
 Eindhoven University of Technology

MASTER

Sequencing model development and analysis in an internal repair setting
controlling applied micro electronics' production service process

van der Linden, S.J.W.

Award date:
2018

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/77ec3ee3-c060-4cf5-9d1c-b1fea1b528d5


 

 
Sequencing model development and 
analysis in an internal repair setting 

 

Controlling Applied Micro Electronics’ production service process  

 
 

Master thesis 
 
 
 
 
 
 

S.J.W. van der Linden BSc. 
 
 
 
 
 
 
 
 
 

 
 
 

Date:    September 9, 2018 

 

First supervisor:  Dr. S.S. (Shaunak) Dabadghao 

Second supervisor:  Dr. A. (Arun) Chockalingam, MSc  

 

Company supervisors:  

M. (Marcelino) Gunawan, MSc,     Team leader Service 

 Ir. H.L.E. (Dirk) van Driel,      Chief Operating Officer (COO)  

  



2 
 

TUE. School of Industrial Engineering. 

Series Master Theses Operation Management and Logistics 

 

 

 

Keywords: Sequencing, priority rules, reactive scheduling, process redesign, simulation,  

  service logistics, repair shop, electronics  



3 
 

Abstract 
 

The lack of a clear process and a formal way of scheduling led to the ineffective execution of AME’s 

internal repair department, responsible for the analysis and repair of failed products. The inventory and 

consequently the costs of this out-of-control system kept growing. This research and design project 

provides a clear understanding of the problem and proposes an integral solution to solve it. 

The proposed solution consists of a new, clearly defined process flow and a priority rule-based 

sequencing model. Connecting these two models is a hybrid push-pull scheduling system. This system is 

originally based on the output of the sequencing model, but has an overlaying reactive scheduling 

approach to handle urgent service requests. The conceptual process model adds a scheduling step to the 

process, along with a number of other improvements. Through simulation research the VALPT priority 

rule was selected as sequencing model. This rule was proven to minimize the average value in the system, 

which was the strategic goal of AME. Finally the viability of priority rules aimed at child disease 

detection and finished goods inventory optimization were evaluated, resulting in the conclusion that 

further improvements might be achieved through the use of finished goods inventory data.  

This thesis fulfils the purpose of redesigning the repair process supported by extensive simulation 

research. The solution is a process model with an underlying sequencing model for prioritization. 
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Executive summary 
 
In this thesis project a practical problem was researched and an analysis-based solution was proposed. 

AME faced a problem with its internal repair department, production service, which was not running 

effectively due to a lack of structure in the process, especially concerning scheduling. Hence the goal of 

the research and design project was ‘to develop an integral solution for the production service at AME 

which consists of a process model with an embedded sequencing model’. Achieving this research goal 

required the answering of three categories of research questions. The first set of research questions called 

for the investigation of the properties of the production service system and how to evaluate it. The second 

group works towards an answer on what the process flow should look like, and the third question 

category is concerned with how the products in the production service queue should be sequenced. 

The problem is solved through the interplay of three proposed models: A conceptual model in the form of 

a process flowchart, a detailed sequencing model which takes care of product ordering and finally a 

scheduling system which connects the two. The process model brings the desired order and clarity in the 

production service process and introduces a scheduling step. The implementation of this scheduling is 

done through a scheduling system which balances push and pull processing, thus remaining flexibility 

while constantly providing information on what products to service. The main ‘push’ layer of this 

scheduling system is managed by a sequencing model. This sequencing model takes the shape of a hybrid 

time-value priority rule called VALPT based on which production service IN products can be ordered for 

service. Figure 1 below shows how these three models cover the entire production service process from 

conceptual activities to detailed sequencing implementation. 

 
Figure 1: Proposed three-level solution design 

When considered as part of the supply chain of AME the production service department looks as 

following. Failed products from manufacturing enter the production service system. They are then kept in 

the inventory location for production service named PS IN. Service engineers can then analyze, repair and 

test these PS IN products, after which they are returned to the regular supply chain where they can 

eventually be sold to customers.  It is not technically or economically viable for all products to be 

repaired, hence some products are scrapped. Because the service department to which production service 

belongs also has the task of executing customer service, i.e. repairs for customers, the amount of service 

engineers for production service is not stable. The proposed solution should deal with such instability. 

The design decisions made are, where possible, based on the results of simulation research. A tailor-made 

simulation model able to simulate the inner workings of the production service department has been 

developed in Python. The input for this simulation originates from an extensive data analysis on historic 

PS IN arrival data. From this data analysis it was found that batches arriving at production service follow 

a Poisson distribution. The top 10 customers were then selected and each modeled to represent one 
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product in the simulation, along with an eleventh product to represent the remaining customers. For each 

product in the simulation a percentage was set for the probability that an arriving batch is of that product. 

Finally the batch size was found to follow a log-series distribution with a specific parameter optimized for 

each product. Different process elements and priority rules can be inserted into the simulation to evaluate 

the performances of different options. This performance evaluation is done through three main evaluation 

metrics that can be monitored: The average amount of products in the system, the average total value in 

the system, and the average time a product spends in the system.  

The final conceptual model (figure 2) is a detailed process flow for the execution of the entire production 

service department, along with a description of each of its steps. It is an 

updated version of the current process flow which was constructed 

based on interviews with employees of the service department. The 

new model removes the lack of clarity on whether several activities 

should be a formal part of the process or not. An important such 

decision was to include a sorting step at the start of the process but to 

not include a visual check and fast repairs at this point. This visual 

check has been researched in depth through three hierarchical analyses 

and was found to degrade performance in the situation at hand. It was 

discovered that a tradeoff exists between the benefits of repairing easy 

products early on in the process and the accompanied performance loss 

from conducting the visual check on all items. Especially the 

percentage of products that could be repaired easily was found to 

heavily impact the outcome of this tradeoff. To continue, the original 

process flow missed a crucial step where scheduling is done. The 

updated model adds such a scheduling step which will return structure 

into the process. The conceptual model was validated with 

management to ensure that it aligns with stakeholder goals. 

The scheduling system is a description of how the scheduling activity 

from the conceptual model should be executed in practice. It mainly 

works based on a core ‘push’ layer which at all times provides an ordered list of PS IN products to 

service. Meanwhile, priority pull requests can occur when an actor from outside the service department 

requests a fast repair of some specific PS IN products. The balance of these push and pull factors creates a 

situation where production service is able to function effectively in any situation. The push layer makes 

sure that it is clear at all times what products should be worked on, while the pull layer provides a great 

flexibility to deal with any exceptions to regular service. This system will also function with any number 

of employees that is allocated to it, making it able to handle the erratic capacity caused by the service 

department’s duality. 

The most crucial part of the scheduling is the underlying push model. This takes the shape of an 

implementation in AME’s information systems of a priority rule which orders the PS IN products. Based 

on simulation the VALPT rule was statistically significantly found to be the best rule considering the 

strategic goal of AME, which is to minimize the value metric. The VALPT rule schedules in ascending 

order based on priority value 𝑍𝑖:  

𝑍𝑖 = − 𝑉𝑖 𝑡𝑖⁄  with   𝑡𝑖 =  𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖   &  𝑉𝑖 = 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 

It hence optimizes the usage of time by selecting the products that release the most value per unit of time. 

This leads to superior performance on the value metric, as well as good time-based performance. From a 

Figure 2: Final conceptual model 
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practical standpoint however, the VALUE rule, which gives priority to the most valuable products, is 

recommended to be used at AME. This is because this rule only slightly underperforms VALPT on all 

metrics while being much more suitable for 

implementation in AME’s information 

systems. The superiority of value-based rules 

VALPT and VALUE was clearly shown in a 

simulation with a simulated backlog of PS IN 

products, which mirrors the current situation 

at AME. As figure 3 reveals the value-based 

rules reduce the total value in the system 

much faster than time-based rule SPT 

(shortest processing time). 

This immediately also highlights an 

interesting research finding that emerged 

from the simulation studies. In numerous occasions it was observed that a tradeoff seems to exist between 

performance on the value metric and performance on the amount metric. A graph similar to that in figure 

3 but on the amount metric showed an inverted picture where SPT significantly outperformed the value-

based rules. During further simulations with other priority rules it was constantly found that a rule 

performs well at either the value or amount metric, but not at both simultaneously. 

Finally some conceptual research was done on the effects of priority rules with a specific goal. First, rules 

were tested that theoretically should aid in the detection of production or design flaws of new products. 

The conclusion here was that the resulting decrease in failure rate should be very large to overcome the 

underperformance of these rule with respect to VALPT on the value metric. Besides this an investigation 

was done to see if the use of finished goods inventory and demand data could lead to optimization at a 

higher level, including a performance metric on the average finished goods inventory. Here an extension 

of VALPT which prioritized items without inventory showed much promise. 

In short, the result of this thesis project is that a verified new process flow and a sequencing model based 

on simulation research have been designed, along with a flexible hybrid push-pull scheduling system 

connecting the two models. Together this integral solution should solve the problem and allow AME’s 

production service department to function effectively and efficiently. 

  

 

 

 

  

Figure 3: Value graph backlog 
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1. Introduction and literature review 
The research and design project presented in this thesis seeks to improve the internal repair process at 

AME. This process is currently not functioning properly due to a lack of structure, mostly in terms of 

scheduling. The problem will first be defined and broken down into a set of research questions. Also a 

summarized review of relevant literature from prior research will be given.   

1.1. General and company introduction 
The problem will be solved through the design of two models, a conceptual design followed by a detailed 

design. The conceptual design results in a clearly defined and improved process flow description. The 

detailed design takes care of the scheduling within the process through a priority sequencing rule. Both 

models are, whenever necessary, supported by sufficient analyses. More specifically, a simulation was 

constructed which allowed for the testing of different process types and priority rules. Furthermore this 

simulation was used to conceptually investigate two adjacent topics. 

Some information about the company is provided in order to provide some context on the environment in 

which the project is conducted, as well as to explain some terms for future reference. 

1.1.1. General company description 

Applied Micro Electronics “AME” is an independent developer and manufacturer of high quality 

electronic products. The company both develops and produces a variety of electronic products for its 

customers. AME provides a wide range of high tech electronics and mechatronics. Within this range there 

is a focus on four main technology areas: Power conversion, Internet of Things (IoT), Sensing and 

actuating, and Advanced manufacturing systems. The applications of these technologies are widespread 

and include electric vehicles, home appliances, industrial automation and offshore applications. AME 

does not create products meant directly for consumers, but instead operates in a Business-to-Business 

market (B2B). Implications of this B2B market include the focus on long-term relationships with 

customers and the lack of direct consumer marketing. AME is located right in the middle of the supply 

chain from raw material to consumer, as it transforms input materials (raw material or sub-assemblies) 

into components for customers further downstream in the supply chain. These customers are leading 

Original Equipment Manufacturers (OEM’s) and scientific institutions. 

Through constant automation and optimization of processes AME can provide competitive prices, quality 

and service for its customers. Furthermore, quality is ensured by keeping all critical processes in-house. 

This approach allows AME to maintain a competitive advantage. Some processes have a direct effect on 

performance towards the customer, reflected in price, time or quality. Many other processes, such as 

human resource management, finance, service and IT are supportive to the customer oriented processes. 

These processes may not have a direct effect on towards the customer, but are important to keep the 

customer-oriented parts functioning optimally and through that have an important role in maintaining a 

high performance of the company as a whole. This project aims to improve one of these supportive 

process, the production service process. (AME) 

1.1.2. Information systems architecture 

Throughout the processes at AME there are constant interactions with the information systems that are 

used within the company. These information systems are important in this project for several reasons. As 

a start, all designs, conceptual and detailed, will need to function in the environment provided by these 

systems. Furthermore, the systems are important sources of data, especially in the quantitative parts of the 

project.  
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The information system architecture at AME consists of four information systems, each providing a 

different layer of usage. The first layer is the definition layer. The definition layer consists of Orion 

Client, a Product Data Management (PDM) system where technical information about each product is 

defined and stored. A classification of products in this system is made by customer. The second layer is 

the planning layer, supported by a SAP Enterprise Resource Planning (ERP) system. This system serves 

as the hub in the planning and execution of processes such as production, service, material management, 

maintenance and finance. Furthermore, there is the execution layer, where Orion Board Administration 

(OBA), a Manufacturing Execution System (MES), ensures the traceability of products and boxes. 

Finally, there is the reporting layer. This layer is not directly involved in the company’s operational 

execution, but has a Business Intelligence system, SAP Business Objects (internally often referred to 

simply as BI), which is able to provide different reports for monitoring and improvement purposes. These 

information systems will later be referenced during the process description. 

1.1.3. Product identification 

Each product produced at AME can be identified through a combination of a product number (PN) and a 

serial number (SN). The PN differentiates between different products, while the SN differentiates 

between each different instance of a product. PN’s are hence shared between products that are the same 

make and model. Both PN’s and SN’s are not random numbers, but have a logic behind them. The PN 

includes a customer identifier and a product identifier. Also there is important information in the last two 

digits of the PN, which indicate the revision of the product. Two products of the same product type but 

with different revisions (i.e. one is an updated version) will thus have different PN’s, but the difference 

will only be in the last two digits. The SN also is not random, but includes information about the 

production date, the batch number, and the number of that product within the batch. Note that through this 

system it can occur that two products share the same SN, but they will then always have different PN’s. In 

conclusion it can be derived that every unique product has a unique PN-SN pair by which it can be 

identified. 

1.2. Problem definition 
The next section will define the problem this project seeks to solve. First of all, a general problem 

statement, backed up by some basic data, will outline the problem. Based on this problem statement 

research questions are formulated and the required deliverables are specified. 

1.2.1. Problem statement 

The goal of production service is to systematically make sure that failed products get repaired and 

returned into the regular logistical process. In its current state very few products that enter the production 

service process come out of it within a reasonable time. The result of this is that the expected waiting time 

for a product in production service is moving towards infinity. It can be considered a black hole in which 

products disappear without an indication on whether or when they will be returned to the regular system. 

This is demonstrated by the large and growing amount of inventory waiting for production service (PS IN 

products). In a snapshot taken of the PS IN stock point on April 6, 2018 the PS IN inventory consisted of 

13,661 products, with a value of just over €200,000. In an effective production service system there 

should be a constant stream of products from PS IN back into the regular system.  

There currently is no formal and optimized way in which decisions are made on the order of products to 

service. Decision making on what to do is now done on an ad-hoc pull basis when urgency emerges for a 

specific product, due to for instance a shortage in production or upcoming obsolescence. Even though 

efficiency obviously depends on what variable AME wants to optimize, it is highly likely that this ad-hoc 
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approach leads to inefficiencies in the process. Besides all this, there is no monitoring of the performance 

of the production service which makes it difficult to keep an insight into the workings of the process. 

All factors mentioned above contribute to the situation now faced at AME where the production service 

process has an effectivity and efficiency that are below the desired levels. This has a number of 

consequences for the company. The first and foremost consequence is the costs caused by the current 

situation. Nearly all items that enter the PS IN stack are now essentially costs as there is a great risk that 

the products will remain in PS IN until they become obsolete, at which time the product value becomes 

zero (except some potential salvage value). Though relatively perhaps small, these costs do have a direct 

negative influence on the company’s profit margin. Furthermore, inventory costs will need to be spent to 

store the products. Besides costs, physical space is starting to become an issue as the growing PS IN stack 

takes up more and more space in the warehouse. AME is a fast growing company with growth 

percentages into the double digits. Such growth will only aggravate the problems described above, which 

further stresses the need to take control of the production service process. 

Some preliminary data analysis on the PS IN snapshot demonstrates some of the effects of the problem at 

hand. The focus here is on the time that each product has already been waiting in the PS IN queue. The 

descriptive statistics presented in table 1 reveal that 

there is a product which has been waiting in the PS IN 

queue for 2311 days, which is since December 8 2011. 

Meanwhile the average waiting time is over a year at 

409 days with the median just under a year at 319 days. 

Graphically this data is represented in a boxplot in 

figure 4, showing how the majority of product in the PS 

IN stock point has been waiting for half a year to one-

and-a-half year. Furthermore, figure 5 shows a 

histogram of the waiting times. This histogram shows a 

long tail of observations at longer waiting times, with 

considerable amounts of products with waiting times up to approximately 3.5 years (1265 days).  

As a reference, the customer service process at AME faced a similar problem a few years ago where 

waiting times for customer service had risen to unacceptable levels due to a lack of structure and 

monitoring in the process. After an improvement project, the customer service process now has a clear 

system where lead-times are monitored and used to schedule service of waiting products. The 

implementation of this new structure in the process led to a serious decrease in average service times, 

Table 1: Descriptive statistics PS IN waiting time 

Figure 5: Histogram PS IN waiting times 

Figure 4: Boxplot PS IN 
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which was the main objective. For production service it is still to be determined what variables need to be 

optimized, but monitoring and structuring the process should allow for improvements in here as well, as 

many similarities between the two processes exist. 

There are two major primary elements that can be used to manage the Production Service process, which 

are the process flow (elements and sequence) and the processing order. The elements included in the 

process flow and the sequence in which these elements are placed can have an influence on multiple 

aspects of the production service process as a system. It can be used to influence the input into the process 

through some possible filtration, and to have an influence on the method and thus speed of the internal 

flow. A well-defined and complete process model should deal with this first element. The second element 

is the ordering of products waiting for service. The best order will depend largely on the optimization 

parameters that are chosen. A model is required that, based on objective and input, returns an ordered list. 

This allows the system to change from a pure pull-based system into a hybrid push-pull system. Some 

pull factors, such as order-filling for production, are likely to still be required, while others can be 

incorporated in the ordering. Therefore, the result will be a hybrid system where urgent pull-requests still 

can get serviced right away, but where behind this a push system is in place that suggests the order for 

production service handling. In this way production service will always know what products to work on, 

regardless of its capacity.  

Most gains on the two mentioned control elements are most likely to be achieved not by changes at an 

operational level (i.e. the way the engineers work), but through tactical changes like the acceptance and 

ordering of PS requests. This tactical level is also where the focus of this project is on.  

1.2.2. Research questions 

The main objective of this project is to solve the problem explained in the previous section. The goal of 

the project is therefore to develop an integral solution for production service at AME which consists of a 

process model with an embedded sequencing model, both supported by scientifically sound analyses. This 

practical application is the main focus of the project. The main research question reflects this solution that 

is required: 

Main research question: 

How should the production service process be set up, both conceptually as well as its detailed underlying 

sequencing model? 

To answer this main research question and simultaneously achieve the project goal several aspects need to 

be dealt with in detail. Therefore, the main research question is broken down into a number of sub-

questions. It is throughout these sub-questions that references to existing literature are made, and concepts 

from this literature are put into practice. The sub-questions are grouped into three categories, each of 

which functions as a foundation on which the next category can build further. Consequently, these sub-

questions closely resemble the structural build-up of the project. 

The first category of sub-questions deals with the proper definition of the system under investigation, and 

the possibilities for analysis and evaluation. The definitions, assumptions, methods and further findings 

resulting from this category are used in the rest of the project and ensure consistency and clarity. 

 The second category of sub-questions is aimed at designing the conceptual design of the process 

flow in accordance with design science methodologies. This conceptual model will serve as the 

framework in which the sequencing model can be placed.      

 The final category of sub-questions seeks to research what is the best way to sequence products in 

production service. Besides the creation of a functional benchmark model the effects of implementation 
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of problem detection and demand-based strategies in product sequencing are investigated. Based on the 

analyses a final model or rule-set will be developed. This final model, embedded in the process flow 

design will serve as a solution to the described problem. 

Sub-questions: 

1. System and data 

a. How can the production service process be formally described, including assumptions? 

b. What data is available about the production service process? 

c. How should process performance be evaluated? 

2. Process flow design 

a. What are the requirements for the desired process? 

b. What should the process flow of the production service process look like? 

3. Product sequencing 

a. What benchmark should be used for product sequencing? 

b. What are the effects on performance of efforts aimed at the detection of production issues 

and child diseases? 

c. What is the impact of including demand and inventory data into product sequencing? 

d. Based on the analyses at b. and c., how should products waiting for production service be 

sequenced? 

1.2.3. Deliverables 

There are two organizational entities involved with the project, AME and the Eindhoven University of 

Technology. Both organizations have different requirements concerning the desired deliverables of the 

project, resulting in a different focus with regards to these deliverables. 

The company, AME, has a practical point of view. It has a problem and needs the outcome of the project 

to solve this problem. Therefore, the main deliverable for the company is the sequencing model that will 

be developed, within the framework of the updated process model, and with the thesis serving as support 

for the changes. The model should adhere to the following criteria: 

- The combination of the process and model should allow for a more effective and efficient 

functioning of the production service at AME. 

- The model should result in an ordered list of PS IN products in line with AME’s objectives 

- The model should be compatible with current data and systems at AME 

- The model should be generic enough to allow flexibility with respect to small changes in process 

or information systems.  

The university has a more academic point of view, reflected by its deliverables. The main deliverable for 

the university is a scientifically sound thesis. The model which is the main company deliverable is also a 

secondary deliverable for the university, but most importantly it is the topic on which the thesis is based. 

The deliverable, the thesis, should at least include the following: 

- A description and scientific substantiation, theoretical or analytical, of the process model and 

sequencing model.  

- Discussion of the methodologies employed in the development of the required models. 

- A discussion of relevant literature and its relation to and uses in this project. 

- Discussion of recommendations and future research possibilities resulting from this project. 
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1.3. Literature discussion 
In the following section a short discussion will be provided on the existing research that has been done in 

the fields relevant to this project. The problem context involves two closely related branches of scientific 

knowledge. First of all, research on (job) shop scheduling optimization is important to discuss, as the 

production service department has several properties similar to that of a simple variant of a job shop. 

Secondly the research on priority rules is important, as these rules will be evaluated and one will be 

selected as the sequencing model. Regarding the priority rules a note on the terminology used is in order. 

Throughout research a number of different terms have been used to refer to the same concepts. The most 

frequently used names are priority rules, prioritization rules, scheduling rules, dispatching rules and 

sequencing rules. 

Research on priority rules mainly started in the 1960’s and 1970’s with the development and analysis of 

rather simple rules. In the years following that the focus in the field largely shifted towards more 

complicated dynamic rules and the performance of combinations of existing rules. More recent work has 

been focusing on more complicated details concerning priority rules and their use, as well as the 

application of priority rules in specific niche situations. Because much of the groundworks have simply 

been done in the period prior to the year 1990 the research surveys that have been done in that period 

(Blackstone, Phillips, & Hogg, 1982) (Panwalker & Iskander, 1977) are still regarded as excellent 

overviews of the important research on the topic. 

The first topic of interest is the different types of shops that have been investigated. The review by Day 

and Hottenstein provides an extensive breakdown of scheduling (Day & Hottenstein, 1970). A basic 

definition of scheduling is “the art of assigning resources to tasks in order to insure the termination of 

these tasks in a reasonable amount of time” (Jones, Rabelo, & Sharawi, 1999). This definition can be 

extended by considering other performance dimensions then time. Three points are provided that can be 

considered to describe the context of a shop. The number of component parts comprising a job, which can 

be single-component or multiple-component which need assembly and/or subassembly. Furthermore, the 

production factors considered are important. This can be either only machines or both labor and 

machines. The latter is later referred to as a DRC (Dual Resource Constrained) system (Blackstone, 

Phillips, & Hogg, 1982). The third aspect is the amount of jobs available for processing, which can be a 

finite amount of N jobs or a continuous random stream. A classification scheme is presented which 

provides a framework to identify the specific type of sequencing problem one is considering. Three levels 

of classification are used. The first level relates to the nature of job arrivals, which can be static or 

dynamic. The second classification stage distinguishes between the number of machines involved (one or 

multiple), and the third classification is made on the nature of the job route, i.e. how a job needs to move 

over machines. This classification results in a graphical representation displayed in figure 6 below. 

 
Figure 6: Classification scheme of sequencing problems 
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The difference between a flow shop and a job shop is the following. In a flow shop, all jobs have the same 

machine order (Richter & Winkler, 2017), i.e. a fixed ‘flow’ exists. In a job shop on the other hand each 

job has a unique machine order. In the production service department this distinction does not need to be 

made because each job, a product needing repair, in principle only gets serviced by one service engineer. 

