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Programming with Python

Dies ist ein Kurs über das Programmieren mit der Programmiersprache Python an der
Universität Hefei (合肥大学).

Die Webseite mit dem Lehrmaterial dieses Kurses ist htt-
ps://thomasweise.github.io/programmingWithPython (siehe auch den QR-Kode
unten rechts). Dort können Sie das Kursbuch (in Englisch) und diese Slides finden.
Das Repository mit den Beispielprogrammen in Python finden Sie unter htt-
ps://github.com/thomasWeise/programmingWithPythonCode.

https://thomasweise.github.io/programmingWithPython
https://thomasweise.github.io/programmingWithPython
https://github.com/thomasWeise/programmingWithPythonCode
https://github.com/thomasWeise/programmingWithPythonCode
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Willkommen

• Willkommen zum Kurs Programmieren mit Python.

• Wir befinden uns im Wintersemester 2026/2027 an der Universität Hefei (合肥大学) in
der schönen Stadt Hefei (合肥市) in der Provinz Anhui (安徽省) in China.

• Dieser Kurs lehrt das Programmieren mit der Programmiersprache Python.
• Der Kurs wird in deutscher Sprache unterrichtet.
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Lehrer

• Prof. Dr. Thomas WEISE (汤卫思)

• Diplom-Informatiker (硕士) der TU Chemnitz in Sachsen, Deutschland, im Jahr 2005.
• Doktor der Informatik an der Universität Kassel in Hessen, Deutschland, im Jahr 2009.
• 2009-2011: PostDoc (博士后) an der University of Science and Technology of

China (USTC, 中国科学技术大学) in Hefei, Anhui, China.
• 2011-2016: Associate Professor (副教授) an der USTC.
• Seit 2016: Full Professor (教授) der Universität Hefei (合肥大学) in Hefei, Anhui, China.
• Forschungsfeld: Optimierungsverfahren, Metaheuristiken, Operations Research
• 150 publications, 8 in 中国科学院分1区, 2 in 中国计算机学会A类, 8 in 中国人工智能学
会A类, and of 8 in 中国自动化学会A+类, and 2 in 清华大学计算机学科A群; PI of, e.g.,
国家自然科学基金委员会 面上项目 and 外国青年学者研究基金, 中国科学院外籍青年
科学家计划, and 中国博士后科学基金会 projects.

• Kontakt: tweise@hfuu.edu.cn.
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Vorlesung / Übung Vorlesung / Übung
周次 月-日 星期 节 Zeit Raum 周次 月-日 星期 节 Zeit Raum

6 10-12 Mo 1-2 08:20-10:00 36-202 6 10-14 Mi 1-2 08:20-10:00 36-202
7 10-19 Mo 1-2 08:20-10:00 36-202 7 10-21 Mi 1-2 08:20-10:00 36-202
7 10-23 Fr 3-4 10:30-12:10 37-410
8 10-26 Mo 1-2 08:20-10:00 36-202 8 10-28 Mi 1-2 08:20-10:00 36-202
8 10-30 Fr 3-4 10:30-12:10 37-410
9 11-02 Mo 1-2 08:20-10:00 36-202 9 11-04 Mi 1-2 08:20-10:00 36-202
9 11-06 Fr 3-4 10:30-12:10 37-410
10 11-09 Mo 1-2 08:20-10:00 36-202 10 11-11 Mi 1-2 08:20-10:00 36-202
10 11-13 Fr 3-4 10:30-12:10 37-410
11 11-16 Mo 1-2 08:20-10:00 36-202 11 11-18 Mi 1-2 08:20-10:00 36-202
11 11-20 Fr 3-4 10:30-12:10 37-410
12 11-23 Mo 1-2 08:20-10:00 36-202 12 11-25 Mi 1-2 08:20-10:00 36-202
12 11-27 Fr 3-4 10:30-12:10 37-410
13 11-30 Mo 1-2 08:20-10:00 36-202 13 12-04 Fr 3-4 10:30-12:10 37-410
14 12-07 Mo 1-2 08:20-10:00 36-202 14 12-11 Fr 3-4 10:30-12:10 37-410
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Aspekte

• Die Durchführung des Kurses hat drei wesentliche Aspekte von meiner Seite

:
1. Alles, was gelehrt wird, wird aktiv praktisch und selbstständig von den Studierenden

ausprobiert.

