, around 

40000 observations for each picker, the confidence intervals are quite small with the highest width 

being of only 2 seconds. On the other hand, since the observations gathered trough the ERP 

system of VW AE are fewer, around 100, we have a large interval with 17 seconds. Nevertheless, 

it does prove that the figures collected from the model are accurate and reliable as the means 

from all pickers do not diverge greatly from reality. 

Regarding Indicator 2, there is no way to access the cycle time of the LAGV through the ERP 

system. Thus, these values were also collected manually. Due to the fact that these observations 

were very time consuming the sample is not very big with only 30 real life observations. In Table 

6 a comparison between real life values and model results can also be seen. 
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Table 6 - LAGV cycle time 

  Model Results Real Results 

Mean 00:16:17 00:15:36 

Upper Bound 00:16:24 00:15:56 

Lower Bound 00:16:10 00:15:15 

Max 00:22:29 00:21:37 

Min 00:10:21 00:12:09 

Std Dev 00:00:17 00:01:57 

 

Before analysing the results from Table 6, it is important to notice that these cycle time values 

were not directly input in the model. They are a consequence of all the bottlenecks and processing 

times in the system, such as sequence time, processing time at stations and waiting time at 

queues to name a few. And, as such, an accurate cycle time means that all the processes after 

the sequencing at the supermarket are working correctly, at least in a global level. 

From the table, the mean from the real life results and model results do have a considerable 

discrepancy. But as noted before, only 30 observations of the real-life setting were collected which 

are not much. Regarding the simulation results, it consists of around 160 000 observations 

providing a much accurate mean with a small confidence interval width. It is hard to say which of 

the values is the correct one, as for such a statement much more observations are required from 

real life. Said that, given these results, the LAGV cycle time that the model outputs is also 

considered accurate and reliable. 

In order to confirm that the model is generating the right amount of the different types of kits, i.e 

Indicator 3, it was made a comparison of the generation of a specific type of kit and its associated 

real probability. If the kits created are in accordance with the overall probability, then, it means 

that Indicator 3 is reliable. In Figure 34 we can see how the number of observations regarding 

Kit_C types relate to their real probability. 

 

Figure 34 - Kit_C generation 

In accordance with the graphs, the kit generation in the virtual setting does indeed follow the 

probability seen in the real world. This probability more or less defines the demand for a specific 

type of engine that is seen throughout a typical day. 
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As for the number of completed sequences in Suma C3, as the VW AE production works based 

on daily demand or daily objectives the total number of completed sequences at the supermarket 

was directly compared to the output of vehicles at the factory per day which is around 905 vehicles 

per day, with standard deviation of 20, a value that throughout the rest of year is expected to 

increase. From the model, the number of completed sequences, making use of “NrSequences” 

variable is 894 with a standard deviation of 7. Thus, Indicator 4 is also considered accurate and 

reliable. Also referred before, other validation requirements were already explained and detailed 

throughout section 6.3 were the model elaboration was explained. All those important details and 

processes are working correctly in the model, and a proof of that is the accuracy of these 

indicators. 

6.4 Chapter conclusions 

This chapter had the objective of passing to the reader how the modulation of the model was 

accomplished. Introductory concepts concerning simulation were discussed in section 6.1 which 

formed the path to elaborating in more detail the foundation of the model developed in section 

6.2. After these foundations were established and a crude but assertive model contextualization 

was accomplished the modelling of the computational model was undergone throughout section 

6.3. Beginning by providing some basic foundations regarding the software used, SIMIO, in sub 

sections 6.3.1 and 6.3.2. From these mentioned sections it was intended that the reader now 

possessed the basic knowledge regarding simulation and the software used, as well as enough 

contextualization of the model as to begin the computational modelling.  

This was accomplished in sub section 6.3.3 where first needed assumptions where stated 

followed by an extensive and detailed explanation of the steps undergone to have the model 

working efficiently. Of course, no model is useful without validation, undergone in sub section 

6.3.4 and confirmed positive. 
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7 Scenarios definition and results 

In this chapter, it is intended to solve the case study and the problems presented in section 4.4.2. 

First, we begin to present the key performance indicators and less important indicators in section 

7.1 as these will be our tools to assess the performance of the different scenarios elaborated. 

These scenarios are presented in sub section 7.1 where they are explained and the motivations 

identified. The results obtained are discussed through sub-section 7.2 followed by a sensitivity 

analysis regarding the variation of demand in 7.3. 

7.1 Scenarios and KPI’s  

The main drivers for setting the different scenarios are related mainly to layout adjustments, 

varying manpower or introducing new components in the system such as a buffer. 

For assessing the different scenarios in terms of performance, key performance indicators (KPI) 

and performance indicators (PI) must be defined and standardized to serve as common 

comparison criteria. KPI’s are critical performance measures that any organization needs to 

correctly assess in order to increase their performance. KPI’s, according to the book Parmenter 

(2007), tell organizations what they need to do in order to dramatically increase overall 

performance of a given system.  

Said that, for KPIs we selected performance measures that both represent operational efficiency 

of the system and also reflect financial impacts for the company.  

As so, for our system two different KPI’s are used to access its performance. These are: 

• KPI1 – Idle time picker – This KPI is based on the idle time per day by the pickers. An 

obvious choice, since as referred, much of our optimization focuses on reduction of this 

idle time as it leads to wasted funds. A lower idle time is then a positive outcome. 

• KPI2 – Average PAGV queue 3 – One of the most important KPIs as having PAGV’s 

waiting in queue 2 for LAGV’s is an indicator of a possible line stoppage which can lead 

to profound losses. A lower PAGV average in queue 3 is also a positive outcome.  

Even so, these KPI’s are not enough to completely analyse our system. PI’s although not having 

the same impact in the system are also to be analysed as they can allow for a better 

understanding in how things can be optimized in a more general point of view. The PI ’s chosen 

to assess our system are: 1) PI1 – Picker idle costs; 2) PI2 – PAGV idle costs; 3) PI3 – Overall 

costs; 4) PI4 – Tour collection time; 5) PI5 – Average LAGV queue 1; 6) PI6 – Total distance by 

picker; 7) PI7 – Produced engines; 8) PI8 – Average LAGV queue 2. 

As understandable, these group of PI’s are directly influenced or influence the KPI’s presented 

before. As for the scenarios, they are promptly explained, where Scenario A is the base. 

Scenario B – Simple layout modification 

When considering the distance problem, an obvious choice is to reallocate the Kit_K setup table. 

This table is used for the registering of the previous collected sequence (considered under 
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administration time) which after completed the new kitting sequence is to start. The problem is 

that there are still some parts belonging to the kitting sequence that are in location previous to the 

referred setup table, making pickers go back in their way. In Figure 35 it is presented this situation.   

 

Figure 35 - Reallocation of Kit_K setup table 

By moving this setup table to the new referred position, the extra walking done by the pickers is 

eliminated, thus diminishing the overall distance.  