This, combined with the continuous nature of arrivals, would mean that it can be classified best as a single 

channel queueing problem according to Day & Hottenstein’s scheme. 

A different approach to job shop research classification is taken by Graves, who classifies by 5 factors: 

1. Requirement generation: A job shop can be either an open or a closed shop. In an open shop 

 “all production orders are by customer request and no inventory is stocked” 

 (Graves, 1981), while in a closed shop customer requests are filled from inventory. 

2. Processing complexity: The processing complexity is distinguished by a shop having one or 

 multiple stages and one or multiple processors. 

3. Scheduling criteria: What to optimize. This can be different time-based variables such as flow 

 time or tardiness, but also different variables such as costs. 

4. Parameter variability: Each parameter in the job shop problem can be either deterministic or 

 stochastic, which has a great influence on solving the problem. 

5. Scheduling environment: Scheduling can be done in a static manner where a known problem 

 is solved at one point in time or dynamically where the environment changes and the 

 schedule will need to adapt to this. 

The job shop scheduling problem is the most extensively researched problem, but most of the 

methodologies used can also be applied to other sequencing problems. Jones et al. provide an overview of 

techniques that have been used to analyze and solve job shop scheduling problems (Jones, Rabelo, & 

Sharawi, 1999): 

1. Mathematical techniques: Integer/dynamic programming, composition strategies or enumerative 

techniques like branch-and-bound or Lagrangian relaxation. 

2. Dispatching rules: Often used due to their good solutions to complex problems. 

3. Artificial intelligence (AI) techniques: Custom-built expert/knowledge-based systems. 

4. Artificial neural networks: Problem solving though a learning network. 

5. Neighborhood search methods: Search for optima in the neighborhood of a starting point. 

6. Fuzzy logic: Often integrated with other methodologies. 

7. Reactive scheduling: Revising a schedule when shop floor events cause exceptions. 

8. Learning in scheduling: For instance through machine learning techniques. 

The focus in this project will be on the priority rules. This is because a full calculation of an optimal 

schedule is too difficult given the problem size. “Computation of all possible sequences is in most of the 

cases expensive and inefficient” (Richter & Winkler, 2017). As stated by Jones et al., priority rules 

provide a relatively fast but good solution. Furthermore reactive scheduling will be integrated as the 

scheduling system balancing push and pull can be seen as a form of reactive scheduling. 

Discussing or even mentioning all priority rules that have been used in the many years of research that has 

been done on this topic would result in a list that is far too long to be useful. This is because many 

different rules, variants of existing rules and combinations of rules have been researched, ranging from 

very simple rules to highly complex ones. Instead of explaining all a number of proposed classifications 

of priority rules are discussed, along with a small amount of the most frequently used rules.   
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One of the earliest classifications is made by Conway and Maxwell, who distinguish between local rules 

which only use information about jobs waiting for one machine, and global jobs, which incorporate 

information about all machines and jobs (Conway & Maxwell, 1962). This is later also referred to as 

decentralized versus centralized decision making, respectively (Haupt, 1989). Moore and Wilson use this 

same local/global classification with another dimension of static vs. dynamic rules (Moore & Wilson, 

1967). Static rules schedule on the then-known conditions, while dynamic rules reschedule when new 

jobs arrive. Hausman and Scudder add another category besides static and dynamic rules, namely rules 

that also use information about the current shop status (Hausman & Scudder, 1982). An entirely different 

approach is taken by Panwalker and Iskander, who define the following five categories of priority rules: 

Simple rules, combinations of simple rules, weighted priority index rules, heuristic scheduling rules, and 

other rules (Panwalker & Iskander, 1977). Very recently Richter and Winkler distinguished between rules 

that focus on a single criterion or on multiple criteria simultaneously (Richter & Winkler, 2017). 

Three rules do deserve a specific mention as they are probably the earliest but also still the most 

frequently used rules. These rule are FIFO (first-in-first-out, often also called FCFS, first-come-first-

served), EDD (earliest due date) and SPT (shortest processing time). Even very recent research is still 

using these rules, such as Hamidi who investigates the combination of SPT and EDD (Hamidi, 2018). 

Finally a discussion of the evaluation criteria that have been used for performance measurement in 

priority rule research is provided. Three main groups of evaluation criteria can be identified; those based 

on due-dates, flow-time criteria, and cost criteria. Criteria concerning due dates are for instance lateness, 

tardiness or the percentage of tardy jobs. The biggest focus in research has been on the two time-based 

criteria groups. Cost in priority rule scheduling has three major aspects: setup cost, lateness cost and 

inventory cost (Blackstone, Phillips, & Hogg, 1982) (Aggarwal & McCarl, 1974). A prominent part on 

cost-based priority rule research is a series of articles by Scudder and Hoffman, who test multiple priority 

rules specifically targeting cost criteria (Scudder & Hoffmann, 1985) (Scudder & Hoffmann, 1986) 

(Scudder & Hoffmann, 1987).  

Even though the cost section of priority rule research is recognized, it has not been researched as 

thoroughly as the other rules and criteria. As Barman and Lisboa state: "While in most businesses the 

quality of a decision is measured against its cost consequences, in scheduling research the cost-based 

performance criteria has received far less than sufficient attention" (Barman & Lisboa, 2010). This 

perfectly highlights the importance of research such as that conducted in this project. Besides this 

theoretical research gap, application of theoretical findings in more practical settings are important for 

demonstrating the real world  value of research in this field. 

In short, the research area of scheduling problems and priority rules is large and has in most cases been 

thoroughly explored. There are some areas though, such as cost and value investigations and practical 

usage, that have still not been given sufficient attention in prior research. This thesis will attempt to work 

in this research gap by doing a practically-oriented priority rule research aimed at value and costs.  
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2. Research design 
The following chapter elaborates on the research design and methodologies used in this Master thesis 

project. This explanation is at different levels of focus. It starts at the highest level with a discussion of 

the research design in general along with the scope of the project. Next, the approaches for both the 

conceptual and the detailed design will be explained in more detail.  

Discussions on research design include the usage of loops and methodologies from literature, as well as 

elaborations on what data was gathered and used in what manner. 

2.1. General research design  
The project as a whole to a great extent followed the structure presented in the research questions. First 

the system was accurately described and data was collected. After this, both required models could be 

designed. The design of the models was not necessarily sequential, but could to a certain extent happen in 

parallel. At the end all results were brought together and presented in a scientifically sound manner. 

The most important part of this research project is the design of models that will solve the problem at 

hand. This design part is twofold, requiring a process model design as well as a sequencing model. The 

approach for this design part was a conceptual design followed by a detailed design, respectively, 

resembling the methodology taught in TU/e master course 1CM140: Design of Operations Planning and 

Control Systems. The conceptual design relates to sub-question category 2 and resulted in an updated 

process flow model. The detailed design relates to category 3 of the sub-questions and focused on the 

development of a sequencing model for production service. Preceding the design part was the first 

category of sub-questions, which lay the foundations for the designs to be built on. Each of the two design 

stages took a slightly different approach, tailored to the specific needs of that section. There were some 

recurring approaches though that were used both in the conceptual and the detailed design. The most 

prominent method used in both design stages was the design loop, shown in figure 7 (Wilson, 1980). This 

loop guided the design process to translate a business need into a product, prototype or process. In the 

cases in the project these end results are a process model and sequencing model. Several iterations of the 

design loop were required to arrive at the final models. 

 

Figure 7: Design loop, adapted from Wilson (1980) 
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2.1.1. Scope 

Like many research project focused on practice this project generally followed the regulative cycle (Van 

Strien, 1997). This cycle consists of the following stages: Problem identification, diagnosis, plan (or 

design), implementation, and evaluation. This project did not complete 

a full cycle, but focused on the first three steps of it. The problem at 

hand was identified and defined, then analyzed to find out what needed 

to be improved, and finally a solution was designed. This project was 

concluded with a design ready for implementation. The actual 

implementation and review of this falls outside of the scope of this 

project however. This is reflected at the detailed cycle iterations done at 

multiple stages in the project, each following a slightly different cycle.  

In these detailed cycles as well the focus was on problem analysis and 

design right up to, but not including, implementation. 

It should be clear what the sequencing model should and also should 

not do. The model should determine the order in which the products in 

the production service queue should be serviced. This is the essence of 

the model. The model does not need to determine who will service 

what products. This detailed personnel planning, if required, would 

need to be made manually by the team leader service. The team leader 

service will however use the service order provided by the model as 

input. The detailed planning was not included in the model because the fluctuations in production service 

capacity, caused by customer service capacity variation, introduce many new dynamics which can for 

now best be dealt with through manual planning. 

Within the process architecture of AME the scope of the project is mainly limited to the production 

service process itself. There are some interaction with two other processes. The customer service process 

can be considered as a reference case for the process redesign, and is of interest when considering the 

capacity available for production service. Besides this, the production process might be referred to, but 

only the interactions it has with production service are within scope. This can be concerning input 

considerations or possible feedback systems. 

When differentiating between products, this was done on a PN level, not at SN level. By doing this the 

speed advantage of batch processing could be maintained. The service engineers indicated that processing 

multiple of the same products in succession increases efficiency due to a learning effect and the 

availability of the correct tools and parts. It should also be noted that in this way different revisions of the 

same product can be handled separately, which can have multiple uses.  

As already indicated before, the capacity for production service is dynamic, depending partially on the 

demand for customer service. This dynamic capacity is difficult to model and would require a different 

type of research than the one to solve the initial problem at hand here. The proposed hybrid push-pull 

sequencing system was designed in such a way that it can function under a dynamic capacity without any 

problems. Therefore, it has been decided to exclude capacity scheduling from the scope of this project. It 

might however be an interesting topic for further research.  

 

 

Figure 8: Regulative cycle 
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2.2. Conceptual design approach 
The conceptual process design followed the 

BPM lifecycle (Dumas, La Rosa, Mendling, & 

Reijers, 2013). While often used for software 

development purposes, the BPM methodologies 

also applied well to the design of regular 

processes such as the repair process that needs 

to be designed in this project. While the full 

BPM lifecycle is a loop, in this project only 

part of the cycle was required. To begin with, 

the process identification step was conducted to 

get a high-level view of the process architecture 

in place at AME, and the place production 

service has in it. Next through process 

discovery an insight into the current production 

service process was obtained through the 

creation of an as-is process model. This model 

was then analyzed to find its shortcomings and 

get insights into what is required to improve the model. This improvement was finally done through a 

process redesign that resulted in a to-be process model. This process model served as the framework in 

which the sequencing model was developed. Figure 9 displays the BPM lifecycle with the relevant steps 

indicated. The following methodologies were utilized to execute each stage of the BPM lifecycle. 

The process identification was very straight-forward because AME has a clearly documented overview of 

its processes. This documentation was condensed into a form that provides an instant overview.  

For the process discovery of the current production service process semi-structured interviews were 

conducted. Based on the results from these interviews the process model was constructed. The interviews, 

as said, were semi-structured. A predetermined list of, save one, all open questions was used to provide 

structure to the interview and ensure that some crucial topics get covered. However, the interviews 

allowed for the discussion of other topics, or deviations from the structure. This made sure that 

unforeseen pieces of information got captured as well. More specifically, at the end of the interview a 

question had been included whether any relevant aspects have not yet been discussed, for the purpose of 

maximized information capture. The full list of questions is included in Appendix A. Despite the guiding 

questions being written in English, the interviews were conducted in the language of choice of the 

respondent (limited to English or Dutch). The answers were recorded on an answer form in a paraphrased 

manner. Directly after each interview the answers were translated and entered into tabular form in MS 

Excel. As respondents initially the three most experienced service engineers were selected, who have 6, 

6.5 and 10 years of experience. These three interviews should capture sufficient information to design the 

process model. After the three initial interviews the consistency and saturation level of the provided 

information was checked, and based on this it was determined that no more interviews were required. The 

resulting process model was reviewed by the participating service engineers as well as the director of 

operations. Feedback from these reviews was implemented to obtain the final conceptual model.  

The process analysis was done in unison with the definition of requirements for the redesign. Together 

with the main stakeholders the current process was reviewed to identify elements that are either desired 

but not present yet or elements that should be changed. This first part of the analysis was of a mostly 

qualitative nature. The desired changes and additions, or “insights and weaknesses” according to the BPM 

Figure 9: BPM lifecycle 
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lifecycle, to the current model were translated into a set of requirements. Two types of requirements were 

set, regular requirements which the updated model must fulfill, and optional requirements which should 

be fulfilled if possible. The second part of the analysis concerned the inclusion or exclusion of a ‘visual 

check’ step in the process (see Chapter 3). A 3-stage quantitative analysis was conducted to get an insight 

into the effects of this step and to aid in deciding whether it will be put in the redesign. A detailed 

description of the analysis steps is provided in section 3.5.2.  

The requirements set and the conducted analyses acted as guidance for the redesign stage. Similar to the 

design of the current model, the technique used was flowchart modeling. The redesign was activity-based 

modeling as opposed to artifact-, object- or data-centric modeling. This was because at that point in the 

project the focus was on what activities must be included in the formal process model and description. 

Also, the process under investigation consists nearly exclusively of physical activities rather than 

automatic or digital activities. This made activity-based modeling the most suitable solution. 

An evolutionary redesign approach was taken which uses the existing process model as starting point. 

Besides starting from an existing model, there are two other main options when choosing a starting point 

for a redesign, which are starting from a clean slate and starting from a reference model (Dumas, La Rosa, 

Mendling, & Reijers, 2013). The choice to start from an existing model was made because the detailed 

operational flow, for the actual repair and moving products around, is already there. Only some tactical 

changes were needed to ensure the structural use of the existing operational activities. Starting from a 

clean slate would be ‘reinventing the wheel’ and a reference model is unlikely to be tailored enough to 

this particular situation. For these reasons the evolutionary approach described was most effective. 

During the design AME notation and symbols were used to allow a smooth transition into the operations 

and documentation at AME when finished. These notations and symbols correspond to generally accepted 

symbols for flowcharts, and are limited to the BPMN common + extended core (Recker, 2010). A 

detailed legend with descriptions of the meaning of each symbol used in the modeling is presented in 

Appendix B. 

2.3. Detailed design approach 
The detailed design, which is the creation of the sequencing model, followed the design cycle (Wieringa, 

2014). The steps of it are problem investigation, treatment design, and treatment validation. This design 

cycle in fact consists of a part of a larger cycle, the engineering cycle, which also includes treatment 

implementation and implementation evaluation. As noted 

before, these two steps are outside of the scope of the 

project. The problem investigation step was largely 

carried out in the first category of sub-questions, while the 

two latter steps were included in the third category.  

The sequencing model itself is a static model, which 

largely takes the form of a ruleset that determines the 

order of PS IN requests. This also means that not 

necessarily the creation of the model posed difficulties, 

but rather the evaluation required to determine which rule 

or rules perform best and should be included in the final 

version of the model. Before such different instances of 

the sequencing model could be tested therefore a test environment needed to be created. This test 

environment took the shape of a simulation. The most important reason for this is formulated well by 

Aggarwal and McCarl, who state about multi-criteria job shop optimization: “In such a complex area of 

Figure 10: Engineering cycle (design cycle highlighted) 
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investigation, simulation seems to be the only effective method of comparing different scheduling rules.” 

(Aggarwal & McCarl, 1974). A single simulation model was created in which different versions or 

iterations of the sequencing model could be entered to evaluate their performance. This way the different 

versions could be fairly compared which allowed for well-founded decisions on the form of the final 

model.  

Several pieces of quantitative data needed be collected which would be used as input for the simulation. 

This data needed to ensure that the simulation is accurate enough such that the results can reliably be 

applied to the real production service setting. First of all, data about the current status of the PS IN stack 

had to be collected (static data from OBA with value data from SAP), as well as data on the arrivals into 

PS IN (time-series data from OBA). Then for the throughput data about the expected processing times 

was required. A detailed description of available data and its uses for the models is provided in chapter 4. 

The acquired data was then analyzed in detail with the purpose of finding models or distributions that 

could be used as input for the simulation. This data modeling needed balance the need for abstraction with 

the desire to remain close to reality. It was attempted to match reality closely while remaining within the 

boundaries of what is feasible in terms of simulation implementation (complexity, runtime etc.). In the 

analysis different elements such as possible trends or seasonality were investigated such that the modeled 

input for the simulation is also reliable when looking ahead. The input took the form of fitted 

distributions. Processing times were not available in data, hence they were be extracted from expert 

knowledge to ensure that these input variables are a good representation of reality as well. Demand and 

inventory were fully simulated as a fully detailed analysis and modeling would have created a large 

amount of additional complication disproportional to the practical importance. These analyses led to a 

clear definition of the most important input variables and parameters for the simulation, which are the 

arrivals and the throughput rate. 

The methodology that was used to find the best detailed model for this setting closely resembles the one 

used by Grunewald et al (Grunewald, Knabe, Rudolph, & Schultz, 2017). First prioritization criteria were 

defined, which were taken from research or tailored to this particular setting. Next, based on these criteria 

general or situation-specific priority rules could be selected. These rules were then tested within a 

simulation. In their evaluation they were tested on relative performance.  

The simulation served as a testing environment into which models could be inserted to test and evaluate 

each of them. With all relevant input all defined through either analysis-based assumptions or modeling a 

period of arrivals and processing could be simulated. Such a simulation was done with each time a 

different variant of the designed model used for the processing sequence. In each simulation run the 

defined evaluation metrics were monitored, which are defined to answer the first section of sub-questions. 

The simulation is further explained in chapter 4. With the use of these evaluation metrics resulting from 

the simulation the different models could be compared. Supported by the set requirements, provided in 

section 5.1., this comparison allowed for a selection of the best model to serve as final model. As 

mentioned, the model design phase consisted of multiple iterations of Wilson’s design loop. Through 

simulation each of these iterative versions of the model could be evaluated right away to find out about 

the effect of changes on the evaluation metrics.   
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3. Conceptual process  
The following chapter will present the development of the conceptual design for production service. The 

conceptual design includes the final process model and a description of its usage for production service. 

After some context is provided, a model is presented that portrays the current way of working within 

production service, which serves as the basis for an updated process model. To guide the development of 

the updated process model sets of requirements, constraints and assumptions were established. Based on 

these a redesign has been created which is represented and evaluated later in the chapter. The redesign 

adds several elements to the existing process and further defines others. Most importantly, it allows for 

the introduction of a proper planning system for production service with an integration of the sequencing 

model presented in chapter 5. Besides the flowchart of the process it is also explained how the processing 

of products is to be done by this planning system in the new situation.   

3.1. Data collection 
The interviews conducted with the three most experienced service engineers (over 20 years of experience 

between them) provided a good overview of the important aspects of the production service process. All 

predetermined questions were answered, and even a few additional comments were made beyond the 

questions, although mostly about details. At the end of all three interviews the respondents indicated that 

they felt that no important aspects had not been discussed yet. Processing-wise the interviews provided a 

sufficient amount of information such that the as-is process can be modeled based on them. Along with 

this the results allow for a more in-depth discussion of the problem and some guidance towards possible 

improvement could already be extracted. The full interview answers have been omitted due to space 

limitations. The vast majority of answers were recurring in multiple interviews and barely any conflict 

between the statements from different respondents was found. Due to this, after the three interviews with 

the most experienced service engineers the information gain per new interview had significantly 

diminished. Thus it was concluded that a sufficient level of information saturation was reached, and that 

no further interviews were required. 

3.2. Process architecture 
The first part of the BPM lifecycle includes process identification, or the mapping of the process 

architecture in place. The result of this is presented in this section, with a focus on the production service 

process under investigation. First the highest level process architecture is given to demonstrate the place 

of (production) service within the 

company as a whole, followed by the 

abstracted production-oriented processes 

where it can be seen how products end up 

in production service. 

The core of AME’s business processes are 

the customer oriented processes, which is 

where the eventual value is created. These 

customer oriented processes include the 

entire chain, starting with customer 

requirements and ending in final shipment 

of finished products to the customer. In 

this sequential chain there are first 

business development processes, followed 

by product development processes and 
Figure 11: AME Process architecture 
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finally manufacturing. The whole customer oriented process chain is transcended by account 

management, which interacts with different parts of the chain. To allow the customer oriented processes 

to work properly, they need to be managed and supported. Therefore, there is a separate block of 

processes above it directed at management. The support oriented processes are a number of processes that 

are not directly involved in the production chain, but are required to allow the company to function 

properly. Examples of support processes are Service, Finance, IT and Logistics, among others. The top-

level process architecture described here is visually represented in figure 11. The service department 

under consideration in this project performs repairs of non-conforming products. These repairs can be 

either products returning from the field, or products that failed during production. This distinction is also 

made within the service department, which consists of customer service and production service, 

respectively. However, this split is only made in processes, and the same employees conduct both 

customer and production service. 

A stylized high-level depiction of the manufacturing process is given below in figure 12. The regular 

production process contains material picking, machine setup, and production. At the end of the 

production, each product undergoes a test. This test can be either manual or automatic. If the product 

conforms to predetermined specifications on productivity, quality and safety it will be transferred to the 

warehouse and be delivered to the customer. Should the product not conform with a reasonable 

expectation that repair is possible, then it will exit the regular flow and be sent production service, where 

the product should be analyzed and, if possible, repaired. 

 

Figure 12: Production service input process 

3.3. As-is process model 
There currently does exist a way of working for conducting production service. It has however not yet 

been documented in a process flowchart. A flowchart of the process currently used for production service, 

the As-is model, has been created, based on interviews with experienced service engineers, the main 

actors within the process. The resulting process model is presented below in figure 13. A number of 

different employees are involved in different parts of the process, indicated between brackets at each 

process step. These are Operator (O), Warehouse employee (WE), and Service engineer (SrE). The 

current process, including the logistical handling at the front and back, is comprised of the following 

steps, corresponding to each part in the flowchart. 

1. Operator puts the non-conforming products on the production service trolley and scans the product 

to PS IN in OBA 

2. Periodically, the warehouse employee moves the products from the trolley to the PS IN warehouse 

and scans them to the correct location in SAP 

3. Periodically, the new PS IN items are sorted by customer by a service engineer before being 

returned to the warehouse. 
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4. When starting production service, the service engineer retrieves the product(s) to be serviced from 

the warehouse 

5. The service engineer analyses the failure using the Remark in OBA (if present). It is checked 

whether a product is repairable.  

6. If a product is not repairable, the service engineer puts the product in the scrap container, scans it 

to scrap in OBA (via PS OUT), and informs the responsible person about the PN and amount 

scrapped for SAP handling 

7. A repairable product is repaired and if required upgraded to the latest revision.  

8. If possible and/or required, a repaired product is tested by the service engineer.  

9. A repaired product is scanned to PS OUT  

10. The repaired product is returned to the warehouse. The responsible person is notified about PN 

and amount for SAP handling 

11. The warehouse employee books the products to the correct location is SAP 

Besides these steps there is another element that requires attention, which is the current “scheduling”. 

This concerns the decision on what products to work on, so the transition from step 3 to 4. Currently the 

scheduling is done on an ad-hoc pull basis. Production service starts working on items when someone 

asks for them due to some urgency. This can for instance be an account manager who notices that a 

product will go obsolete soon while a large quantity is still lying in PS IN. Another option is when 

production is short a few items for an order and asks PS to repair enough items to complete the order. It 

can also happen that management notices a lot of high value items lying in PS IN and instructs production 

service to repair these. Besides these pull factors, no planned production service is done at the moment 

(i.e. push). The focus of the service department is now on customer service, and production service is 

done with the capacity remaining after CS, unless some high urgency pull request appears. Recently 

however, the service department has been expanded such that there should be a fixed amount of capacity 

available for PS. If demand for CS is low, this fixed base capacity can be supplemented with excess CS 

capacity. But to be able to properly utilize this capacity, it should be clear what items to work on even 

when no pull requests are present.  

Finally, some notes are required about the presented current production service process model. The 

testing step (activity 8) and the subsequent pass/fail decision are indicated to be optional in this model. 

The reason for this is that it was noted by the service engineers that there were multiple test options 

ranging from full testing to barely any testing. A definitive explanation of the meaning of the test activity 

will be provided in the updated model to get more clarity on this step. Furthermore, in the recent past 

there has at times been a visual check while sorting to quickly identify scrap or possible quick fixes. This 

has however never been a formal part of the processes, nor has it been done on a continuous basis. 