Auf Ihrem eigenen Laptop-Computer.
2. Umfangreiches unterstützendes Lehrmaterial wird zur Verfügung gestellt.

Alles kann
nachgelesen und nachvollzogen werden.

3. Das ist keine Arbeit, kein Auswendiglernen.

Es soll nicht langweilig sein.

Das Ziel ist, dass Sie
Freude beim Lernen und bei der Arbeit mit unserem Themengebiet fühlen.
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Buch

• Ich habe für diesen Kurs ein Buch geschrieben: Programming with Python266.

• Das Buch ist in Englisch geschrieben.
• Dieses Buch steht kostenlos im Internet.
• Es wird noch aktiv weiterentwickelt.
• Sie können mir helfen, es weiterzuentwickeln, durch Fragen, Anregungen, das Finden von

Fehlern, usw.
URL: https://thomasweise.github.io/programmingWithPython/programmingWithPython.pdf
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Buch: Features

• Das Buch ist explizit für Anfänger auf dem Gebiet geschrieben.

• Es beinhaltet viele Beispiele, die Schritt-für-Schritt erklärt werden.
• Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklärt.
• Das Glossary beinhaltet auch Abkürzungen, Programme, mathematische Notationen, usw.
• Zum Beispiel standard input stream (stdin), Universal Coded Character Set (UCS),

Unified Modeling Language (UML), Hyper Text Markup Language (HTML), JavaScript
Object Notation (JSON), first normal form (1NF), breakpoint, venv, client-server
architecture, R, NP-hard, psql, PyPI, Matplotlib. . .

• Diese Terme sind jeweils im Text auf das Glossary verlinkt.
• Und im Glossary gibt es dann immer weiterführende Literturhinweise.
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Slides und Übungen/Fragen

• Die Slides zu diesem Kurs sind ebenfalls auf der Kurswebseite online.

• Ebenso finden Sie eine Liste mit Übungsfragen auf der Kurswebseite.
• URL: https://thomasweise.github.io/programmingWithPython

https://thomasweise.github.io/programmingWithPython


Slides und Übungen/Fragen

• Die Slides zu diesem Kurs sind ebenfalls auf der Kurswebseite online.
• Ebenso finden Sie eine Liste mit Übungsfragen auf der Kurswebseite.

• URL: https://thomasweise.github.io/programmingWithPython

https://thomasweise.github.io/programmingWithPython


Slides und Übungen/Fragen

• Die Slides zu diesem Kurs sind ebenfalls auf der Kurswebseite online.
• Ebenso finden Sie eine Liste mit Übungsfragen auf der Kurswebseite.
• URL: https://thomasweise.github.io/programmingWithPython

https://thomasweise.github.io/programmingWithPython


Beispiele

• In diesem Kurs werden wir sehr viele Beispiele verwenden.

• Sie können (und sollen!) also jeden Schritt jedes Beispiels genau nachvollziehen.
• Im Buch finden Sie jeweils im Titel des Programms gleich noch den Link zum Sourcekode

auf GitHub.

1 print("Hello World!")

↓ python3 very_first_program.py ↓

1 Hello World!
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Komplexere Beispielprogramme

• Für einige Beispiele mit komplexeren
Kommandos werden der
Programmkode, die Kommandozeile
zu dessen Ausführung, der standard
output stream (stdout)142, der
Exit-Kode140, und die
Softwareversion mit angezeigt.

• Natürlich mit einem Link zum Kode
auf GitHub.

Link zur Datei auf Github

Kommando im Terminal

Softwareversion, Ergebnis, und Exit Code
Source: [266]
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Software

• Wir nutzen viele verschiedene Werkzeuge.

