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Abstract 

Manufacturing companies with assemblies face uncertainty regarding the availability of the 

components which are to be assembled. This is especially valid for lean manufacturing 

environments where safety stocks are kept at a minimum. This uncertainty is caused by 

exceptions in the inbound logistics of the required components. An exception means that there 

is an unexpected deviation of the flow of material towards the assembly. This report describes 

a concept for a decision support tool which aids in the exception handling process. More 

specifically, this tool would provide a real-time quantification of an occurring exception and 

advices on mitigating action based on the specific characteristics of this exception. The tool 

was verified and validated based on randomly generated event simulations and real event 

simulations at the case study company. In the real event simulations, the exception 

quantification and choice for mitigating action were compared between the relevant employee 

and the tool.  
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Management Summary 

In this master thesis report, empirical research was conducted towards the discovery and 

characterization of the complete exception handling process for inbound logistics. Also, a 

concept for a decision support tool aiding relevant employees in this process was developed. 

A case study was conducted at a company within the high-tech, large-scale, manufacturing 

industry. For the remainder of this paper, the fictional name of TC will be used to refer to this 

company because the actual name cannot be disclosed for confidentiality reasons. 

TC faces exceptions in their inbound logistics on a daily basis. These exceptions possibly 

result in direct or indirect material shortages which cause production disruptions, production 

delays, additional work hours, delivery performance decreases, and costly mitigating action. 

In the AS-IS situation, the exception handling process within TC relies heavily on manual 

processes and employee-dependent calculations and decisions. The data which is required in 

the exception handling process is stored in several different databases. This report provided 

insight into the quantity, characteristics, and cost related to exceptions within TC. 

A concept for a decision support tool was developed which reduced employee time allocated 

to the exception handling process and aimed to increase the quality and speed of decision 

making regarding mitigating action against exceptions.   
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1 Introduction 

This Master thesis was written as part of the author’s Master thesis graduation project 

at the Eindhoven University of Technology (TU/e) to complete the Master ‘Operations 

Management & Logistics’. The project was partly executed at an organization within the 

large-scale, high-tech, manufacturing industry, due to confidentiality throughout the report 

referred to as TC.  

1.1 Supervising Company Introduction - TC 

TC is a multi-plant, multi-site production company, where both manufacturing and 

assembly processes take place to produce three main types of large and expensive products. 

These products are highly customizable, allowing TC to adapt to specific market demands. A 

schematic overview of the production facilities and their material flows can be seen in Figure 

1. The key area of interest, the final assembly, is also indicated in this figure by the black 

rectangle. Production unit (PU) A and Assembly A are located within the same factory, so 

lead-time between these is short, the same goes for PU B and Assembly B and PU C and 

Assembly C. PU X is a separate production unit that supplies to all assemblies. In addition, a 

significant amount of components are delivered by external suppliers. Eventually, all 

components are supplied to the final assembly were everything is assembled into one product.  

TC follows a make-to-order approach and shortages of material are always 

backordered. The most important performance indicator is the delivery reliability towards the 

final customer, while at the same time keeping operating costs at a minimum. Universal 

characteristics which match those of TC are;  

• Multi-site manufacturing 

• External supply 

• Line assembly  

• Make-To-Order 

• Lean manufacturing    
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1.2 Problem statement 

The problem as identified within TC is that they face unavailable or delayed material 

due to exceptions in the inbound logistics of their production and assembly units, causing 

production disruptions, production delays, additional work hours, delivery performance 

decreases, and costly mitigating action. The inbound logistics of a production company 

consists of receiving, storing, and transporting incoming goods for use. An exception in the 

inbound logistics refers to an unplanned change in the flow of material towards production, 

possibly resulting in a material shortage. Because assembly in TC is done according to make-

to-order, all necessary components are ordered within sufficient time. Therefore, all situations 

in which there is a material shortage result from deviations in the planned flow of materials 

(exceptions).  

All components which are inbound to any of the production or assembly units face a 

risk on exceptions. Some components face more exception risk than others, depending on the 

reliability of the specific supplier and risk factors related to the component itself (e.g. 

vulnerability to damage during handling and ERP inventory level reliability). If an exception 

occurs, this always results in a decrease of the inventory level either now or expected in the 

future. This does not necessarily cause a problem, only when the exception reduces the 

inventory so much that a material shortage occurs either instantly (direct material shortage) or 

is expected in the future (indirect material shortage).  

PU X

PU A

PU B

PU C Assembly C

Assembly B

Assembly A

Final Assembly

External Suppliers 

 

Figure 1. Simplified schematic of production units, assemblies, external suppliers, and material flows. 
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2 Research Assignment 

This chapter describes the research assignment which served as the foundation of the 

Master Thesis Project. Section 2.1 introduces the concise findings from a broad literature 

review that was performed by the author (Maenen, 2019). Initial thoughts on solution 

possibilities are indicated in Section 2.2. In section 2.3 the goal of the assignment in this 

thesis is described. Section 2.4 provides specific deliverables for the research assignment.  

Lastly, Section 2.5 explains the methodology which was used to conduct this research 

assignment. 

2.1 Literature Review 

Exceptions in inbound logistics are widely present in production companies (Wagner, 

Burggräf, Dannapfel, & Fölling, 2017). Especially for companies that strive for perfect 

(100%) delivery reliability, exceptions are important to address because of their negative 

effect on throughput time variability. The reason why adequate exception handling is so 

important is because an exception could have a high impact on the operating cost. The highest 

cost will be incurred when a part is not available at the planned time of use, causing either a 

delay in the production process and/or rework time. Especially in larger production facilities, 

the impact of a production delay will be significant (idle operator work hours, loss of 

production). It is also important to consider that mitigating actions including special delivery 

and material re-planning are costly matters. If an exception occurs more frequently, this 

repeated exception occurrence is likely incorporated in the safety stock resulting in higher 

inventory costs. 

On a strategic level, ways towards disruption mitigation management in the supply 

chain i.e. multiple sourcing and SC design have been thoroughly researched. On a tactical 

level, pro-active and re-active mitigation methods consist of keeping safety stock, an 

exception management system, planning under risk, manufacturing postponement, capacity 

restoration, and transportation re-planning. With these methods, literature has provided a 

broad set of mitigating actions against disruptions. Limited research was available on the 

mitigation of exceptions (the causes of disruptions), this could be explained by the fact that an 

exception by itself is not harmful to operations, but the resulting disruption is. However, 
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managing exceptions does result in additional work hours and costs related to mitigating 

action.  

2.1.1 Literature Gap. In search of a paper which provides a full solution to TC’s 

problem, it was concluded that such a solution is not present in literature. An integrated 

solution that reviews exceptions and the corresponding mitigating actions should increase the 

efficiency of the review process and could increase the effectiveness and/or efficiency of 

possible mitigating actions. In addition, an integrated solution provides insight into the total 

number of exceptions and costs related to exceptions and their mitigation on a detailed level.  

2.2 Solution possibilities 

A universal solution to eliminate all occurring exceptions in inbound logistics is not 

possible because most of them happen outside our control. However, designing a solution that 

mitigates the impact of these exceptions should be possible. A proactive stance or a reactive 

stance could be taken. Proactive strategies include measures that are taken beforehand to 

mitigate the impact of an exception when it occurs, i.e. safety stock. Reactive strategies 

include measures that are executed after an exception has occurred to mitigate their impact, 

i.e. re-planning assembly sequence based on updated information on part availability. 

2.3 Assignment 

This assignment aims to develop a decision support tool that aids relevant personnel in 

their decision making after an exception has occurred. Due to time constraints, the scope was 

limited to the final assembly. This means in the specific case of TC that their PU’s and lower-

tier assemblies are treated the same as their external suppliers. Because the final assembly is 

the last part of a manufacturing process there is usually little flexibility to solve any occurring 

problems. Moreover, jobs hold the highest amount of capital in the final assembly, causing 

any production delays to be most costly in this stage in terms of holding costs.  

2.4 Deliverables  

To justify and develop the decision support tool we provide the reader with several 

deliverables. To justify the development of the tool we have to identify the scale of the 

problem, this step relates to the deliverable in Section 2.4.1. To develop the tool, we need to 

know which information is needed by the user to make an informed decision, this step relates 
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to the deliverable in Section 2.4.2. This information is then presented back to the user through 

an information dashboard, this step relates to the deliverable in Section 2.4.3.  Lastly, the tool 

should give advice on which mitigating action to perform, this relates to the deliverable in 

Section 2.4.4. 

2.4.1 Deliverable 1, number of exceptions and their impact. To assess the scale of 

the problem within TC we should find the number of scenarios of occurring exceptions. In 

addition, we need to know the impact of these exceptions in terms of costs and other possible 

effects.  

2.4.2 Deliverable 2, required information. We need to know which information is 

needed to make an approximation of the possible impact of an exception. In addition, we need 

to know the situational aspects which affect decision making once we know the impact of the 

specific exception. These variables should be collected in real-time from TC's information 

system. 