Scenario C – High demand parts  

As seen throughout literature, kitting is best applied when parts are not standardised or if their 

consumption rate is sporadic. Based on this argument, parts that were largely consumed at the 

supermarket were transferred into the BoL.  

As to see which parts were the most consumed, logically, the first step was to see which type of 

kits were most consumed and will consequently have a greater impact in the system. As seen 

from Figure 34 and Appendix 6 these were kits Kit4_C, Kit23_C, Kit24_C and Kit13_K, Kit14_K, 

Kit15_K.  

Said that, analysing the different sequences from Appendix 6 it was observed that the parts N03 

and C02 belonging to the coolant family sequences and parts E02, E05, N04 and I04 of the 

kitting1 family sequences were the most consumed. The removal of these parts also influences 

the collection time of the thirteen other types of kits. To implement this feature into the model, 

simply diminishing the quantity of parts picked at the location of interest, in the table shown in 

Appendix 10, was sufficient  as it automatically decreases the batch quantity. 

Scenario D – Buffer application 

When evaluating the system, one logic solution was found in order to cope with the idle time of 

the workers, a buffer. By applying a buffer to the layout of Suma C3 it is possible to store multiple 

kits in one location where the picker only needs to load the kits into it, in this case a shelf, and 

then proceed to the undertaking of another tour. This process is not new in the factory, as in other 

line segments there is already buffers that store kits and automatically unload them into passing 

AGV’s. In this approach kits are stored one by one by passing pickers and then unloaded one by 

one from passing LAGV’s.  
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Of course, some considerations need to be taken in order for this approach to be viable in the 

first place. The first is space consideration, i.e. physical limitation, as Suma C3 already is 

completely packed with GLT and KLT shelfs. Kit containers have a considerable dimension, so 

more than respecting the minimum number of kits to be stored in order to face demand, for a later 

approach, attention must be given to the buffer physical dimensions, as they cannot be exceeded. 

Given this, by performing some calculations it was observed that a good starting point would be 

to have 6 completed tours (i.e 6 groups of 3 kits, Kit_C, Kit_S, Kit_K). To simulate the buffer, a 

server object sufficed having as output buffer capacity 6 and for processing time it was assigned 

a value of 5 seconds which was the same time it took to place the kits into the LAGV. This buffer 

will be located as represented in Figure 36, in the vicinity of Suma C3 entrance. 

 

Figure 36 - New buffer location 

The definition of this location is obvious as it is where the transfer of kits is accomplished. With 

this alteration the properties regarding the TransferAGV node were copied into the output node 

of the buffer, replacing the former. 

Scenario E – Buffer plus alternative sequence 

Even all with the new approaches we continue a reasonable idle time by part of workers. Instead 

of just decreasing the manpower as is done in the next scenario, another way to enhance KPI1 

would be to have an alternative sequence (i.e in another supermarket for example) were one of 

the pickers could be allocated. The expected outcome is to decrease the overall time of the 

workers as these are randomly picked as they become idle. This is done by placing a new server 

object near Suma C3 which requests, in intervals of 75 minutes, a picker which will reallocate 

itself to this location and perform the alternative sequence for 45 minutes and the go back to 

Suma C3. The first time a picker is requested to perform this sequence is at 7:15 AM, behind the 

warm up time to ensure that the effects if having an alternative sequence were already felt as 

statistics start to be gathered. This alternative sequence is located as specified in Figure 37. 



 
 

69 
 

 

Figure 37 - Alternative sequence location 

This is an alternative to the three pickers scenario (Scenario F), where a picker is not thrown away 

but simply made useful in another area and returning to the place of origin to provide help if 

demand suddenly increases. This scenario was proposed by VW AE managers at as it is in their 

best interest the optimization of worker by areas with the current number of resources they have. 

Scenario F – Three pickers 

In this scenario it is tested the possibility of having only three pickers at Suma C3 performing the 

sequences. The main objective here is to see if three pickers will suffice or if it will incur in line 

stoppage costs as PAGV need to wait for LAGV’s. Other aspect to consider when applying this 

scenario will be the total distance walked by the pickers and if this will be considered a problem 

in an ergonomic point of view as higher work charge will be applied to these individuals. 

7.2 Results Analysis 

As for the results analysis, each scenario will be approached independently comparing it directly 

with the base scenario in order to better enhance the performance variations. Table 7 presents 

the values for the different KPI’s and PI’s regarding the base scenario. These values are the 

means, the lower and upper bounds with 95% confidence level as well as the standard deviation. 

From a preliminary analysis we can see through Table 7 that, indeed, there is a lot of idle time 

regarding the pickers. The average per day, considering the whole four pickers, is around 33 

hours of idleness with a standard deviation of roughly 1 hour. According to the statistics provided 

by the model there is a 95% chance that the average idle time per run will hardly be less than 32 

hours. This means that for a single picker he spends around 7 hours and 40 minutes per day idle 

or as saying 2 hours and 30 minutes for each of the three turns leading to a efficiency of only 

63.5% per picker. The tour collection time is the same as shown for the validation of the model 

with a very low standard deviation of 1 second. It is important to note that this deviation only refers 

to the mean of the averages seen at the end of each of simulation run, as does all the other results 

represented in Table 7. For a more detailed statistical observation Appendix 11 should be 

consulted. 
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Table 7 – Current system state results (Scenario A) 

Base 

KPI1 - Picker Idle Time (hours/day) KPI2 - AVG Number PAGV Q2 (units) 

Lower Average Upper StDev Lower Average Upper StDev 

32,7 33,5 34,1 0,885 0,0000 0,0060 0,0113 0,015 

PI1 - Picker idleness costs (€/day) PI2 - PAGV idleness costs (€/day) 

Lower Average Upper StDev Lower Average Upper StDev 

294,2 301,6 306,7 8 5,7 57,7 109,7 113,1 

PI3 - Overall costs (€/day) PI4 - Tour collection time (hh:mm:ss) 

Lower Average Upper StDev Lower Average Upper StDev 

299,9 359,3 416,4 121,0 00:03:29 00:03:30 00:03:31 00:00:01 

PI5 - Average LAGV queue 1 PI6 - Distance (m/(picker.day)) 

Lower Average Upper StDev Lower Average Upper StDev 

0,0782 0,0859 0,0937 0,017 18660 18786 18912 269 

PI7 - Engines produced PI8 - Average LAGV queue 2 

Lower Average Upper StDev Lower Average Upper StDev 

888 894 900 7 5,4 5,5 5,6 0,168 

 

As for the performance indicators regarding AGV’s, i.e KPI2, PI5 and PI8, the results also go in 

accordance with the expectation and what is seen in real life. In queue 3 we can witness almost 

an inexistence of PAGV’s, the same goes for queue 1 regarding LAGV’s. On the other hand 

LAGV’s are constantly stacked up at queue 2 in the parent input buffer of station ED010 with an 

average of 5 LAGV’s throughout the whole simulation run.  