• Diese sind alle kostenlos im Internet verfügbar.
• Die meisten sind Open Source software.
• Für jedes Werkzeug haben wir Installationshinweise ausgearbeitet.

Mit Screenshots für
Microsoft Windows9,115,227,247,256 und Ubuntu Linux53,116.
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• Wir nutzen viele verschiedene Werkzeuge.
• Diese sind alle kostenlos im Internet verfügbar.
• Die meisten sind Open Source software.
• Für jedes Werkzeug haben wir Installationshinweise ausgearbeitet. Mit Screenshots für

Microsoft Windows9,115,227,247,256 und Ubuntu Linux53,116.



Literaturhinweise

• Haben Sie die kleinen roten Zahlen in dem Satz „Mit Screenshots für Microsoft
Windows9,115,227,247,256 und Ubuntu Linux53,116.“ bemerkt?

• Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.
• Im Buch Programming with Python266 finden Sie ebenfalls viele Literaturhinweise, dort

allerdings in eckigen Klammern, also eher so: [266].
• Wir haben für alles was wir lehren, für jedes Werkzeug, das verwendet wird, für alle

Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.
• Wir beziehen uns auf Standards, wissenschaftliche Veröffentlichungen, Dokumentationen,

Vorlesungen an anderen Universitäten, und selbst auf aktuelle Gesetzgebung.
• Wo immer möglich, werden die entsprechenden Quellen im Literaturverzeichnis verlinkt

und ich verwende, wo immer möglich, Quellen, die online verfügbar sind.
• Am Ende der Slides finden Sie oft ein Glossary (allerdings in Englisch).
• Sie können alles nachlesen.
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Alles ist da.

• Wir wissen, dass es nicht einfach ist, neue Dinge in einer fremden Sprache zu lernen.

• Daher versuchen wir, alle Informationen so klar wie möglich darzustellen.
• Wir stellen umfangreiches Lehrmaterial zur Verfügung.
• Und wir machen den Kurs so praktisch wie möglich.
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Ökosystem

• Wir versuchen, ein Ökosystem von Lehrmaterial aufzubauen.

• Aktuell gibt es folgende beiden Kurse

:

• Python, mit dem Textbuch Thomas Weise (汤卫思). Programming with Python. Hefei
University (合肥大学), School of Artificial Intelligence and Big Data (人工智能与大数据学
院), 2024–2026. URL:
h t t p s : // t h o m a s w e i s e . g i t h u b . i o / p r o g r a m m i n g W i t h P y t h o n

und

• Datenbanken, mit dem Textbuch Thomas Weise (汤卫思). Databases. Hefei University (合肥
大学), School of Artificial Intelligence and Big Data (人工智能与大数据学院), 2025. URL:
h t t p s : // t h o m a s w e i s e . g i t h u b . i o / d a t a b a s e s .

• Diese Kurse sind miteinander verzahnt und vom Material her gleich strukturiert.
• Sie sind eingeladen, sich die Materialien beider Kurse anzuschauen.
• Beide werden aktiv weiterentwickelt.

https://thomasweise.github.io/programmingWithPython
https://thomasweise.github.io/databases
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Voraussetzungen

• Bringen Sie Ihren Laptop mit.

1. Ihren eigenen Laptop.

2. Immer.
3. Vollziehen Sie unsere Beispiele nach.
4. Am Besten während der Vorlesung.
5. Auf Ihrem eigenen Laptop.

• Das sind schon alle Voraussetzungen.
• Bonus: Im Idealfall arbeiten Sie mit dem Betriebssystem Ubuntu Linux53,116.

Sie könnten es
ja in einer virtuellen Maschine installieren.
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4. Am Besten während der Vorlesung.
5. Auf Ihrem eigenen Laptop.

• Das sind schon alle Voraussetzungen.
• Bonus: Im Idealfall arbeiten Sie mit dem Betriebssystem Ubuntu Linux53,116. Sie könnten es
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Warnung

• Sie sind chinesische Studierende.