Therefore, it is not included in the current PS process model. It will be considered during the redesign 

whether this visual scan will be included in the formal process model or not.  
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Figure 13: Current PS process 
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3.3.1. Push-Pull classification current process 

To evaluate the characteristics of the current process it is analyzed using the push-pull classification 

framework by Pyke & Cohen (1990). This framework allows an analysis about how much a process tends 

towards push or pull factors. This is done to create a benchmark based on the original situation. 

Table 2: Push-Pull classification current process 

Batch size: The batch size is divided into a downstream and upstream part, and has an overall 

classification based on the balance between the two. The requirements coming from downstream are pull 

requests which must be done in the amounts required, which can be rather small, hence a pull oriented 

batch size. The push-side batch sizes are likely bigger due to learning effects which lead to efficiency 

gains and the lack of efficiency loss due to switching. The balance is however currently towards pull. 

Despite this the push way of thinking to maximize efficiency by larger batches is internally used in 

production service, which is why the overall result is balanced between push and pull. 

Timing: Actual timing is done through the detailed service planning which is handled within 

production service based mostly on pull factors now. 

Priorities:  Currently little push work is done. Production service determines what is done, but now 

still mainly on request from downstream actors. Thus it is a system prioritizing largely on pull. 

Interference: The current system works almost only on interferences now. These arrive from outside 

the service department, and can here be considered to be pull-oriented. 

After the updated process model design is completed the new, updated model is analyzed as well using 

the same framework in order to reveal the differences that result with respect to push and pull orientation. 

 
 

Policy Decision Authority Information Push…………………Pull 

PS As-Is Batch size Downstream: 

- Requirements 

Upstream 

- PS IN data 

 

Overall 

 

 

 

Local 

 

Global 

 

 Timing Upstream 

- Detailed service 

planning 
 

 

Global 

 

 

 Priorities Upstream: 

- Whatever is asked 

 

 

Global 

 

 Interference Downstream: 

- Pull requests are the 

ones getting done 
 

 

 

Local 
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3.4. Requirements, constraints and assumptions conceptual design 
The following section presents the requirements, constraints and assumptions that have been defined for 

the conceptual design. These three aspects provide the boundaries within which the conceptual design can 

be created, and will serve as evaluation criteria to assess the quality of the design. 

The requirements and constraints have been defined after discussions with relevant stakeholders and a 

domain expert. The main stakeholder is the Team Leader Service, who will be the direct user of the 

eventual design. Indirect stakeholders are hence the employees within the Service department, the Service 

Engineers. A higher level stakeholder is the COO, who has mainly been involved in strategic requirement 

setting. Finally, the domain expert with respect to information systems has been consulted with an eye on 

the later implementation of the design. Different types of requirements can be recognized, which each 

refer to different stakeholders’ involvement. The main stakeholder provided input for operational and 

tactical requirements, the high level stakeholder for strategic requirements (high level company goals), 

and the domain expert provided input for technical requirements and constraints. 

3.4.1. Requirements conceptual design 

There are two types of requirements defined for the conceptual design, regular and optional requirements. 

The regular requirements are those things that the designed artifact should definitely do, whereas the 

optional requirements are things that it should do if possible, or as good as possible. All regular 

requirements should be met for the design to be accepted, but optional requirements do not necessarily 

need to be met. The regular and optional requirements for the conceptual design will be coded by C-

REQx and C-OPREQx respectively, with x specifying the number. 

Requirements:       

C-REQ1 The design should provide clarity in what production service to do 

C-REQ2 The design should allow for integration of the sequencing model 

C-REQ3 The design should specify all inputs and outputs at each process step 

C-REQ4 The design should allow for both push and pull-based processing 

C-REQ5 The design should be correct (i.e. no dangling tasks, no deadlocks and no infinite loops) 

C-REQ6 The design should only use existing information system possibilities 

C-REQ7 The design should specify whether or not a visual check should be done  

Optional requirements:  

C-OPREQ1 If possible, the design should improve feedback to production 

C-OPREQ2 If possible, the design should minimize discrepancy between SAP and OBA PS IN logs 

C-REQ 1, 2, 4 and 7 and both C-OPREQs are tactical requirements, whereas C-REQ 3 and 5 are 

operational requirements and C-REQ6 is a technical requirement. 

3.4.2. Constraints conceptual design 

There are not many constraints for the conceptual design, as long the changes made remain limited to the 

service department. Violation of this constraint is possible, but only after proper discussion and approval. 

A similar coding to that of the requirements is used here. 
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C-CON1 The design cannot interfere with other process flows without approval 

3.4.3. Assumptions conceptual design 

A number of assumptions are required regarding the specifics of the conceptual process model. These 

assumptions are needed for a number of reasons. First of all, they put a limit on certain options which 

allows a single correct model to be designed. Furthermore, the assumptions can influence decision about 

whether or not an activity must for instance be split. Furthermore, proper definition of assumptions can 

prevent the need to model every possible deviation from the regular flow, which would make a process 

model unnecessarily large and unclear. Together, the assumptions create a situation where a clear, 

delimited and well-defined process model can be created. Once again, for easy further reference, each 

assumption has been given a code following the same system as before. 

C-A1 All service employees are the same 

C-A2 All products need either a full test, partial test, or visual test; there are no other options. 

These three options are, for the model, not considered to be different in terms of input 

and output.  

C-A3 All non-repairable products are scrapped in the same way 

C-A4 All possibly repairable non-conforming items from production are moved to the PS IN 

trolley. (There may be exceptions here where a more direct approach is taken for e.g. a 

quick repair. These exceptions however are such small and rare deviations that the 

process model assumes they do not happen) 

C-A5 Every PS IN item has a test report available about the test it failed.  

C-A6 If a newer revision is available and the older revision can be upgraded to this new 

revision, this will always be done. 

C-A7 If an older revision cannot be upgraded to the latest revision, it will be deemed 

irreparable and scrapped. 

C-A8 If a product fails its after-repair test, it will be analyzed again and it is re-evaluated if the 

product is repairable. Note: This reassessment might result in a decision that it is not 

economically viable to reanalyze and attempt another repair. In that case, the product will 

be scrapped as non-repairable product. 
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3.5. Updated process model 
The redesign of the production service process flow chart has resulted in a new model. This model, along 

with the description and the scheduling specification, forms the conceptual design of the project. First, the 

overall idea of the updated process model is explained. Next, the changes from the original model are 

discussed and a substantiation for these changes is provided. Finally, the updated process itself is 

presented along with a detailed description of each process step, followed by a specification on the 

processing. 

3.5.1. General updated process explanation 

The updated process model has been designed with its broader use in mind. The flowchart is a graphical 

guideline to structure the process, but needs to be used properly to allow the process to work. The main 

aspect to consider here is that the process must be able to deal with incoming high-priority pull requests 

while normally processing in a push-manner. This dynamic switching between push and pull is not 

explicitly modeled in the process flow, but is dealt with within the scheduling step. A simple yet effective 

way of balancing the two processing style has been established that should ensure a nearly seamless 

transition between both. The general idea is that priority pull requests get instant top-priority and are dealt 

with immediately. Behind this is the sequencing model-powered push system that allows for streamlined 

push processing when no pull requests are present. A detailed explanation of the way scheduling and 

processing will be done under the new design is presented in the processing specification in section 3.5.4. 

The great advantage of the described system is that it is capacity-agnostic, i.e. it will work with whatever 

amount of employees is available for production service. The system only tells which product(s) should 

be the next ones to work on. When a small amount of employees is available, the processing will then go 

slowly and when many are available, due to for instance low CS demand, the throughput can be 

increased.  

In principle, the process flow represents how a single product moves through the system. The scheduling 

step however is done periodically for a larger number of items at once. Whenever the team leader service 

needs a new schedule, either because a priority pull request came in or because a group of products is 

finished, the scheduling can be done to allow the processing to continue. This scheduling is also focused 

around product types, not individual products. Similarly, the logistical in- and outflow parts of the process 

are done in a batched way. For example, when a certain quantity of products has been collected in the PS 

IN cart, they will be moved onwards. After a number of products have been repaired, they will be 

transferred back to the warehouse in for instance a full crate, not one at a time. This batched approach is 

taken because it would be highly inefficient to do each step separately for every single arriving product. 

Regardless of the timing and batching, each product will make a full cycle through the entire flow, i.e.  

arrival handling, scheduling, the repair cycle, and outflow handling.  

3.5.2. Visual check analysis 

Requirement C-REQ7 calls for a specification whether or not a visual check will be included in the 

model. In the past few years there have been several periods where a visual check was conducted, but 

there has never been clarity about whether or not it should be included in the process in a structured 

manner. First and foremost, let’s define what is meant with the visual check. At the start of the production 

service process the PS-IN trolley is moved to the service department where products are sorted (see figure 

13). During this sorting, a service engineer can do a visual check of each product, where it is checked 

whether a quick fix is possible due to a small, obvious defect such as a loose connection or missing 

component. In the cases where a quick fix is possible, the service engineer will then immediately fix the 

product. The rationale behind the visual check (and subsequent fix) is that products that can be fixed very 
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fast do not need to go back into the PS IN warehouse where they will experience a significant waiting 

time, thus possibly reducing the average time a product spends in the production service system. 

However, the visual checking takes time and needs to be done on all products, easy fix or not. This 

introduces redundant work into the process, delaying processing. It is this tradeoff between time gains and 

time losses that is examined in the following analyses. A further possible benefit of doing the visual 

check is that there is a possibility to identify production issues resulting in a visual defect that can be 

fixed easily. Details about the occurrence and effects of this require a lot more analysis though and are out 

of scope for this project. It could act as a decisive factor though should the analysis not provide any 

answers whether or not to include the visual check. 

As already mentioned in section 2.2., an analysis consisting of three steps was done to analyze the 

performance and sensitivity associated to the inclusion or exclusion of the visual check in the process. 

These 3 steps were each at a different level of abstraction. It started with a simple and highly abstract 

numerical analysis in MS Excel. In this analysis an arbitrary set of products was selected with some 

products being simple fixes. Next, it was manually calculated how long the average time in the system 

would be in the cases with and without visual checking. This was done twice with a different percentage 

of easy fix products (20% and 40% easy). The second step was a simplified simulation of production 

service both with and without visual check. In this simulation arrivals for 2 product types, easy and 

difficult, were simulated, and products are serviced according to the FIFO priority rule. Finally, the third 

step consists of more detailed simulations with and without visual check in the full production service 

simulation model.  

The numerical analysis evaluated processing of a set of 10 products with unique service times ranging 

between 12 and 32 minutes, with a visual check time of 1 minute and an easy fix time of 5 minutes. All 

input values were chosen arbitrarily as this analysis only sought to investigate the relative effect of doing 

the visual check or not, yet are reasonable representations of actual times. The results obtained from the 

numerical analysis were that at 20% easy it was better to not do a visual check (83.6 vs. 85.9 minutes) 

while at 40% easy the visual check did lead to a shorter average processing time (68.3 vs. 75.9 minutes). 

This indicated that there likely is no unconditionally better option, but rather that it depends on the 

parameters of the system.  

The second analysis step, the basic simulation, aimed at further exploration of the sensitivity of outcomes 

to the input parameters. It simulated arrivals of easy and difficult products (both assumed to be a Poisson 

arrival process). These products were then serviced according to a First-In-First-Out (FIFO) priority rule 

with deterministic service times. This was tested both with and without a visual scan implemented.  Four 

different input parameters were varied for the sensitivity analysis: Visual check time (minutes): {0.5, 1.0, 

1.5, 2.0}; Percentage easy products (%): {5, 10, 15, 20, 25, 30, 35}; Easy repair time (minutes): {3, 5, 7}; 

Difficult repair time (minutes): {30, 35, 40}. These parameter ranges were chosen based on estimates by 

the team leader service in order to be reasonably representative of reality. Again the performance measure 

used was the average time a product spent in the system. The simulations led to very mixed results, and 

the most important conclusion that could be drawn from them was that out- or underperformance by the 

visual check is highly sensitive to the percentage of easy products and the visual check time input 

parameters. The results of which option was better in which situation are displayed in appendix C.  

Several expected outcomes were observed. A shorter visual check time and a higher percentage of easy 

products both favored the visual check. Longer difficult repair times did seem to favor visual check 

inclusion, but only slightly. In most cases the tipping point of which option (visual check or not) was best 

lay around 10% easy products and 1 minute visual check time. Because these happened to be the 
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approximate reality estimates for these parameters, further analysis was required in the form of a full 

analysis. 

Therefore finally, simulations were ran on the final simulation model, with the same three rules and 

performance measures as used in the benchmark model evaluation in section 5.3. (i.e. rules: {VALUE, 

VALPT, SPT}; Performance criteria: {Av. Amount in system, Av. Value in system, Av. Time in system 

per product}). The simulations were ran with fixed input parameters of 5 Service Engineers as capacity, a 

sorting time of 1 minute, a scrapping time of 1 minute, a simulation length of 250 days and a backlog 

period of 50 days. More information on the simulation model can be found in chapter 4. Differentiations 

are made on a number of parameters. The primary differentiation level is the percentage of easy products, 

for which 5%, 10% and 15% was tested. These three levels were chosen around the estimate of 10%. For 

each of these a visual check time of 1 and ½ minute was tested, and as a third level each combination was 

evaluated once with and once without a backlog. This yielded 3 rules x 3 criteria x 2 t_visualcheck x 2 

backlog = 36 pairs of observations where ‘with’ and 

‘without’ visual check could be compared. This led to the 

following results, presented in table 3. For each of the three 

levels of percentage easy it was observed that not doing the 

visual scan (i.e. “without”) was the preferred option. Once 

again it can be observed, as expected, that a higher percentage 

of easy products makes doing a visual check more attractive. When further splitting the results in 

backlog-no backlog the effect that “without” performs better becomes even stronger in the no-backlog 

case with “without” being better on all criteria for all parameters, see table 4. This means that if a visual 

check would be 

implemented, it would be 

better to remove it once the 

PS IN backlog has reduced 

beyond a certain threshold. 

This would lead to more 

effort and disruptions to the system. Furthermore, the implementation that this product is supposed to 

bring should be stable, in its form presented at the end of the project, such that it can be a long-term 

solution for the production service department. A change of process when the backlog has been reduced 

would not be such a stable solution. 

In conclusion, the numerical analysis and basic simulation have shown that the relative performance of 

including a visual check or not is not always in favor of one of the two options, but instead depends on 

several specifics of the system, most importantly the time it takes to visually check and the percentage of 

easy products in the system. Detailed simulation then revealed that in the system under consideration the 

evidence points clearly towards it being better to not include a visual check. In this case it appears that in 

the tradeoff caused by the visual check the additional redundant time outweighs the time gains from the 

visual check. All in all, the analyses have led to the decision to not include a visual check in the process 

model. This puts the focus on reducing the existing backlog, which should in turn over the long term 

mitigate the negative effects that the visual check seeks to solve. 

3.5.3. Changes from original model 

As indicated before, the design methodology was of an evolutionary type. Hence, a number of changes 

have been made from the original process model to arrive at the updated version. These changes were the 

following, along with a justification of why this change was included:  

Table 3: Visual check simulation results 

 

0.05 0.10 0.15 

 

backlog no-bl backlog no-bl backlog no-bl 

with 2 0 3 0 6 0 

without 16 18 15 18 12 18 

Table 4: Visual check simulation results (no) backlog 

 Percentage easy 

 

0.05 0.10 0.15 

with 2 3 6 

without 34 33 30 
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- Added visual scrap filter: During sorting when PS IN products arrive in production service, 

products that can be instantly recognized by a service engineer to be scrap are filtered out and enter 

the scrap handling section of the process. This only applies to products that are obviously scrap; 

therefore this step does not require any significant additional time like the visual check would. 

 

- Smaller changes for model quality: A few small changes have been made which do not change the 

activities in the process, but rather improve the quality of the conceptual model. One of these changes 

is the addition of a “PS IN product” input in step 2. Another is the incorporation of the step ‘retrieve 

products from warehouse’ into the analysis step, thereby reducing the size of the model. 

 

- Added scheduling activity based on sequencing model output: This is the most important change 

in the process model. The biggest issue with the original model was that there was no formal way of 

scheduling production service, leading to a mounting PS IN inventory. To solve this, the first obvious 

step was to include a scheduling activity in the process model. The way it is designed the actual 

scheduling is still a manual process. This process is however heavily supported by the output of the 

sequencing model, which serves as input for the scheduling step. Through this an integration of the 

sequencing model is included in the process model, as required by C-REQ2. It was decided to place 

the scheduling step after the sorting, so that when a schedule has been made the actual repair phase 

can immediately start. 

 

- Broke down scrapping process: Where scrapping used to be described by a single step, the updated 

process includes a more elaborate version where it is broken down into a few distinct process steps.  

 

- Defined the testing step more clearly: In the new model the testing step has been defined more 

clearly to remove the need for the “optional” indication that was present in the original model, while 

still keeping the model flexible. This results in a much cleaner overall model with only activities, 

choices and transitions. Even though multiple test options are possible, it was decided to not split up 

the testing phase into three different activities. There were two main reasons for this choice. First of 

all, the input and output for each testing type are not significantly different, thus eliminating the need 

for a split based on this. With that in mind, a split would needlessly increase the model complexity 

and through that decrease the understandability. This adheres to Mendling, Reijers and van der 

Aalst’s first process modeling guideline: “Use as few elements in the model as possible”. (Mendling, 

Reijers, & van der Aalst, 2010)    

3.5.4. The updated process model 

The resulting updated process model with the changes described in section 3.5.3. is displayed in figure 14. 

A larger image of this figure is provided in Appendix D. The updated process flow consists of 15 steps, as 

opposed to the 11 steps in the original flow. Similar to the original process model, the actor who executes 

an activity is given between brackets in each activity. No new actors have been introduced to the updated 

process. The detailed descriptions of each activity are as following:   

1. Operator puts the non-conforming products on the production service trolley and scans the 

product to PS IN in OBA. 

2. Periodically, the warehouse employee books the products from the trolley to the correct 

warehouse in SAP and physically moves them to the service department for sorting. 

3. The products are sorted by customer and returned to the PS IN warehouse area. Product location 

(Box-nr.) is stored in an Excel sheet. Before sorting, product that can visually be identified as 

scrap are scrapped, see steps 6 and 12 to 14. 
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4. Based on the prioritization list and possible urgent requests, the team leader Service schedules 

production service, i.e. determines what products will be worked on. This happens periodically, 

whenever the TL Service requires it. 

5. The service engineer retrieves the product(s) to be serviced from the warehouse and analyses the 

failure using the Remark in OBA (if present). It is checked whether a product is repairable.  

6. If a product is not repairable, it will be scrapped. As a first step, the service engineer scans a 

product to PS OUT and then to SCRAP in OBA. For further scrap handling see steps 12 to 14. 

7. A repairable product is repaired and if required upgraded to the latest revision. Repair data is 

logged in OBA. 

8. If possible and/or required, a repaired product is visually, partially or fully tested by the service 

engineer, depending on the product. 

9. A repaired product is scanned to PS OUT. 

10. The repaired product is returned to the warehouse. The responsible person is notified about PN 

and amount for SAP handling. 

11. The warehouse employee books the products to the correct location in SAP.  

12. When products are scrapped, the service engineer informs the responsible warehouse employee 

about the scrapped amount for SAP handling. 

13. The service engineer moves the scrap product to the scrap container. 

14. The warehouse employee books the product(s) to the scrap location in SAP. 
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Figure 14: Updated process model 
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3.5.5. Production service processing specification 

The process model presented in the previous section shows the process from the perspective of a product 

flowing through the production service system. To explain how this model, with specific focus on the 

scheduling part, should be used in practice, a time-based representation is better suited. In this 

specification it can be seen how the new design is in fact a hybrid push-pull system that allows for 

streamlined handling of both types, independent of capacity or arrival rate.  

At the start of each sequencing iteration, the developed sequencing model will evaluate the current PS IN 

list, assign priorities and return the ordered list for push processing. Whenever needed, the TL service can 

now use this list to determine which products will be repaired and by who. In between two sequencing 

moments the current PS IN list will change as repairs are done, and new arrivals will be building up. At 

the next sequencing moment these new arrivals will be evaluated and sequenced along with the rest. 

Scheduling in the new design, i.e. step 4, will be done by working through the ordered PS IN list. When 

the top product (type) has been finished, the most recent version of the ordered list can be consulted to 

plan the next product. If a priority pull request arrives, the push processing is put on hold and the pull 

request will be scheduled immediately. This is a type of reactive scheduling, as a generated schedule is 

revised when an unexpected event occurs (Sabuncuoglu & Bayız, 2000). The eventual period between 

two sequencing moments is an implementation question, but probably the assumed weekly updating will 

also be the final decision.  

The figure below graphically shows the specification of production service processing. Each arrow from 

above represents a new PS IN arrival, each arrow below represents a repaired (or scrapped) product 

leaving the system, and a red arrow stands for an incoming priority pull request. The bottom parts of the 

figure display the changes in PS IN and arrivals as time progresses. Note how after a priority pull request 

the first next repaired product is the requested pull product, regardless of its position in the push 

sequence. 

 

Figure 15: Production service processing visualization 

This implementation allows for a high level of flexibility. First of all, there is flexibility in the scheduling 

moment. The team leader service can reschedule at any desired time using the most recent ordered PS IN 

list. Furthermore, the system can dynamically deal with incoming priority pull requests. Also very 

importantly, the system is future-proof. It can be used regardless of the arrival rate or processing capacity. 

It should be noted though that these two factors do determine the growth or decline in production service 
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inventory. Nevertheless, the system is capable of functioning whatever decision is made by management 

about capacity, and in case of increasing PS IN arrivals. 

3.5.6. Frequent exceptions / priority requests  

The following section lists and explains the most frequent exceptions that can trigger a pull priority 

request as explained in the previous section. For each exception a description, estimated relative 

frequency and course of action is provided. A total of 5 have been found through interviews with the 

service team. 

1. Imminent obsolescence: A product coordinator (PC) or account manager (AM) notices that there 

is still a large amount of PS IN stock of a product which will become obsolete in the near future 

(most likely because of a not backwards-compatible revision upgrade) and asks production 

service to fix these. That way these products can still be sold before the obsolescence reduces its 

value to near-zero. Automation of such a trigger would require a further implementation in both 

processes and information systems and will thus not be considered in this project. A further 

remark is that an effective and efficient processing of production service should greatly lower the 

flow time and decrease the backlog, which should limit the chances of future obsolescence. It 

could be argued that a check of PS IN should be done at every upgrade which is not backwards-

compatible. This is noted in the recommendations in chapter 6. The frequency of this exception 

depends largely on the amount of upgrades which are not backwards compatible and the 

decisiveness of the responsible PC. Nevertheless, it should be a rather rare event, happening 

around once every half year. 

2. Production order completion: It can happen that, despite a safety margin, the successful output of 

a production run falls short, leading to relatively small shortage to fill an order. If in such a case 

enough items of the product in case are present in PS IN, production can ask the service 

department to fix the PS IN products such that the order can be completed without having to set 

up a new (small) batch, which would not only be less efficient but can also cause disruptions in 

the further production plan. Production planning is done such that these shortfalls should be rare, 

hence the frequency of this exception is not very high, around once every two weeks such a 

request comes in. It should be noted that these requests are usually only for a few products, 

whereas exception 1 is for all products of a certain type. Because these events are nearly 

impossible to predict and thus cannot be integrated into the sequencing model, this exception is a 

perfect example of a pull request which gets taken up immediately by production service.  

3. Quick fix production: At times a production employee can ask a service engineer to perform a 

quick analysis or fix that production cannot do themselves to avoid a product from ending up in 

the PS IN stack. These exceptions are only short and minor disturbances and do not need to be 

planned. The best course of action is probably for service engineers to deal with this on an ad-hoc 

basis.  

4. Single product request: An account manager of RD&D employee could ask a service engineer to 

fix a PS IN product when they need only one item for which it is not economical to set up a 

production run. This happens very rarely and also is just a small disturbance, so it will be allowed 

but not explicitly modeled in either the push or the pull side.  

