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Zusammenfassung

Im Zuge der zunehmenden Komplexitat der Produktion wird der Wunsch nach einer intel-
ligenten Steuerung der Ablaufe in der Fertigung immer gré3er. Sogenannte Complex Job
Shops bezeichnen dabei die komplexesten Produktionsumgebungen, die deshalb ein hohes
Maf an Agilitét in der Steuerung erfordern. Unter diesen Umgebungen sticht die besonders
Halbleiterfertigung hervor, da sie alle Komplexitéaten eines Complex Job-Shop vereint. De-
shalb ist die operative Exzellenz der Schlliissel zum Erfolg in der Halbleiterindustrie. Diese
Exzellenz hangt ganz entscheidend von einer intelligenten Produktionssteuerung ab. Ein
Hauptproblem bei der Steuerung solcher Complex Job-Shops, in diesem Fall der Halbleit-
erfertigung, ist das Vorhandensein von Zeitbeschréankungen (sog. time-constraints), die die
Transitionszeit von Produkten zwischen zwei, meist aufeinanderfolgenden, Prozessen be-
grenzen. Die Einhaltung dieser produktspezifischen Zeitvorgaben ist von gréBter Bedeutung,
da VerstdBe zum Verlust des betreffenden Produkts fihren. Der Stand der Technik bei
der Produktionssteuerung dieser Dispositionsentscheidungen, die auf die Einhaltung der
Zeitvorgaben abzielen, basiert auf einer fehleranfalligen und fiir die Mitarbeiter belasten-
den manuellen Steuerung. In dieser Arbeit wird daher ein neuartiger, echtzeitdatenbasierter
Ansatz zur intelligenten Steuerung der Produktionssteuerung flr time-constrained Complex
Job Shops vorgestellt. Unter Verwendung einer jederzeit aktuellen Replikation des realen
Systems werden sowohl je ein uni-, multivariates Zeitreihenmodell als auch ein digitaler
Zwilling genutzt, um Vorhersagen Uber die Verletzung dieser time-constraints zu erhalten. In
einem zweiten Schritt wird auf der Grundlage der Erwartung von Zeitliberschreitungen die
Produktionssteuerung abgeleitet und mit Echtzeitdaten anhand eines realen Halbleiterwerks
implementiert. Der daraus resultierende Ansatz wird gemeinsam mit dem Stand der Technik
validiert und zeigt signifikante Verbesserungen, da viele Verletzungen von time-constraints
verhindert werden kdnnen. Zukunftig soll die intelligente Produktionssteuerung daher in
weiteren Complex Job Shop-Umgebungen evaluiert und ausgerollt werden.






Abstract

In wake of an ever increasing complexity the desire to move towards intelligently controlling op-
erations is amplified in manufacturing. Complex job shops mark the most complex production
environments that require a high degree of agility to control. Among these complex manufac-
turing environments semiconductor manufacturing stands out as it combines all complexities
to form a truly complex job shop. Hence, operational excellence is the key to success and
relies on intelligent production control. A major concern in controlling such complex job shops,
in this case semiconductor wafer fabrication, is the presence of time-constraints that limit the
transition time of products between two, mostly successive, processes. Adhering to these
product specific time-constraints is of utmost importance as violations result in scrapping the
violating product. The state-of-the-art production control of these dispatching decisions that
aim at adhering to time-constraints is based on error-prone manual control that is stressful
for human operators. Thus, within this thesis a novel, real-time data based approach for
intelligently controlling production control for time-constrained complex job shops is presented.
Using an up-to-the-minute replica of the real system both uni-, multi-variate time series models
and a digital twin are used to obtain violation predictions. As a second step, based on the
time-constraint violation expectancy the production control is derived and implemented with
a real-world semiconductor manufacturing plant real-time data. The resulting approach is,
therefore, validated against the state-of-the-art showing significant improvements as many
time-constraint violations could be prevented. In future, thus, intelligent production control
should be evaluated and rolled out in more complex job shop settings.