• Es ist normal, zu denken: „OK, mir das auf Deutsch anzuhören oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch.“

• Ich werde ihnen auch weiterführende englische/deutsche Literatur nennen.
• ABER: Lesen Sie andere Bücher nur begleitend, um Aspekte zu klären, die Sie vielleicht in

meinem Material nicht verstanden haben!
• Sie müssen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.
• Dafür gibt es viele Gründe

1. Viele existierende Bücher sind veraltet oder haben einen anderen Fokus.

2. Wir lernen die aktuellen und modernsten Aspekte der praktischen Arbeit auf unserem Gebiet
kennen.

3. Sehr viele unserer Themen kommen NICHT in anderen Büchern vor!
4. Sie kommen aber alle in der Prüfung vor!
5. Wenn Sie nicht unser Material durcharbeiten, dann sitzen Sie nachher in einer Prüfung und

verstehen nicht mal die Fragen. . .
6. Wenn Sie sich das Wissen nur mit anderen Materialien aneignen wollen, dann werden Sie zu

100% durch die Prüfung durchfallen!.

• Hören Sie in der Vorlesung zu! Lesen Sie mein Material (englisch oder
deutsch)!
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Zusammenfassung



Kurs Programmieren mit Python

• Willkommen zum Kurs Programmieren mit Python.

• Ich freue mich auf unsere Zusammenarbeit und hoffe, dass wir Spaß mit diesem Gebiet
haben werden.

• Und: Bitte besuchen Sie die Vorlesung, hören Sie zu, und verwenden/lesen Sie mein
Vorlesungsmaterial. . .
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谢谢您们！

Thank you!
Vielen Dank!
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Hrsg. von Hernán E. Aguirre und Keiki Takadama. New York, NY, USA: Association for Computing Machinery (ACM), 2018,
S. 293–300. ISBN: 978-1-4503-5618-3. doi:10.1145/3205455.3205515 (siehe S. 188, 196).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0302-9743
https://isbnsearch.org/isbn/978-3-540-22344-3
https://doi.org/10.1007/978-3-540-24854-5\_108
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0304-3975
https://doi.org/10.1016/J.TCS.2005.04.002
https://isbnsearch.org/isbn/978-0-8218-6607-8
https://isbnsearch.org/isbn/978-0-321-19368-1
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1063-6560
https://doi.org/10.1162/evco.2009.17.4.17401
https://isbnsearch.org/isbn/978-1-4503-5618-3
https://doi.org/10.1145/3205455.3205515


References XIV

[100] José E. Gallardo, Carlos Cotta und Antonio J. Fernández. “A Memetic Algorithm for the Low Autocorrelation Binary Sequence
Problem”. In: 9th Genetic and Evolutionary Computation Conference (GECCO’2007). 7.–11. Juli 2007, London, England, UK. Hrsg. von
Hod Lipson. New York, NY, USA: Association for Computing Machinery (ACM), 2007, S. 1226–1233. ISBN: 978-1-59593-697-4.
doi:10.1145/1276958.1277195 (siehe S. 188).

[101] Michael R. Garey und David Stifler Johnson. Computers and Intractability: A Guide to the Theory of NP-Completeness. New York, NY,
USA: W. H. Freeman and Company, 1979. ISBN: 978-0-7167-1045-5 (siehe S. 195).

[102] Mitsuo Gen, Yasuhiro Tsujimura und Erika Kubota. “Solving Job-Shop Scheduling Problems by Genetic Algorithm”. In: Humans,
Information and Technology: Proceedings of the 1994 IEEE International Conference on Systems, Man and Cybernetics (SMC’1994).
Bd. 2. 2.–5. Okt. 1994, San Antonio, TX, USA. Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE), 1994,
S. 1577–1582. ISBN: 978-0-7803-2129-8. doi:10.1109/ICSMC.1994.400072. Proposes a permutations-with-repetitions based encoding for
the JSSP. (Siehe S. 157, 187, 198).