According to Table 7, VW AE is losing hypothetically 300 
€

𝑑𝑎𝑦
 when pickers are concerned. We 

cannot state that these losses are directly correlated with the final product as the demand is 

always fulfilled. What we do have is an imbalance regarding manpower in Suma C3 as the current 

workforce is higher than it should be. These losses are then a representation of wasted manpower 

that should be reallocated to other area.  

On the other hand, the associated PAGV costs are to be considered as referred as somewhat of 

a micro line stoppage hence the 7.5 
€

𝑚𝑖𝑛
 cost regarding the idleness of PAGV’s. By day, the 

company seems to lose around 57 
€

𝑑𝑎𝑦
, still how can this be possible if demand is always satisfied? 

The answer can be found in the model reports, where it is stated that for the 20 runs the maximum 

waiting time of a PAGV was 1 minute, and the mean average regarding the same 20 runs is 0.5 

seconds with an upper bound of 1 second (95% CI). Knowing this, 57 
€

𝑑𝑎𝑦
 seems just as 

unavoidable operational costs and represents a good solution. Still, it can be further improved. 

A detailed analysis is provided regarding the relationships between indicators. For that a 

correlation matrix was elaborated and is presented in Figure 38. As expected, very strong 

relationships exist between KP1 and KPI2 to their respective associated costs (PI1, PI2). More 

interesting to notice is the relationship between the PAGV costs (PI2) and the overall costs (PI3). 

It seems that when PI2 grows, the overall costs tend to decrease. However, the strength of this 

correlation is very weak meaning hasty conclusions may easily be wrongly assessed. Still, 
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regarding the current system conditions the main reason for this behaviour is that idle picker costs 

account a greater deal for the overall costs than the PAGV idleness even though the cost per 

hour of an idle PAGV is much greater (9 
€

ℎ
 vs 450 

€

ℎ
). As we will see further ahead in sub section 

7.3, this correlation is deceiving, as it is highly dependable on the demand. 

 

Figure 38 - Indicators correlation matrix 

There is one PI that greatly influences the KPI’s, which is the PI4, tour collection time. On the 

same level PI6 influences PI4 as having lower distance/tour results in lower tour collection times. 

For the rest of the PI’s they are all subject to variations between these 4, i.e costs and queues.  

In summary when KPI1 grows so does PI8 while PI5 and KPI2 decrease. Higher idle times mean 

that the picker spent more time waiting for a LAGV to exchange kits and so this rarely has to wait 

for the completion of a tour, accumulating later at queue 2. The opposite happens when KPI1 

decreases. This correlation analysis shows how one can greatly increase a given KPI or PI by 

simply optimizing the correct system components, making the path for optimization more clear. 

This was the objective of this analysis.  

Said that, in Figure 39 it is shown the consequences of applying the different scenarios on top of 

the current system. From this figure, many conclusions can be taken regarding the different 

scenarios in comparison with the base (scenario A). PI7 and PI8 are not displayed as they did not 

provide any graphical value worth information, as they are practically constant in every scenario, 

something that will be better shown promptly in Table 8. 

Beginning with scenario B (layout), not much is brought onto the system. The main outputs are a 

small decrease in the total distance (4%), and a little higher idle picker time (1%) which regard 

PI6 and KPI1 respectively. Regarding KPI2 there is an improvement of around 26%, which is not 

as much as in the other scenarios. One would expect that this layout optimization could lead to a 

lower tour completion time (PI4) but only with this small modification not much is gained. In a 

closer look to Appendix 11 we can see that if this scenario is adopted pickers walk on average 

less 700 
𝑚

𝑑𝑎𝑦
 which is a success regarding the distance issue. 
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Figure 39 - Indicators variation for the multiple scenarios 

For scenario C an interesting result is observed. By removing the parts that have higher demand, 

PI4 was greatly reduced which in turn led to decrease on PI5 as pickers complete tours more 

quickly, thus diminishing the average of LAGV’s waiting at queue 1. However, this also resulted 

in a considerable increasement in KPI1 of 7% (and consequently PI1). In another point of view, 

the decrease in total tour completion time led to a decrease of 63% regarding KPI2, generating 

savings. Even though average queue line size in KPI2 was diminished, this isn’t the most 

important objective, as it is intended to try to reduce the average time pickers stay idle and not 

increase it. However, it is relevant to note how the removal of only 7 parts led to such an 

improvement, going in accordance with the literature where it was stated that kitting compensates 

more with low standardised parts. 

As for scenario D, the buffer implementation, results did go in accordance with the expectations 

of what would be the consequences of applying it, still it did not reach the dimension one was 

hoping for. Nevertheless, comparing with the previous scenarios, scenario D leads to a minor 

improvement regarding KPI1 (3.50%) and a considerable one regarding KPI2 as the queue 

average length is decreased by 82%. But, as referred, results didn’t perpetuate great significance 

in the overall system as the idleness of pickers was not influenced considerably. When analysing 

in further detail, the function of the buffer which was to promptly have completed kits always 

available for each LAGV arrival is true, and it is reflected on PI5 as the length of queue 1 becomes 

zero, however the buffer reaches full capacity rapidly. Approximately around 7.30 AM which is 

still contained in the warm up period. Thus, the problem shifts away from pickers having to wait 

for LAGV’s to having to wait for available space in the buffer.  

This problem is not observed in scenario E, as with the employment of the alternative sequence 

the buffer eventually gets depleted over time only to be restocked as the picker chosen to leave 

the Suma C3 returns, restocking the buffer to greater levels. Scenario E from this perspective is 

a well-rounded scenario incurring in low costs and low idle time.  
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Still, scenario F, also provides good results but in contrast with scenario E most costs derive from 

a huge increase in the average of PAGV’s in queue 3 (690%) as the idleness of pickers was 

greatly diminished increasing the efficiency of pickers from 63.5% in the base scenario to 88.86%. 

However, with such an increment in the average length of queue 3 it sounds that there should be 

great reasons for concern, still as it can be seen from Figure 39 the highest value of KPI2 is 0.008 

which is literally nothing. However, the isolated situation where we do have a PAGV idle, incurs 

in high costs so although it should not be the cause for major worries it is not recommendable to 

simply disregard it.  

Finally, still regarding scenario F, another issue arises, ergonomics. The aggregated total 

distance that these pickers walk on average is around 25 Km which by turn transposes to around 

2 Km for each picker which goes in conflict with one of the objectives of minimizing distance. 

Other than this it is observed that this scenario leads to a great increase in PI5, as its length 

almost becomes 1, meaning in average at least 1 LAGV is waiting to receive kits, but this increase 

does not damage our system as there no associated costs, and is it will be seen, queue 2 will still 

remain with around a 4 to 5 length of stacked LAGV’s. And so, disregarding the distance issue, 

scenario F is the scenario that gathers more positive outcomes. 

In Table 8 the percentual variations to the base scenario are presented. Positive impacts are 

coloured as green while negative ones as red and neutral ones as black.  