5. Test car assistance: It can occur that a service engineer is asked to help with for instance a test car 

he/she is experienced with. This is an exception from the normal flow, but represents a different 

situation as it is not a product repair. Hence this exception is considered to be out of scope for this 

project.  
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3.6. Updated model evaluation 
The quality of the conceptual model in this case can be split into two main elements, the external quality 

of the model and the internal quality of the model. The external quality refers to whether or not the model 

achieves its set requirements within the determined constraints, i.e. the quality from a larger project 

perspective. The internal quality considers the quality of the model in itself and checks whether it is a 

good model without considering the requirements, i.e. the quality from a design perspective. After these 

two quality evaluations the updated model is analyzed according to the Pyke & Cohen (1980) push-pull 

classification model. The results from this analysis are then compared to those of the original model and 

the differences are reflected upon. 

3.6.1. External quality 

The external quality is evaluated by checking the updated model against the requirements defined in 

section 4.4.1. These requirements have been set based on discussions with the main stakeholders, the TL 

Service and the head of Operations. Hence a model that adheres to the requirements can be considered a 

good model from a project and company perspective. Each requirement, regular and optional, is repeated 

here and evaluated to see if the updated model adheres to it.  

Requirements:       

C-REQ1 The design should provide clarity in what production service to do 

 This first requirement is fulfilled by the introduction of the scheduling step (activity 4) along with 

 the definition of how processing should be done as explained in section 3.5.5. 

C-REQ2 The design should allow for integration of the sequencing model 

Requirement 2 is handled through the introduction of the scheduling step as well, because the 

input of the scheduling includes the output from the sequencing model, i.e. the ordered PS IN list.  

C-REQ3 The design should specify all inputs and outputs at each process step 

Adherence to this requirement has been ensured by designing the process with the use of expert 

knowledge on in- and outputs, and has been confirmed by a check done by the team leader 

service. 

C-REQ4 The design should allow for both push and pull-based processing 

 As explained in section 3.5.5., the new system and its usage is a hybrid system that can easily 

 switch between push and pull-based processing whenever needed. 

C-REQ5 The design should be correct (i.e. no dangling tasks, no deadlocks and no infinite loops) 

 This has been done by design. A more extensive discussion follows in section 3.6.2. 

C-REQ6 The design should only use existing information system possibilities  

This requirement is achieved as the original model was compatible with existing systems and no 

elements were added that cannot be executed by the existing information systems. 

C-REQ7 The design should specify whether or not a visual check should be done 
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Through a 3-phase analysis it has been decided that there no visual check would be included in 

the model. This is reflected in the design of the updated process model where only a sorting step 

is included. The analysis-based decision and subsequent modeling fulfil this requirement.  

Optional requirements:  

C-OPREQ1 If possible, the design should improve feedback to production 

An eventual improvement in feedback can only occur through proper model execution and 

proactive behavior from the actors in it. The processing system that balances between push and 

pull does allow for feedback possibilities when pull requests are sent after anomalies are noticed 

in for instance newly released products’ failure rates. However, also this can only happen when 

initiated by an actor in the system. 

C-OPREQ2 If possible, the design should minimize discrepancy between SAP and OBA PS IN logs 

No changes have been made to the model to adhere to this optional requirement. The logistical in- 

and outflow activities have been considered, but were deemed to be correct. It was concluded that 

the large discrepancy is mainly due to incomplete execution rather than to flaws in the flow itself. 

Hence decreasing the discrepancy is more of an implementation issue than a modeling issue.  

Constraints: 

C-CON1 The design cannot interfere with other process flows without approval 

The single constraint for the conceptual model is not violated in the updated model. That is 

because no changes have been made from the original model that interfere with flows of 

processes outside of the service department. The most important decision ensuring this was to 

have the repair of easy errors done by service engineers thus keeping it within the service 

department itself. 

As the evaluation above reveals, all mandatory requirements have been fulfilled while adhering to the 

constraint, which means the external quality of the model is sufficient for it to be deemed an acceptable 

model. Besides the mandatory requirements, the updated model allows for partial fulfillment of C-

OPREQ1, but only when initiated by people. Only C-OPREQ2 was not fulfilled, but closer evaluation 

revealed that this can better be done through implementation rather than modeling changes. These 

findings with respect to the optional requirements indicate that the model goes beyond being just 

acceptable, and can, from a project perspective, be considered a solution with a good external quality.  

3.6.2. Internal quality 

To assess the quality of the model as a modeling artifact in a structured way the SIQ model is used which 

splits process model into three subcategories: Syntactic quality, semantic quality and pragmatic quality 

(Reijers, Mendling, & Recker, 2015).  

Syntactic quality, according to Reijers et al., “relates to the goal of producing models that conform to the 

rules of the technique they are modeled with”. This can include usage of the correct notation as well as an 

assessment on whether a model contains structural flaws such as deadlocks, dangling tasks or infinite 

loops. For the process, no general formal modeling technique has been chosen. Instead, the modeling 

style and notation should match those of the other AME process descriptions. The notation for this has 

been explained at the research methodology chapter, and there have been no deviations from this in the 

creation of the original and updated model. A quick review of the updated model reveals that there are no 

deadlocks or dangling tasks. An infinite loop does seem possible when only considering the flowchart. 
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However, the internal workings of the detailed analysis step prevent it from happening. The analysis 

includes an assessment of whether in is expected that a product will be repaired for a reasonable cost. If a 

product keeps failing the end-of-repair testing, it can be scrapped if there is no more expectation of an 

economically viable repair. This will then break the possible infinite loop. All in all, the syntactic quality 

of the updated model is found to be perfectly in order. 

Following the SIQ model, semantic quality is related to “producing models that make true statements on 

the real world they aim to capture”. They decompose this into validity, meaning all statements in the 

model are correct and relevant, and completeness, that a model captures all that would be correct. 

Semantic quality was assured by relying on the original, semantically correct, model as a starting point 

and making all changes based on input and discussion with stakeholders. The semantic quality was then 

confirmed by a final check done by the main stakeholder, the team leader service. 

Pragmatic quality is about creating a model that is well usable and understandable. First of all, a model 

should be in line with its intended purpose and uses. The purpose of this process model is to provide 

clarity; there is no need for executional integration into a system. Therefore, the purpose of the model 

does not impose any requirements besides usability and understandability. Its applicability in terms of 

users was assessed in the simplest way possible by making sure its primary user, the team leader service, 

agreed on the final model. The final updated model has been agreed upon by him. 

Some characteristics that influence the usability of a model are size, structural complexity and layout 

(Dumas, La Rosa, Mendling, & Reijers, 2013). To assess the quality of these in a structured way, the 

model can be evaluated in terms of Mendling et al.’s Seven Process Modeling Guidelines (Mendling, 

Reijers, & van der Aalst, 2010), which are as following:  

- G1: Use as few elements in the model as possible 

- G2: Minimize the routing paths per element 

- G3: Use one start and one end event 

- G4: Model as structured as possible 

- G5: Avoid OR routing elements 

- G6: Use verb-object activity labels 

- G7: Decompose a model with more than 50 elements. 

Some of these rules are conflicting, so a model can never fully follow all guidelines. For that reason, a 

priority ranking in guidelines has been established, which is G4, G7, G1, G6, G2, G3, G5. Structure is of 

course largely a subjective construct, but by for instance minimizing the amount of crossing lines and 

trying to maintain symmetry the model seeks to perform well on G4. The model contains a total of 34 

elements, which means that G7 is followed. Furthermore, the updated model contains only essential 

activities, thus conforming to G1. Through an extra design iteration, it has been made sure that all activity 

labels are in accordance with G6. G2 is not always followed because that would be at the cost of higher-

priority guideline G1. G3 has not been followed deliberately. The model has two possible end events. 

Because the output and corresponding follow-up are different for both options (repaired and scrap) these 

have been modeled as separate events. G5 is not relevant as the syntax does not include explicit OR 

routing elements. In conclusion, the model adheres to the 5 most important modeling guidelines while 

only violating a single low-priority one. This is an indication of high pragmatic quality.   

The updated model has also improved in pragmatic quality as there is no longer an “optional” side note, 

but just the regular flow. Three test options are different in practice. This however highly depends on the 

particular product. For simplicity and model understandability, testing is included as a single process item 
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in the conceptual model. Splitting would needlessly increase complexity (G1) and thus decrease 

understandability (pragmatic quality), without significant improvements in terms of semantic quality 

because a single activity can also model reality well in this case. This further ensures a sufficient level of 

flexibility for the options there are now, and for possible future changes to testing. 

3.6.3. Push-Pull classification updated process 

As already mentioned in section 4.3.1, the updated process model is analyzed using the push-pull 

classification model by Pyke & Cohen (1990) as well. This analysis and the differences between old and 

new are presented here. 

Policy Decision Authority Information Push…………………Pull 

PS Updated 

Sequencing 

Batch size Downstream: 

- Requirements 

Upstream 

- PS IN data 

 

Overall 

 

 

 

Local 

 

Global 

 

 Timing Upstream 

- Service planning 

 

 

Local 

 

 

 Priorities Upstream: 

- Done by model 

 

 

Global 

 

 Interference Downstream: 

- Can get top 

priority if needed 
 

 

Local 

 

Table 5: Push-Pull classification updated process 

Batch size: The batch size will largely depend on the results from the sequencing model, but the push 

side will push requests in same-PN batches, hence the push part will consist of larger batches. Again the 

pull just prioritizes what is needed, which can be smaller batches. In the new situation more push products 

should be done instead of nearly exclusively pull, which is why the overall is a bit more push-oriented. 

Timing: This is done with local information, though this can be provided by downstream. The 

actual timing is still done through the detailed service planning, but now supported by the more push-

focused sequencing model; hence the balance leans towards the push side. 

Priorities: There is still a balancing between serving pull requests when they arrive and otherwise do 

push work based on the sequencing model. Information from throughout the system is used in the totality 

of priority setting through the combination of the two. There is however still a balance between push and 

pull as certain pull requests get top priority. 

Interference: Interferences are allowed in the new process; the system is even set up such that it can 

easily deal with them. The model-based push system is overridden when an emergency request arrives.  

A side-by-side comparison of the classification of the old and new process reveals a uniform shift towards 

the push-side without overshooting it and totally ignoring the need of pull factors. All four aspects 

considered reveal a move towards the push side. Not much has changed on the batch size, except that the 

system got slightly more towards the push side as the push-pull balance shifted that way. Timing wise 
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there is a somewhat bigger move towards push, because the timing moved from being only pull to a more 

balanced system. A similar thing happened to the priorities. The previously dominantly pull priorities 

have been replaced by a hybrid system, where important pull requests are still recognized and prioritized, 

but with a model-based push-priority system right behind it. This interplay results in a balanced outcome 

with respect to priorities. Interferences witnessed a change similar to the priorities. Interferences are 

allowed, but the system no longer functions fully based on it. The new system is designed such that is can 

deal with interference overrides while being push-oriented underneath. All in all, it can be seen that the 

updated process has led to a shift towards a push orientation on all aspects. This makes sense as the main 

change in process is the integration of a push layer to allow the system to work without relying only on 

incoming pull requests. The desired result of this balancing change is demonstrated with the use of Pyke 

and Cohen’s (1990) push-pull framework. 

Decision Old process New process 

 Push…………………Pull Push…………………Pull 

Batch size 

(overall) 

  

Timing 

 

  

 

 

Priorities 

 

  

 

 

Interference 

   

Table 6: Push-Pull classification comparison 

A quality assessment of the balance between push and pull is very much a subjective opinion. As author 

my belief is that often neither full push nor full pull is optimal, but that a balance between the two 

extremes will lead to an efficient and stable result. The updated process exhibits such a stability where 

both push and pull factors are recognized and included in decision making, whereas the old process 

leaned towards the pull side while overlooking push options. 

3.6.4. Evaluation conclusion 

Several interpretations of model quality have been discussed in this subsection, which are combined to 

reach an overall quality evaluation of the conceptual design, the updated process model. 

From a modeling perspective, the model is good. Following the methodology of the SIQ model, it has 

been established that the syntactic, semantic and pragmatic quality of the updated model are good. 

Besides this, from an external, project-based, perspective, it has been explained how the model does what 

it needs to do, i.e. requirements are fulfilled. Also, it even has some optional desired properties. The 

conclusion here is that the model performs well on external quality too. Finally, a re-evaluation using 

Pyke & Cohen’s (1990) push-pull classification model has revealed that the updated model brings more 

balance between push and pull factors, which was one of the goals of the whole production service 

improvement project.  

All in all, the final conceptual design can be considered a good solution that passes all defined tests and 

paves the way for the development and implementation of a sequencing model. Through this process 

model redesign, a first step has been taken in improving the production service process.  
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4. Data analysis and simulation model 
The following chapter contains a description of the preparations required for the design and analysis of 

the sequencing model. The eventual goal was to build a recreation of the proposed updated production 

service process in action in which changes can easily made. That allows for thorough testing of rule 

performances and sensitivities during the sequencing model design in the next chapter. To enable this this 

chapter includes an analysis of the data on production service which provides input for the creation of a 

simulation model. This simulation model is then elaborated. It is through the use of this simulation model 

that the priority rules for the sequencing model have been tested. 

4.1. Data analysis 
First, the available data and its origin is described. After this, the data preprocessing steps are explained, 

followed by the results from an extensive data analysis meant to provide reliable data-driven input for the 

simulation model that has been used in creating the sequencing model in chapter 5. 

4.1.1. Data description 

As indicated in chapter 1, AME uses four different information systems, each with a specific purpose. 

The production service process currently has interactions with two of these, OBA and SAP. Both of these 

data sources have been used, but with different purposes.  

OBA data was used for arrivals analysis, because it is both complete and accurate as this data is entered 

directly by operators or service engineers. The regular OBA interface only displays the current state of the 

PS IN location, and can thus only provide the arrival dates of those products that are still in this location. 

However, it was possible to extract a full list of products that have at some point entered PS IN. This data 

thus includes all PS IN arrivals since 2005, both products that are still in PS IN and those that have since 

been moved to other locations. The raw data listed each individual product arrival separately with PN, 

SN, Current location (a binary variable indicating if it is still in PS IN), and arrival time (date and time). 

Over the entire period, 14 July 2005 to 12 June 2018, a total of 75946 arrivals were logged. SAP data was 

used for product value information, because OBA only tracks products, but does not have any value 

information. The available data included a list of products in PS IN, along with their quantity and total 

value for that product. The product name was provided for each product as well. 

4.1.2. Data preprocessing 

From the OBA data, a number of variables needed to be extracted to allow easier further analyses. First of 

all, the composite date and time variable was separated into loose variables for year, month and day, and a 

loose ‘date’ variable (dd-mm-yyyy) was created combining the three. Next the arrival data needed to be 

aggregated. It was chosen to aggregate the arrivals into batches, because there were too many individual 

products to handle easily. A batch is defined as “the collected arrivals for 1 PN on 1 day”. For each batch 

a number of variables were initially kept, although some more were later extracted when required for 

specific analyses. The initial variables per batch were PN, batch arrival date and batch size. This 

aggregation resulted in 10603 batches over the full time period.  

For the SAP data one crucial variable was calculated, the average value for a product (per PN). This was 

simply done by dividing the total value for a product by its quantity. Besides this the customer a product 

belongs to was extracted by taking the first four digits of the PN, which is a customer identifier. A new 

overview was then created with each product (PN), its customer (ID), the average value (in €), and the 

product name. This overview served as input for value analyses. 
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4.1.3. Data analysis 

The data analysis starts with a short exploratory analysis to get a feel for the data. The other analyses 

focus on obtaining ways to model the data such that the findings could be used as data-driven input for 

the simulation of arrivals. This arrival modeling consists of three parts. First the amount of daily batch 

arrivals is analyzed. Next, the distribution of batches over customers is investigated to be able to create 

product proxies. The final analysis part focusses on the batch sizes. Besides functioning as input for the 

simulation, the analysis also provides general insights into the dynamics of production service arrivals. 

4.1.3.1. Exploratory data analysis 

As a start, some exploratory data analysis was done on the original individual product arrival data. More 

specifically, the total yearly arrivals from 2005 to 2018 were plotted. This is shown in figure 16 below. 

The graph reveals some strange behavior with a strong decline in arrivals after 2010. However, from 2012 

onwards there seems to be a rather steady growth. Roughly extrapolating this growth, 500 extra arrivals 

each year, 5 years ahead further underlines the need for effective production service handling. The data 

including extrapolation is shown in figure 17 below. 

4.1.3.2. Daily batch arrivals modeling 

After the initial exploratory data analysis, the first main part is to model how many batches arrive each 

day. This modeling was done through an analysis of past arrival data to which a matching distribution 

was fitted. This distribution, with the correct parameter, could then be used in the simulation model. In 

order to analyze the daily batch arrivals first the preprocessed batch data was aggregated by day to obtain 

a number of batch arrivals for every day in the interval. Due to the erratic behavior in total arrivals prior 

to 2012 in this analysis a time period from 2012 to 2018 was used to obtain steady results. Two outliers 

were removed because of abnormally large daily batch amounts (112 and 130, while the next biggest was 

16). One was removed because it was a Saturday (see two paragraphs further), the other was replaced by 

the median value of 3. 

Because the exploratory analysis revealed a clear trend in the total arrivals, the daily arrivals were 

analyzed for each year separately because otherwise most low-amount days would be early years whereas 

most high-amount days would be more recent years. To find a distribution, a graph was used that plots 

each amount (horizontal) against its probability (vertical). This method resembles the plotting of a 

distribution’s probability density (continuous) or mass (discrete) function. An initial plot of the batches 

per day did not show any clear distribution that could be fitted, therefore some tests were conducted to 

find out whether to refine the modeling approach. An interesting observation though was that there were 

large amounts of days with little to no arrivals.  

 
Figure 16: Yearly PS IN arrivals 

 
Figure 17: Extrapolated yearly arrivals 
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The first test that was conducted was to check whether a significant seasonal pattern is present on a 

monthly basis. This analysis was done using data from all complete years (2005 to 2017). Both in 

absolute values and in percentage distribution no significant recurring monthly pattern can be found in the 

amount of batch arrivals per month, hence the simulation does not need a differentiation over different 

months. The second test was a similar seasonality test, but within a week, done on all data. This analysis 

showed that there were hardly any arrivals on Sundays. More specifically, since 2010 there have not been 

arrivals on a Sunday. Batch arrival amounts on Saturdays were found to be consistently significantly 

lower than Mondays to Fridays. For this reason, it was decided to not include weekends in the analysis for 

the daily amount of batch arrivals. This leaves 1682 days of data in the 2012-2018 period. From the 

percentage distribution no weekly seasonal pattern, other than the low-volume weekends, was found that 

was strong enough to warrant a distinct modeling of this in the simulation. It would though seem that 

slightly more arrives during the second half of the week. The graphs for detailed weekday and month 

analysis can be found in Appendix E. 

Without the weekends, the distributions for daily batch distributions over the years look as following, 

with a lot less zero and one values. Because it was still incomplete 2018 was removed as the graph still 

needed to smooth out as the number of data points grows.  

 
Figure 18: Daily batch arrivals distributions per year 

A pattern can be found here which makes sense. As the years progress the top of the graph is moving to 

the right. This makes perfect sense, as growing overall PS IN arrivals means that the mean, median and 

mode amounts of daily arrivals should rise as well.  Furthermore, a clear shape can be found in each 

yearly graph, which is a rise at first and a longer right tail. This shape immediately reminds one of the 

PDF of the Poisson distribution. Because this is data from an arrival process, it is highly likely that a 

Poisson arrival process can be used to model the data. Due to the trend, the most recent full year, 2017, is 

isolated to check whether the Poisson distribution can be used. Overlaying the PDF of a Poisson 

distribution with lambda equal to the mean for that year (mean = 6.5 batch arrivals per day) resulted in the 
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following graph in figure 19. From the properties of the Poisson distribution it follows that the variance is 

equal to the mean, so 6.5 as well. 

 
Figure 19: Daily batch arrival graph 

The graph shows that the Poisson(6.5) distribution models the data well. As a control, all six years have 

been modeled by a Poisson(λ) distribution where lambda equals the mean daily arrivals during that year. 

The overview, figure 20 below, shows that all years can be properly modeled by a Poisson(mean) 

distribution, which reinforces the finding that the use of Poisson arrivals is valid. 

Because the simulation models future arrivals and the mean, and thus λ, is growing, there should be a 

growth incorporated in the simulation as well. Based mostly on the recent growth pattern a linear growth 

of 1.4 per year in mean batch arrivals per day has been selected, which inherently translates to a 

decreasing percentage growth. The chosen growth rate is roughly in line with company growth estimates. 

Precise growth estimates have been excluded for confidentiality reasons. 

In conclusion, the analyses of daily batch arrivals have shown that these can be modeled by a Poisson 

distribution with parameter λ which is 6.5 in year 0 and grows with 1.4 per year. 
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Figure 20: Overview fitted Poisson probabilities 

4.1.3.3. Customer distribution  

The next part of the data analysis is meant to get the distribution over customers to create product proxies 

to use in the simulation. It has been decided to use a customer aggregation as a proxy for the products for 

multiple reasons:  

- The number of unique products in the data is not feasible in a simulation. The data included 1041 

unique PN’s, 430 unique products (PN without revision) and only 45 unique customers (first 4 

digits of PN).  

- Expected processing times are available per customer. No data or estimate is available for the 

processing time per individual product. This means that using individual products would lead to a 

serious source of uncertainty when modeling the processing. 

- AME has customer-specific products. This means that there is no overlap between customers, i.e. 

no 2 customers order the same product. This makes it feasible to use such a customer aggregation 

as a proxy for a distribution of products. It can even be argued that this property is required if 

such a methodology is used. 

A random distribution could have been used. However, instead it has been decided to use probabilities 

that are based on data, where the 10 most occurring customers are used along with an eleventh customer 

which is a collection of the remainder. The distribution is simply a set of percentages, summing to 100%, 

that determine the probability of an arriving batch to belong to a certain customer/product.  
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Before calculating the final values, an analysis has been conducted to check to what extent changes in the 

customer portfolio over the years would influence these percentages. It was found that there are in fact 

significant such changes. An example is one customer that would make the overall top 10 with a 

percentage of 6,71%, but in recent years did not even represent 1% of the total. To overcome these 

portfolio dynamics while still retaining some smoothing over a longer period the final percentages have 

been calculated based on the last three full years of data, i.e. 2015, 2016 and 2017. Because future 

changes to the customer portfolio are very difficult to predict, it is assumed that these percentages will 

remain stable for the period that will be simulated. To anonymize the data customers are identified by 

letters A to K instead of their ID. 

The top 10 together account for 83,73% of all batch arrivals and thus cover a large amount of the total 

input. The eleventh ‘customer’ hence has a weight of 16,26%. Later analysis showed that the empirical 

data from the ‘rest’ class can be properly modeled by a theoretical probability distribution. A total of 

arrivals for each customer was calculated. Based on these totals, each customer’s percentage was then 

calculated and customers were ranking according to this percentage. The top 3 customers had 12,58%, 

11,90% and 10,24% of the total batch arrivals.  

With these top customers in mind, the simulation is done with 11 products, each based on one of the top 

10 customers and the 11
th
 collection customer. The empirical customer percentages, see table 7, are used 

to determine the likelihood in the simulation that a batch is of each one of the 11 products. 

To complete the data-driven product proxies, information on value is required. To match the aggregation 

level, a value, or price, is also calculated at customer level such that each customer/product has a 

corresponding value. There is only price data available on products that are currently in PS IN, but these 

should be enough to derive sensible price estimates for each customer. This can even be considered a 

good thing as now only non-obsolete products are included in the analysis, avoiding problems over time 

such as those with the top 10 selection. For all products of a customer currently in PS IN the total arrival 

amount was extracted. For 7 out of the 11 customer classes a coefficient of variation of over 50% was 

found. The ‘rest’ customer had the most variability, with the standard deviation being more than 400% of 

the mean. These findings indicate that using a weighted average is better than an arithmetic mean for the 

calculation of product price for each of the customers. The found weighted average prices along with the 

customer percentages result in the following product data input for the simulation model. 