[103] Fred Glover. “Tabu Search – Part I”. ORSA Journal on Computing 1(3):190–206, Sommer 1989. Catonsville, MD, USA: The Institute
for Operations Research and the Management Sciences (INFORMS). ISSN: 0899-1499. doi:10.1287/ijoc.1.3.190 (siehe S. 194).

[104] Fred Glover. “Tabu Search – Part II”. ORSA Journal on Computing 2(1):4–32, Winter 1990. Catonsville, MD, USA: The Institute for
Operations Research and the Management Sciences (INFORMS). ISSN: 0899-1499. doi:10.1287/ijoc.2.1.4 (siehe S. 194).

[105] Fred Glover und Gary A. Kochenberger, Hrsg. Handbook of Metaheuristics. Bd. 57 der Reihe International Series in Operations
Research & Management Science (ISOR). Cham, Switzerland: Springer, 2003. ISSN: 0884-8289. ISBN: 978-0-306-48056-0.
doi:10.1007/b101874 (siehe S. 190).

[106] Fred Glover, Éric D. Taillard und Dominique de Werra. “A User’s Guide to Tabu Search”. Annals of Operations Research 41(1):3–28,
März 1993. London, England, UK: Springer Nature Limited. ISSN: 0254-5330. doi:10.1007/BF02078647. Special issue on TS. (Siehe
S. 194).

https://isbnsearch.org/isbn/978-1-59593-697-4
https://doi.org/10.1145/1276958.1277195
https://isbnsearch.org/isbn/978-0-7167-1045-5
https://isbnsearch.org/isbn/978-0-7803-2129-8
https://doi.org/10.1109/ICSMC.1994.400072
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0899-1499
https://doi.org/10.1287/ijoc.1.3.190
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0899-1499
https://doi.org/10.1287/ijoc.2.1.4
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0884-8289
https://isbnsearch.org/isbn/978-0-306-48056-0
https://doi.org/10.1007/b101874
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0254-5330
https://doi.org/10.1007/BF02078647


References XV

[107] José Fernando Gonçalves und Mauricio G. C. Resende. “A Biased Random Key Genetic Algorithm for two-dimensional Bin Packing
Problem (2BP) and 3D Bin Packing Problems”. International Journal of Production Economics (IJPE) 145(2):500–510, Okt. 2013.
Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0925-5273. doi:10.1016/j.ijpe.2013.04.019. Applies the Biased Random Key
Genetic Algorithm (BRKGA) to the 2BP|R|F and 2BP|O|F as well as 3D packing. Continuous vectors are translated to permutations
and orientation data which is then the input of a placement heuristic. (Siehe S. 182, 183).

[108] José Fernando Gonçalves und Mauricio G. C. Resende. “An Extended Akers Graphical Method with a Biased Random-Key Genetic
Algorithm for Job-Shop Scheduling”. International Transactions on Operational Research (ITOR) 21(2):215–246, März 2014.
Chichester, West Sussex, England, UK: John Wiley and Sons Ltd. ISSN: 0969-6016. doi:10.1111/itor.12044. URL:
http://mauricio.resende.info/doc/brkga-jss2011.pdf (besucht am 2026-09-30). The BRKGA basically is a MA using a continuous
encoding of permutations that are decoded to schedules using the method from 25,26,102,224 and then refined via a TS. (Siehe S. 183, 187).

[109] José Fernando Gonçalves und Mauricio G. C. Resende. “Biased Random-Key Genetic Algorithms for Combinatorial Optimization”.
Journal of Heuristics 17:487–525, Okt. 2010. London, England, UK: Springer Nature Limited. ISSN: 1381-1231.
doi:10.1007/s10732-010-9143-1 (siehe S. 183).

[110] Michael T. Goodrich. A Gentle Introduction to NP-Completeness. Irvine, CA, USA: University of California, Irvine, Apr. 2022. URL:
https://ics.uci.edu/~goodrich/teach/cs165/notes/NPComplete.pdf (besucht am 2025-08-01) (siehe S. 199).