2.4.3 Deliverable 3, information dashboard. All relevant information should be 

presented in an information dashboard that is accessible by all employees. This dashboard 

will be read-only and it will present the relevant variables from deliverable 2.   

2.4.4 Deliverable 4, decision-making method. Now that all necessary information 

is known the tool goes one step further and advices on which mitigating action to perform. It 

should be able to make a decision based on the specific business strategy of the user.   

2.5 Methodology 

The research followed the Van Aken, Berends, & Van der Bij (2012) problem-solving 

cycle. Based on this cycle, several research steps were formulated which are visualized in 

Figure 2.  

 

Figure 2. Research steps. 

1. 
Literature 

review

2.
Research 
proposal

3.
Data 

collection

4.
Data 

analysis

5.
Solution 
design

6.
Case 

validation
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1. A literature review regarding exception and disruption management was conducted to 

provide the scientific foundation of this thesis.  

2. The research proposal was subjected to the requirements of both TC and the TU/e. 

These requirements were mostly collected during the literature review, introductory 

interviews with relevant personnel of TC, and TU/e mentor feedback.  

3. Data regarding exceptions and their impact was collected. The process of exception 

identification, documentation and mitigating actions (proactive and reactive) was first 

identified and visualized. This provided an overview of the data input moments and 

the owners of the different databases relating to exceptions within TC. Following this 

approach, all databases and their information input processes were identified, as well 

as the current mitigation strategies.   

4. After all databases regarding exceptions, disruptions, and mitigating actions were 

identified, this data was analyzed and processed into useable information. The goal 

here was to categorize exceptions and to present an overview that showed the 

frequency, causes, and costs regarding exceptions. In addition, common variables in 

exceptions that affect the outcome and possibilities of mitigating action were 

identified based on both the data as well as interviews with relevant personnel.  

5. The final design has been developed in close collaboration with the end-users. 

Multiple in-depth interviews and intermediary evaluation sessions were held with all 

stakeholders to improve the functionality of the design.  

6. The solution was tested during a case study in TC’s final assembly. The calculations 

of the tool were verified with relevant personnel according to several real-life 

scenarios.  
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3 Analysis of the Case Situation 

This section will discuss the current situation regarding exception identification, 

communication, and mitigation within TC. The context of the case situation is provided in 

Section 3.1. The process and the stakeholders are described in Section 3.2. The number of 

exceptions per category is stated in Section 3.3. And lastly, the frequency and costs of 

performed mitigating action are stated in Section 3.4. A conclusion is given regarding the 

analysis of the case situation in Section 3.5. It is important to mention that, due to scoping, 

only data for the final assembly of TC has been analyzed and all data results are based on 

TC’s final assembly throughout the report. 

3.1 Context 

In the final assembly of TC, hundreds of components both large and small in size are 

assembled in order to create one final product. Because of this large number of components, 

the nominal time needed to assemble one job amounts to 16 hours in total. The assembly 

process relies on the work of 545 production employees, dispersed over 34 teams whom each 

have their separate assembly task. The final assembly has six sequential production lines with 

a buffer between all lines and a repair station at the end, a visualization is given in Figure 3. If 

all material is available, the job will go through these lines without using the buffer stations. 

An exception to this is that 5.4% of all jobs, who do not necessarily have a material shortage, 

are placed in buffers on strategic moments to stabilize the throughput times of the assembly.  

An exception is always handled within TC, given that otherwise a line stop will 

inevitably follow which will hold until the exception is handled. The handling of an exception 

follows the process described in Section 3.2 and brings costs in terms of employee time and 

mitigating action.  

Each component faces a certain risk to exceptions in their inbound logistics, possibly 

resulting in material shortages. Because of the large number of different components used by 

TC and the risk to exceptions that every component faces, there are many occurring 

exceptions. Based on the data analysis in Section 3.3, approximately 17% of all Jobs within 

TC face an exception in their material supply. We know, based on the data, that 7% of all Jobs 

face one or more direct material shortages at the production line.  
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Figure 3. Visualization of the final assembly of TC. Jobs do not necessarily go into the buffers, only when 

requested.  

3.2 Exception Handling Process 

If an exception occurs, which is defined as an unwanted change in the planned flow of 

material towards the production process, several people within TC have to undertake action. 

Because TC is a company that has many different divisions and these divisions are dispersed 

over the large facility this poses a problem. Successful attempts have been made to record 

information about the nature of the exceptions such as the cause and the impact on the 

assembly line. However, this information is again dispersed over different databases which 

makes reviewing all necessary exception-related information a time-consuming and 



9 

 

cumbersome process. Also, some information does not travel through one of the databases but 

reaches relevant personnel through communication methods such as e-mail and telephone.    

The flow of information and the corresponding stakeholders in the exception handling 

(EH) process have been identified. Four extensive process flow charts were made in 

collaboration with many employees in the different assembly units, to obtain a more detailed 

view of the EH process. The flow chart of the final assembly can be observed in Appendix A.  

3.2.1 Differences in EH process within TC’s assembly units. An universal 

description of the exception handling process is only possible when the EH process is 

conducted similarly within the different assembly units of TC. Therefore, the EH process 

documented in the different process maps were compared. Four differences in the EH process 

were identified between the different process flow charts. These differences are summarized 

below.  

• Function titles 

• Function characteristics  

• Available and maintained databases 

• Database usage 

However, the key processes driving EH are the same in all assembly units. Meaning 

that the actions which are undertaken in the EH process are essentially the same. There are 

some differences in the availability of information technology, causing employees to rely on 

traditional communication methods more often in some assembly units.  

Given that the key processes are the same in all reviewed assembly units, the 

observations can be made based on the process map of the final assembly and then will 

continue to be true for the other assemblies. Three separate phases were identified in the EH 

process as visualized in Figure 4.  

3.2.2 Identification Phase. A material shortage is identified in this phase. This 

happens either within the assembly unit in the case of a direct physical shortage or some time 

in advance when a shortage is expected after an automatic or manual alert is received on an 

expected shortage. The automatic alerting system reviews a short horizon ahead on needed 

component quantities for production and available inventory. When the needed quantity 
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surpasses inventory in this short horizon an alert is triggered. Manual alerts come from 

external suppliers and these happen when a supplier expects that his shipment will be off-

schedule or has a deviating quantity. All alerts are processed quickly during office working 

hours but outside of these hours, TC faces a problem because production hours extend office 

hours. Other employees with a lower level of jurisdiction are then in charge to solve any 

material shortage problems.  

 

Figure 4. The three phases in the EH process. 

3.2.3 Communication & Review Phase. In this phase, many stakeholders add 

additional information. All these stakeholders need to be regularly updated on the status of the 

exception. When the information reaches a new stakeholder, this stakeholder goes through a 

review process where several variables are assessed before they either communicate the 

problem to the correct department or proceed to perform mitigating action. The 

communication & review phase, in particular, consumes a relatively large portion of time 

within the EH process and is prone to miscommunication, misjudgment, and miscalculations.   

3.2.4 Mitigating Phase. In this phase, the key processes are carried out that seek to 

mitigate or avoid the exception. At this time, it is already known what the exception is and 

how it should best be mitigated according to the specific employee in charge of the exception. 

Several mitigating strategies can be deployed. Within TC there is no standard operating 

procedure in which strategy to choose. The mitigating strategy is, once decided, fairly easily 

implemented. Several systems are in place which limits the total effort required for 

implementing a specific mitigating action. The actual carrying out of the action usually needs 

significant effort from other employees, depending on the action performed and the exception 

case. The costs related to mitigating actions can, therefore, be substantial.   

3.2.5 Conclusion. The EH process in place at TC has its strengths and weaknesses. 

The identification phase utilizes automatically generated material shortage alerts and direct 

material shortages are quickly communicated. The weaknesses are the mismatch of office 

Identification
Communication 

& Review
Mitigation
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hours and production hours causing relevant employees to be unavailable to solve any 

exceptions at times. The automatic alerting system creates many false-positive alerts, causing 

all alerts to be manually checked. The main problem in the review & communication phase is 

the inefficiency in almost all of the processes in this phase. Also, the execution of this phase is 

dependent on the experience of the specific employee(s) dealing with an exception. The 

mitigating phase is strong because all mitigating actions, once chosen, are easily and quickly 

deployed.  

3.3 Exception Quantification  

We want to know the number and causes of exceptions and their costs in terms of 

impact on the factory line. The number of exceptions tells us how often the EH process has to 

be performed and this number is also key to assess the scale of the problem. Using data 

collected by TC and the data analyzing program “Power Business Intelligence (BI)” from 

Microsoft Office, we found the quantity, causes, and costs regarding exceptions. TC keeps 

data of all exceptions which result in direct material shortages at the final assembly line, 

meaning that an employee wanted to collect a part when it simply was not available.  