Table 8 - Percentual variation of indicators 

  KPI1 KPI2 PI1 PI2 PI3 PI4 PI5 PI6 PI7 PI8 
A - - - - - - - - - - 

B 1,01% -27,69% 1,01% -27,69% -3,16% -1,25% -12,56% -3,90% -0,03% -0,05% 

C 7,79% -63,06% 7,79% -63,06% -3,94% -5,26% -35,35% 4,36% -0,08% 0,70% 

D -3,50% -87,26% -3,50% -87,26% -17,72% -0,51% -100,00% -0,03% -0,21% 0,67% 

E -44,11% -74,52% -44,11% -74,52% -48,92% -0,72% -99,52% -0,36% 0,06% 0,74% 

F -69,56% 38,22% -69,56% 38,22% -52,60% -0,19% 692,99% 32,87% -0,13% -8,04% 

 

Besides the values commented when analysing Figure 39, PI7 and PI8 are herein presented. 

They maintain relatively constant values with the exception of PI8 in scenario F where there is a 

decrease of 8% regarding queue 2 length. Still, as referred before this doesn’t perpetuate great 

significance as demand is always satisfied. Other than this it is observed that scenario E has a 

positive increment in PI6, still this is deceiving because one of them remains still for 45 minutes 

in the alternative sequence server diminishing the total average. 

After analysing all the scenarios, one logical step to take next would be how to take the best 

advantage of them all by mixing it with one another. Even though scenario C does optimize the 

tour collection time it will be disregarded in this process as we are dealing with the transferring of 

parts from the supermarket to the BoL which may not be the most practical or even possible 

procedure. Post that, from this mixing two new optimal scenarios were created: Beta and Alpha. 
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Scenario Alpha is a mix of scenarios B, D and F. The objective is to take advantage of the lower 

sequence time, lower distance, scenario B provides while enjoying the stability that the buffer 

from scenario D provides to the pickers in Suma C3 as a way to cope with the PAGV associated 

costs seen in scenario F. And scenario Beta is merely the mixing of the best overall scenario, E, 

with the addition of the optimal distance provided by scenario B. In Table 9 we can observe how 

Alpha differs from scenario F and A in the respective indicators. 

Table 9 - Scenario F and Alpha variation 

Scenarios KPI1 KPI2 PI1 PI2 PI3 

A 33,5 0,0060 301,6 57,7 359,3 

F 10,2 0,0082 91,8 78,5 170,3 

Alpha 10,7 0,0052 96,7 51,9 148,7 

Beta 19,7 0,0002 177,3 3,9 181,2 

From Table 9 we can observe that the idle time is a little bit higher than the one presented in 

scenario F mostly due to the fact of the layout modification decreasing overall distance. As for 

KPI2, it is observed the positive effects of applying the buffer as it decreases to 0.005 idle PAGV’s 

at queue 3, which in turn leads to 27 € saving per day. 

Finally concluding, diverse combinations or changes can be applied but as can be observed by 

PI8, the queue line remains apparently static. This is due to the fact that, the arrival of PAGV’s 

represent, as been told the greatest bottleneck of our system. In a general frame the total number 

of PAGV’s arrivals represent the daily factory production as these are the only component of our 

system that is associated to the true rhythm of the assembly line hence the association with 

demand. In fact, even if results do vary and transmit some kind of information, the worst case 

scenario regarding the KPI2 is in scenario F, and even here the average of idle PAGV’s in queue 

3 in a 24 hour day is as already pointed out 0.008, which is literally nothing if we associate it with 

a physical PAGV. Pickers can be removed or added, the same goes for the number of LAGV’s, 

even line station processing times can be optimized that the output of the system will remain 

stagnant. It is then the purpose of the next section to test the boundaries of scenario Alpha and 

Beta as demand is increased and see how well they perform. 

7.3 Sensitivity analysis 

Sensitive analysis allows for better comprehension of how the variation of an independent variable 

affects other dependent variable in our system. For this case, the independent variable that is to 

be variated is the demand, or the engine production. Demand will be incremented in 5%, 10% 

and 15%. These values were obtained through discussion with VW AE management in what could 

be possible future demand scenarios. Here it is only intended to test how will overall costs, ie 

picker and PAGV idle costs, behave when the factory needs to cope with a higher production 

stress. This is also correlated with average length of queues. For this the two optimal scenarios 

presented in the previous section (alpha and Beta) are the ones to be tested. For assessing their 

performance in different stress tests indicators regarding costs and queues will be utilized. But, 
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before diving into costs, we first begin to analyse how the different increments impact the model 

queues average length. This can be observed in in Figure 40. 

 

Figure 40 - Queues performance under stress 

Regarding the impacts seen at the queues, not much difference is observed when demand is 

changed to 5% or 10%. However, in the 15% increasement a huge change is retrieved regarding 

both scenarios. While scenario Beta seems able to cope with high demand, Alpha seems to fall 

behind with a huge difference, being the average in queue 3 around 8 idle PAGV’s. The question 

one asks, is how can one picker that per hour passes 45 minutes performing the alternative 

sequence and only 15 minutes in Suma C3 makes such a huge difference. For that, a more 

detailed analysis in a one of the most stressful replications is undergone, providing more 

information regarding the buffer stock level.   

 

Figure 41 - Buffer and idle PAGV variation (15% demand increase) 

As one can see from Figure 41, the number of stacked PAGV in queue 3 keeps growing in 

scenario Alpha coming from the warm up time with already around 10 idle PAGV’s. This 

seemingly linear growth regarding idle PAGV’s in scenario Alpha is something that is physically 

impossible in the factory as currently there are only 21 PAGV’s active. This to say that for an 

increment of 15% in production scenario Alpha will most likely fail, leading to line stoppage. On 

the other hand, scenario Beta holds its ground firmly as the average stock level at the buffer 

maintains a good level throughout the period of time observed with the highest number of PAGV’s 
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being around 7 PM, something that was quickly mitigated. This most likely is related to the fact 

that the picker occupied in alternative sequence came to lend a hand back in Suma C3. The 15 

minutes per hour where four pickers are collecting parts at Suma C3 seems to be enough to 

maintain demand satisfied preventing the buffer from reaching total depletion. Still, even if 

scenario Alpha is classified as inappropriate for an increment of 15% in production, from Figure 

41 it seems to behave well for smaller increments. The next step is then to assess the costs 

between Alpha and Beta, presented in Figure 42. 

 

Figure 42 - Costs variation under stress 

As final proof, even regarding costs scenario Beta wins, as the risk of having idle PAGV’s greatly 

increases the ones from having idle pickers, contradicting the correlation observed in section 7.2. 

From this analysis it is then concluded that the alternative sequence with the small layout 

modification is the optimal solution for the system in the chance of a more prosperous future, 

given the big discrepancy seen at the 10% increment (around 2300 €). Not only does it decrease 

considerably the idleness of the pickers as it is the one that offers a lower risk of line stoppage, 

completely fulfilling demand. However, it still incurs losses in the order of 1000€ when a 10% 

incremented is applied. 