[111] Ronald Lewis Graham, Eugene Leighton Lawler, Jan Karel Lenstra und Alexander Hendrik George Rinnooy Kan. “Optimization and
Approximation in Deterministic Sequencing and Scheduling: A Survey”. Annals of Discrete Mathematics (5):287–326. Hrsg. von
Peter Ladislaw Hammer, Ellis Lane Johnson und Bernhard H. Korte, 1979. ISSN: 0167-5060. doi:10.1016/S0167-5060(08)70356-X. An
early review on JSSPs and FSSPs. (Siehe S. 185, 187).

[112] Martin Grötschel, Michael Jünger und Gerhard Reinelt. “Optimal Control of Plotting and Drilling Machines: A Case Study”. Zeitschrift
für Operations Research (ZOR). now Mathematical Methods of Operations Research (MMOR) 35(1):61–84, Jan. 1991. Heidelberg,
Baden-Württemberg, Germany: Physica-Verlag; now London, England, UK: Springer Nature Limited. ISSN: 0340-9422.
doi:10.1007/BF01415960. This paper tackles circuit board plotting and drilling problems by modelling (parts of) them as symmetric
Traveling Salesperson Problems (STSPs). (Siehe S. 195).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0925-5273
https://doi.org/10.1016/j.ijpe.2013.04.019
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0969-6016
https://doi.org/10.1111/itor.12044
http://mauricio.resende.info/doc/brkga-jss2011.pdf
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1381-1231
https://doi.org/10.1007/s10732-010-9143-1
https://ics.uci.edu/~goodrich/teach/cs165/notes/NPComplete.pdf
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0167-5060
https://doi.org/10.1016/S0167-5060(08)70356-X
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0340-9422
https://doi.org/10.1007/BF01415960


References XVI

[113] Gregory Z. Gutin und Abraham P. Punnen, Hrsg. The Traveling Salesman Problem and its Variations. Bd. 12 der Reihe Combinatorial
Optimization (COOP). New York, NY, USA: Springer New York, Mai 2002. ISSN: 1388-3011. doi:10.1007/b101971 (siehe S. 195).

[114] Pierre Hansen, Nenad Mladenović und José Andrés Moreno Pérez. “Variable Neighbourhood Search: Methods and Applications. Invited
Survey”. 4OR 6(4):319–360, Dez. 2008. ISSN: 1619-4500. doi:10.1007/s10288-008-0089-1. URL:
https://www.researchgate.net/publication/225155945 (besucht am 2026-10-02) (siehe S. 197).

[115] Michael Hausenblas. Learning Modern Linux. Sebastopol, CA, USA: O’Reilly Media, Inc., Apr. 2022. ISBN: 978-1-0981-0894-6 (siehe
S. 89–101, 188).

[116] Matthew Helmke. Ubuntu Linux Unleashed 2021 Edition. 14. Aufl. Reading, MA, USA: Addison-Wesley Professional, Aug. 2020.
ISBN: 978-0-13-668539-5 (siehe S. 89–101, 115–123, 196).

[117] Keld Helsgaun. “General k-opt Submoves for the Lin–Kernighan TSP Heuristic”. Mathematical Programming Computation
1(2-3):119–163, Juli 2009. London, England, UK: Springer Nature Limited. ISSN: 1867-2949. doi:10.1007/s12532-009-0004-6. URL:
https://www2.seas.gwu.edu/~simhaweb/champalg/tsp/papers/Helsgaun2.pdf (besucht am 2026-09-26) (siehe S. 189).

[118] Keld Helsgaun. “An Effective Implementation of the Lin-Kernighan Traveling Salesman Heuristic”. 126(1):106–130, Okt. 2000.
doi:10.1016/S0377-2217(99)00284-2. URL: http://akira.ruc.dk/~keld/research/LKH/LKH-2.0/DOC/LKH_REPORT.pdf (besucht am
2026-09-26) (siehe S. 189).