Also, TC has contemporary data about all jobs with an expected material shortage. 

However, this contemporary data does not have any history so it is unknown how many 

exceptions occur that cause an expected material shortage. Trying to fill this data gap, several 

interviews with material planners within TC were held and it became clear that there are many 

daily scenarios where expected material shortages are occurring. Based on the interviews we 

concluded that there are approximately 6000 exceptions per year that cause indirect material 

shortages. The causes for exceptions leading to indirect material shortages are usually 

production problems at the suppliers. Figure 5 shows the two results of exceptions, their 

respective frequency, and their impact.  

There are several insights made with Power BI regarding exceptions causing a direct 

material shortage at the production line, based on the data set available. The reviewed period 

runs from Q2 2018 up to and including Q1 2019. A summary of the findings, regarding the 

number and variety in direct material shortages is stated below. 

• The total production delay caused by direct material shortages sums to 9 hours 

yearly. 
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• The number of jobs affected by direct material shortages sums to 6536 yearly. 

Where the main cause is a discrepancy between the inventory level in the 

information system and the physical storage.  

• There is a lot of variety in the causes of direct material shortages, this is 

displayed in Figure 6.  

• Most direct material shortages occur due to causes which allow for very little 

to no reaction time. 

 

Figure 5. The results of exceptions and the corresponding impact of these results.   

Exceptions happen on a day-to-day basis and require continuous monitoring. Every exception 

starts an EH process which requires significant employee effort. Also, exceptions leading to 

direct material shortages impact the capacity of the final assembly. Especially in times where 

TC operates with a utilization approaching 100%, these exceptions occur more frequently and 

severely impact the throughput times of production 

ImpactResultCause

Exception

Direct material 
shortage

Production 
capacity 

reduction

Idle workforce

Delay of jobs

Indirect material 
shortage

None if 
succesfully  
mitigated
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Figure 6. The variety and relative frequency of material shortage causes. 

3.4 Mitigation Quantification 

The amount and costs of mitigations that were performed in reaction to exceptions 

show the indirect costs related to exceptions. These mitigations aim to avoid the impact of the 

exceptions on the production lines, thereby maintaining throughput. The costs related to these 

mitigating actions are part of the indirect costs related to exceptions.  

 We researched the number and costs of mitigations performed to mitigate the number 

of exceptions as found in Section 3.3. Mitigating action is documented adequately within TC, 

for many mitigating methods used by TC there is a database storing information about costs 

and use scenarios. These databases where again analyzed using PowerBI. 

There are four mitigating methods in practice at TC which we discuss in the following 

Sections 3.4.1 to 3.4.4, these are; Expediting, Buffering, Manufacturing postponement, and 

Production postponement. In addition, there are several more common actions to avoid an 

exception, these are; increasing order quantity in standing orders, using externally allocated 

inventory, using compatible alternative components that have inventory. If a common action 

is viable then this action will always be preferred over a mitigating action because these have 

minimal costs and generally solve an exception completely. In Figure 7 the allocation of each 
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mitigating action is visualized. The period of time of data that was reviewed runs from Q2 

2018 up to and including Q1 2019. 

Figure 7. Overview of exceptions and mitigating actions. 

3.4.1 Expediting.  Expediting constitutes all rush deliveries which are placed at 

external suppliers to deliver a specified number of components to the final assembly. This 

implies that a component order is shipped and delivered as quickly as possible, specifically to 

avoid a material shortage. The database containing these rush deliveries is an overlapping 

database for all the assembly units. Due to the incompleteness of the data field "location" in 

this database, it is hard to identify which rush deliveries correspond to the final assembly. We 

know in part how many shipments are delivered to the inventory location of the final 

assembly and one preceding assembly unit. For the shipments to this location, we assume that 

75% is allocated to the final assembly based on its relative size. For the rush orders which 

have an empty data field regarding the location, we assume that 50% of these are for the final 

assembly, given the relative size of the assembly to the other assemblies. Based on this we 

approximate that for the final assembly of TC: 

•  621 rush orders delivered  

• €179.250,- spend on special transportation  

Action on 
Exceptions 

Common 
actions

Mitigations

Expediting Buffering
Job 

Postponement

Manufacturing 

Postponement



15 

 

3.4.2 Buffering. Buffer usage constitutes the employment of one of 4 buffer zones 

which are located between the different connected assembly lines in the final assembly. This 

means that a job is actively taken out of the process in response to a material shortage 

upstream. This allows the job to wait a certain amount of time until the missing component(s) 

have arrived and the job can continue production as planned. Utilizing a buffer is not 

desirable given the high quantity of manual labor which is needed to extract and inject a job 

within the production process. In some cases, buffer usage even results in output reduction 

and a significant amount of idle employees. This happens because the buffering of a job 

results in a gap in the line assembly. For most of the buffers, idle jobs are waiting in these 

buffers which are used to fill the created gap by buffering a job. However, in one of the 

buffers there are generally no idle jobs which causes buffering to create a remaining gap in 

the line assembly. The following insights are gathered based on the data regarding buffering: 

• 2053 jobs buffered  

• 1116 man-hours needed to buffer jobs  

• 516 man-hours related to idle workforce  

3.4.3 Manufacturing postponement. This strategy involves letting a job advance 

upstream despite it having a material shortage. This specific component is then added after the 

main assembly, which is paired with costs. The advantage is that production can proceed as 

planned and buffer usage is avoided. However, this strategy is not exercisable for all 

components because the possibility of manufacturing postponement varies per component. 

Also, the time required for executing manufacturing postponement varies per component, 

where certain components require more processing time and therefore more man-hours.  

The data shows the number of trucks that have been booked to one of the five 

manufacturing postponement stations. The data does not allow any filtering on the cause of 

the booking. Therefore, based on interviews with the supervising staff at these rework 

locations we allocate 5% of all rework jobs to material shortages. The following insights are 

made based on the data: 

• 2350 jobs reworked  

• Costs vary per component, depending on the relative ease of assembly 
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3.4.4 Job postponement. Job postponement constitutes of a schedule change, 

delaying the planned process entry time of a job with an expected material shortage. This 

schedule change also happens within the buffering strategy but there is a difference. Job 

postponement is done when a job is not in processing and buffering is done when a job is in 

processing. Job postponement can be performed either before the job entries the process or 

when the job is within one of the buffers. As explained before in Section 3.2, there is no 

historical data regarding expected material shortages. These expected shortages are what 

could lead to a production postponement strategy deployment. Based on interviews with 

relevant personnel and the fact that there are 20 jobs delayed on average, a rough estimate 

would be 3000 job postponement actions yearly.  

3.4.5 Common Actions. Common actions are treated separately from mitigating 

actions because we argue that these actions are structurally different from mitigating actions. 

We explain the types of common actions and why each of these types is considered to be 

structurally different from the mitigating actions.  

There are three types of common actions; increasing order quantity in standing orders, 

using externally allocated inventory, and using compatible alternative components that have 

inventory. Unfortunately, no database logged these actions at the time of writing this report. A 

plausible reason for this is that there are no direct costs related to performing these actions. 

Also, they generally solve an exception completely. Therefore, the preference for any of these 

actions over the mitigating actions is logical. However, these common actions are, similarly 

as the mitigating actions, not always viable.  

Increasing the order quantity in standing orders, the idea here is that an existing order 

is increased with additional components or delivered earlier to avoid a material shortage. This 

happens in agreement with the specific supplier and does not appear in the rush delivery 

database. Similarly as for expediting, a supplier can decide to charge a fee to fill an increased 

order in the short term but usually does not. We argue that this is not a standard mitigating 

action because this action is also initiated by the ERP system in place. However, the specific 

ERP system in place within TC is not allowed to alter orders within a two-week timeframe. 

Meaning that if the order quantity in a standing order needs to be increased to avoid a material 

shortage within this two-week time frame, the relevant employee has to perform this action 
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manually in negotiation with the specific supplier. Therefore, this common action can be seen 

as general inventory management as usually performed by an ERP system. 

Using externally allocated inventory, TC has a subsidiary company to deliver spare 

parts for their products. The warehouse which holds these spare parts sits close to the final 

assembly of TC and the parts are usually freely available. Therefore, TC can decide to use 

these parts which were produced to sell as spare parts. In this sense, the inventory of this spare 

part warehouse could effectively be regarded as safety stock for the assemblies of TC. We 

argue that this is not a standard mitigating action because this action is seen as the use of 

existing inventory.  

Using compatible alternative components which have inventory, TC regularly updates 

their products and therefore also the components with which these products are made with. 

Usually, an older version of a component is still in stock to be able to supply the spare part 

market. When this older version still fits on the updated version of the product it is possible to 

use this inventory to avoid a material shortage. We argue that this is not a standard mitigating 

action because this action is seen as the use of existing inventory. 