Concluding, for the current demand scenario, i.e. 0% increment, Alpha is the best solution in a 

savings point of view but leads pickers to cover greater distances. In the other hand, for a future 

where demand increases, scenario Beta seems to be less risky as there is a much lower chance 

of having idle PAGV’s. As a final analysis, the production of engines of the system was escalated 

to ludicrous levels as to assess the limit capacity of the system itself. It was found that an increase 

of 15% pretty much reaches this state with a production of around 1031 engines per day. By 

increasing production by 30% it was observed that the maximum engine production reached was 

1038. As there was still idle time from the pickers at this point it is then concluded that the problem 

would not be in the number of current pickers in Suma C3 or the number of LAGV’s, as the 

bottleneck switched to the assembly stations as these were not able to process such a huge 

quantity of work. Thus, in the future if such scenario is to be reached, and there is a wish to assess 

its performance following the methodology undergone in this thesis, the system boundaries need 

to be enlarged in order to include more processes and points of interest that are key for a 

successful simulation and analysis.   
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8 Conclusion and future development 

This study started with a contextualization of the automotive industry and its current global 

presence. It was observed that the industry is identified as an oligopoly where a handful of global 

leaders compete fiercely with each other. Furthermore, the industry is characterized by having 

strong regional ties leading to tailored products, which also contributes to the complexity of the 

production process alongside with the lack of standardization of parts regarding different vehicle 

model. An issue that has only been growing as OEM’s offer clients the opportunity to customize 

vehicles freely. 

As a way to cope with this magnitude of parts, OEM’s have continuously tried to improve, innovate 

in their in-house operations through the use of new technologies and with the creation of new 

concepts and methodologies. It was then part of the purpose of this project to study and analyze 

this new concepts and methods which was done throughout chapter 3. Different assembly line 

feeding systems where identified and characterized, followed by a state of art review of work done 

in the field, where it was able to segregate the pros and cons of each option. The same was done 

for the supermarket concept and order picking. 

Having by basis the case study of AE, it was possible to have real grasp of the impact this 

immensity of parts perpetuates on in-house logistic operations. Even more, as the company is 

currently undergoing an adaptation process where a new vehicle model was introduced. Thus, 

chapter 4 described AE, beginning with a brief introduction to the larger group it belongs to, VW, 

and then AE. A characterization of the organizational structure found at the company was done 

followed by a detailed and complete analysis of its internal operations where many theoretical 

foundations discussed in chapter 3 were found. Other than the problems stated in sub-section 

4.4.2, a constraint that the company currently faces is related to the inability of testing new 

process improvements that are to be done in the line as these may imply pauses which may 

jeopardize production leading to production losses. In order to find solution for these problems it 

was discussed the possibility of elaborating a simulation model. The capability of these type of 

models to include stochastic situations, make simulation a powerful research tool when 

considering systems with uncertainties and variabilities (i.e stochastic systems) (Hae et al., 2002; 

Longo and Mirabelli, 2008). More than that, it presents itself as an opportunity to gather important 

information, without the need to pause the actual system (in our case the assembly line), which 

can improve value and aid in decision making situations in a low-cost risk-free manner (Mourtzis 

et al., 2014).  Furthermore, as seen throughout chapter 3, simulation studies are not that abundant 

as most authors normally opt for the development of mathematical models which follow 

deterministic behaviors. The scope becomes even narrower when assembly line, supermarket 

and the consequent order picking, is to be tackled as a whole, making this work a possible 

contribution to the field, as it is currently lacking. Simulation then, presented itself as the perfect 

candidate for finding a solution. 

After the construction of the model, a validation procedure was undertaken to test if the results 

retrieved were in accordance with reality. Values were then compared through indicators that 
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were chosen as the most reliable to assess the validity of the model. Other than this comparison, 

the model itself and its results were shown to the top management of VW AE in order to receive 

their approval, which was positive and accompanied by a great deal of interest of what could be 

future possibilities regarding this tool. Still, regarding the elaboration of scenarios for the current 

state of the system, it was accomplished in conjunction with managers of VW AE as to benefit 

from a more experienced view of the field but also to add a more real tangibility to the same. 

These scenarios were elaborated mainly to cope with the total idleness of the workers while at 

the same time ensuring that it did not result in idle PAGV’s. Other than this main reason, scenarios 

were also elaborated with the intent of having a grasp of what would be the impact on the system 

if alterations were made at the supermarket as for example the removal of key parts.  

Results showed that there is in fact great room from improvement as the idleness of pickers could 

be reduced considerably and generate considerable savings. Still, it is important to remember 

that assumptions and simplification strategies were considered. This was true not only for the 

data, but also some independent behaviors of the system. On top of this, as shown, some of the 

time related distributions were not as reliable as others as not enough time was available to collect 

a sufficient number of observations as in comparison with those already on the ERP of VW AE. 

Thus, a careful interpretation of the results is needed by the management, as variability is 

inevitably inherent to this work. 

As for results regarding the present state of the system, the model indicated that three pickers 

would be enough to satisfy demand and would result in 52.60% decrease in costs, which in 

monetary units is 189 
€

𝑑𝑎𝑦
, in the other said of the coin this led increase of 38% concerning the 

total average distance walked by pickers. The scenario where an alternative sequence is 

considered, and manpower shifts between three and four pickers throughout the simulation run, 

also presented good results with a decrease of 49% in overall costs. The difference between 

these two scenarios is that one opts for a riskier approach as the PAGV queue grows (three 

pickers) while the other tries to find a balance between picker idleness and safe buffer stock 

levels. Despite these scenarios good results, it is important to note that they work in 

circumstances where there is an over capacity at Suma C3 when facing demand. Due to this and 

to the fact that the company that the company is undergoing expansion and the fact that demand 

represented the greatest bottleneck of the system, a sensitivity analysis was made by 

incrementing this parameter. As to make use of the knowledge obtained through the different 

experiments it was opted for the creation of two super optimized scenarios. These two scenarios 

consisted in making some alterations on the scenarios that showed better results in the current 

state analysis. For the three pickers approach a buffer was added and distance optimized, for the 

alternative sequence only the last alteration was made (i.e distance). Demand was then 

incremented, in 5%, 10% and 15%. Results showed that for a variation of 5% and 10% both 

scenarios performed well, but for 15% having only three pickers proofed insufficient, incurring in 

line stoppage and high losses. Still, even scenario Beta presented losses on the 5% and 10% 

increment, which were in the scale of 300 € and 1000 € per day respectively. Concluding these 
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results deeply provide a greater point of view regarding the in-house logistics processes, more 

specifically at the engine assembly line area. Diverse KPI’s and PI’s were retrieved from this area 

which are still not accounted in the companies books and enhance visualization of the system 

allowing for better decisions to be made.  