[119] André Henning. “Praktische Job-Shop Scheduling-Probleme”. Diss. Jena, Thüringen, Germany: Friedrich-Schiller-Universität Jena, Aug.
2002. URL: http://www.db-thueringen.de/servlets/DocumentServlet?id=873 (besucht am 2026-09-30). Alternate
url: https://nbn-resolving.org/urn:nbn:de:gbv:27-20060809-115700-4. Applies MA-like algorithms to the JSSP. (Siehe S. 187, 189).

[120] Ian Hickson, Robin Berjon, Steve Faulkner, Travis Leithead, Erika Doyle Navara, Theresa O’Connor und Silvia Pfeiffer, Hrsg.
HTML5: A Vocabulary and Associated APIs for HTML and XHTML. W3C Recommendation. Wakefield, MA, USA: World Wide Web
Consortium (W3C), 28. Okt. 2014. URL: http://www.w3.org/TR/2014/REC-html5-20141028 (besucht am 2024-12-17) (siehe S. 185).

[121] Holger H. Hoos und Thomas Stützle. Stochastic Local Search: Foundations & Applications. The Morgan Kaufmann Series in Artificial
Intelligence. Amsterdam, The Netherlands: Elsevier B.V., 2005. ISBN: 978-1-55860-872-6. doi:10.1016/B978-1-55860-872-6.X5016-1
(siehe S. 189, 193).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=1388-3011
https://doi.org/10.1007/b101971
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1619-4500
https://doi.org/10.1007/s10288-008-0089-1
https://www.researchgate.net/publication/225155945
https://isbnsearch.org/isbn/978-1-0981-0894-6
https://isbnsearch.org/isbn/978-0-13-668539-5
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1867-2949
https://doi.org/10.1007/s12532-009-0004-6
https://www2.seas.gwu.edu/~simhaweb/champalg/tsp/papers/Helsgaun2.pdf
https://doi.org/10.1016/S0377-2217(99)00284-2
http://akira.ruc.dk/~keld/research/LKH/LKH-2.0/DOC/LKH_REPORT.pdf
http://www.db-thueringen.de/servlets/DocumentServlet?id=873
https://nbn-resolving.org/urn:nbn:de:gbv:27-20060809-115700-4
http://www.w3.org/TR/2014/REC-html5-20141028
https://isbnsearch.org/isbn/978-1-55860-872-6
https://doi.org/10.1016/B978-1-55860-872-6.X5016-1


References XVII

[122] Holger H. Hoos und Thomas Stützle. SATLIB – The Satisfiability Library. 1.4.4. Vancouver, BC, Canada: The University of British
Columbia (UBC), 11. Mai 2001. URL: https://www.cs.ubc.ca/~hoos/SATLIB/index-ubc.html (besucht am 2026-09-20). See paper 123

(siehe S. 159, 193).

[123] Holger H. Hoos und Thomas Stützle. “SATLIB: An Online Resource for Research on SAT”. In: SAT2000 – Highlights of Satisfiability
Research in the Year 2000. Hrsg. von Ian Philip Gent, Toby Walsh und Hans van Maaren. Bd. 63 der Reihe Frontiers in Artificial
Intelligence and Applications. Amsterdam, The Netherlands: IOS Press BV, Jan. 2000, S. 283–292. ISSN: 0922-6389.
ISBN: 978-1-58603-061-2. See the website 122 (siehe S. 159, 193).

[124] John Hunt. A Beginners Guide to Python 3 Programming. 2. Aufl. Undergraduate Topics in Computer Science (UTICS). Cham,
Switzerland: Springer, 2023. ISSN: 1863-7310. ISBN: 978-3-031-35121-1. doi:10.1007/978-3-031-35122-8 (siehe S. 191).

[125] John D. Hunter. “Matplotlib: A 2D Graphics Environment”. Computing in Science & Engineering 9(3):90–95, Mai–Juni 2007.
Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE). ISSN: 1521-9615. doi:10.1109/MCSE.2007.55 (siehe
S. 189).