3.5 Conclusion Case Situation 

Based on the data, we concluded that approximately 30 exceptions occur per day on 

average in the final assembly of TC. Regarding the effects, exceptions reduce the production 

capacity and high costs are incurred in the mitigation of exceptions. The time allocated to the 

EH process sums to three hours per day for the final assembly of TC and this process has 

limited support from systems. The decision for mitigating action is based on experience and 

its quality depends strongly on both the difficulty of the exception and the specific employee 

in charge of the exception.  

The time spend on the EH process, the amount of mitigation costs, and the impact on 

the production capacity are all related to exceptions. Based on the data and interviews, we 

conclude that most of the causes of exceptions are difficulty solvable so they are likely to 

continue to exist. Therefore, an improvement to the EH process is desirable to reduce the 

explained negative effects that are related to exceptions.  
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An improvement to the current situation would lie in an increase of the efficiency 

and/or effectivity of the EH process. An increase in efficiency would be achieved by 

decreasing the employee time allocated to the exception handling process or by a reduction in 

costs related to mitigating measures. An increase in effectivity would be achieved by 

increasing the quality of the decision for mitigating action. In the next section, we discuss the 

solution design and the decisions that were made to realize an improvement to the EH 

process.  
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4 Decision Support Tool  

Based on the analysis of the case situation we justify the development of a tool that 

aids relevant personnel in the EH process. The conceptual design of this tool and why certain 

decisions for this tool were made are explained in Section 4.1. The detailed design that gives 

the formulas and the precise characteristics of the tool is explained in Section 4.2.  

4.1.1 Conceptual Design 

The design should be able to provide an improvement to the problem identified in the 

analysis of the case situation. Therefore, the design should be able to improve the EH process 

in terms of efficiency and/or effectivity in the terms explained in Section 3.5. For the 

development of the tool, several requirements need to be met to make the tool value-adding. 

These requirements consist of the following functionalities; improving information 

accessibility, introducing information processing automation, providing information for 

mitigating action, and introducing automated decision making. A visual representation of the 

functionalities including the indication of the corresponding section per functionality can be 

observed in Figure 8.  

Exception

Improving 

information 

accessibility

Section 4.1.2

Information 

processing 

automation

Section 4.1.3

Mitigating 

Action

Overview

Section 4.1.4

Automated 

decision making

(advice)

Section 4.1.5

Mitigation

 
 

Figure 8. Visual representation of the different functionalities, in chronological order. 

4.1.2 Design decisions. After an examination of available literature on different 

mitigating strategies in an extensive literature review, the tool could either feature newly 

identified mitigating strategies or include only the strategies in practice within TC. Given the 
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timespan of this thesis, the decision was made that the design would not feature any new 

mitigating strategies that were unknown to TC. The improvement design would, therefore, try 

to improve the efficiency of the EH process.  

A second decision was made for the final design of the tool. We decided in which 

phases of the EH process the tool would operate. Choosing more than one of the three 

discussed phases (identification, communication & review, and mitigation) would make the 

design too extensive. The processes between phases do not overlap which means that the tool 

was not able to extend to the other phases without expanding its needed functionality 

drastically. Given the room for improvement in the review & communication phase, it was 

decided by both the TU/e and TC that it was most helpful to implement the decision support 

tool in this particular phase of the EH process. We note that the decision for the mitigating 

action is made in this phase. However, the actual execution of the chosen mitigating action 

happens within the mitigation phase.  

A third decision was the scope within this phase because even within only one phase, 

many aspects need to be considered. To sum up, there are processes for retrieving 

information, processing information, decision making, and communication. To create a tool 

that could provide the most benefits, we decided that the tool should aid in all of these 

processes to give the most helpful output. In addition, by incorporating all processes in the 

tool it became possible to automate the entire phase which makes impressive time savings 

possible. 

The preceding decisions for the solution design were made in consideration with all 

stakeholders in this project, including the end-user and their managers. The main idea of the 

tool is to aid the material planners and other relevant personnel by significantly improving 

information accessibility, introducing information processing automation, providing 

information for mitigating action, and introducing automated decision making.  

The tool will be valid for short-term unexpected material shortages acting primarily as 

a reactive tool. This means that the tool can be used after the identification of a (possible) 

material shortage. However, the tool could also be used in event simulation, making it 

possible to use the tool on a proactive basis.  
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4.1.3 Improving information accessibility. The primary task of the tool is to 

provide all necessary information within an acceptable time frame after a user request. The 

information which used to be dispersed over many different data locations should become 

available on one dashboard. This makes reviewing a particular exception much less time-

consuming and eliminates human errors. The main idea here is that a particular employee 

receives a component number to be reviewed and uses this component number as input for the 

tool. The tool will then collect all relevant information, linked to the component number, from 

the ERP system.  

4.1.4 Information processing automation. Some of the information which is 

collected by the tool in the previous step needs processing. For the tool, this means that it has 

to perform certain calculations based on the input data. As a result, relevant personnel will 

save computing time and miscalculation errors are eliminated. In addition to these advantages, 

the tool will work according to a standard operating procedure (SOP). This removes the 

variation in operating procedures among different employees, who may have different levels 

of accuracy and/or preciseness.  

4.1.5 Mitigating action. The steps in Section 4.1.2 and 4.1.3 are needed to review if 

a material shortage will occur in the short term. In the case that there is indeed an expected 

material shortage the material planners face a decision. The planner has to decide which 

mitigating action to perform to solve the problem. In the first place, the tool indicates if a 

certain mitigating action is possible given the situation. Next, the tool indicates the efficiency 

of the different mitigating methods in terms of direct costs and other disadvantages. In 

addition, the tool indicates if a certain mitigating strategy is effective in solving the material 

shortage. Effective is expressed as problem-solving power (i.e. the number of problem jobs 

the chosen action can solve). The variables for efficiency and effectivity in mitigating action 

were identified during interviews with relevant personnel within TC. Naturally, the terms 

efficiency and effectivity can also include other variables for other companies. 

4.1.6 Automated decision making for advice. The automated decision process aims 

to select the best option to solve any material problems given the situation. To choose this 

best option, multiple attributes need to be considered. These attributes have different units and 

are a mix of cost and beneficial attributes, meaning that this is a multi-attribute decision 

problem (MADM).  
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The limited amount of attributes that need to be considered causes the MADM to have 

a relatively simplistic nature. The use of a simple additive weighting method (SAW) as first 

utilized by Churchman and Ackoff (1954) seems usable in the situation of TC. For the SAW 

method to be valid, the assumption of preference independence (Keeney & Raiffa, 1976) must 

be satisfied. Preference independence is described as follows “the preference outcome of one 

criterion over another criterion is not influenced by the remaining criteria” (Tzeng, G.H., 

Huang, J.J., 2011). For example, there is no preference independence when a red sports car is 

preferred over a red truck, but a black truck is preferred over a black sports car. In this 

example, we see that the preference for attribute ‘car style’ is dependent on the attribute 

‘color’ and the SAW method would be incorrect.  

Given the attributes within TC, costs, production schedule adherence, and problem 

solving ability, it is reasonable to assume that these attributes do not affect each other because 

one would always want to have the best value for any of these attributes. Therefore, it is 

concluded that the preference independence assumption indeed is satisfied.  

A different variant of SAW explained by Tzeng, G.H., Huang, J.J. (2011) based on the 

Hwang and Yoon (1981) method, fuzzy simple additive weighting, was also considered. This 

variant is useable in situations in which the weight allocated to each attribute is uncertain. 

However, because the weights for the different attributes in TC are fairly certain, the standard 

SAW method was adequately equipped to solve the decision problem for TC. Because the 

SAW method is allowed and valid for TC and other companies where the preference 

independence assumption is satisfied, it was chosen above the other decision-making method 

because of its intuitive nature and ease of use (Tzeng, G.H., Huang, J.J., 2011).  

4.2 Detailed Design 

The decision support tool has several functionalities as discussed in the previous 

Sections 4.1.2 to 4.1.5 and presents the output in such a way that it is understandable for 

relevant personnel. Figure 8 contains a graphic that visualizes the process in which the tool 

could be used, where the cloud represents all possible alerts towards material planners about 

the availability of a specific component number. The tool has four functionalities which build 

up upon each other in chronological order.  
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4.2.1 Input. Based on a received material shortage alert, the material planner fills in 

a component number as the sole input value. This triggers an information collection program 

that retrieves all necessary information linked to a certain component number. The needed 

information is to be collected real-time from the information system in place. The information 

system should have the following data entities available. 

Set Description 

K Set of sequence-scheduled jobs  

M Set of buffers 

N Set of suppliers 

C Set of different components  

Z Set of mitigating actions 

Table 1. Sets for variables.  