Product A B C D E F G H I J K 

Percentage 5,66% 7,82% 9,87% 11,90% 4,37% 9,58% 12,58% 4,74% 6,98% 10,24% 16,26% 

Price €    15,87 €    25,56 €    71,15 €       9,40 €  123,26 €    26,51 €    24,41 €       9,01 €    10,49 €    34,43 €    24,40 

Table 7: Product proxy percentages and prices 

4.1.3.4. Batch size modeling 

Finally, the last part of the data analysis is the analysis of batch sizes. This analysis was done on the full 

dataset, including weekends. This was possible because the issue with the weekends was with the amount 

of arrivals. When comparing the percentage distribution of batch sizes on working days and in weekends, 

there is no significant difference between the batch size distribution in weekends or on weekdays. The 

corresponding graph can be found in Appendix E.  
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Besides this is was checked whether there were 

any differences in batch size distribution over 

the years, similar to the arrivals growth found 

in section 4.1.3.2. It was then found that the 

mean batch size does not significantly change 

over the years, as shown in figure 21. The 

graph does not show a trend in the batch size. 

The practical implication of this is that a batch 

size distribution derived on the more years of 

data should be valid in forward-looking years 

as well. Further checks were conducted to find 

out what data can be used as input for the 

actual batch size analysis. First, the overall 

batch size has been controlled for possible 

changes before and after the period up to 2012. The distribution of batch sizes has been drawn for a 2005-

2018 period and a 2012-2018 period, which resulted in the graph in figure 22 below. There is very little 

difference between the two lines, indicating that there has been no significant change in batch size 

distribution after 2012. Then for a specific customer, a more accurate analysis was done on the data from 

2012 to 2018. For each year the batch size distribution was plotted, see figure 23 below. All lines were 

close together, and the years were mixed. This indicates that there is no trend, reinforcing the outcome of 

the mean analysis. It is based on these findings that the decision was made to do the analysis on the full 

2005-2018 data. Larger versions of figures 22 and 23 can be found in Appendix E. Here and in the rest of 

the batch size analysis, batch sizes larger than 50 have been collected in one overflow bin labeled “>50”. 

 
Figure 22: Batch size distribution 2012+ vs. all 

 
Figure 23: Yearly batch size distribution 
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To investigate how to model the batch size distributions of the different customers and thus products, all 

distributions were plotted together in one chart. Figure 24 below shows the batch size distributions of the 

top 10 customers along with the 11
th
 ‘rest’ customer, the overall distribution, and a log-series distribution.  

 

Figure 24: Collected batch size distributions 

The graph reveals that all customers appear to follow the same distribution, i.e. have a similar shape, 

although with different parameters. The log-series distribution, also called logarithmic distribution 

(Fisher, Corbet, & Williams, 1943), is found to match this empirical data really well and is thus chosen to 

model the batch size in the simulation. Fisher et al. describe it as following: “A theoretical distribution 

which appears to be suitable for the frequencies with which different species occur in a random 

collection”. Each customer will have their own optimized parameter p with a log-series(p) distribution. 

The graph shows enough deviation between individual customers to choose for an individual fitting 

approach rather than just using a single distribution for batch size. 

The final step in modeling the batch sizes was to find an optimal parameter for the log-series distribution 

for each customer. To do this optimization, the Weighted Mean Absolute Error is used. This error is 

formally defined as following: 

𝑦𝑖: 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑏𝑎𝑡𝑐ℎ 𝑠𝑖𝑧𝑒 𝑖   𝑥𝑖: 𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑏𝑎𝑡𝑐ℎ 𝑠𝑖𝑧𝑒 𝑖 

𝐵𝑎𝑡𝑐ℎ 𝑠𝑖𝑧𝑒 51 𝑖𝑠 𝑎 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑣𝑒𝑟𝑦𝑡ℎ𝑖𝑛𝑔 > 50 

𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑡𝑐ℎ 𝑠𝑖𝑧𝑒 𝑖 𝑖𝑠 𝑡𝑎𝑘𝑒𝑛 𝑎𝑠 𝑤𝑒𝑖𝑔ℎ𝑡: 𝑤𝑖 (=  𝑥𝑖) 

𝑊𝑀𝐴𝐸 =  ∑ 𝑤𝑖 ∗ |𝑦𝑖 − 𝑥𝑖|

51

𝑖=1

=  ∑ 𝑤𝑖 ∗ |𝑒𝑖|

51

𝑖=1

 

This works well with percentage values such as in this example, and gives more weight to the most 

occurring options. It should be noted though that a possibility exists that a large theoretical >50 number 
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exists with a weight of nearly zero. In this optimization however, no significant such problems arose. The 

p for each customer that minimizes the WMAE has calculated using MS Excel’s built-in solver (with p on 

the (0,1) interval). An interesting observation is that the optimal parameter p focusses on closely matching 

the most occurring batch size value. Furthermore, it seems that for the customers with a higher relative 

percentage (i.e. a larger number of observations) a lower WMAE can be achieved. This seems to suggest 

that the underlying distribution is indeed the log-series distribution, and that the empirical probabilities 

converge towards the theoretical ones as the sample size increases. Plots with for each customer the 

empirical distribution shown with the optimized log-series distribution show that the theoretical 

distributions are able to match the empirical data really well. These 11 graphs can be seen in Appendix E. 

The parameter optimization has led to the overview in table 8 below which will be used as input for the 

simulation. In conclusion, the batch size for each customer/product can be modeled with a log-series 

distribution with an individually optimized parameter p. 

Product A B C D E F G H I J K 

Percentage 5,66% 7,82% 9,87% 11,90% 4,37% 9,58% 12,58% 4,74% 6,98% 10,24% 16,26% 

p_logser 0,985165 0,942443 0,806545 0,977859 0,712698 0,985758 0,966163 0,938407 0,983771 0,937684 0,971282 

Table 8: Optimal log-series parameters 

4.2. Simulation model 
The results from the data analysis have been used in the creation of a simulation that recreates the 

production service process. The model used for this simulation is an implementation of Day & 

Hottenstein’s general simulation model for job shops tailored to closely represent the 

production service system. A graphical representation of this case-specific simulation 

model is provided in figure 25. Several steps are taken to obtain the final results, 

among which two rounds of simulation. Each simulation step has been implemented 

in a separate script in Python. The simulation model described here is that of the basic 

simulation model. For the testing of inventory and demand-based rules some minor 

extensions have been made. An overview of the assumptions made for the simulation 

model is provided in this section, followed by a step by step explanation of the 

simulation’s workings. To support this explanation pseudo-code of the simulation is 

provided, which can be found in appendix F. Throughout this sections references to 

this pseudo-code will made to allow for a further exploration of how the simulation 

has been implemented.  

4.2.1. Simulation model assumptions 

Next the assumptions made for simulation are presented and explained where needed. 

Because the simulation model is more abstract and is used for the evaluation, the 

amount of assumptions for it is large, because it must be fully delineated. These 

assumptions form the underlying basis upon which the sequencing model is built. 

(1) If a backlog is modeled, it will be done through the collection of the first 250 

days of arrivals, i.e. start processing at d = 251. 

(2) New arrivals come in at one moment at the end of each day. Though this is a 

heavy assumption that is very likely to be wrong, it would make the simulation 

and analysis a lot more complicated with for instance increasing capacity. As 

the simulation’s purpose is analysis and not forecasting, this simplification is 

possible for now.   

Figure 25: Simulation 

model 
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(3) Service times are assumed to follow a triangular distribution with minimum, mode and maximum 

value coming from expert estimate. More on this can be found in section 4.2.2. 

(4) All products in an arriving batch are assumed to take the same amount of time. Conceptually this 

would be because they are highly likely to all have the same issue. 

(5) All scrap is identified during the sorting stage. 

(6) The percentage of scrap is assumed to be 3%, uniformly spread across products and batches. 

(7) Scrapping is assumed to take 1 minute per product. 

(8) Sorting is assumed to take 0.5 minutes per product. 

(9) A predetermined amount of service engineers are available for production service.  

(10) Decimal amounts of service engineers are possible, i.e. a partial FTE being allocated to 

production service. 

(11) Rescheduling is done each time a batch is finished. 

(12) Prioritization happens at the start of every new week. 

(13) A week is assumed to consist of 5 working days each taking 8 hours. 

(14) Each service engineer is constantly available for repair work (i.e. no breakdowns) 

(15) Once started, a product batch will be finished before starting on a next one (no-preemption) 

(16) All service engineers can service all products 

(17) All service engineers are the same (i.e. same speed and skill). This is not always true in practice, 

but assumed for the simulation. In reality this will be dealt with in the manual detailed scheduling 

done by the TL Service (see step 4 in the updated process model). 

(18) All planned products can be repaired, closely related to assumption 5. 

(19) The product portfolio as it has been recently (product mix and values) will remain stable. This 

assumption is required as no predictions can be made on future changes in this. 

(20) No products are removed from PS IN other than in the case when they have been serviced. In 

reality this happens in case of obsolescence, but from assumption 18 it follows that this does not 

happen in the simulation environment. 

4.2.2. Simulation input   

At first a file with arrivals is created through simulation based on the input parameters that resulted from 

the data analysis provided earlier in this chapter. The pseudo-code for this input file generation can be 

found in appendix F1, references to it give the line of pseudo-code. An overview of the used input 

parameters is provided further in this section in table 9. After initializing the parameters and data storage 

containers (Pandas DataFrames) the required period is simulated day by day. For each day first the 

amount of arriving batches for that day is simulated with the found Poisson distribution (line 7). Next for 

each of these batches the product type of that batch is simulated based on the percentage distributions 

found in the data (line 9). Furthermore a batch size is simulated using the log-series parameter connected 

to the product type (line 10), the day of the arrival is noted (line 11), and the value connected to the 

product type is recorded (line 11). All information is then stored in the arrivals DataFrame, which, when 

completed, is saved and will be used as input for the process execution simulation. In the inventory and 

demand analysis not only an arrival file is created beforehand but a demand file as well. This is done by 

simulating a Poisson demand per product per day for the length of the simulation. The input parameters 

for this demand simulation could not feasibly be extracted from real data. Hence the assumed demand 

parameters were selected in a semi-arbitrary manner. The parameters precise values were set arbitrarily 

but adhering to three underlying principles. A clear order needed to be present in the products by quantity 

of demand. Furthermore, the demand should, by expectation, be larger than the arrival rate for that 

product to avoid constantly increasing inventory levels. Finally, the demand needed to grow slightly over 
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the years to mirror the growth in arrival rates. The Poisson distribution was chosen because it is a very 

frequently used distribution to model demand streams.  

 

Next all study parameters are set. Most of these are defined at the assumptions in section 4.2.1., such as 

the sorting time, scrapping time and scrap percentage. The limit after which the trolley is moved to 

production service is set at 500 products after discussion with the domain expert, the team leader service. 

The last parameter required some more analysis, which was the capacity, i.e. the amount of service 

engineers allocated to production service.  

An amount was needed that led to a steady state in the situation without backlog and hence also to a 

reducing backlog in the backlog scenario. Two parameters were required, the base capacity and the 

capacity growth. The growth is needed in order for the allocated capacity to match the behavior of the 

arrivals, which growth with a fixed amount each year. The base capacity 

was determined through trial and error. These trials, done by inserting 

parameters into the simulation and analyzing whether it led to a steady 

state, were started from a lower bound. This lower bound was calculated 

from the service time estimates, shown in table 10, which are also used in 

the simulation process as input for the triangular distribution sampling.  

A weighted average time is calculated from triangular distributions and a 

weighted average batch size from the log-series distributions, combining 

data from tables 9 and 10. Combining these with the daily batch arrivals an 

average daily load is calculated as daily load = av. batches * av. batch size 

* av. service time. Meanwhile a daily available time is calculated by 

multiplying the amount of service engineers by their daily 8 hours of 

working time. Together this resulted in an implied utilization as calculated 

by the daily work load divided by the daily available time. This calculation led to a lower bound for the 

amount of service engineers of 3 with the implied utilization of 85% in the first year. An annual growth of 

0.5 service engineers should keep up with arrival growth. It is important to note that these capacity figures 

do not necessarily reflect reality. 

However, there are several factors which lead to a higher amount of service engineers required to achieve 

a steady state. For instance, the sorting step takes time which needs to be accounted for. Because these 

complication factors are difficult to include in an analytical solution, the trial and error method was used 

with the implied lower bound as starting point. The trial and error simulation was done on five datasets 

using the VALPT rule, as this rule combines time and value measures (see section 5.3.1.). It was found 

that the growth of 0.5 service engineers per year was sufficient, and that a base capacity of 6 lead to a 

steady state. Hence these figures were used as input for the simulation model. 

Poisson lambda year 0 6,5  

Yearly lambda growth 1.4  

 

Product A B C D E F G H I J K 

Percentage 5.66% 7.82% 9.87% 11.90% 4.37% 9.58% 12.58% 4.74% 6.98% 10.24% 16.27% 

Price €    15.87 €    25.56 €    71.15 €       9.40 €  123.26 €    26.51 €    24.41 €       9.01 €    10.49 €    34.43 €    24.40 

p_logser 0.985165 0.942443 0.806545 0.977859 0.712698 0.985758 0.966163 0.938407 0.983771 0.937684 0.971282 

Table 9: Input parameters for simulation 

ID Min Mode Max 

A 10 28.8 36 

B 10 48 60 

C 10 96 120 

D 10 19.2 24 

E 10 82.8 103.5 

F 10 28.8 36 

G 10 48 60 

H 10 9.6 12 

I 5 19.2 24 

J 10 57.6 72 

K 10 43.2 54 

Table 10: Service time estimates  

(in minutes) 
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The simulation will need to provide figures on three performance criteria: average value in the system, 

average amount in the system, and the average time in the system per product. More detail on these 

performance metrics is given in section 5.2. The simulation calculates the performance as following. For 

the value and amount in system metrics, a running variable is kept which is updated constantly. Whenever 

products enter or leave the system these variables are updated accordingly. Each day the value of these 

variables is logged in a monitoring file. The time in system data is calculated using the output data. 

Whenever products are done and leave the system, they will be stored in the output file, from which it can 

be derived how long they have spent in the system, measured in days. 

4.2.3. Simulation execution 

The simulation process takes place as following. The pseudo-code for the execution part of the simulation 

can be found in appendix F2 and will be referred to in the description. As a start all required variables, 

parameters and data storages (all data storages are Pandas DataFrames) are initialized (lines 1 to 7). 

Arrivals are read from the arrival file (line 9). At the end of each day, the new arrivals for that day are 

read from this file and are added to the production service trolley (line 24). When the capacity of the 

trolley, as set according to the assumption for it, is exceeded, sorting is done until the trolley is empty. 

These products are then moved to the PS IN inventory point (line 16). At this point scrap products are 

identified and scrapped, which happens as a fixed percentage of products (line 17). Every new week, a 

prioritization list is made based on the selected rule. This is done by taking a copy of the current PS IN as 

input and reordering the products following the procedure designated by the rule (line 12). Next, 

processing is done from PS IN based on the order suggested by the prioritization list, just as would 

happen in the practical real-life situation (line 20 or line 23). In case there was time left in the day after 

sorting this time will be used for regular processing (line 18). Finished batches are moved to an output 

file. For the inventory and demand analysis the finished products are first moved into a finished goods 

inventory stock point from which demand is fulfilled after which they are transferred to the output file.  

In the cases where a backlog is analyzed, there is no processing in the first 250 days, allowing the backlog 

to build (lines 19 and 22). Meanwhile, a number of evaluation metrics are updated constantly. The 

amount and value in system running variables are updated during arrival, sorting and processing. 

Meanwhile each batch has a time in system variable attached to it, which starts at 0 when the batch 

arrives. At the end of each they this variable is increased by one for those batches still in the system (line 

25), i.e. the time in system is frozen once the products are in the output file. A snapshot of the system-

related metrics such as amount/value in system and inventory is taken at the end of each day (line 26). 

After the entire simulation period has finished, the performance statistics are calculated. For the amount, 

value and inventory these are calculated using the snapshot data that was logged during the simulation 

run, whereas for the time and % demand data the output file is used for calculation. This all happens after 

the entire simulation run has completed. The obtained results are then summarized and displayed so they 

can be recorded and saved for interpretation (line 27).  

The simulation model shows a few small deviations from reality, but this is inherent to almost every 

simulation attempting to model a complex system. First of all, items in the trolley are actually already in 

the PS IN location from an information system perspective, which is not the case in the simulation. 

Furthermore, the simulation assumes that all service engineers are either sorting or all are processing, 

while in reality one can be sorting while others process. Furthermore the assumption that there is no 

scrapping once prioritization has been done is not always the case in practice. Also, in a small amount of 

cases the simulation allows switching between products if one product is not completely done (only a 

batch) and prioritization has happened. In reality such a switch will not be made. Neither of these 
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deviations from reality is expected to have a significant outcome on the relative performance of the 

priority rule, or even on absolute performance.   

Because the simulation needed to represent several very specific processing steps, a programming 

solution was preferred over using existing simulation software. The simulation model was created from 

scratch. Python was selected as programming language. The coding was kept as modular as possible to 

allow for easy addition or removal of certain activities. The Pandas library was used for its superior 

ability to handle data through the built-in DataFrames.  

A final note is that the implementation of the calculation for the average time in the system is only done 

on completed jobs, i.e. those that made it into the output file. This could lead to a biased outcome due to 

“censored data”, as there might be jobs still in the queue which have been there for a very long time. This 

only has an effect on time criteria, and is shown to favor SPT over due date based rules (Blackstone, 

Phillips, & Hogg, 1982). This effect can be mitigated by having a large enough sample size, which is the 

case in this simulation. However, in the backlog case a large queue can remain, making the time metric 

unreliable in these simulations. This realization has consequences for the analysis in the next chapter. In 

the cases where a backlog is applied in the simulation the reliability of the time in system metric is 

scrutinized because of the reason explained above. 
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5. Sequencing model 
The next chapter discusses the process of selecting a priority rule to be used as sequencing model. The 

simulation model presented in chapter 4 is used to compare three priority rules, VALUE, VALPT and 

SPT. Once a functional benchmark model is established two further conceptual research sections follow. 

The first investigates the performance of rules that attempt to improve detection of child diseases, i.e. 

production or design flaws in new products. The second part takes a broader system view and evaluates 

rules that seek to optimize finished goods inventory as well. 

The scheduling problem at hand can be classified as following using Graves’ classification scheme 

(Graves, 1981). This will give an insight into the dynamics of the problem that is to be solved: 

1. Requirement generation:  Production service can in most cases be regarded to be a closed 

 shop, as all products are repaired to be returned into an inventory point instead of to 

 directly fulfill customer demand. However, in the case of pull requests it shows 

 properties of an open shop, as there are then specific products for which direct demand 

 exists. Thus production service as a whole can be seen as a hybrid open and closed shop. 

2. Processing complexity:   The problem at hand is clearly a one stage problem, as each 

 product is in principle repaired by one service engineer. Whether it has one or multiple 

 processors (SrE’s) depends on the allocated capacity resulting from the dynamics with 

 customer service, though it will mostly have multiple SrE’s available. 

3. Scheduling criteria:   The criterion that has been selected by management to be 

 focused on is the minimization of the average in-process inventory value. 

4. Parameter variability:   The parameters used in the analyses are stochastic based on real 

 data where possible. However, some deterministic assumptions needed to be made. 

5. Scheduling environment:  The problem from the point of view of the sequencing model is 

 located in a static environment. The prioritization is done periodically and is only 

 updated during a new periodical scheduling iteration. Meanwhile new arrivals do enter, 

 but these do not impact the priorities. 

5.1. Requirements, constraints and assumptions detailed design 
Similar to those at the conceptual design stage, the requirements, constraints and assumptions for the 

detailed design serve to delineate the solution space for the design to be created. As the single design 

artifact for the detailed design phase is the sequencing model, the requirements, constraints and 

assumptions refer to this model instead of to the design in general. Before the formal constraint definition, 

the considerations regarding implementation are discussed, as the two constraints emerge from this 

discussion. Input for the detailed design’s requirements, constraints and assumptions is acquired in the 

same manner explained in section 3.4 in the conceptual design part. 

5.1.1. Requirements detailed design 

Once again, the requirements are broken down into two sets, those that are mandatory and those that are 

optional to be met. Coding of the requirement is similar to before, with D-REQx and D-OPREQx for 

regular and optional requirements, respectively. 

Functional requirements:    

D-REQ1 The model should return an ordered list of PS IN stock 

D-REQ2 The model should be compatible with existing systems (SAP, OBA, BI) 
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D-REQ3 The model should focus on value as main aspect for optimization 

D-REQ4 The model should differentiate products by PN 

D-REQ5 The model should sequence PN’s of different revisions of same product as a block 

Optional functional requirements:  

D-OPREQ1 If possible, the model should improve child disease detection 

D-OPREQ2 If possible, the model should automate part of obsolescence prevention 

There is one strategic requirement for the detailed design, which is D-REQ3. Furthermore, D-REQ 1 and 

5 and both D-OPREQs are tactical requirements. Remaining requirements D-REQ2 and D-REQ4 are a 

technical and an operational requirement, respectively. The optional requirements are both tactical. 

5.1.2. Implementation considerations 

AS mentioned before, the implementation of the final model, which will likely be done in BI, falls outside 

of the scope of this project. Still, this is a crucial step that should be considered as the model has to be 

compatible with the possibilities within BI. To achieve this, an overview has been made of the constraints 

and possibilities of BI with respect to this project. They have been defined through an interview with the 

domain expert on BI. 

Two major constraints are imposed by BI on the model possibilities. First of all, only existing data can be 

used. This is because BI is a data processing and presentation tool. It can access, combine and present 

data from the information systems linked to it, but data cannot be entered or changed in BI. This means 

that all data that can be used as input for the sequencing model must be data from one of the source 

systems, which are Orion Client, SAP and OBA. The second constraint relates to the updating interval. 

Every BI report is updated on a fixed time interval. This interval is specific for each report and is based 

on that report’s characteristics and requirement. The interval can for instance be 1 hour, 1 day or 1 week. 

However, updating a report cannot be triggered directly. This means that the end user of the model can 

request the report at any desired time, but then the report that will be provided is the latest version 

according to BI’s set update interval. This updating frequency must be taken into account when 

considering how the model will be used. 

Besides the constraints it imposes, it has also been discussed what BI is capable of, to see what can be 

included in the model such that it can later be implemented in BI. As mentioned, input data can be 

selected from all types of data that are available in Orion Client, SAP or OBA. Furthermore, BI is able to 

combine data from these sources. It can for instance attach a PN’s value from SAP to that PN’s data in 

OBA. This allows for a broader range of data to be used together. The most important possibility within 

BI is that it allows for logic to be implemented. This means that it can handle the use of logical 

sequencing rules. As these rules are the essence of the sequencing model, this ability is crucial for BI to 

be able to implement the model. A final option that BI can deliver is that older reports, such as older PS 

IN sequence lists, can be kept for later reference if desired. A choice can be made such that when the 

report is updated, the old report is either overwritten or kept for later reference.  

5.1.3. Constraints detailed design 

Following from the previous sub-section, two constraints for the sequencing model are defined: 

D-CON1 The model cannot enter or modify data from the source systems 

D-CON2 The model cannot be executed manually, only on fixed BI time-intervals 
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5.1.4. Assumptions detailed design 

Next the assumptions made for the detailed design are given. The sequencing model itself is essentially 

only a priority rule or a set of priority rules. Hence only a very small amount of assumptions is required 

for it. The majority of assumptions on the underlying system was already presented in section 4.2.1. 

Delineation of the ‘design’ space for these rules is not done by assumptions, but by the requirements set 

in section 5.1.1. 

5.1.4.1. Sequencing model assumptions 

(1) Aggregation will be done on a product level (in reality this means a distinction by PN). 

(2) Only those products that are in PS IN at the time of sequencing model execution will be 

sequenced.   

5.2. Evaluation 
The evaluation of the sequencing model is meant to evaluate which rule or rules perform best in which 

circumstances, and forms the basis for the decision on how the final model should look. The major 

component of the evaluation methodology is the evaluation metrics that are used. The evaluation metrics 

are also referred to as evaluation measures or evaluation criteria. These evaluation metrics are filled in 

using a tailor-made simulation model described in section 4.2. 