8.1 Managerial insights 

For VW AE, to make best use of this work it needs firstly to review the collection and treatment of 

the data as also the model elaboration. It should do this as to confirm that no important aspects 

were missed in the model construction before implementing any alteration in the shop floor is 

advisable. Other than this, all the assumptions made as well as the variability shown should be 

acknowledged when interpreting these results. Said this, the company should opt for the serious 

consideration of reducing the manpower at Suma C3 as it is currently incurring in financial wastes. 

A first approach would be to reduce it to three pickers and watch if any critical periods arise, or if 

too much stress is passes one to the same. If this does happen, VW AE should really invest in 

the buffer alternative. As the model suggest having a buffer allows for the accumulation of 

completed tours when the arrival rate of LAGV’s at the entrance of C3 is lower than usually, which 

on the other way is able to cope when the rate suddenly becomes much higher. 

Secondly, even though quite obvious, the reallocation of administration table 3 should be 

accomplished. Although this only leads to a small distance optimization, around 700 meter per 

day, it also creates less confusion regarding the collection of kitting 1 family as pickers do not 

need to go back on their route to collect parts. 

Thirdly, having only three pickers plus a buffer in the current system state does seem to suffice. 

However as seen throughout the sensitivity analysis this could lead to problems if production is 

to be increased even if only by 5%. The alternative sequence scenario, where manpower shifts 

from three to four, does indeed lead to better results. Still, as discussed with management of VW 

AE, although achievable, is not the most advisable thing to do, as from prior experiences, having 

workers shift from one area to another during their shifts can sometimes lead to less positive 

outcomes, such as unbalanced areas as the worker spends more time at one place than it should. 

Thus, risk is incremented by making the process a bit more complex for workers. Nevertheless, 

this scenario was suggested by the same VW AE same management. This to say that, before 

implementing one of these scenarios, VW AE should also confront the results from the sensitivity 

analysis with their own forecasts as to check if there really is a need to worry about high demand 

increments, or not, in order to better make a decision regarding these two options. Said that, this 

work although retrieved considerable results and new perspective it can be considered a 

primordial phase of what the tool developed here can achieve. For that limitations and future 

development are considered in the following section. 

8.2 Limitations and future development 

Regarding the work developed, given the limited time period and resources there is as expected 

room for improvement and which should be worked on in the future. The first, and which cannot 
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be mentioned enough, is the number of observations regarding time data which should be 

increased as to obtain more reliable distribution functions, as when working with a stochastic 

model is fundamental. Although this can be gathered as was done in this thesis, with the 

chronometer, this is a very time consuming task and can lead to biased data collections. The 

implementation of sensors, at least in strategic locations really is a game changer.  

The speed of the pickers should also be better modelled, as having a constant speed of 4 
𝑘𝑚

ℎ
 is 

not the most correct. This is a value that is highly dependable on the physical characteristics of 

the individual, and in a more subjective level the psychological states. For example, different 

picking times could be assigned to pickers at different periods of the day, for example a slower 

pace at the end of the turn, or a higher pace when an LAGV is getting closer to the entrance as 

pickers tend to rush. Of course, this should be discussed between managers, and if possible 

making inquiries to the workers themselves. The same goes for the time spent picking a given 

part. Here a general picking time was adopted for each family, but these can vary greatly 

depending on the part characteristics (i.e more complex, less complex) and its location in the 

shelf, higher or lower. Of course, the physiognomy of the picker should also be considered here, 

hence the complexity regarding this subject.  

Lastly, the boundaries of the system should be increased. It should include the routes and cycle 

times of the different tow trains presented in Chapter 4, as this can proof to be a critical factor. 

For instance, throughout the sensitivity analysis made in section 7.3, demand was increased and 

production grew accordingly. But the fact that this leads to a faster depletion of parts located in 

the supermarket should not be disregarded, as it was in this work through the no stock out 

assumption. Other direction the frontier should be expanded, is in the inclusion of the rest of the 

assembly engine line, meaning sector C2, and in the addition of all the PAGV’s as a permanent 

entity in the system, such as the LAGV, as it is more directly concerned with the main assembly 

line. This would allow to have a better grasp at developing a solution for the problem regarding 

the unloading of kits in different PAGV’s mentioned in sub section 4.4.2 which was not possible 

to solve in this work due to lack of time and resources.  

The future of simulation in this type of industries really cumulates in this communication, having 

both settings (i.e real and virtual) work in a synchronized manner, providing the company with 

asses to real time information from the shop floor. Industry 4.0, smart factories, Internet of things, 

CPS are concepts that are making this type of technology more achievable each day. It is 

something that is bound to happen, whatever may be the time lapse, as even VW AE has already 

shown interest of having the whole factory at least represented in a simulation model. 

As a final remark, although there are aspects that could and should be improved, it is expected 

that this work presents itself value worth to the academic community as well as the company. It 

is important to note that this model was built from scratch, which even though some theoretical 

background was integrated from the literature review, no simulation model regarding in-house 

part logistics was concretely found, even more with the application of a real case model.  
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Appendices 

Appendix 1 – Assembly line feeding literature review summary 

 

 

 

 

 

 

 

 

 

 

 

Author Type Feeding policies Comparison criteria Main findings

Bozer and McGinnis (19992) Quantitative LS vs kitting Costs - Storage at the line 

diminishes as does average 

WIP

Limére et al. (2011) Quantitative LS vs kitting Costs - Which parts are more 

appropriate for kitting

Caputo and Pelagagge (2013) Quantitative LS vs kitting vs kanban Costs - Which parts are more 

appropriate for kitting

Hanson and Brolin (2013) Qualitative LS vs kitting Man hour consumption - Quality enhanced with 

kitting

- Savings at the assembly 

line offset by extra kitting 

operations

- Flexibility improved with 

kitting

- Inventory levels moved 

from to supermarket with 

kitting

Battini et al. (2009) Quantitative LS vs kitting Costs - The main factor when 

when choosing feeding 

policy is parts physical 

characteristics

Caputo et al. (2017) Quantitative Kitting Costs - Factors that most affect 

kitting performance is the 

extra material handling and 

costs encurred from erros in 

kit assembly

LS - Line Stocking
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Appendix 2 – Supermarket literature review summary 

 

 

 

 

 

 

 

 

Author Problems Method Objective Trade offs

Battini et al. (2010) i) - LP MIN total cost - Inventory costs (SS 

at BoL)

- Travelling costs 

(distance)

Emde and Boysen (2012) i) - PTP  

- Simulation

MIN total cost - Investment costs

- Travelling costs 

(distance)

Vaidyanathan (1999) ii) - NNA

- 3 Opt Heuristics

MIN TTT (Only travel 

minimisation)

Golz et al. (2012) ii); iii); iv) - Heuristic MIN manpower cost - Nº of drivers

Emde and Boysen (2012b) ii); iii) - Nested dynamic MIN total cost - Nº of tow trains