4.2.2 Input Processing. Once the necessary input values are known, some of these 

input values are used in their current form and others need to be transformed into other 

variables with the use of the calculations 1 to 16. These calculations use the input values from 

Section 4.2.1 and will yield the transformed input values which in combination with other 

input values provide the information necessary to review and mitigate an exception.  

In every use-case of the tool, one specific component is reviewed. Our first objective is to 

know the amount of time that is left until we face a direct material shortage for this 

component (TP). To calculate this time, we need to know three variables. First, we need to 

know the position of the first problematic job which is defined as the job that cannot be 

produced as planned due to a lack of available components. Second, the amount of preceding 

jobs that are delayed (JD). And third, the factory speed in processed jobs per hour (F). The 
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formula for the amount of time in hours until the first problematic job would arrive at the 

assembly location were the component under review is assembled: 

TP =
(𝐽𝑝−𝐽𝐷)

F
          (1) 

Jp is the position of the first problematic job and is determined as follows. This position 

indicates the number of jobs which precede the problematic job in the production schedule. 

The first problematic job is defined as the first job in the production sequence which causes a 

theoretical negative inventory. All jobs who require the reviewed component are ordered in a 

list belonging to set K according to the production schedule. A cumulative for the total 

utilization (demand) of component c is updated for every job. Once this cumulative use 

exceeds the available inventory level (I) we have identified the first job with a material 

shortage, this is visualized in Figure 9. We have: 

 𝐽𝑝 ∶ 𝑓𝑖𝑟𝑠𝑡 𝑝𝑟𝑜𝑏𝑙𝑒𝑚𝑎𝑡𝑖𝑐 𝑗𝑜𝑏 (𝑝 ∈ {1, … , 𝐾})     (2) 

𝑝 𝑖𝑠 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡:  

𝐼 −  ∑ 𝐽𝑘(𝑐) > 0𝑝−1
𝑘=1     

𝐼 −  ∑ 𝐽𝑘(𝑐) ≤ 0𝑝
𝑘=1      

The demand for this component is dependent on the use of this component in the upcoming 

scheduled jobs. The demand for component c per job is denoted by: 

𝐽𝑘
 (𝑐) = 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑐 𝑡ℎ𝑎𝑡 𝑗𝑜𝑏 𝐽𝑘 𝑢𝑠𝑒𝑠         (3) 

In addition to Jp, we need to calculate JD which is the number of delayed jobs among the jobs 

preceding Jp. These jobs will not enter the production process as long as they are delayed, 

thereby decreasing the number of active preceding jobs and thus shortening the TP. These 

delayed jobs have a special “delayed” status which is defined as: 

𝐽𝑘
𝑑 = {

1 𝑖𝑓 𝑗𝑜𝑏 𝐽𝑘  𝑖𝑠 𝑑𝑒𝑙𝑎𝑦𝑒𝑑
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                  

       (4) 

The number of delayed jobs among the preceding jobs are:  

 𝐽𝐷 = ∑ 𝐽𝑘
𝑑𝑝−1

𝑘=1            (5) 
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Now that we know TP, we continue with a second objective, which is to assess if any 

incoming supplies of component c will resolve the material shortage before TP. A previously 

ordered delivery of components (TS) may be received before a material shortage occurs. In 

the case that the delivery increases the inventory of the reviewed component (c) before the 

identified first problem job (Jp) will arrive at its use location, there is no expected material 

shortage as visualized in Figure 9. 

Inventory

Time

I = 0

TP

TS + TA + TI

 

Figure 9. Verification of material shortage, in this example given in the figure we see there is, in fact, no 

shortage because the time to supply is shorter than the time to problem (TP). 

Only when the material shortage is verified (SH = 1) it makes sense to continue with 

calculations, given that otherwise there is no expected material shortage as visualized in 

Figure 10. To check whether we can expect a material shortage we check if the time to 

problem (TP) is shorter than the time to supply (TS), including possible pre-assembly times 

(TA) and internal logistics processing times (TI). If this TP time is shorter, we can indeed 

expect a shortage for component c at time TP.  

𝑆𝐻 = {
1 𝑖𝑓 𝑇𝑃 < (𝑇𝑆 + 𝑇𝐴 + 𝑇𝐼)

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                          
     (6) 
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Figure 10. Visualization of how inventory affects the first job with a material shortage (Jp) and how this affects 

the time left until a material shortage (TP). The inventory in relation to the time till supply (TS+TA+TI) is also 

visualized.  

If there is indeed an expected shortage, the third objective is to calculate the number of jobs 

which are affected by the material shortage. This constitute the jobs which use component c 

and are scheduled in the interval between Jp and Js. The formula for the total number of 

problematic jobs is: 

 𝑃𝐽 = ∑ 𝐼𝐽𝑘
(𝑐)𝑘=𝑠

𝑘=𝑝            (7) 

The first job which is problem-free according to the expected scheduled supply (Js) is the first 

job which can be produced with the incoming shipment: 

 𝐽𝑠 ∶ 𝑓𝑖𝑟𝑠𝑡 𝑗𝑜𝑏 𝑤ℎ𝑖𝑐ℎ 𝑐𝑎𝑛 𝑢𝑡𝑖𝑙𝑖𝑧𝑒 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎𝑛 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔   (8) 

       𝑠𝑢𝑝𝑝𝑙𝑦 𝑎𝑓𝑡𝑒𝑟 𝑎 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠ℎ𝑜𝑟𝑡𝑎𝑔𝑒 ℎ𝑎𝑠 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑑 (𝑠 ∈ {1, … , 𝐾})  

The jobs which use component c have to be counted in the interval between Jp and Js. To be 

able to count this, we define an indicator function that indicates if a job makes use of 

component c: 
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𝐼𝐽𝑘
(𝑐) = {

1 𝑖𝑓 𝐽𝑘(𝑐) > 0                                                            
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                               

    (9) 

The formulas up to this point have calculated the exception characteristics. Next, the formulas 

regarding the costs and viability of the mitigating action will be given. The formulas 10 to 13 

constitute the cost calculations for each mitigating action.  

The costs for expediting (EX) usually not depend on the number of problem jobs because 

expediting costs are incurred per transportation and not per component. The amount of costs 

linked to expediting for supplier n: 

𝐶𝑛
𝐸𝑋 =  𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑑𝑖𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 𝑛    (10) 

The buffer (BU) which precedes the use location of the component (Uc) will be selected to 

avoid a direct material shortage at the use location. Because each buffer differs in usage costs, 

we have for the costs allocated to buffering: 

𝐶𝑚
𝐵𝑈 = 𝑃𝐽 ∗  𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑏𝑢𝑓𝑓𝑒𝑟 𝑚  𝑝𝑟𝑒𝑐𝑒𝑑𝑖𝑛𝑔 𝑈𝑐         (11) 

The number of costs linked to manufacturing postponement (MP) is dependent on the number 

of affected jobs and the number of extra expenses needed for postponing a specific 

component. 

𝐶𝑐
𝑀𝑃 = 𝑃𝐽 ∗ 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑝𝑜𝑠𝑡𝑝𝑜𝑛𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑐      (12) 

The number of costs linked to job postponement (JPP): 

𝐶 
𝐽𝑃𝑃 = 𝑃𝐽 ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑝𝑜𝑠𝑡𝑝𝑜𝑛𝑖𝑛𝑔 𝑎 𝑗𝑜𝑏    (13) 

The formulas 14 to 18 constitute the viability checks for each of the mitigating actions z ∈ Z. 

The viability for expediting relies on expedited shipment being delivered earlier or at 

the same time as TP: 

𝑉𝐸𝑋 = {
1 𝑖𝑓 𝑇𝑃 ≥ (𝑇𝑆𝐸𝑋 + 𝑇𝐼 + 𝑇𝐴)
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                               

      (14) 

The viability for buffering relies on whether or not the job is in processing: 
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𝑉𝐵𝑈 = {
1 𝑖𝑓 𝑗𝑜𝑏 𝑖𝑠 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                        

       (15) 

The viability for job postponement again relies on whether or not the job is in 

processing: 

𝑉𝐽𝑃𝑃 = {
1 𝑖𝑓 𝑗𝑜𝑏 𝑖𝑠 𝑁𝑂𝑇 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                   

       (16) 

The viability for manufacturing postponement relies on the specific component which 

has a shortage, this could be based on component-specific data in which the possibility 

for manufacturing postponement is logged: 

𝑉𝑀𝑃 = {
1 𝑖𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑐𝑎𝑛 𝑏𝑒 𝑝𝑜𝑠𝑡𝑝𝑜𝑛𝑒𝑛𝑑
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                              

      (17) 

The problem-solving percentage shows the percentage of problem jobs that a mitigating 

action can solve regarding the total number of problem jobs. The problem-solving 

capacity (CAP) for mitigating action z is: 

𝑃𝑧 =
𝐶𝐴𝑃𝑧

𝑃𝐽
∗ 100%         (18) 

4.2.3 Automated decision making for advice.  At this point, the tool has all the 

information needed in order to give an advice on one of the mitigating actions. In addition, the 

tool goes one step further and advises on the best mitigation strategy. Based on the problem 

situation and the effects of different mitigating actions it makes an optimal decision. The 

definition of what exactly is the best decision was determined first. In other words, we 

determined how important the specific outcomes (or attributes) of the mitigating actions are 

for TC. These preferences are then translated into a weight (wj) for every attribute, where the 

weight for all attributes sums to 100%. A value (x) for an attribute of a certain mitigating 

strategy does not tell us how good this value is on its own. Therefore, a rationalized value (rzj) 

is needed which compares the value of a specific attribute against the values for this attribute 

for other mitigating strategies. 