Three main dimensions to measure performance have been selected, and along with them three evaluation 

metrics are defined. The dimension for performance measurement for the priority rules arise from the 

costs that can be involved with systems in which they are used. As Blackstone et al. state: “Dispatching 

rules mainly influence delay costs, inventory costs, and set up costs, with the major impact on delay costs 

(Blackstone, Phillips, & Hogg, 1982).” In the case of production service there are no direct delay costs 

(except when the delay becomes this big that a product becomes obsolete, but this cannot be planned for), 

and the batching approach minimizes setup costs (which were already very small relatively) which thus 

becomes negligible. Hence the main cost focus is inventory cost. This inventory cost is influenced by 

three variables or dimensions: quantity, value and time. The quantity relates to the amount of products 

that are waiting to be serviced. The value involves the total value of these waiting products. Finally, the 

time dimension considers the time that is spent in the system by each product. These three performance 

dimensions result in the definition of the following three evaluation metrics: 

Variables:  𝑡 ∈ {1,1000} ∶ 𝑇𝑖𝑚𝑒                    𝑖 ∈ {1,11} ∶ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

  𝑄𝑡,𝑖: 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑓 𝑡𝑦𝑝𝑒 𝑖 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

  𝐶𝑖: 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑡𝑦𝑝𝑒 𝑖 

  𝑇𝑥: 𝑇𝑖𝑚𝑒 𝑡ℎ𝑎𝑡 𝑏𝑎𝑡𝑐ℎ 𝑥 ℎ𝑎𝑠 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 

- Amount: The average amount of products in the system. The first 10% of the 1000 day  

  simulation is excluded to allow the system to reach a steady state. 

𝐴𝑚𝑜𝑢𝑛𝑡 =
1

900
 ∑ ∑ 𝑄𝑡,𝑖

11

𝑖=1

1000

𝑡=101

     

- Value:  The average value of products in the system.  The first 10% of the 1000 day 

  simulation is excluded to allow the system to reach a steady state. Based on  

  the ‘dollars in process’ metric from research, e.g. (Scudder & Hoffmann, 1985). 
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𝑉𝑎𝑙𝑢𝑒 =
1

900
 ∑ ∑(𝑄𝑡,𝑖 ∗ 𝐶𝑖)

11

𝑖=1

1000

𝑡=101

     

- Time:  The average time a product spends in the system. Calculated over the batches  

  that have exited the system. Calculated excluding the first 1000 outputs   

  (approximately 10%) to allow the system to have reached a steady state. Note  

  that this is not a weighted average that compensates for batch size.  

𝑇𝑖𝑚𝑒 =  
1

𝑛 − 1000
∑ 𝑇𝑥

𝑛

𝑥=1001

     𝑛 = 𝑡𝑜𝑡𝑎𝑙 𝑏𝑎𝑡𝑐ℎ𝑒𝑠 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 

The majority of priority rule researches have use more time-based evaluation metrics such as lateness, 

tardiness, % on time and number of tardy jobs. However, all of these are related to and calculated with a 

due date. As productions service has no due dates these metrics could not be included here. 

Even though three evaluation metrics have been defined and will be used, it is important to note that the 

focus in the evaluation is on the value metric. This is because the minimization of the value locked in the 

system has been identified as the strategic goal for AME. The other two metrics have been included to 

provide a broader view, possibly break ties when two rules have approximately equal value scores and to 

avoid extreme situations. A rule which is superior on value is allowed to have lower performance on one 

of the other metrics, but this should not be disproportional, e.g. a 10% better performance on value should 

not come at the cost of a 300% worse performance on amount or time. This use of the amount and time 

metrics as a control also justifies the use of a non-weighted time average. Weighting it would require a 

more complex code implementation. Because it is only used as a check, the non-weighted variant is 

judged to be sufficient to fulfil the purpose of the time performance metric.  

For the evaluation of the inventory and demand rules in section 5.5. two more performance metrics have 

been used to measure performance on the inventory and demand side: 

Variables: 𝐼𝑡,𝑖
𝑂𝐻: 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑜𝑛 ℎ𝑎𝑛𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑡𝑦𝑝𝑒 𝑖 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

  𝐷𝑡: 𝐷𝑒𝑚𝑎𝑛𝑑 (𝑡𝑜𝑡𝑎𝑙) 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

  𝐷𝑡
𝑃𝑆: 𝐷𝑒𝑚𝑎𝑛𝑑 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑑 𝑃𝑆 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

- Inventory:  The average amount of inventory. In this performance metric inventory refers to  

  the finished goods inventory, rather than the PS IN inventory. Again the first  

  10% of the 1000 simulation days were excluded to get steady-state calculations. 

𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 =  
1

900
∑ ∑ 𝐼𝑡,𝑖

𝑂𝐻

1000

𝑡=101

11

𝑖=1

 

- % Demand:  The percentage of demand fulfilled by production service to total demand.  

  Calculation was done on the entire period as this was a limitation set by the  

  code implementation.  

% 𝐷𝑒𝑚𝑎𝑛𝑑 =  
∑ 𝐷𝑡

𝑃𝑆1000
𝑡=1

∑ 𝐷𝑡
1000
𝑡=1

∗ 100%  

A number of methods will be employed to use the performance metrics to distinguish which priority rule 

is the best for each case. These methods are the following: 
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- Absolute comparison: The absolute comparison is the simplest way of comparing rules, and just 

compares the scores for each performance metric to see which rule performs best. The scores 

compared are the mean scores over a set of 5 simulations. 

- Percent difference from best: This second evaluation method uses the percentage difference 

between a score and the best score on that performance metric. Hence the best performing rule 

has a score of 0,00% and the others have a negative percentage which they are away from the 

best. In the further analyses (sections 5.4. and 5.5.) a slightly different variant is used, which is 

the percent difference from the benchmark model. Here the benchmark model has a 0% score and 

positive deviations are possible. This method is based on the methodology “percentage deviation 

from best” used by Sels et al., who calculate a similar percentage difference to compare rules 

(Sels, Gheysen, & Vanhoucke, 2012). 

- Rank-ordering: In the rank-ordering methodology, as seen in research (Aggarwal & McCarl, 

1974), over a set of simulations it is calculated for each performance metric how often each rule 

ranked 1
st
, 2

nd
 or 3

rd
, which have weights attached of 3, 2 and 1, respectively. The frequencies and 

weights are summed to obtain a total rank-ordering weight on which it can be seen what rule has 

performed best on that performance metric.  

- Statistical testing: Also statistical testing is used to determine whether a rule with a better score 

has also significantly better performance. For that purpose 1-way paired t-tests are used for each 

metric with the performance scores of the different simulations as input. For such tests to be valid 

four assumptions must be met:  1) The dependent variable must be continuous (interval/ratio). 2) 

The observations are independent of one another. 3) The dependent variable should be 

approximately normally distributed. 4) The dependent variable should not contain any outliers. 

Only the third assumption is difficult to prove as only five data points are available for each test. 

However, due to this low number of data points it is not unreasonable to use the t-test with 

sufficient confidence.  
- Comparing graphs: The final evaluation method is the comparison of graphs plotting the values 

of evaluation metrics over time. Here it can be visually seen how a performance metric, e.g. value 

in the system, behaves over time for different rules.  This methodology can only be applied on 

metrics measured over time such as the amount and the value in the system.  

Not every evaluation methodology have been used in all cases, only those that are most relevant in the 

situation at hand were used. A significant distinction in what methods are relevant when is whether a 

situation that is considered started from a backlog or not. In the ‘no backlog’ situation the focus of the 

evaluation is on numerical and statistical methods because in this situation they are stable and reliable. 

The graphs of different rules on the other hand will be close together, making it difficult to really 

distinguish between rules’ performance visually. In the ‘backlog’ situation however it is the other way 

around and focus is on the visual evidence provided by the graphs. This is because the existence of a 

backlog can distort or bias the numerical evidence. The graphs however show a clear picture of how each 

of the rules deals with the backlog, making this method the most useful in this particular situation. 

5.3. Benchmark model 
The benchmark model will be the basic sequencing model to be implemented at AME. The ‘model’  

consists of a single priority rule that is able to order the list of PS IN products and seeks to primarily 

optimize the value in the system. A set of rules was tested through simulation, with and without backlog, 

and was evaluated to support the decision of which rule to select as benchmark model. 
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5.3.1. The benchmark priority rules 

Three rules have been tested, which are based on value and/or time. Prioritization is done through the 

calculation of a priority figure 𝑍𝑖 with i representing the product (𝑖 ∈ {1, … ,11}) after which sorting 

could be done based on this priority figure. The chosen rules are not time-dependent, hence the priority 

figure is 𝑍𝑖 and not 𝑍𝑖(𝑡) as sometimes seen in priority rule literature. In the definitions all sorting is 

assumed to be ascending, hence rules with an actual descending order have a negative sign. 

Variables:  𝑡𝑖 =  𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 =  
1

3
(𝑚𝑖𝑛𝑖 + 𝑚𝑎𝑥𝑖 + 𝑚𝑜𝑑𝑒𝑖) 

  𝑉𝑖 = 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 

- VALUE: The first rule is a pure value-based rule, which prioritizes based on product value, 

 starting with the most expensive product. It can be seen as an implementation of the 

 IPDOL rule by Hoffmann and Scudder. This rule prioritizes based on the product’s raw 

 material cost and added value from previous operations (Hoffmann & Scudder, 1983). 

𝑍𝑖 = −𝑉𝑖 

- VALPT: The second rule is a hybrid time/value-based rule. It prioritized based on the ratio 

 between a products value and its expected service time. It gives priority to those 

 products where the time spent is expected to release the highest value. Such a ratio 

 resembles Scudder & Hoffmann’s PRF/OPT rule (Scudder & Hoffmann, 1985).   

𝑍𝑖 = − 𝑉𝑖 𝑡𝑖⁄  

- SPT:  The third rule, Shortest Processing Time, is a well-known priority rule and one of the 

 rules most frequently used in literature. It is a pure time-based rule as it prioritizes on 

 the processing time, starting with jobs (or products) that take the least time to 

 complete. As said, it is included mainly as a reference case to provide insights into the 

 differences between time- and value-based priority rules in this system. 

𝑍𝑖 = 𝑡𝑖 

At this stage no tie-breaking procedure, as often seen in research (where mostly FIFO is used), was 

required. The reason for this was that, with values specified at a cent level, finding two exactly the same 

value products was highly unlikely and even if it should happen, would not have led to great outcome 

changes. With SPT ties might occur, but a random selection was then used. Conceptually this could be 

seen as having the RANDOM priority rule as tie-breaker. 

Other researches, both on regular job shops and cost/value based researches, only frequently consider 

some other rules that may have seemed appropriate here, such as FIFO, the most common priority rule. 

However, many of these rules are either based on due dates (e.g. CR or SLACK, see chapter 2), or do not 

fit with the way of working at production service where products are processed in groups rather than 

individually. Therefore these rules have been excluded from these analyses. 

The expectation is that the value-based rules VALUE and VALPT will perform better than SPT on the 

value metric, whereas SPT should do well on amount and likely also on time. Because it also uses a time-

based aspect in its optimization, it would make sense for VALPT to outperform VALUE on all three 

performance criteria. These expectations can be summarized in the following hypotheses: 

 H1:  The value-based rules will outperform SPT on the value metric 
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 H2: SPT will the best performance on the amount metric 

 H3:  SPT will the best performance on the time metric 

 H4: VALPT will outperform VALUE on all three performance metrics. 

5.3.2. Simulation results benchmark model 

To begin with, the situation without a backlog is reviewed. The first indication as to rule performance 

comes from the absolute values as seen in table 11. 

Absolute mean values 

 

% Difference from best 

  
VALUE VALPT SPT 

   

VALUE VALPT SPT 

Amount Mean 1068.362 1004.946 824.475 

 

Amount Mean -29.58% -21.89% 0.00% 

 

S.D. 102.1353 91.83754 41.57376 

      Value Mean 20014.31 19490.69 22612.14 

 

Value Mean -2.69% 0.00% -16.02% 

 

S.D. 1097.59 1058.583 2054.429 

      Time Mean 10.9452 10.4402 10.713 

 

Time Mean -4.84% 0.00% -2.61% 

 

S.D. 0.620876 0.446627 0.719119 

      Table 11: Benchmark model 'no backlog' results 

The absolute values indicate that SPT is the best rule on amount, followed by VALPT and finally 

VALUE. On the value metric VALPT has the lowest mean, then VALUE and SPT has the highest mean. 

Third, on the time metric again VALPT comes forward as the best rule, now with SPT second and 

VALUE third. These relative performances are backed up by the results from the rank-ordering, presented 

in table 12.  The percentage differences from the best rule furthermore indicate that the outperformance of 

SPT on amount is rather large, and similarly that SPT has a big underperformance on value. An 

interesting result is that the relative underperformance of VALUE to VALPT seems to be limited. 

Criterion Rule 
Number of times the rule ranked Total rank-

ordering weight First Second Third 

Mean amount in 

system 

VALUE 0 0 5 5 

VALPT 0 5 0 10 

SPT 5 0 0 15 

Mean value in 

system 

VALUE 0 5 0 10 

VALPT 5 0 0 15 

SPT 0 0 5 5 

Mean flowtime 

VALUE 0 1 4 6 

VALPT 4 1 0 14 

SPT 1 3 1 10 

Table 12: Rank ordering results benchmark 'no backlog' 

Next, statistical testing was conducted to investigate whether the findings above are statistically 

significant. A paired t-test was conducted for each of the three priority rule pairs for each performance 

metric. The resulting p-values are presented in table 13, along with the levels of significance (*: 10% 

level, **: 5% level, ***: 1% level).  These results indicate that the rule with the better mean is or is not 

statistically better with a certain level of significance. It follows from these results that the ordering 

VALPT-VALUE-SPT on the value metric is a strong one, just as the SPT-VALPT-VALUE order is for 

the amount metric. The image on the time metric is different though.  VALPT is found to be better than 

VALUE at the 5% level and SPT is better than VALUE at the 10% level. VALPT’s outperformance over  
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SPT however is not statistically significant. 

Hence it cannot be stated that VALPT is 

significantly better than SPT on the time 

metric. Finally, the outperformance of 

VALPT over VALUE is significant at the 5% 

level for all three performance metrics. 

Table 14 shows the absolute and percentage 

difference results from the situation with a 

backlog. Here the findings on the amount and 

time metrics are replicated from the ‘no 

backlog’ situation. The time metric shows a 

different result with SPT now unexpectedly being the worse. However, as noted before, in the backlog 

situation a “censored data”-bias is likely to exist which makes all time-based results in a backlog situation 

unreliable. Therefore the time metric will be excluded from analysis. The percentage differences are 

showing the same effects but of a bigger size.  

 

The graphs in figures 26 and 27 below yield some very interesting results. The value-graph shows that the 

two value-based rules reduce the value in the system a lot faster than SPT. The two value rules are close 

together, with VALPT doing slightly better. The graph for amount in the system shows a largely inverted 

image. Here SPT performs much better in reducing the amount of products in the system. Again VALUE 

and VALPT are close together with VALPT once again being the better of the two. The graphs presented 

here are those of dataset 1, the graphs from other datasets show the same results and can be found in 

Appendix G. 

 
VALUE-VALPT VALPT-SPT VALUE-SPT 

Amount 0.019339 0.001095 0.000943 

Value 0.024698 0.002236 0.002915 

Time 0.030411 0.135225 0.089862 

    

 
VALUE-VALPT VALPT-SPT VALUE-SPT 

Amount ** *** *** 

Value ** *** *** 

Time ** 

 

* 

Table 13: Statistical results benchmark model 

Absolute mean values 

 

% Difference from best 

  
VALUE VALPT SPT 

   

VALUE VALPT SPT 

Amount Mean 15259.08 14200.62 7872.553 

 

Amount Mean -93.83% -80.38% 0.00% 

 

S.D. 2077.104 1648.734 932.2287 

      Value Mean 216138.5 208844.7 283361.2 

 

Value Mean -3.49% 0.00% -35.68% 

 

S.D. 27777.99 23403.16 35858.74 

      Time Mean 87.41408 85.3046 96.27688 

 

Time Mean -2.47% 0.00% -12.86% 

 

S.D. 6.690142 6.568246 3.715465 

      Table 14: Benchmark model 'backlog' results 
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Figure 26: Value metric over time benchmark model 

 
Figure 27: Amount metric over time benchmark model 

5.3.3. Conclusions benchmark model 

A number of conclusions can be drawn from the analysis of the benchmark model rules. First of all, 

VALPT was found to be the best rule on value with all performance methods and on both the situation 

with and without a backlog. VALUE was a close second on the value metric, and was also slightly behind 

VALPT on amount and time. As expected, SPT was the best rule on the amount metric, followed by 

VALPT and lastly VALUE. Statistical analysis showed all outperformances to be significant at the 10% 

level at least, except the seeming outperformance of VALPT over SPT. The presence of a backlog is seen 

to magnify the effects, but results in the same outcomes. In terms of the hypotheses, H1, H2 and H4 have 

been confirmed. H3 could not be confirmed. It looked to even be the other way around, but this result was 

not significant. 
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With these results in mind a rule can be chosen. Because value in the system was the most important 

criterion, VALPT is selected as the benchmark rule, because it significantly outperforms the other two 

rules and is shown to be best at releasing the value from the backlog. However, the recommendation for 

implementation at AME is to use the VALUE rule. This rule was in all situations found to be 

outperformed by VALPT, but the difference was constantly small, often within 5% of the VALPT score. 

In practice at AME VALUE is way easier to implement. Furthermore, both initialization and updating of 

service times for VALPT would lead to significant complications. Hence, from an academic point of view 

VALPT is determined to be the best rule but from a practical perspective VALUE is selected. 

5.3.4. Sensitivity analysis benchmark model 

A few further analyses have been conducted to assess the sensitivity of the benchmark model to a number 

of variables. More specifically, sensitivity analyses were done for the amount of service engineers, the 

maximum service time and the effect of service time simulation. 

The first analysis was done to control for the effect that the amount of allocated service engineers has. 

This sensitivity analysis was done by extending the search for the right amount of service engineers to 

values higher than the steady state minimum as well. The VALPT rule was tested on dataset 1 with 3 to 8 

service engineers. As found before, until the steady state amount is found adding more engineers 

drastically improves the performance metrics, but only reduces backlog growth. Once a steady state is 

reached, i.e. enough capacity is available to keep a backlog from building, adding more capacity still 

improves performance. However, these changes are much smaller and the effects of adding more capacity 

diminish as more service engineers are allocated. The graph in figure 28 below shows how the first 

additions bring large changes but the effects become smaller and smaller as capacity grows. 

 
Figure 28: Service engineer amount sensitivity graph 

The second sensitivity analysis investigated the effect of increasing the maximum service time. The 

maximum was tested for because this identified as the most difficult parameter to estimate for the service 

time distribution. A test was conducted to see what the effect would be of a 20% higher maximum. One 

could expect quite some absolute changes, as this increase might jeopardize the steady state stability of 

the system. First, all three rules were tested on dataset 1. This again revealed a clear outperformance of 

the value-based rules over SPT on value, and a similar underperformance on amount. The two value-

based rules however were very close together, with VALUE even having a very small edge over VALPT. 

Therefore these two rules were also tested on the other 4 datasets. In the means from the full simulation of 

the two rules VALPT was still dominating VALUE, i.e. better performance on all metrics. The absolute 

values however, as expected, became higher, coming quite close to the numbers in the situation with 

normal service time parameters and 5 service engineers. There thus indeed seems to have slipped some 
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instability into the system at these parameters. The effect of this was that the outperformance of VALPT 

was no longer statistically significant.  

The final check was to see how big the effect of service time simulation is. This was controlled by 

checking different simulations on the same dataset with the same rule and input parameter. Because the 

inventory and demand data required a second set of simulations for VALPT this data was available. The 

two simulation sets were compared and percentage differences between each of the runs and the means 

were computed. It was found that the differences were small. The differences on the means on amount, 

value and time were just 3.11%, 1.60% and 1.15%, respectively. The changes were thus only small. 

Especially with the ‘easier’ datasets 1 and 5 where results were best the differences are very small, less 

than 1% on all metrics. This suggests that, as would be expected, sensitivity between tries is reduced at 

lower utilizations. These results however did not provide unexpected results, and therefore the previously 

found results are deemed to be robust enough. 

In short, even though several variables have the ability to change outcomes, no unexpected behavior was 

found. Hence it is not likely that the best rule decision will drastically change after small deviations in 

input parameters, strengthening the previously drawn conclusions.  

5.4. Child disease detection 
To start this section it is crucial to clearly define what is meant with child diseases in this context. In the 

context of AME and production service child diseases are flaws in product design or production processes 

that lead to higher failure rates in new products. Such flaws are usually detected and solved early in the 

lifecycle of a product, hence the name.  

However, if these products end up in a large PS IN backlog and are not repaired in the foreseeable future, 

the flaws are much less likely to be detected and solved. Therefore some rules have been evaluated that 

should aid in the detection of child diseases. Even though it is difficult to quantify and prove, logic 

dictates that detecting and solving child diseases should reduce PS IN inflow. If it ends up in the stack 

production errors can for instance persist and keep creating PS IN stock that could have been prevented 

had the child disease/production error been identified and solved.  

A full analysis of the benefits of child disease detection caused by the implementation of other priority 

rules would have to include an analysis and implementation of the effect that each rule has on the failure 

rate of products ( hi(t) ). This full analysis however involves a large amount of further analysis and is 

considered to be out of scope for this project. The work done here only considers the performance of 

different rules in isolation. Implementing such rules should never lead to an increase in failure rates, but 

can and likely will lead to decreases in failure rates, i.e. hi(t+1) ≤ hi(t), ceteris paribus. Due to these 

dynamics, the results presented in the following section can be considered to represent a lower bound for 

the results one would obtain in a full analysis with inclusion of failure rate decreases. The purpose of this 

section is to obtain a conceptual idea about the performance of child disease detection rules and thus to 

get an indication of the probable usefulness of a full research into this area. 

5.4.1. The child disease detection priority rules 

In order to allow a number of rules aimed at the detection of child diseases, the first sequencing model 

assumption, product aggregation, needed to be relaxed. This allowed for batch-specific prioritization and 

processing, which paved the way for the implementation of rules based on batch properties such as arrival 

time and quantity. This aims at satisfying optional requirement 1, but goes at the cost of violating 

mandatory requirement 5. Due to the conceptual nature of this section’s research the relaxation of this 

assumption is possible. In practice however there are a number of expected drawbacks. It would reduce 
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efficiency gains originating from a learning curve when a service engineer works with the same product 

for a longer time. Also it would require a redesign of the warehouse handling and would with that likely 

increase sorting time. The priority figure will now be 𝑍𝑦 with y representing a batch instead of the 𝑍𝑖 used 

when product aggregation was used. The two rules tested are the following: 

Variables: 𝐴𝑦: 𝐴𝑟𝑟𝑖𝑣𝑎𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑏𝑎𝑡𝑐ℎ 𝑦   𝑦 ∈ 𝑀 𝑤𝑖𝑡ℎ 𝑀: 𝑎𝑙𝑙 𝑏𝑎𝑡𝑐ℎ𝑒𝑠 

  𝑆𝑦: 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑏𝑎𝑡𝑐ℎ 𝑦    

- LIFO: Last in first out, which means that the last batch that entered the product will get the 

 highest priority. The rationale behind using this rule for child disease detection is that 

 new products will be new arrivals and will hence be given priority, increasing the odds of 

 finding flaws. This rule does however inherently introduce a great risk of ignoring 

 existing PS IN products altogether. 

𝑍𝑦 =  −𝐴𝑦 

- BATCH: The BATCH rule prioritizes batches based on the amount of products in a batch. 

 This rule is based on the reasoning that when a lot of products fail together it is more 

 likely to be due to an issue in production rather than just being random failures. 

𝑍𝑦 =  −𝑆𝑦 

The implementation of a rule which relates directly to product newness is very difficult within the 

boundaries set by the information systems, and cannot be achieved by relaxing the product-wise 

processing to batch processing. Also, such a rule would likely require active work to keep system up to 

date, which is an undesirable property. Therefore, rules which have an expected conceptual secondary 

effect on child disease detection were selected for the analysis. 