- Tow train capacity

- Inventory at BoL

Emde et al. (2012) iv) - PTP MIN inventory levels - Nº of tours

- Tow train capacity

- Inventory at BoL

Fathi et al. (2014) ii); iv) - MILP MIN workload variation - Nº of tours

- Inventory levels

Faccio et al (2013) ii); iv) - Static mathematical 

model + dynamic 

validation

- Simulation

KPI performance KPI's:

- Tow train 

utilization

- Total distance

- Containers per trip

- Nº of delays

- Inventory levels

Zhou and Peng (2017) ii); iii); iv) - Backtracking 

algorithm

- MABC metaheuristic

- Simulation

MIN inventory levels - No stockouts 

(constraint)

- Minimise excess 

inventory

LP - Linear Programming;                      NNA - Nearest Neighboor Algorithm;                

LS - Line Stocking;                                     MILP - Mixed Integer Linear Programming;   

PTP - Polynomial Time Procedure;   MMAB - Modified Artificial Bee Colony; 
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Appendix 3 – Shop floor layout 
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Appendix 4 – Full (up) and empty (down) LAGV and movable kit rack with Kit 

coolant (low right corner) 
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Appendix 5 – Picking location supermaket C3 
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Appendix 6 – Kit types and probabilities 

Coolant        
Kit1_C Kit2_C Kit3_C Kit4_C Kit5_C Kit6_C Kit7_C Kit8_C 
A19 A19 A19 N03 N03 N03 A19 A19 
U03 U03 U03 U02 U02 U02 U03 U03 
N06 N06 N06 N02 N02 N02 N06 N06 
L05 L05 L11 T02 T02 T02 L11 L11 
L11 L11 L12 T03 T03 T03 L12 L03 
L09 L09 L03 T04 T01 T04 L02 N10 
L12 L03 L08 P04 P04 P04 L03 L06 
L03 N10 L07 T05 T05 T05 L08 N09 
L08 L06 A21 B09 B09 B09 L07 A21 
L07 N09 P02 C02 C04 C04 A21 P02 
A21 A21 L01 C05 C06 C06 P02 L01 
P02 P02         L01   
0,001112347 0,006674082 0,005562 0,141268 0,093437 0,002225 0,002225 0,002225 

Kit9_C Kit10_C Kit11_C Kit12_C Kit13_C Kit14_C Kit15_C Kit16_C 
N03 A19 A19 N03 N03 N03 A19 A19 
U02 U03 U03 U02 U02 U02 U03 U03 
E09 N06 N06 E09 E09 E09 N06 N06 
I04 L11 L11 G09 G09 G09 L11 L11 
G09 L03 L12 N10 N10 N10 L03 L03 
N10 N10 L03 E05 E05 E05 N10 N10 
E05 P05 L08 B03 B03 B03 L06 L07 
B03 L06 L07 E10 E10 E10 N09 N09 
E10 N09 A21 G07 G02 G01 A21 A21 
G11 A21 N01 G03 G03 G03 N01 N01 
G03 P02 P02 E02 G06 G10 P02 P02 
  L01 L10       L10 L10 
0,003337041 0,001112347 0,004449 0,016685 0,028921 0,003337 0,091212 0,013348 

Kit17_C Kit18_C Kit19_C Kit20_C Kit21_C Kit22_C Kit23_C Kit24_C 
P03 N03 A19 A19 A18 A18 N03 U01 
A19 U02 U03 U03 T08 T08 U02 Q08 
U03 P09 N06 N06 N07 N07 P09 Q03 
N06 P06 L11 L11 B08 B08 I06 Q10 
L11 E09 L02 L03 P07 P07 Q06 R01 
L03 E03 L03 N10 R07 L06 Q09 Q12 
N10 N10 N10 P05 L06 A24 R02 R03 
L07 E05 L06 L06 A24 A25 R04 R06 
N09 B03 N09 N09 A25 N09 R08 S01 
A21 E10 A21 A21 S02 S02 S05 J05 
N01 G02 N01 N01 A22 A22 B04 S04 
P02 G03 P02 P02 C07 C02 Q01 B06 
L10 G06 L10 L10 C08 C05 Q02 B05 
            C02 S06 
            C09 C04 
              C08 
              S07 
0,002224694 0,001112347 0,001112 0,006674 0,05228 0,011134 0,258065 0,131257 
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Kit25_C Kit26_C Kit27_C Kit28_C Kit29_C Kit30_C Kit31_C  
U01 P03 P03 P03 A19 A19 S03  
Q08 U01 U01 U01 U03 U03 A22  
Q03 J09 J09 J09 N06 N06 C07  
Q10 N10 N10 N10 L11 L11 C08  
R01 I07 I07 I07 L03 L03 A18  
Q12 I11 I11 J10 N10 N10 T08  
R03 J05 J05 P10 P05 P05 N07  
R06 I02 I09 I11 L06 L07 B08  
S01 I09 J07 J05 N09 N09 P07  
J05 I01 I05 J02 A21 A21 R07  
T06 I05 J03 J07 N01 N01 L06  
B06 J03 J11 J06 P02 P02 A24  
B05 B01 B01 J03 L10 L10 A25  
S06 B02 B02 J11     T09  
C04 J01 J01 B01        
C08     B02        
S07     J01        

0,06785317 0,002224694 0,002225 0,043382 0,001151 0,001151 0,002225  
        
Kitting1        
Kit1_K Kit2_K Kit3_K Kit4_K Kit5_K Kit6_K Kit7_K Kit8_K 
E12 I02 I02 I02 E11 I02 E07 I02 
E07 B01 B01 A01 G04 A01 G03 A01 
G03 A01 A01 G05 E04 J04 D02 J04 
N04 E07 E07 E07 N04 E07 I01 E07 
E14 G03 G03 A04 M01 L02 D06 L02 
I04 A02 A02 E16 M02 A05 M03 A05 

 N06 N07 N07 I04 N06 E10 N06 
  I05 I05 I05  D07 G01 D07 
0,030753968 0,051587302 0,011905 0,015873 0,098214 0,054563 0,044643 0,000992 

Kit9_K Ki10_K Kit11_K Kit12_K Kit13_K Kit14_K Kit15_K Kit16_K 
E12 E07 I02 I02 I02 E12 I02 E07 
E07 G03 B01 A01 A01 G02 B01 M06 
G03 D02 A01 G05 K01 N04 A01 N04 
N04 I01 G07 G07 E07 E02 G07 M01 
L06 D06 E01 E01 G07 E14 E02 M02 
E14 M03 B06 B06 E03 I04 A03 I04 
I04 E10 E02 E02 A03 E06 N06 J03 
N02 G01 A03 A03 L02 B05 E06 D04 
    N07 N06 N06   I05 O04 
    I05 I05 K02   B05   
        E06       
0,000992063 0,010913 0,010913 0,018849 0,05754 0,136905 0,190476 0,256944 
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Kit17_K Kit18_K Kit19_K  Starter    
J01 E07 E12  Kit1_S Kit2_S Kit3_S Kit4_S 
E07 N04 E07  B16 B10 B15 B17 
J05 D01 G03        A02 
D02 J02 N04  0,056667 0,014444 0,196667 0,01 