Once the preferences specifically of TC were known, a decision model was 

implemented. However, the individual preferences of each company can be maintained by 

adjusting the weights allocated to each attribute. In addition, other attributes can be reviewed 
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as long as the weights to each attribute sum to 100%. The advice is made based on the SAW 

method as explained in Section 4.1.5 because it is “considered the most intuitive and easy way 

to deal with multiple criteria decision-making MCDM problems” (Tzeng & Huang, 2011). 

We use the formulas as described by Tzeng and Huang (2011) for formulas 19 till 23.  

Var. Description 

A* Best mitigating action 

uz Utility related to mitigating action z ∈ Z 

x Value of attribute  

wj Weight for attribute j   

rzj Normalized preferred rating for action i and attribute j 

Table 2. Variables for decision making. 

The formula to find the optimal alternative according to the SAW method: 

 𝐴∗ = {𝑢𝑧(𝑥)⎹ max
𝑧

𝑢𝑧(𝑥)⎹ 𝑧 = 1,2, … 𝑛}      (19) 

The value of the attributes is denoted by x. The utility of mitigating action z is denoted by uz 

and wj denotes the weight of the jth attribute. We find the utility of every mitigating action by: 

𝑢𝑧(𝑥) =  ∑ 𝑤𝑗𝑟𝑧𝑗
𝑏𝑒𝑛𝑒𝑓𝑖𝑐𝑖𝑎𝑙(𝑥) +  ∑ 𝑤𝑗𝑟𝑧𝑗

𝑐𝑜𝑠𝑡(𝑥) 𝑛
𝑗=𝑘+1  𝑘

𝑗=1     (20) 

The normalized preferred rating rzj indicates the relative rating in respect to the attribute 

values of the other mitigating actions. For beneficial attributes higher values are better, we 

have: 

 𝑟𝑧𝑗
𝑏𝑒𝑛𝑒𝑓𝑖𝑐𝑖𝑎𝑙(𝑥) =  

𝑥𝑧𝑗

𝑥𝑗
∗           (21) 

We have 0 ≤ 𝑟𝑧𝑗(x) ≤ 1 and 𝑥𝑗
∗ is determined by the highest value of attribute x in any of the 

mitigating actions: 
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𝑥𝑗
∗ = max𝑧 𝑥𝑧𝑗         (22) 

For cost attributes, lower values are better. The normalized preferred rating for cost attributes 

is: 

𝑟𝑧𝑗
𝑐𝑜𝑠𝑡(𝑥) =

1 𝑥𝑧𝑗⁄

1 𝑥𝑗
∗⁄
         (23) 

The attributes (x) for mitigating action were identified during interviews with relevant 

personnel. In these interviews, three aspects were considered relevant for mitigating action. 

These aspects were translated into the following attributes: 

• (Cz) Employee time costs and other costs for executing mitigating action 

• (SAz) Production schedule adherence, hours delay 

• (Pz) Problem-solving ability, percentage of problem jobs solved 

4.2.4 Output.  In addition to collecting and processing the required information, the 

tool also returns the key information in a clear format. This step, although seemingly logical, 

needs some attention to ensure the user satisfaction of the tool. The output is visualized in a 

dashboard, which should be both complete and understandable. A visual representation of a 

concept for this dashboard is also incorporated in Section 4.2.5. The output consists of the 

following variables; 

• Material shortage information 

o (SH) Verification of material shortage 

o (Jp) First job affected  

o (TP) Time left until ‘first job affected’ is at its use location 

o (PJ) Number of jobs affected  

• Mitigation information  

o (Cz) Expected costs related to mitigating action z 

o (Sz) Expecting a job delay for mitigated problem jobs with action z 

o (CAPz) Problem-solving capacity for mitigating action z 

o (Pz) Percentage of problem jobs solved with mitigating action z 

• Advise 

o (A*) Advise for specific mitigating action 
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4.2.5 Output dashboard concept. To present the acquired information to relevant 

employees, all key information is presented in two specific dashboards. One dashboard will 

present all input information to let the employee check the input values. Another dashboard 

will present the material shortage information including the different values for mitigating 

actions. In addition, this last dashboard provides a suggestion for the best choice among all 

the viable options. The conceptual design of the two dashboards is given in Figure 11 and 

Figure 12. 
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Figure 11. Conceptual design for exception information dashboard.  
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MANCO & MITIGATION INFORMATION
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Figure 12. Conceptual design for mitigating action information dashboard. 
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5 Case Study 

This chapter describes the case study performed at TC where the benefits of a decision 

support tool were researched. This case study serves to research the real-life practicality of the 

defined decision support tool for TC and production companies similar to TC. Which input 

data was used and how this data was collected is discussed in Section 5.1. In Section 5.2 the 

results of the tool are evaluated on accuracy. In Section 5.3 the robustness of the tool is 

checked by using extreme values as input for the model. In Section 5.4, we perform a 

sensitivity analysis on the variables which face uncertainty. In Section 5.5 the tool is 

evaluated in terms of gains in efficiency and effectivity of the tasks carried out by employees, 

compared to the situation where the tool was not used. The model was tested with several 

real-life scenarios that were manually logged by the author and the corresponding values in 

these scenarios served as the input values for the simulation.  

5.1 Input Data 

Input data was collected through observing various real-life scenarios in which there 

was a material shortage at TC. This data was used as a test for the support tool, which is 

sufficient to provide a proof of concept and to test the benefits. In real-life scenarios, the 

chosen input data, calculation results, and chosen mitigating action were collected. These real-

life scenarios served as the baseline against which the model was tested. The differences 

between the calculations and choices made by the planner and by the tool serve as proof for 

the effect of the tool within TC. 

5.2 Verification 

The results of the tool were examined for accuracy to verify that the calculations are 

correct. A comparison was made between the results from the calculations made by the 

material planners and the results from the tool. The accuracy was then verified by ensuring 

that the calculated results were within an acceptable range from the calculations of the 

material planner. The results indeed were within this acceptable range which verified the 

calculations. The tool works with precise values and calculations in contrast to the material 

planner who generally relies on estimations. This means that any deviation from the results of 

the material planners indicates an increase in accuracy. 
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5.3 Robustness  

The reviewed scenarios did not contain any extreme scenarios. Therefore, a simulation 

was set up using a random number generator in Python. This number generator created input 

values following a uniform distribution within a specified range. The uniform distribution was 

chosen to test the model in both extreme and normal scenarios in 5000 separate event 

simulations.  

Based on the simulations, we conclude that the model can provide an answer in all 

scenarios within the horizon of sequence-scheduled jobs. Outside of this horizon of this 

sequence-schedule, the tool cannot find the first job with a material shortage. Therefore, the 

tool cannot evaluate the problem outside the horizon of planned jobs which means around 

three days ahead in the case of TC. However, the tool can utilize TC's daily production 

schedule to provide the day in which the first job with a material shortage will be produced. 

5.4 Sensitivity Analysis 

A sensitivity analysis was performed to test the impact of uncertainty in relevant 

variables on the outcomes of the model. There are three input variables that have uncertainty, 

factory speed (F), the number of postponed jobs (JD), and the time to supply (TS). Demand 

for a component is deterministic, depending on the factory speed and the number of 

postponed jobs preceding the problem job. The uncertainty in F and JD exists because these 

variables can fluctuate over time because of unexpected events. Therefore, we become less 

certain about F and JD, the more time passes after the last use of the tool. The uncertainty in 

TS exists because there are many external factors which impact TS (e.g. traffic, handling 

times, timely dispatch). 

The uncertainty in F and JD impacts the time until the problem (TP) through demand. 

When F or JD is higher, the average hourly demand for the reviewed component will be 

higher causing the inventory to be depleted faster. The opposite happens when F or JD 

decreases. Especially when TP is large, a change in F will cause a large difference in the TP. 

This happens because when TP is large there are many jobs which proceed Jp and we divide 

these preceding jobs by F to find TP. Therefore, a small deviation in F can cause a large 

difference in TP in such a case. Another results from this is that the verification of a material 

shortage (SH) can change because this depends on TP and TS. Also, a higher TP causes the 
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total number of problem jobs (PJ) to decrease because this narrows the time gap between TP 

and TS.  