5.4.2. Simulation results child disease detection rules 
Analysis here has only been done on backlog data. That is because this situation is the most important in 

this case. Benchmark results showed that in the situation without backlog an average time in the system of 

around 10 days can be reached. In other words, all products should be serviced within a reasonable time, 

greatly reducing the need for specific rules that prioritize certain products for the sake of child disease 

detection. Hence, child disease detection rules are most relevant in the current situation where there exists 

a backlog, which is why the analysis is focused on this. 

The tests on the time metric have been excluded as these are heavily biased from “censored data”. This 

bias was even confirmed when an extra simulation was run of the LIFO rule on a no backlog situation. 

Whereas in the backlog case it appeared to be far superior on time, this entirely disappeared in the 

situation without backlog. As the LIFO rule is most vulnerable to the censored data bias due to its arrival 

time orientation, this is a clear sign that the bias exists and is of such a magnitude that the time data 

should be excluded here. 

It can be seen from the absolute and percentage difference values in table 15 that the two child disease 

detection rules perform better than benchmark rule VALPT on amount, as indicated by the positive 

percentage differences. Especially BATCH shows a strong improvement. On the value metric however 

VALPT is clearly superior with percentage differences of around 20% for both rules. In both cases the 

LIFO rule occupied the middle ground. All these relative outperformances between rules were found to be 

significant at the 1% level (table in Appendix G). 
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Absolute mean values 

 

% Difference from benchmark 

  
LIFO VALPT BATCH 

   

LIFO VALPT BATCH 

Amount Mean 12918.1 14200.62 9659.907 
 

Amount Mean 9.03% 0.00% 31.98% 

 

S.D. 3664.294 1648.734 903.9198 
   

   

Value Mean 249654.6 208844.7 262648.7 
 

Value Mean -19.54% 0.00% -25.76% 

 

S.D. 28932.54 23403.16 27031.69 
   

   
Table 15: Child disease detection rules results 

The graph in figure 29 below, displaying the value performance of the three tested rules over time for one 

of the datasets, shows an expected result. VALPT is shown to reduce the value of the backlog the fastest 

of the three, followed by LIFO and finally BATCH. This confirms the findings from the absolute values. 

The amount graph also confirms the numbers from the first analysis. The graphs from other datasets show 

the same effects. The other graphs (other datasets and amount graphs) can be found in appendix G. 

 
Figure 29: Graph CDD value 

5.4.3. Conclusion child disease detection rules 

From the child disease detection rule evaluation it is concluded that the child disease detection rules LIFO 

and BATCH perform significantly better on amount and significantly worse on value than benchmark rule 

VALPT, with LIFO constantly having the middle performance. The underperformance on value however 

is rather large. This means that the benefits of child disease detection such as inflow reduction should 

really be significant if it wants to overcome the gap in value performance. Based on these analyses the 

advice is to not pursue child disease detection through priority rules, as they will trade this feature for 

underperformance on important metrics and likely require system changes. 

Instead, a different solution is suggested. Product coordinators or NPI teams could monitor if recently 

introduced products have higher-than-expected failure rates or fail in large quantities. In case of such an 

observation, production service can be asked to investigate some of the new products by triggering a 

priority pull request as described in sections 3.5.5. and 5.6. This way child disease detection can still be 

integrated in the system as proposed in chapter 3. 

5.5. Demand and inventory 
The following section discusses the investigation on how rules that incorporate inventory and demand 

data behave and could possibly be used instead of or to complement the benchmark model. This takes a 
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higher level perspective where production service is not evaluated in isolation, but also the interactions 

with the rest of the supply chain are considered. Two new rules were tested. In addition to the regular 

performance metrics two new metrics were evaluated as well, the average finished goods inventory 

(‘inventory’) and the percentage of demand which is served from production service (‘% Demand’). 

The investigation of demand and inventory rules was also a sort of proof of concept, similar to the child 

disease detection case. Getting accurate inventory and demand data was infeasible within the scope of this 

research project, hence all parameters were assumed in a semi-arbitrary manner.  

5.5.1. Demand and inventory priority rules 

Two rules focusing on demand and inventory, both inspired by prior research, have been evaluated. 

Demand is increasing, but all products’ demand is assumed to increase in the same way. Therefore 

proportions stay the same. The simulation model hence uses a predetermined demand rank, where the 

highest demand item has rank 1 and the lowest demand item has rank 11. 

Variables:  𝐷𝑖 ∶ 𝐷𝑒𝑚𝑎𝑛𝑑 𝑟𝑎𝑛𝑘 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 

  𝑐: 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑠𝑒𝑡 𝑡𝑜 1000 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

- MSTREQ: The MSTREQ rule, from most required, prioritizes items based on their expected 

 mean demand, starting with those products with the highest demands. The idea is that 

 these items will need to wait shorter in the finished goods inventory leading them to exit 

 the whole system faster. This rule is inspired by Hausman and Scudder’s MSTREQ rule, 

 which closely resembles this implementation (Hausman & Scudder, 1982).  

𝑍𝑖 = 𝐷𝑖 

- LINV:  This rule distinguishes between two groups, the products with positive inventory and 

 those without inventory. A lower priority is given for items with inventory. Within each 

 group VALPT is used to sequence products. This was implemented by adding a high 

 enough (c>maxi(Vi)) constant to items without inventory. As the underlying rule is 

 VALPT, its performance is expected to be rather close to the benchmark rule. This rule is 

 loosely based on Hausman & Scudder’s (1982) LINV rule, with the difference being that 

 they sorted only on inventory instead of using inventory for grouping. 

𝑍𝑖 = {
− (𝑉𝑖 𝑡𝑖⁄ + 𝑐)      𝑖𝑓 𝐼𝑂𝐻𝑖 =  0

− 𝑉𝑖 𝑡𝑖⁄                  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒    
 

5.5.2. Results demand and inventory rules 

The analysis of the demand and inventory based rules has been done only on the situation without a 

backlog. This was because the primary concern was getting production service to be effective again. The 

demand and inventory rules are a different class of rules that take a higher level perspective and seek to 

optimize the balance between production service and the rest of the supply chain. Such further 

improvements are likely to be implemented only when the production service department itself has been 

improved. Because only the no backlog situation is evaluated, the results will rely on numbers and 

statistics rather than graphs. As mentioned earlier, two extra evaluation metrics, inventory and % demand, 

have been measured here. These new metrics have come together with a small addition to the simulation 

model where another stock point of finished goods inventory is monitored, from which demand is 

fulfilled. Demand was simulated as a Poisson stream with λ equal to 130% of the daily expected arrivals.  
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The absolute values and percentage differences from benchmark rule VALPT, provided in table 16, show 

that the demand and inventory rules outperform the benchmark on amount, but are underperforming on 

value. In both cases LINV is rather close to VALPT, only outperforming by around 4% on amount and 

only underperforming by about 4% on value. VALPT also appears to be the best rule on the time metric. 

The difference between VALPT and LINV however is very small. From the inventory metric it can be 

seen that the new rules fulfill their targeted goal and outperform VALPT on this metric. Especially LINV 

performs very well on this criterion. A striking observation is that on % Demand the differences are very 

small, but VALPT turns out to be the best performing rule. 

Absolute mean values  % Difference from benchmark 

  

MSTREQ VALPT LINV 

   

MSTREQ VALPT LINV 

Amount Mean 881.8254 1036.191 990.9116 

 

Amount Mean 14.90% 0.00% 4.37% 

 

S.D. 49.617109 112.1803 81.28699 

      Value Mean 22896.76 19802.41 20620.092 

 

Value Mean -15.63% 0.00% -4.13% 

 

S.D. 1976.0016 1262.825 1323.8965 

      Time Mean 11.5704 10.5604 10.6152 

 

Time Mean -9.56% 0,00% -0.52% 

 

S.D. 0.9678212 0.644127 0.5560181 

      Inventory Mean 662.2224 720.4842 562.7254 

 

Inventory Mean 8.09% 0,00% 21.90% 

%Demand 

 

0.73548 0.7313 0.73542 

 

%Demand  Mean -0.57% 0.00% -0.56% 
Table 16: Demand & Inventory rules results 

Table 17 presents the results from the 

statistical testing. It can be seen that all 

amount and value rule combinations are 

statistically significant. The small difference 

between VALPT and LINV on the time 

metric was found to not be statistically 

significant. Hence it cannot be stated if any 

of these rules is better than the other on this 

performance metric. The inventory metric’s 

results found before were all shown to be 

statistically significant at the 5% level at 

least. Even though the differences were very 

small, two of the % demand outperformances 

were still found to be significant at the 5% 

level, namely the outperformances of 

VALPT over the two demand and inventory 

rules. The difference between these two 

among themselves was not significant.  

5.5.3. Conclusion demand and inventory rules 

In short, the following results were found. VALPT was superior on value, closely followed by LINV, and 

both of these are better than MSTREQ. MSTREQ however is the best rule on amount, followed by LINV 

and then VALPT. On the time metric VALPT and LINV cannot be significantly distinguished between, 

but both are found to outperform MSTREQ. LINV is clearly the best rule as far as the inventory metric is 

concerned, which makes sense as this rule directly acts based on current on hand inventory. Finally on the 

 
MSTREQ-VALPT VALPT-LINV LINV-MSTREQ 

Amount 0,005546 0,029842 0,001729 

Value 0,001253 0,005997 0,001568 

Time 0,002974 0,393885 0,015513 

Inventory 0,034746 0,009163 0,004135 

%Demand 0,040206 0,020920 0,462712 

    

 
MSTREQ-VALPT VALPT-LINV LINV-MSTREQ 

Amount *** ** *** 

Value *** *** *** 

Time *** 

 

** 

Inventory ** *** *** 

%Demand ** **  

Table 17: Statistical testing demand & inventory rules 
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% demand metric VALPT outperformed the two demand and inventory rules, but only by a very small 

margin. The main gain that seems to be possible from using such rules appeared to be on inventory. 

This leads us to the conclusion that MSTREQ is not a very suitable choice as its strongest relative metric 

appears to be amount. LINV however does provide 

very promising outcomes. It shows outperformance 

of VALPT on amount and especially on inventory 

without underperforming by a lot on value. This is 

not very surprising, as the underlying rule of LINV 

is still VALPT. It can thus be seen as a sort of 

extension of VALPT that includes inventory data. 

Such an extension however, as shown by these results, might well be a good option for the further 

optimization of the system in which production services functions. Further research should however be 

done on this before this will be ready to be implemented in practice. Table 18 summarizes the conclusions 

on relative out-/underperformances of rules. 

5.6. Final sequencing model 
With the analyses completed a short recap is provided that fully specifies the sequencing model’s final 

form and its use within the larger system of production service. 

In order to fully explain the usage of the sequencing model it is necessary to shortly revisit the scheduling 

plan that was made, which brings together the conceptual design and the sequencing model. This 

scheduling system, as visually presented in figure 30, provides a balance between urgent pull requests and 

an underlying push model. The pull requests (see section 3.5.6.) are urgently needed repairs that are 

requested from outside production service. These pull request will get the highest priority and will 

immediately be scheduled when they occur. When no pull requests are present, production service will 

work according to a push procedure where PS IN products are scheduled and serviced in the order 

suggested by the sequencing model.  

This will in practice take the shape of the found sequencing model, the chosen priority rule, in AME’s 

information systems. This results in an ordered list of PS IN products which will be reordered 

periodically, most likely once a week, to include the new arrivals. The latest version of this ordered list is 

accessible to the team leader service whenever scheduling needs to be done. 

First and foremost, the benchmark model analyses showed a clear distinction between the rules that 

included a value-aspect, VALUE and VALPT, and the rule with only service time as input, SPT. Whereas 

SPT proved to be performing better on the amount in system metric, the two value-based rules were 

performing significantly better on the value in system performance metric, which was identified as the 

strategic objective of this optimization. On the time in system the rules with a time component 

outperformed VALUE, but could not be significantly distinguished among themselves. VALPT was 

shown to outperform VALUE on all metrics, but this outperformance was constantly rather small. 

Rules aimed at child disease detection were found to sacrifice a great deal of value performance to chase 

their attempted purpose, and are thus unlikely to be good alternatives to the benchmark model. An 

extension to the benchmark model that includes finished goods inventory data, the LINV rule, looked 

promising in the early analyses conducted in this project, but more research is required on this before it 

could be ready for implementation. This might be an avenue for further improvement at a later stage, 

when the production service department itself is functioning well.  

Perf. Metric Conclusion 

Amount MSTREQ > LINV > VALPT 

Value VALPT > LINV > MSTREQ 

Time VALPT / LINV >  MSTREQ 

Inventory LINV > MSTREQ > VALPT 

% Demand VALPT > MSTREQ / LINV 

Table 18: Conclusions demand & inventory 
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Figure 30: Production service processing visualization (2) 

Based mostly on its top performance on the value performance metric VALPT was thus determined to be 

the best priority rule and was selected as the benchmark model. However, because of its performance 

close to it and its much greater ease of implementation it was decided to suggest the VALUE rule for 

practical implementation in AME’s production service process. 

The benchmark model will provide a good solution to allow for optimal value reduction. However, this 

will happen with a suboptimal amount of products. The implications this has on actual warehouse space is 

a bit more complex though, as more products does not necessarily imply more space will be required. One 

could imagine high value products to be more complex and larger. Hence 2 large, high-value products 

could take up the same space as 10 small, low-value products. The actual dynamics with respect to 

warehouse space will have to be observed in practice though. A further important note is that the 

implementation of the final sequencing model as well as the updated process in which it is embedded 

does not guarantee a reduction in PS IN. It serves as the basis for such a reduction, but realization of this 

reduction depends on the deployment of capacity (i.e. staff) on production service. 

With the sequencing model fully defined and after having established that it will fulfill its primary goal of 

minimizing the value in the production service inventory, the model can now be evaluated to review 

whether it fulfills the requirements from section 5.1.  

The first requirement, D-REQ1 (return ordered list) is fulfilled, albeit conceptually at this stage, as the 

benchmark rule offers all that is needed for the ordering of PS IN items. D-REQ2 is fulfilled from a 

practical standpoint. The recommendation to use VALUE in practice ensures that the outcomes of this 

project can lead to an implementation within the existing systems. The VALPT rule (and VALUE as 

secondary) was selected primarily due to its superiority on the value metric, hence D-REQ3 (focus on 

value) is definitely fulfilled. The model, as shown in the simulations, is able to distinguish products by 

PN (D-REQ4) and can sequence in same-product blocks (D-REQ5), thus fulfilling the two final 

mandatory requirements. Neither of the two optional requirement, child disease detection (D-OPREQ1) 

and automatic obsolescence prevention (D-OPREQ2), has been fulfilled. The reasons for this arise from 

research and design. The child disease detection was found to very likely be suboptimal when 

implemented through priority rules and was thus suggested to be done through pull requests. The same 

counts for obsolescence prevention. Instead of automatic handling of this, which was not feasible, this can 

be done through a priority pull request as well. 

In conclusion, the final sequencing model decision is to recommend VALPT from an academic standpoint 

and recommend VALUE from a practical perspective, as these will best fulfil the strategic objective. 
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6. Summary and recommendations 
This final chapter summarizes the findings and conclusions that arose from the analyses and designs 

which have been presented earlier in the thesis. Furthermore it looks at the implications of these outcomes 

through recommendations and suggestions for further research. 

6.1. General summary 
The department under investigation in this project is the production service department at AME. The role 

of production service is to analyze and repair products that have failed a test during production, such that 

these products can return into the regular supply chain. 

The problem faced by production service is that there was no structured way of executing the process. 

The knowledge and skill to repair products was present, but there was a lack of clarity as to what to 

service when. Due to this the focus was shifted to the other task of the service department, customer 

service, and very little production service was done. This led to a fast increasing stack of products waiting 

to be repaired with rising costs as a consequence. Clarity in the process flow and processing order were 

required to be clearly defined, such that the department could again function in an efficient but most of all 

effective manner. To solve this problem three categories of research questions were defined. The first 

group focusses on the description of the system under investigation. The second group considers the 

design of a conceptual model. The third group looks at priority rules to design a sequencing model.  

The system was considered as a simple inventory system. Failed products from production entered the 

production service process in the PS IN stock point. Service engineers analyze and repair products from 

PS IN such that they can leave the system to go back into the regular flow and finally to the customer. 

During the process two information systems are used. The logistical handling is done in ERP system 

SAP, while the service engineers use the OBA system to track individual products. OBA contains data on 

the location and amounts of products, whereas SAP is in the context of production service the main 

source of information on product value. A crucial final source of data was the expert knowledge of the 

service team. Three main performance metrics have been defined to assess how well the process 

functions: the amount of products in the system, the value of products in the system and the time each 

product spends inside the system. This way the dimensions of quantity, value and time are all measured. 

A solution was proposed, based on analyses, that consists of three levels. The first level is the conceptual 

model, which is an updated version of the process flow that is aligned with management objectives. The 

second level is the scheduling system which forms a bridge between the conceptual and sequencing 

models. The third level is the sequencing model that takes care of the push side of the scheduling. This 

sequencing model takes the form of a priority rule that has been proven to provide a good performance on 

the most important performance metric, the value of products in the system. 

 
Figure 31: Overview solution 



76 
 

The design of the conceptual model started with the modeling of the production service process as it is 

currently executed, based on interviews with service engineers. Next, together with the main stakeholders 

a set of requirements was defined. A further analysis using simulation was done to support the decision to 

include or exclude a visual checking step in the process. Exclusion was found to be the better option. 

Finally, based on the requirements and analysis, an updated process model which explicitly allows for 

scheduling was designed and evaluated such that it fulfills stakeholder goals. To connect the scheduling to 

the sequencing model a scheduling system has been proposed which allows for a balance between push 

and pull processing. The presence of this scheduling system provides a great flexibility to the system 

whilst ensuring that processing can be done practically at all times. 

The underlying push layer of the scheduling system is provided by the sequencing model. This 

sequencing model is a priority rule based on which the waiting products can be ordered for processing. To 

determine what rule should be used again a set of requirements and strategic goals was set. Furthermore 

an extensive data analysis was done on historic PS IN arrival data with the goal of providing data-based 

input distributions and parameters for a simulation model. Using the then developed simulation model 

different rules were tested. The VALPT rule was selected as the best rule and thus set to be the 

benchmark model. Against this benchmark rules based on child disease detection and rules based on 

demand and inventory data were tested as a form of conceptual research. Especially the inventory rule 

LINV showed much promise for further research.  

6.2. Final models 
Next, the final models that have just been mentioned will be elaborated upon, starting with the conceptual 

model, i.e. the updated process model, followed by a description of the scheduling system and a short 

explanation of the sequencing model. 

The conceptual modeling stage resulted in the updated process flow. A 

small image of this final flowchart is shown in figure 32. Larger 

images can be found in section 3.5.4. and in Appendix C. In short, the 

updated conceptual process contains the following. First, two steps 

define the logistical inflow of products arriving in production service. 

Next, a sorting step follows where a group of newly arrived products is 

sorted before being returned to the warehouse. Products that can 

immediately be identified as scrap enter the scrap section of the 

process. At this point a visual check was considered where products 

that could be fixed easily would be repaired right away, but a series of 

analyses led to the conclusion that under the circumstances at 

production service this would be detrimental to performance. Hence 

the visual check was not included in the process. The next step is 

perhaps the most important: the scheduling step. The team leader 

service makes a planning according to which the repairs are done. 

When scheduling has been done, the core activities take place, which 

are analyzing the failed product and repairing it. If a product is found 

to be irreparable it is scrapped. The scrap process, both from service 

and logistics perspective is also clearly defined. After a product is 

repaired it undergoes testing depending on the type of product. Finally 

the last few steps specify the logistical outflow out of production 

service. 

Figure 32: Conceptual model 
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Next, a closer look is taken at the scheduling step. The scheduling of production service takes the current 

PS IN inventory as a starting point and should result in a schedule of what products need to be serviced 

by whom. The allocation of products to service engineers is out of scope for this project. The focus here is 

to provide the order in which to service the products in PS IN. This scheduling is deliberately left as a 

manual task, albeit with an automated base layer. Because of the existence of multiple exceptions to 

regular processing it is not uncommon for service requests to come in from outside production service, 

where someone asks for the quick repair of some particular products (see section 3.5.6.). These pull 

request are allowed and will get scheduled to be serviced first if they occur. However, the majority of 

time no such requests will be present, and still production service needs to know what to work on. This is 

solved through the use of a sequencing model which allows for the ordering of PS IN products that 

facilitates push processing. In the proposed scheduling system (figure 33 below) periodically such an 

ordered list is generated. Processing is done according to the order on this list. Whenever a pull request 

comes in, this pull request gets processed after which the regular ‘push’ processing continues. Through 

this mechanism the scheduling is able to flexibly deal with pull requests while still ensuring that there can 

always be processed due to the push layer. 

 

Figure 33: Production service scheduling system 

The sequencing model can be described very easily, as it is simply a priority rule which is used to order 

the PS IN products. The question which rule is the best in the production service situation actually has 

two answers. The academic answer is that VALPT is the best rule, given the circumstances of production 

service and the strategic goals that have been set. However, the practical answer is that VALUE is the 

best rule, which is also the one recommended to use for AME. This is because this rule does not have the 

best performance, but has much better usability in terms of system implementation at AME. This 

increased usability for AME outweighs the slightly lower performance it has. 

Implementation of the described final models should have a number of positive implications for AME’s 

production service department. First of all, with the new models once capacity is allocated, production 

service is able to work effectively and efficiently. This was the core goal of the project. Furthermore, the 

new systems are flexible and can easily deal with newly introduced products or unexpected exceptions 

due to the interplay of the models and the scheduling system. This makes the proposed solution not just 

suitable for the near term, but should also make it a durable solution which can be used for the long term 

by AME. Finally the proposed practical solution (VALUE instead of VALPT) is possible to be 

implemented in AME’s information systems, making it possible to have it up and running relatively fast. 
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6.3. Most important findings 
The following section gives an overview of the most important findings that resulted from the various 

analyses that were conducted throughout the project. More specifically, the visual check analysis and the 

three sets of priority rule analyses are discussed.  

In production service, including a visual check degrades system performance. 

The visual check analysis consisted of three subsequent analysis steps with increasing complexity. A 

numerical analysis proved that it depends on the percentage of easy products whether a situation with or 

without visual check leads to a better performance. A basic simulation reiterated this result, and along 

with it dependencies were found on the time it takes to visually check and the service times. A detailed 

simulation with the full simulation model finally showed that in the system under consideration the 

evidence points clearly towards it being better to not include a visual check. The main insight that came 

from this analyses was that a tradeoff exists with a visual check between the performance gains on the 

average make span of products and the performance loss due to redundant work on difficult products. In 

the outcome of this tradeoff the percentage of easy products appeared to be the most influential factor.  

Value-based priority rules outperform SPT on value-in-system performance but at the cost of 

underperformance on amount-in-system. 

When comparing benchmark rule candidates VALUE, VALPT and SPT on amount, value and time 

performance metrics a number of expected effects were observed. Hence a few conclusions can be drawn 

about the inherent tradeoffs that the different rules make. The rules with a value component do well on 

the value metric but at the cost of some performance loss on the amount of products. The opposite is 

observed with SPT, where amount performance is good but value performance stays behind. Performance 

on the time metric was found to depend on whether a rule had a service time component in its input, as 

both VALPT and SPT outperformed VALUE. The presence of a backlog did not change the relative 

performances of rules, but did magnify the results. Furthermore it was demonstrated that in the backlog 

situation the results on the time metric were severely biased due to censored data. 

The performance loss from child disease detection rules implementation outweighs the possible benefits. 

From the child disease detection rule evaluation it was found that the child disease detection rules, LIFO 

and BATCH, showed the same tradeoff as SPT did, with outperformance of VALPT on amount but 

underperformance on value. This underperformance on value was found to be significant and of a rather 

big size. The implication of this is that the suggested benefits they could have from child disease detection 

ought to be big in order to overcome the performance gap on value. Should another metric be considered 

to be important though usage of these rules might be a better option.   

Inclusion of inventory data into prioritization looks promising on multiple performance measures. 

The approach of including demand and inventory information in rules and performance metrics provided 

some interesting results. Again the tradeoff was observed that better amount performance comes at the 

cost of lower value performance, now shown with the MSTREQ rule. The LINV rule, an extension of 

VALPT with an inventory component, showed great promise. It achieved a much lower average finished 

goods inventory with only a small sacrifice in value performance. Meanwhile it also outperforms VALPT 

on the amount metric. The percentage of demand fulfilled by production service was found to not change 

very much with a change in priority rule.  
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6.4. Recommendations 
Based on the findings from this research and design project a number of recommendations can be made. 