Contents

Contents
Contents |
Abbreviations v
Formula symbols Vi
1 Introduction 1
1.1 Motivation . . . . . . . ... 2
1.2 Problemstatement. . . . . . . . ... 3
1.3 Research hypothesis . . . . . .. ... ... ... ... .. .. ... ... 4
1.4 Structureofthiswork . . . . . . . . ... 5
2 Fundamentals 6
2.1 Semiconductor Manufacturing . . . . . . . . ... 7
2.1.1 Semiconductor fabrication technology . . . . . .. ... ... ... ... 8
2.1.2 Frond-end wafer fabrication . . . .. ... ... ... ... .. ... .. 14
2.1.3 Time-constraints in Semiconductor Manufacturing . . . . . . ... ... 17
2.1.4 Summary: Semiconductor manufacturing complexities and requirements 19
2.2 Production planningandcontrol . . . . . . . ... ... oL 20
2.2.1 Key Performance Indicators . . . . .. ... ... ... ... .. ..., 21
2.2.2 Production Planning and Controltasks . . . . . ... ... ... .... 22
2.2.3 Complex Job Shops and Production Planning and Control . . . . . .. 26
2.2.4 Semiconductor Production Planning and Control . . . . . . . ... ... 26
2.2.5 Summary: Solution approach requirements . . . . . ... ... ... .. 30
2.3 Quantitative optimization methods . . . . . . ... ... .. ... ... .. 31
2.3.1 Mathematical optimization . . . . .. ... ... ............. 32
2.3.2 Heuristics and metaheuristics . . . . .. ... ... ... .. . .. 34
2.3.3 Artificial Intelligence . . . . . . ... oo 35
23.4 Machinelearning . .. ... ... .. .. .. ... 38
2.3.5 Predictions with Time SeriesModels . . . . .. ... ... ....... 48
2.3.6 Summary: Quantitative methods to optimize production control . . . . . 51
2.4 Production system Digital Twin . . . . . . . . ... .. oL 52
2.4.1 Production system simulation . . . . ... ... ... . 0 L. 52
2.4.2 Foresighted Digital Twins . . . . . . . .. ... ... ... .. ..... 53
2.4.3 Knowledge Graph based Digital Twins . . . . . ... ... ... .... 54

2.4.4 Summary: Simulations as Digital Twins for production control . . . . . . 57



Contents

3 State-of-the-art literature review

3.1

3.2

Literature review of focusareas . . . . . . . ... ... ... ... ...,

3.1.1 Digital twins for intelligent production control . . . . . . ... ... ...

3.1.2 Dealing with time-constraints in capacity planning and scheduling

3.1.3 Adhering to time-constraints in dispatching in complex job shops . . . .

3.1.4 Implementing learning based production control in job shops for time-
constraints . . . . ...

Researchdeficit . . ... ... ... ... . ... ... .

4 Intelligent Production Control for time-contrained complex job shops

4.1
42

4.3

4.4

4.5

4.6

Problem scope and assumptions . . . . . .. ... ...
Modeling the production system . . . . . . .. .. ... .. oL
421 Relevantsystemelements . . . . ... ... ... ... ... ...,
4.2.2 Simulation and foresighted digital twin modeling . . . . . .. ... ...
4.2.3 Transitional modeling approach . . . . ... .. ... ..........
Intelligent production control architecture for time-constraint adherence

4.3.1 Control flow architecture . . . . . . .. ... ... ...
4.3.2 Intelligent production control for time-constraint gate keeping decisions
4.3.3 Implementation of time-constraint gate keeping decisions in operations
Transition time and adherence prediction . . . . . . .. ... ... ... ....
4.4.1 Time-constraint adherence prediction with foresighted digital twin . . .
4.4.2 Time-constraint adherence prediction with transition model . . . . . . .
4.4.3 Obtaining Prediction Intervals for time-series . . . . . . ... ... ...
Performance evaluation for prediction and prediction interval benchmarks . .
4.5.1 Foresighted digital twin computational performance . . . . .. ... ..
4.5.2 State-of-the-art and predictor benchmark performance . . . ... ...
4.5.3 Prediction interval model evaluation . . . . . ... ... ... ......
Summary of the overall approach and framework . . . . ... ... ......

5 Evaluation and computational results

5.1
5.2

5.3

5.4

Semiconductor fab as a complex job shop application and benchmark . . . . .
Performance evaluation of time-constraint adherence . . . . . . . ... .. ..
5.2.1 Performance metrics for the evaluation of Prediction Interval Quality .
5.2.2 Performance metrics for the binary classification evaluation . . . . . . .
Evaluation of Foresighted Digital Twin-based production control approach . . .
5.3.1 Evaluation of the simulation model prediction . . . . . . ... ... ...
5.3.2 Evaluation of binary classification . . . . ... ... ... .. ... ...
Evaluation of transitional model based production control approach . . . . . .

59
59
60
62
67

70
70

76
77
78
79
81
92
95
95
97
104
105

. 106

108
111

.124

124
126
129
132

136
137
138

. 139

140
140



Contents i

5.4.1 Evaluation of the influence of multi-variate prediction intervals . . . . . 145

5.4.2 Evaluation of binary classification . . . . . .. ... ... ... ..... 146

5.5 Summary of evaluation and computationalresults . . . . . . . ... ... ... 149

6 Discussion and Outlook 151
6.1 Discussion . . . . . . .. 151
6.2 Outlook and further considerations . . . . . ... ... ... .......... 155

7 Conclusion 157
8 List of own publications 158
9 References 163
List of Figures 188
List of Tables 192
Appendices X
A1 Additional data analysis of the real-world semiconductor manufacturing dataset X
A2 Additional experimental evaluation of transition time prediction . . . . . . . . .. Xl

A3 Additional experimental evaluation of time-constraint adherence prediction . . . XIV