The uncertainty in TS impacts SH and PJ similarly as TP but in the opposite way.  

When TS is larger, then there is a higher chance of a material shortage. The assumption in the 

model is that delivery happens on the agreed time. When there is a deviation from this agreed 

time, this results in a change in SH and a change in PJ. 

5.5 Example 

A running example will be given in this section, simulating the tool in the event of a 

realistic exception. We aim to show the process which is initiated after a request. The process 

leads to exception information, mitigation information, and an advice.   

Var. Tool value Employee value 

I 212 212  

Uc Line 2, station 5 Line 2, middle area 

Jp 43 39 

JD 6 5 

F 9,75 10 

TP 4,9 hrs 4,6 hrs 

Js 57 65 

PJ 14 16 

Other Same Same 

Table 3. Example of (transformed) input values and differences between the valuation of tool and employee. 
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5.5.1 Exception information example. Input that is required is collected from 

several databases within TC, Table 3 provides an overview of the variables with the valuation 

of the tool and the employee. Other variables are valued similarly by employees and by the 

tool. 

5.5.2 Mitigation information example. The mitigation information provides the 

user with the set of viable options and the attributes of these options. We calculate all the 

variables with formulas 10 to 18 and obtain the values stated in Table 4. Given that the job is 

not in processing, buffering is not a viable strategy. For this reason, buffering is crossed out in 

Table 4, 5, and 6.  

Mitigating action 𝐶𝑧 𝑆𝑧 𝑃𝑧
𝐵𝑖𝑛𝑎𝑟𝑦

 𝑃𝑧 

Expediting 200 1 0 80% 

Buffering 400 0 1 100% 

Manuf. Postp. 300 1 1 100% 

Job Postp. 150 0 1 100% 

Table 4. Values of mitigating actions. 

5.5.3 Advice example. The importance of every attribute can be changed by 

adjusting the weights of the attributes. For the specific case of TC, the planners were mainly 

interested in the attribute production schedule adherence. Therefore, the weight assigned to 

these attributes was set to 80% and the weight of the other two attributes to 10%. We continue 

with the running example, the values for the attributes per mitigating strategy are stated in 

Table 4. The normalized preferred ratings are calculated with formulas 19 to 24 and are stated 

in Table 5, note that Cz is a cost attribute and Sz and Pbinary are beneficial attributes.  
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Mitigating action 𝐶𝑧 𝑆𝑧 𝑃𝑧
𝐵𝑖𝑛𝑎𝑟𝑦

 

Expediting 0,750 1,000 0,000 

Buffering 0,375 0,000 1,000 

Manuf. Postp. 0,500 1,000 0,000 

Job Postp. 1,000 0,000 1,000 

Weight 0,10 0,80 0,10 

Table 5, Preferred normalized ratings of mitigating actions. 

Now, the tool checks the utility levels of all mitigating actions based on the 

normalized ratings and attribute weights. The utility levels and calculations are stated below 

in Table 6.  

Mitigating Action Utility 

Expediting 0,1 ∗ 0,750 + 0,8 ∗ 1,000 + 0,1 ∗ 0,000 = 0, 875 

Buffering 0,1 ∗ 0,375 + 0,8 ∗ 0,000 + 0,1 ∗ 1,000 = 0,138 

Manuf. Postp. 0,1 ∗ 0,500 + 0,8 ∗ 1,000 + 0,1 ∗ 0,000 = 0,850  

Job Postp. 0,1 ∗ 1,000 + 0,8 ∗ 0,000 + 0,1 ∗ 1,000 = 0,200 

Table 6. Utilities related to mitigating actions. 

Based on the utilities of the actions, the tool advises the action with the highest utility. 

Also, because TC aims to mitigate the problem completely in any occurring instance. The tool 

should, therefore, provide multiple strategies when Pz
Binary

 of the best alternative is 0. In this 

case, the tool advises on additional mitigating actions until the cumulative of Pz ≥ 100%, thus 

solving the problem for 100%.  
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For the running example, the preferred order of alternatives in the example is 

(Expediting > Manuf. Postp. > Job Postp. > Buffering). Because the most preferred alternative 

has a Pz
Binary

 of 0 the tool also advises to use the following preferred option(s) until the 

cumulative of P is equal to or exceeds 100%. The tool advises the second preferred option 

(manuf. Postp.) and the cumulative of P becomes 180%, mitigating the exception completely.  

5.6 Evaluation 

In this section, the tool is evaluated on its effects. We discuss the exception 

information and mitigating information, where each information has its benefits. Also, we 

discuss the response of the employees on the functionality of the tool to advise on mitigating 

actions. 

5.6.1 Exception information. The sole purpose of exception information is to 

process existing data and return useable information regarding the exception. Therefore, we 

can evaluate this part of the assignment on the amount of saved time and accuracy 

improvements that are possible by automating the information collection and processing 

process. 

Regarding the accuracy, the employee relies for some parts on approximations, where 

the tool relies solely on exact calculations. This results in more accurate readings or 

estimations of the Jp, JD, TP, Js, and PJ. All other variables were valued by the employee with 

the same 100% accuracy as the tool. The amount of accuracy improvement relies heavily on 

the criticality of a specific instance. Critical events cause the employee to use more accurate 

input values and calculations then less critical ones, where the level of criticality reduces with 

the time left until a material shortage (TP) and increases with the number of jobs with a 

material shortage (PJ). Therefore, the accuracy of the employee approaches that of the tool in 

critical events. This effect was observed during the collection of events, wherein a critical 

event the employee started to seek and use additional information to improve the accuracy of 

the input values. 

Regarding the total amount of time spent on retrieving and processing exception 

information, we use the approximated time as stated by relevant employees during interviews. 

The combined total for all relevant employees in the final assembly of TC is approximately 
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three hours a day. Because the tool automates the process of retrieving and processing 

information, an estimated three hours of employee time will become available daily. 

5.6.2 Mitigation information. The mitigation information serves to review the 

different options for mitigating action and to present the values of the attributes. We evaluated 

the mitigating information on its ability to aid the relevant employee in their decision making. 

Feedback regarding the mitigating information was collected. In TC, mitigating action is 

chosen based on the ease of use and its ability to solve the material shortage without creating 

a change in the sequence-schedule. Given that the tool provides both of these features, the 

feedback was positive. 

Currently, different mitigating actions are assessed purely based on knowledge and the 

input information which is collected manually by the employee. The mitigation information 

aims to provide correct and complete information regarding the different mitigating actions 

which are otherwise dependent on the specific employee in charge of the exception. Based on 

feedback sessions in which real-life instances were simulated the mitigation information was 

evaluated as a positive attribution to the current situation. Especially for employees with 

lower levels of knowledge and/or experience the mitigation information would help evaluate 

and choose between the different mitigating actions.  

One remark is that the tool does not review the common actions mentioned in Section 

3.4.5 which are in fact the most common in TC (e.g. increasing order quantity in standing 

orders, using externally allocated inventory, using outdated components). If any of these 

options are viable and able to solve the problem, these mitigating actions are usually better 

than the other options which are currently reviewed by the tool. It seemed logical at the time 

to exclude these options from the tool for this reason, following the reasoning that these 

options would be chosen in any case where they were viable. However, in the evaluation, 

there was a clear request to extend the functionality of the tool to incorporate these common 

mitigating actions. Specifically, a viability check for these more common actions would be of 

added value. Other attributes would be not as relevant given that these actions would 

generally be preferred over the mitigating actions.  

5.6.3 Advise. The advice given by the tool is evaluated on the amount of equivalence 

between the advice of the tool and the action chosen by the employee. Because the main goal 

is to let production proceed as planned schedule adherence (Sz) was defined as a binary value, 
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where 1 means that the schedule is unadjusted. The problem-solving power (P) is also 

translated to a binary value, where P ≥ 100% allows for a value of 1. The reasoning behind 

this is that a problem-solving power less than 100% does not mitigate all problem jobs (PJ), 

introducing a need to utilize more than one mitigating action. 

Given that the advice function was calibrated on employee preferences, the tool 

advises on the same mitigating actions as chosen by relevant employees. Alternatively, the 

tool could also be used with different preferences for other companies or within TC.  

5.7 Conclusion 

We provided an extensive overview of the tool to the reader. The decision for the final 

design, the conceptual design, the detailed design, an example, and evaluation have been 

given. The detailed design allows practitioners to implement the tool for their own business or 

research. The example provides the reader with a practical example of the formulas given in 

the detailed design. The evaluation shows that the tool provides significant improvement in 

decision time and eliminates the amount of know-how needed to review an exception.  