Some general recommendations on the use of priority rules are first provided, followed by a specification 

of the recommendations for AME production service in particular. 

In general the recommendation based on the simulation analyses is to use the VALPT rule to optimize the 

value in the system in a situation similar to the one under investigation here. However, this does require 

both value and processing time information to be available as input, which can often be problematic. If 

only value data is available the VALUE rule provides a very good alternative to VALPT, as it is only 

close behind on all performance metrics but can be implemented with solely data on product value. 

Should one have processing time data available and want to minimize the amount of products in the 

system instead of the value, then the recommendation is to implement the SPT rule, as is consistent with 

prior research. Should minimization of finished goods inventory be the primary concern then a system 

approach with the LINV extension of the VALPT rule can be a good alternative to consider. 

For AME the second case of the ones described above matches the situation at hand. Therefore the advice 

for the sequencing in AME’s production service department is to use the VALUE rule, which provides a 

performance close to that of the optimal rule but with much easier implementation. Furthermore it is 

recommended that the production service department will execute the process as described in the updated 

process model flowchart, as this is a tailor-made solution that should bring the desired structure to the 

process. An important note is the advice to make sure the input and output part of the described process 

are followed carefully, as these are sections where deviations can easily be made which are the cause of 

significant discrepancies between different information systems (SAP and OBA). As far as scheduling is 

concerned the recommendation is to use the proposed scheduling system that balances push processing 

with priority pull requests. The priority rule recommended above should then serve as the underlying push 

model in this scheduling system. 

6.5. Suggestions for further research 
During the execution and following the results of this research and design project a number of suggestions 

for further research have been identified. First of all two general research topics arise when the existing 

system under investigation is slightly changed or extended. 

- Relax the assumption that all servers are equal. With differentiated servers the experience of 

service engineers can be taken into account into the model. The simulation model could be 

updated such that different service engineers are defined and planned to service specific product. 

Differentiation in service engineers would probably be primarily done on productivity. Such a 

relaxation of a crucial assumption could provide several new avenues of research. One could for 

instance investigate priority rules that match particular engineers to particular products or product 

types. Another interesting element would be to link productivities to a learning curve when a 

service engineer gets experienced on a particular product.   

- Deadlines: The inclusion of self-imposed deadlines into the system would be another way to 

allow multiple further research options. The first thing that could be investigated would be the 

procedure taken to set the deadlines, which could lead to some interesting experiments. With such 

deadlines in place, the performance of a wide range of due-date based priority rules such as EDD 

(Earliest Due Date), CR (critical ratio), and SLACK can be evaluated. 

The next two suggestions for further research are the direct continuation of the early conceptual research 

that has been done in sections 5.4. and 5.5. of this thesis. It involves the further exploration of taking a 
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high-level approach, where a larger part of the supply chain is considered, i.e. the things that happen 

before and after production service: 

- Before: A full analysis could be done on the dynamics between certain priority rules that focus on 

child disease detection and the influence they have on failure rates. Such a research could look 

into the hypothesized feedback loop between production service and production. If the fast repair 

of new product indeed has a provable effect on failure rates it can be tested whether this makes 

the implementation of certain priority rules, like LIFO or BATCH, worth the sub-optimality in 

value performance. 

- After: On the other side of production service a full analysis of the dynamics around inventory 

and demand integration could be done. Especially the extension of the benchmark rule with an 

inventory aspect, through the LINV rule, showed promising results. A detailed analysis of this 

with demand and inventory values from practice could lead to interesting insights and possible 

improvements to the supply chain as a whole. 

Finally a last very practical suggestion for further research exists, which is recommended to be done. 

- Monitor changes: When keeping a close look on the system after the recommended changes 

have been implemented will give very good insights into the model’s performance in action. It 

will be interesting to see what the effects are on the PS IN stock, and how varying capacity 

changes the growth or reduction of the backlog. This could possibly lead to small changes to 

further optimize the proposed system.   
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Appendices 
 

Appendix A: Interview questions production service process 
 

Interview form Production Service process 

1. General information 

Name of respondent: _________________________________________________________  

Job Title:  __________________ Experience:  _________________________ 

Department/team: __________________ Interview date: _________________________ 

2. Regular current process 

Q2.1. How is it planned what items to do for PS? (fixed order/planning period) 

Q2.2. What are the steps in the actual service part of the PS? 

Q2.3. What documentation do you need to fill in? 

Q2.4. What interactions do you have with the information systems (SAP/OBA/other?) during service. 

Q2.4.1. Who moves items from PS IN to PS OUT in OBA? (and when?) What happens (by who) after 

 PS OUT?  

Q2.5. Do multiple products of same PN get serviced in succession? 

Q2.6. What testing is done after production service has been done? 

Q2.7. What happens when a product has been repaired? 

Q2.8. What happens when a product cannot be repaired? 

Q2.9. Are there other outcomes than repaired or not repaired? 

3. Exceptions in current process 

Q3.1. Do you get directly approached for Production Service? (outside of regular schedule) 

[    ] Yes  [    ] No 

Q3.1.1. Who approaches PS directly? 

Q3.1.2. Why is PS approached directly? 

Q3.1.3. How often does it happen that PS gets approached directly?  

Q3.1.4. How is this currently dealt with? (planning-wise) 

Q3.2. Are there any other exceptions on the regular current process? 
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4. Quantitative information 

Q4.1. How big are the differences in service time?  

Q4.2. Can service times be (somewhat) predicted in advance?  If yes, based on what? 

Q4.3. How many products that enter the production service process are repairable? (%) 

5. Other concerns 

Q5.1. How do you check if a product needs to be upgraded and can be upgraded? 

Q5.2. Can the Service Engineer identify if the defect was caused by a production issue? What is done 

 if a production issue is found?  

Q5.3. Are any products rejected before being serviced? Why? By who? How often? 

6. Improvement 

Q6.1. Do you think a two-step approach (like in CS) of analysis and then repair is a good idea for PS? 

Q6.2. Do you have any ideas how the PS process can/should be improved? 

7. Other 

Q7.1. Are there other important aspects to the PS process we did not yet discuss? 

Room for further comments: 

  



86 
 

Appendix B: Modeling symbol legend 
 

Symbol Description 
 

 

Begin / End 

 

 

Process step (responsible employee) 

 

 

Composite process step 

 

 

Decision 

 

 

Physical product(s) 

 

 

Data 

 

 

Archived document 
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Appendix C: Basic visual check simulation results 
 

 

 

 

 

 

Outer horizontal axis: Repair time difficult products (minutes) 

Outer vertical axis: Repair time difficult products (minutes) 

Inner horizontal axis: Percentage easy products (decimal percentages) 

Inner vertical axis: Visual check time (minutes)



88 
 

Appendix D: Enlarged updated process 
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Appendix E: Further graphs data analysis 
This appendix contains a collection of non-essential graphs that can be used for further elaboration. 

Appendix E1: Monthly arrival analysis 

 

Appendix E2: Intra-weekly arrival analysis 
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Appendix E3: Working day vs. weekend batch sizes 

 

Appendix E4: Percentages batch size after 2012 vs. all 
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Appendix E5: Customer specific batch size distribution 
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Appendix E6: Empirical vs. optimized log-series distributions per customer 
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Appendix F: Pseudo-code simulation model 

 

Appendix F1: Pseudo-code input file generation 

 

1. ## Initialize parameters and DataFrames 

2. initialize parameters (simulation length, poisson base, poisson growth) 

3. initialize product information DataFrame (probabilities, log series parameters, values) 

4. create empty arrivals DataFrame 

5. ## Run input simulation 

6. for loop over simulation length: 

7.   simulate batch amount 

8.   for loop over batch amount: 

9.    simulate product type 

10.    look up matching product value 

11.    simulate batch size (based on product-specific parameter) 

12.    fill in specified batch arrival (product, size, day, value) in arrivals DataFrame 

13. save arrivals DataFrame for use in processing simulation 

 

Appendix F2: Pseudo-code process simulation 

 

1. ## Parameter setting 

2. Initialize variable parameters (priority rule, staff amount, simulation length, backlog length) 

3. Initialize fixed parameters (processing times, trolley capacity, scrap percentage, etc.) 

4. ## Data storage initialization 

5. Initialize monitoring variables (amount_in_system, value_in_system, PS_IN_amount) = 0 

6. Create product information DataFrame (index and processing time inputs) 

7. Create empty DataFrames (inventory points, output, monitoring table) 
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8. ## Simulation execution 

9. Read saved input file 

10. for loop over simulation length: 

11.   if new week started: 

12.    calculate new priority list 

13.   if new year started: 

14.    increase amount of allocated staff 

15.   if trolley is full: 

16.    sort trolley content and move to PS IN 

17.    scrap products (based on set scrap percentage) 

18.    if sorting is done and time is left in the day: 

19.     if backlog waiting period is over: 

20.      process until time in day is over 

21.    else (if trolley is not full yet): 

22.    if backlog waiting period is over: 

23.     process products until time in day is over 

24.   simulate daily new arrivals 

25.   update time in system variables 

26.   fill in monitoring variables for that day 

27. summarize and display results (after entire period has been simulated) 
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Appendix G: Full results simulations 
 

Appendix G1: Results benchmark model no backlog 

  

Absolute values % Difference from best

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

1 Amount Mean 949,756 909,171 786,139 1 Amount Mean -20,81% -15,65% 0,00%

Variance 61543,8 55848,87 38316,67 Variance

Value Mean 18926,25 18622,67 20720,26 Value Mean -1,63% 0,00% -11,26%

Variance 20523346 19764170 27636032 Variance

Time Mean 10,404 10,087 10,276 Time Mean -3,14% 0,00% -1,87%

Variance 35,887 27,888 31,944 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

2 Amount Mean 1081,942 972,85 820,602 2 Amount Mean -31,85% -18,55% 0,00%

Variance 299766 160988,3 88381,26 Variance

Value Mean 20094,78 19071,88 22353,82 Value Mean -5,36% 0,00% -17,21%

Variance 64335702 45212575 1,12E+08 Variance

Time Mean 11,86 10,603 11,407 Time Mean -11,86% 0,00% -7,58%

Variance 173,332 58,611 143,035 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

3 Amount Mean 1205,291 1088,266 854,906 3 Amount Mean -40,99% -27,30% 0,00%

Variance 442312,7 251240 110723,3 Variance

Value Mean 21287,43 20372,16 25083,53 Value Mean -4,49% 0,00% -23,13%

Variance 69637312 50254751 1,89E+08 Variance

Time Mean 10,797 10,67 10,292 Time Mean -4,91% -3,67% 0,00%

Variance 69,921 90,012 47,627 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

4 Amount Mean 1148,971 1136,841 885,87 4 Amount Mean -29,70% -28,33% 0,00%

Variance 206405,7 231247,5 77054,99 Variance

Value Mean 21141,91 21074,48 24828,33 Value Mean -0,32% 0,00% -17,81%

Variance 44663543 46688924 1,03E+08 Variance

Time Mean 11,445 11,05 11,723 Time Mean -3,57% 0,00% -6,09%

Variance 126,111 108,521 135,101 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

5 Amount Mean 955,85 917,601 774,858 5 Amount Mean -23,36% -18,42% 0,00%

Variance 66532,91 54566,96 36920,26 Variance

Value Mean 18621,17 18312,24 20074,78 Value Mean -1,69% 0,00% -9,62%

Variance 21182371 19409712 24725061 Variance

Time Mean 10,22 9,791 9,867 Time Mean -4,38% 0,00% -0,78%

Variance 37,141 26,967 27,063 Variance

Mean VALUE VALPT SPT Mean VALUE VALPT SPT

Amount Mean 1068,362 1004,946 824,475 Amount Mean -29,58% -21,89% 0,00%

S.D. 102,1353 91,83754 41,57376 Variance

Value Mean 20014,31 19490,69 22612,14 Value Mean -2,69% 0,00% -16,02%

S.D. 1097,59 1058,583 2054,429 Variance

Time Mean 10,9452 10,4402 10,713 Time Mean -4,84% 0,00% -2,61%

S.D. 0,620876 0,446627 0,719119 Variance
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Appendix G2: Results benchmark model backlog 

 

 

 

  

Absolute values % Difference from best

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

1 Amount Mean 14150,57 13129,96 7246,673 1 Amount Mean -95,27% -81,19% 0,00%

Variance 8672270 7674101 17620879 Variance

Value Mean 203779 197383,1 260126,2 Value Mean -3,24% 0,00% -31,79%

Variance 6,47E+09 6,76E+09 5,74E+09 Variance

Time Mean 93,058 89,186 98,4084 Time Mean -4,34% 0,00% -10,34%

Variance 24893,76 22416,79 25789,25 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

2 Amount Mean 13071,92 12322,39 7019,484 2 Amount Mean -86,22% -75,55% 0,00%

Variance 9947267 8679474 18435040 Variance

Value Mean 187296,3 181976,6 243786,3 Value Mean -2,92% 0,00% -33,97%

Variance 7,31E+09 7,23E+09 5,55E+09 Variance

Time Mean 84,064 79,15 96,121 Time Mean -6,21% 0,00% -21,44%

Variance 22190,03 18372,66 25417,54 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

3 Amount Mean 15298,79 14260,66 7813,424 3 Amount Mean -95,80% -82,51% 0,00%

Variance 4820152 3646486 16607812 Variance

Value Mean 216161,9 208657 288593,4 Value Mean -3,60% 0,00% -38,31%

Variance 5,84E+09 5,83E+09 2,39E+09 Variance

Time Mean 78,32 79,16 89,23 Time Mean 0,00% -1,07% -13,93%

Variance 20111,64 21929,07 25252,73 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

4 Amount Mean 19151,69 17184,72 9651,409 4 Amount Mean -98,43% -78,05% 0,00%

Variance 11537332 6164435 9957099 Variance

Value Mean 268552,4 252014,2 348469,7 Value Mean -6,56% 0,00% -38,27%

Variance 2,88E+09 3,47E+09 2,07E+09 Variance

Time Mean 96,9334 96,206 99,797 Time Mean -0,76% 0,00% -3,73%

Variance 28242,02 27950,58 29492,17 Variance

Dataset: VALUE VALPT SPT Dataset: VALUE VALPT SPT

5 Amount Mean 14622,42 14105,35 7631,774 5 Amount Mean -91,60% -84,82% 0,00%

Variance 7512237 5496491 14502561 Variance

Value Mean 204902,9 204192,7 275830,3 Value Mean -0,35% 0,00% -35,08%

Variance 5,49E+09 5,16E+09 2,97E+09 Variance

Time Mean 84,695 82,821 97,828 Time Mean -2,26% 0,00% -18,12%

Variance 20144,4 20046,03 29245,41 Variance

Mean VALUE VALPT SPT Mean: VALUE VALPT SPT

Amount Mean 15259,08 14200,62 7872,553 Amount Mean -93,83% -80,38% 0,00%

S.D. 2077,104 1648,734 932,2287 Variance

Value Mean 216138,5 208844,7 283361,2 Value Mean -3,49% 0,00% -35,68%

S.D. 27777,99 23403,16 35858,74 Variance

Time Mean 87,41408 85,3046 96,27688 Time Mean -2,47% 0,00% -12,86%

S.D. 6,690142 6,568246 3,715465 Variance
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Appendix G3: Graphs benchmark model backlog 

Horizontal axes: Time (days) Vertical axes: Value (€) or Amount (# of products) 
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Appendix G4: Results Child Disease Detection rules backlog 

 

 

 

 

 

 

Absolute values % Difference from best

Dataset: LIFO VALPT BATCH Dataset: VALUE VALPT SPT

1 Amount Mean 10594,31 13129,96 9398,014 1 Amount Mean 19,31% 0,00% 28,42%

Variance 12320656 7674101 13987188 Variance

Value Mean 242651,7 197383,1 258085,5 Value Mean -22,93% 0,00% -30,75%

Variance 6,01E+09 6,76E+09 6,09E+09 Variance

Time Mean 74,276 89,186 196,826 Time Mean 16,72% 0,00% -120,69%

Variance 33967,96 22416,79 59831,44 Variance

Dataset: LIFO VALPT BATCH Dataset: VALUE VALPT SPT

2 Amount Mean 9794,632 12322,39 8467,497 2 Amount Mean 20,51% 0,00% 31,28%

Variance 14132440 8679474 15518105 Variance

Value Mean 219647,2 181976,6 225611,5 Value Mean -20,70% 0,00% -23,98%

Variance 6,55E+09 7,23E+09 6,83E+09 Variance

Time Mean 75,857 79,15 187,963 Time Mean 4,16% 0,00% -137,48%

Variance 32221,78 18372,66 56602,25 Variance

Dataset: LIFO VALPT BATCH Dataset: VALUE VALPT SPT

3 Amount Mean 19781,22 14260,66 9552,43 3 Amount Mean -38,71% 0,00% 33,02%

Variance 11059810 3646486 13790741 Variance

Value Mean 241355,5 208657 260081,8 Value Mean -15,67% 0,00% -24,65%

Variance 5,48E+09 5,83E+09 4,67E+09 Variance

Time Mean 54,506 79,16 143,773 Time Mean 31,14% 0,00% -81,62%

Variance 17396,39 21929,07 39925,44 Variance

Dataset: LIFO VALPT BATCH Dataset: VALUE VALPT SPT

4 Amount Mean 13602,03 17184,72 11266,57 4 Amount Mean 20,85% 0,00% 34,44%

Variance 5255365 6164435 8828965 Variance

Value Mean 305025 252014,2 310020,9 Value Mean -21,03% 0,00% -23,02%

Variance 2,8E+09 3,47E+09 2,92E+09 Variance

Time Mean 53,742 96,206 184,885 Time Mean 44,14% 0,00% -92,18%

Variance 20944,61 27950,58 56372,96 Variance

Dataset: LIFO VALPT BATCH Dataset: VALUE VALPT SPT

5 Amount Mean 10818,32 14105,35 9615,027 5 Amount Mean 23,30% 0,00% 31,83%

Variance 9636058 5496491 11668763 Variance

Value Mean 239593,7 204192,7 259443,9 Value Mean -17,34% 0,00% -27,06%

Variance 4,8E+09 5,16E+09 4,61E+09 Variance

Time Mean 62,649 82,821 171,535 Time Mean 24,36% 0,00% -107,12%

Variance 23846,93 20046,03 50666,97 Variance

Mean LIFO VALPT BATCH Mean: VALUE VALPT SPT

Amount Mean 12918,1 14200,62 9659,907 Amount Mean 9,03% 0,00% 31,98%

S.D. 3664,294 1648,734 903,9198 Variance

Value Mean 249654,6 208844,7 262648,7 Value Mean -19,54% 0,00% -25,76%

S.D. 28932,54 23403,16 27031,69 Variance

Time Mean 64,206 85,3046 176,9964 Time Mean 24,73% 0,00% -107,49%

S.D. 9,41446 6,568246 18,48962 Variance

 
LIFO-VALPT VALPT-BATCH LIFO-BATCH 

Amount 0.000089 0.000157 0.001357 

Value 0.000192 0.000027 0.007322 

    

 
LIFO-VALPT VALPT-BATCH LIFO-BATCH 

Amount *** *** *** 

Value *** *** *** 

benchmark 
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Appendix G5: Graphs Child Disease Detection rules backlog 

Horizontal axes: Time (days) Vertical axes: Value (€) or Amount (# of products) 
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Appendix G6: Results Demand & Inventory rules no backlog 

 

Absolute values % Difference from VALPT

Dataset: MSTREQ VALPT LINV Dataset: MSTREQ VALPT LINV

1 Amount Mean 821,622 907,943 890,023 1 Amount Mean 9,51% 0,00% 1,97%

Variance 41992,63 64003,24 46367,51 Variance

Value Mean 20283,6 18607,41 19213,25 Value Mean -9,01% 0,00% -3,26%

Variance 24314764 21255486 21714005 Variance

Time Mean 10,625 10,051 9,983 Time Mean -5,71% 0,00% 0,68%

Variance 31,61 28,43 17,509 Variance

Inventory Mean 546,968 600,103 473,637 Inventory Mean 8,85% 0,00% 21,07%

% Demand 0,7202 0,7199 0,7205 % Demand Mean -0,04% 0,00% -0,08%

Dataset: MSTREQ VALPT LINV Dataset: MSTREQ VALPT LINV

2 Amount Mean 901,304 1025,687 1005,7 2 Amount Mean 12,13% 0,00% 1,95%

Variance 130140,2 245952,2 226658,1 Variance

Value Mean 23849,76 19584,23 21079,93 Value Mean -21,78% 0,00% -7,64%

Variance 1,53E+08 57476849 96428919 Variance

Time Mean 12,764 11,114 11,265 Time Mean -14,85% 0,00% -1,36%

Variance 217,842 121,885 62,513 Variance

Inventory Mean 663,019 717,804 567,322 Inventory Mean 7,63% 0,00% 20,96%

% Demand 0,7204 0,7156 0,7202 % Demand Mean -0,67% 0,00% -0,64%

Dataset: MSTREQ VALPT LINV Dataset: MSTREQ VALPT LINV

3 Amount Mean 890,148 1133,22 1042,719 3 Amount Mean 21,45% 0,00% 7,99%

Variance 100508,7 376447,3 235061,9 Variance

Value Mean 24243,53 20765,48 21714,84 Value Mean -16,75% 0,00% -4,57%

Variance 1,35E+08 66481229 78756502 Variance

Time Mean 11,08 10,294 10,939 Time Mean -7,64% 0,00% -6,27%

Variance 85,799 56,573 37,761 Variance

Inventory Mean 620,496 670,239 564,047 Inventory Mean 7,42% 0,00% 15,84%

% Demand 0,7349 0,7254 0,7326 % Demand Mean -1,31% 0,00% -0,99%

Dataset: MSTREQ VALPT LINV Dataset: MSTREQ VALPT LINV

4 Amount Mean 960,12 1191,364 1106,467 4 Amount Mean 19,41% 0,00% 7,13%

Variance 106475,4 308070,4 187546,6 Variance

Value Mean 25280,92 21681,12 22183,82 Value Mean -16,60% 0,00% -2,32%

Variance 1,12E+08 57285770 60871795 Variance

Time Mean 12,715 11,512 10,974 Time Mean -10,45% 0,00% 4,67%

Variance 161,17 148,354 50,617 Variance

Inventory Mean 832,042 972,813 656,29 Inventory Mean 14,47% 0,00% 32,54%

% Demand 0,7695 0,7633 0,7703 % Demand Mean -0,81% 0,00% -0,92%

Dataset: MSTREQ VALPT LINV Dataset: MSTREQ VALPT LINV

5 Amount Mean 835,933 922,741 909,649 5 Amount Mean 9,41% 0,00% 1,42%

Variance 46282,17 56846,12 57076,97 Variance

Value Mean 20825,99 18373,79 18908,62 Value Mean -13,35% 0,00% -2,91%

Variance 28714338 20077540 22613710 Variance

Time Mean 10,668 9,831 9,915 Time Mean -8,51% 0,00% -0,85%

Variance 37,482 28,196 20,641 Variance

Inventory Mean 648,587 641,462 552,331 Inventory Mean -1,11% 0,00% 13,89%

% Demand 0,7324 0,7323 0,7335 % Demand Mean -0,01% 0,00% -0,16%

Mean MSTREQ VALPT LINV Mean MSTREQ VALPT LINV

Amount Mean 881,8254 1036,191 990,9116 Amount Mean 14,90% 0,00% 4,37%

S.D. 49,61711 112,1803 81,28699 Variance

Value Mean 22896,76 19802,41 20620,09 Value Mean -15,63% 0,00% -4,13%

S.D. 1976,002 1262,825 1323,897 Variance

Time Mean 11,5704 10,5604 10,6152 Time Mean -9,56% 0,00% -0,52%

S.D. 0,967821 0,644127 0,556018 Variance

Inventory Mean 662,2224 720,4842 562,7254 Inventory Mean 8,09% 0,00% 21,90%

% Demand 0,73548 0,7313 0,73542 % Demand Mean -0,57% 0,00% -0,56%