K03 L05 E14  Kit5_S Kit6_S Kit7_S Kit8_S 
K05 K04 I04  B11 B10 B14 B12 
M03 J06    A13 A13 A01 A12 
K06 B03    0,063333 0,078889 0,141111 0,054444 

G01 G06    Kit9_S Kit10_S Kit11_S  
L03 E13    B13 B14 B02  
D07      A11 A12 A04  
0,000992063 0,001984127 0,000992  0,258889 0,02 0,094444  
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Appendix 7 – Distribution plots 
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Appendix 8 – Distributions and p-values 

Name Distribution P-Value 

Picking Coolant 
Gamma α (shape) > 10.561937  
                  β (rate) > 1.809212  

p ≤ 0.01062 

Picking Starter 
Weibull  λ (scale) = 12.109294    
                  k (shape) = 1.466052  

p ≤ 1.2111 E-11 

Picking Kitting1 
Gamma α (shape) > 4.730748 , 
                  β (rate) > 1.459083  

p ≤ 7.76 E-11 

Arrival PAGV 
Gamma α (shape) > 7.1760611  
                  β (rate) > 0.0811493  

p ≤ 2.2 E-16 

PAGVStress 5% 
Gamma α (shape) > 6.71459616  
                  β (rate) > 0.07951203  

p ≤ 2.2 E-16 

PAGVStress 10% 
Gamma α (shape) > 6.17543418  
                  β (rate) > 0.07674907  

p ≤ 2.2 E-16 

PAGV Stress 15% 
Gamma α (shape) > 5.64699252  
                  β (rate) > 0.07386313  

p ≤ 2.2 E-16 

SM 
Beta α(shape1) > 0.8191592 
           β(shape2) > 1.2893622 

p ≤ 0.87 

SC 
Beta α(shape1) > 0.5106161 
           β(shape2) > 0.7776391 

p ≤ 0.03904 

ED020 
Beta α(shape1) > 0.7948441  
           β(shape2) > 0.0.5461795 

p ≤ 0.8591 

ED030 
Gamma α (shape) > 2.70503660 
                  β (rate) > 0.06555845 

p ≤ 0.9 

ED075 
Beta α(shape1) > 0.6069634 
           β(shape2) > 1.0731258 

p ≤ 0.8303 

Administration Beta α(shape1) > 00.5250702 
           β(shape2) > 0.1150434 

p ≤ 0.2543 
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Appendix 9 – LCD Kit_S, Kit_K, PAGV, Picker, LAGV 
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Appendix 10 – Table kit type and sequence table example 
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Appendix 11 – Scenarios results 

  KPI1 - Picker Idle Time 

 
 Lower Average Upper StDev 

Sc
en

ar
io

s 

Base 32,7 33,5 34,1 0,885 

Distance 33,4 33,8 34,3 0,885 

Parts 35,9 36,1 36,4 0,532 

Buffer 31,9 32,3 32,8 1,019 

Sequence 18,4 18,7 19,1 0,726 

3 pickers 9,8 10,2 10,6 0,845 
 KPI2 - AVG Number PAGV Q2 (units) 
 Lower Average Upper StDev 

Base 0,000 0,006 0,011 0,015 

Distance 0,000 0,004 0,024 0,013 

Parts 0,000 0,002 0,005 0,006 

Buffer 0,000 0,001 0,002 0,003 

Sequence 0,000 0,002 0,004 0,005 

3 pickers 0,000 0,008 0,017 0,018 
 PI1 - Picker Idle Costs (€) 
 Lower Average Upper StDev 

Base 294,1 301,6 306,7 8,0 

Distance 300,9 304,6 308,4 8,0 

Parts 322,9 325,1 327,3 4,8 

Buffer 286,8 291,1 295,3 9,2 

Sequence 165,5 168,6 171,6 6,5 

3 pickers 88,3 91,8 95,4 7,6 
 PI2 - PAGV Costs (€) 
 Lower Average Upper StDev 

Base 5,7 57,7 109,7 113,1 

Distance 0,0 43,3 90,7 93,0 

Parts 0,0 20,1 85,0 89,0 

Buffer 0,0 4,6 13,0 18,9 

Sequence 0,0 14,9 38,4 50,0 

3 pickers 0,0 78,5 158,0 172,0 
 PI3 - Overall Costs (€/day) 
 Lower Average Upper StDev 

Base 299,9 359,3 416,4 121,0 

Distance 300,9 347,9 399,1 101,0 

Parts 322,9 345,2 412,3 93,8 

Buffer 286,8 295,7 308,3 28,1 

Sequence 165,5 183,5 210,0 56,5 

3 pickers 88,3 170,3 253,4 179,6 
 PI4 - Tour collection time 
 Lower Average Upper StDev 

Base 210,2 210,8 211,4 1,2 

Distance 207,8 208,2 208,5 0,8 

Parts 199,1 199,7 200,3 1,2 

Buffer 209,2 209,7 210,3 1,1 

Sequence 208,9 209,3 209,7 1,2 

3 pickers 209,8 210,4 211,0 1,3 
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    PI5 - AVG Number LAGV Q1 (units) 

   Lower Average Upper StDev 

Sc
en

ar
io

s 
Base 0,0782 0,0859 0,0937 0,017 

Distance 0,0660 0,0752 0,0843 0,020 

Parts 0,0484 0,0556 0,0628 0,015 

Buffer 0,0000 0,0000 0,0000   

Sequence 0,0000 0,0004 0,0013 0,002 

3 pickers 0,6207 0,6816 0,7424 0,130 

 PI6 - Distance (m) 

 Lower Average Upper StDev 

Base 18660,0 18786,0 18912,0 269,0 

Distance 17931,9 18053,0 18174,2 258,9 

Parts 19513,8 19604,9 19696,0 194,6 

Buffer 18688,3 18781,0 18873,7 198,0 

Sequence 18129,0 18719,0 19309,0 1261,6 

3 pickers 24813,8 24961,8 25109,8 316,0 

 PI7 - Completed Cars 

 Lower Average Upper StDev 

Base 888,0 894,2 900,0 6,9 

Distance 888,0 893,7 899,5 7,3 

Parts 890,1 893,3 895,5 3,7 

Buffer 886,0 892,1 898,0 6,2 

Sequence 890,7 894,5 898,4 6,0 

3 pickers 888,2 892,8 897,3 7,0 

 PI8 - AVG Number LAGV Q2 (units) 

 Lower Average Upper StDev 

Base 5,44 5,52 5,60 0,168 

Distance 5,42 5,52 5,62 0,216 

Parts 5,46 5,56 5,65 0,200 

Buffer 5,50 5,56 5,62 0,125 

Sequence 5,49 5,56 5,63 0,159 

3 pickers 4,97 5,08 5,18 0,225 

 

 