Regarding the benefits, this concept for a decision support tool results in an increase in 

both effectivity and efficiency in the exception handling process. Efficiency improvements 

constitute the reduction of time that is needed to review an exception. Effectivity 

improvements are made in the quality of the decision, which is defined as the total utility of 

the decision as shown in Section 5.4.3. The quality of the decision increases because the tool 

allows for a higher preciseness in the exception quantification, causing the employee to have a 

more accurate view of the exception. A more accurate view of the exception will allow the 

relevant employee to make decisions on more accurate data. It is expected that this will 

contribute to higher quality decisions. In addition, the advice given by the tool presents the 

relevant employee with the preferred mitigating option. Under normal circumstances, this 

advice given by the tool is the best mitigating option. If the employee first wanted to make a 

different decision but instead follows this advice, the quality of decision will improve.  
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6 Implementation 

This chapter explains how the decision support tool should be implemented, which 

knowledge is required to use the tool, and how the tool should be maintained.  

The concept for the tool was programmed in Python coding language, which can be 

programmed in freely accessible software. Because Python has grown over the years to one of 

the most practiced coding languages, there is a high probability that other companies have the 

knowledge to utilize and/or adapt the tool for their preferences. However, there is no reason 

that the functionalities of the tool would not be achievable in other coding languages. If the 

practitioner is more familiar with other coding languages, they are recommended to utilize 

these to program the tool.  

Because the value of the tool relies in part on the automatic valuation of the many 

input variables, there should be a database or information system available which updates 

these variables near real-time. The input variables as given in the detailed design in Section 

4.2.1. should be exported from the company system into an excel file. Data fields which 

consist of job or article numbers should be imported as text (string) values and data fields 

containing numbers should be imported as number (integer) values. If this data is not directly 

available, the company should either start to record this information or when possible 

transform other information into the required variables. The final step is to link the required 

text fields to the input variables, in the tool this is done by reading the correct excel cell and 

matching this to the correct input variable. The process of retrieving the data for the input 

variables should be automated to ensure the time-efficiency of the tool. The trigger for the 

start of this automated process is the entering of a component-specific identifying number 

which leads to the retrieval of the correct input variables.  

Now that the input variables are retrieved, these need to be processed. The formulas in 

Section 4.2.2. need to be coded in the coding language of choice, where the input variables 

are used in the formulas. The results of this step will serve as the input for the automated 

decision making. The formulas in Section 4.2.3. should be programmed and the input 

variables are valued within the tool because they are they consist of the output of the previous 

steps.  
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Regarding the output towards the user, a concept for a design is set up in Section 4.2.5. 

which can be used to visualize the necessary output towards the user of the tool. The design 

itself presents the necessary output as do the variables in Section 4.2.4. 

The required level of knowledge to use the tool is minimal. An employee who seeks to 

review a component can do this by inserting the component number in the tool. The tool 

would then provide the user with all the relevant information regarding the component 

availability. Therefore, the tool requires no knowledge whatsoever about the information 

collection process and/or calculations which are necessary to review a possible material 

shortage. Some knowledge is necessary to interpret the output of the tool correctly, an 

explanation of the output variables and their units is sufficient. 

As long as the input variables are correct and unchanged, the tool has no need to be 

updated. If input variables do change, these new variables should be transformed so that they 

are again similar to the explained input variables. 
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7 Conclusions and Recommendations 

In this last chapter of the thesis, we describe the findings of the research in Section 7.1 

and we make several recommendations for future research in Section 7.2.   

7.1 Conclusions 

This thesis served to provide the reader with the deliverables stated in Section 2.4. 

Therefore, we give our conclusion with respect to the stated deliverables in Section 7.1.1 to 

7.1.4.  

7.1.1 Conclusions deliverable 1, number of exceptions and their impact. We 

identified two types of problematic exceptions, the exception causing a direct material 

shortage and the exception causing an expected material shortage. The difference is that a 

direct material shortage impacts the production line directly through a physically unavailable 

component, where the expected exception causes this unavailable component only after some 

time.  

For direct exceptions, the data analysis showed that most causes are not or difficultly 

avoidable. The main cause for direct exceptions is incorrect system inventory levels regarding 

the actual physical inventory. Other less common causes included late deliveries, incorrect 

component deliveries, and rejected components due to quality problems.  

For expected exceptions, there was no historical data within TC. However, interviews 

with relevant personnel and databases regarding mitigation on these expected exceptions 

indicated that the cause was usually production or delivery problems at suppliers. One other 

cause for expected exceptions is self-inflicted when TC works ahead of the production 

schedule, depleting inventory sooner than expected.   

Direct exceptions severely impact the production capacity of TC, causing line stops 

and/or increasing the job completion time. Exceptions also induce a need for mitigating 

action, this mitigating action brings significant costs. These costs are allocated to one of the 

four mitigating strategies in place at TC. Also, given the yearly cumulative of direct 

exceptions and performed mitigating actions there is a significant cost related to employees 

dealing with these exceptions.  
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In the case that a component structurally experiences (expected) material shortages, 

TC decides to set or increase the safety stock of that component. This reduces the number of 

exceptions for that specific component, but costs are still incurred. Only now these costs have 

shifted from mitigating actions and production disruptions to safety stock costs. At the end of 

Q1 2019, there were 971 different components for which a safety stock was set specifically to 

avoid the impact of these exceptions. 

The total costs related to exceptions within TC are approximated to one million euro in 

the time-span of Q2 2018 up to and including Q1 2019.  

7.1.2 Conclusions deliverable 2, mitigating action. We identified all the 

information which is needed for dealing with an exception. The general information flows, 

databases, and decision points have been identified for TC. The entire process including the 

information flow between several stakeholders has been visualized in one process map. This 

map allowed for a complete understanding of all the different aspects and variables. 

A specific process map has been made for each of TC’s four assemblies. There are 

many similarities between the EH processes, where the same variables are reviewed for 

decision making. Specifically in the line assemblies, the required input and output were the 

most similar to the information required in the final line assembly. For this reason, it is 

plausible that the concept is generalizable for all of TC's line assemblies and for companies 

that are similar to TC. 

7.1.3 Conclusions deliverable 3, information dashboard. A concept design for a 

dashboard is created that allows the user to quickly assess all of the needed variables needed 

for decision making. Given that the values for these variables are dispersed over several 

information databases, the collection of these values in one dashboard eliminates three hours 

of employee time spent on information collection. 

  To aid the relevant employees further, several calculations are performed to provide 

the employees with the most helpful information. This eliminates the need to process any 

entities to achieve the required information identified in deliverable 2. In addition to time and 

accuracy advantages, this also introduced a standard operating procedure in the calculation of 

certain variables. 
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7.1.4 Conclusions deliverable 4, decision-making method. To provide mitigation 

advice to the employee, based on the information which is also presented in the dashboards, a 

SAW method was used. This decision-making method allows the user to allocate a certain 

amount of importance to any of the variables. Based on the importance of each attribute, the 

decision method returns the option with the highest utility. If the importance of each variable 

is correctly stated, the tool would advise on the same action as the planner would have made.   

Although the decision is currently defined as advice, this advice could also be viewed 

as a final decision. This would allow the tool to be an application that automates the entire 

process of reviewing and mitigating an exception. 

7.2 Recommendations 

In this section we give recommendations that will improve and extend the 

functionalities of the tool, thereby increasing the value of the tool.  

 The tool, which is now read-only, could provide insights on a pro-active basis when variables 

can be adjusted. Thereby, we are essentially simulating events to see what would happen in 

such a case. A possible example would be the request of a supplier if they could deliver 50 

components less in the next shipment. The user can then quickly assess if this causes a 

material shortage or not.  

In its current state, the tool relies on a manual trigger of a user before it will review a 

component. A valuable addition would be if the tool was able to automatically assess 

components on any possible shortages, automatically detecting any problems in material 

availability.  

The tool should be able to review the other ‘common' mitigating strategies for their 

viability. In addition, there might be other mitigating strategies that are not practiced by TC 

which could be incorporated by the tool. This would increase the number of options, possibly 

increasing the efficiency of performing mitigating action in general at TC. 

The expansion of the tool to the other assemblies and manufacturing environments of 

TC would extend the beneficial effects to all of TC’s line assemblies. Also, the 

interdependencies of the lower tier suppliers of TC and the final assembly could be 
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incorporated in the tool. This would allow the user to assess if and how an exception or 

certain mitigating actions impacts upstream locations.  

The advice is now based on the preferences as allocated by the relevant employees 

within TC. Instead of using these preferences, TC could investigate the best preference 

allocation given the attributes which would be the best fit for their strategy. In addition, there 

may be other attributes regarding mitigating action within TC which are now unidentified but 

would contribute to a better mitigating action decision. 
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Appendix A – Identification Phase 

The following three pages consist of the exception handling process map, divided in the three 

phases. The colors show the amount of IT-support, where green has full IT-support, orange 

has limited IT-support, and red has no IT-support. The overlapping of colors means that the 

tasks which are carried out have different levels of support. 
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Appendix A – Review & Communication Phase 
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Appendix A – Mitigation Phase 
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