[126] John D. Hunter, Darren Dale, Eric Firing, Michael Droettboom und The Matplotlib Development Team. Matplotlib: Visualization with
Python. Austin, TX, USA: NumFOCUS, Inc., 2012–2025. URL: https://matplotlib.org (besucht am 2025-02-02) (siehe S. 189).

[127] Information Technology – Universal Coded Character Set (UCS). International Standard ISO/IEC 10646:2020. Geneva, Switzerland:
International Organization for Standardization (ISO) und International Electrotechnical Commission (IEC), Dez. 2020 (siehe S. 179,
196).

[128] Python 3 Documentation. Installing Python Modules. Beaverton, OR, USA: Python Software Foundation (PSF), 2001–2025. URL:
https://docs.python.org/3/installing (besucht am 2024-08-17) (siehe S. 191).

[129] Manuel Iori, Vinícius Loti de Lima, Silvano Martello, Flávio K. Miyazaw und Michele Monaci. “Exact Solution Techniques for
Two-Dimensional Cutting and Packing”. European Journal of Operational Research 289(2):399–415, März 2021. Amsterdam,
The Netherlands: Elsevier B.V. ISSN: 0377-2217. doi:10.1016/j.ejor.2020.06.050. See also arXiv:2004.12619v1 [math.OC] 27 Apr 2020
at doi:10.1016/j.ejor.2020.06.050. (Siehe S. 182).

https://www.cs.ubc.ca/~hoos/SATLIB/index-ubc.html
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0922-6389
https://isbnsearch.org/isbn/978-1-58603-061-2
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1863-7310
https://isbnsearch.org/isbn/978-3-031-35121-1
https://doi.org/10.1007/978-3-031-35122-8
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1521-9615
https://doi.org/10.1109/MCSE.2007.55
https://matplotlib.org
https://docs.python.org/3/installing
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/j.ejor.2020.06.050
https://doi.org/10.1016/j.ejor.2020.06.050


References XVIII

[130] Christoph Jabs, Dieter Vandesande, Jeremias Berg, Johannes Fichte, George Katsirelos, Ruben Martins, André Schidler und
Dominik Schreiber. MaxSAT Evaluation: Complete Benchmark Collection. 2026. Aufl. Geneva, Switzerland: zenodo (hosted
by European Organization for Nuclear Research (CERN)), 9. Juli 2026. doi:10.5281/zenodo.21283148. All versions of this dataset can be
reached directly via doi:10.5281/zenodo.21283147. See also https://github.com/maxsat-evaluations/data and
https://maxsat-evaluations.github.io. (Siehe S. 190).

[131] Dean Jacobs, Jan Prins, Peter Siegel und Kenneth Wilson. “Monte Carlo Techniques in Code Optimization”. In: 15th Annual Workshop
on Microprogramming (MICRO 15). 5.–7. Okt. 1982. Hrsg. von Joseph Allen Fisher, William J. Tracz und Bill Hopkins. Palo Alto, CA,
USA: Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE) und New York, NY, USA: Association for
Computing Machinery (ACM), Okt. 1982, S. 143–148. doi:10.5555/800036.800944. See 132 (siehe S. 160).

[132] Dean Jacobs, Jan Prins, Peter Siegel und Kenneth Wilson. “Monte Carlo Techniques in Code Optimization”. ACM SIGMICRO
Newsletter 13(4):143–148, Dez. 1982. New York, NY, USA: Association for Computing Machinery (ACM). ISSN: 1050-916X.
doi:10.1145/1014194.800944. See 131 (siehe S. 160, 193).

[133] Stefan Jakobs. “On Genetic Algorithms for the Packing of Polygons”. European Journal of Operational Research 88(1):165–181, Jan.
1996. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0377-2217. doi:10.1016/0377-2217(94)00166-9 (siehe S. 186).

[134] Wassim Jaziri, Hrsg. Tabu Search. London, England, UK: IntechOpen Limited, 1. Aug. 2008. ISBN: 978-3-902613-34-9. doi:10.5772/65.
URL: https://www.intechopen.com/books/6114 (besucht am 2026-09-30) (siehe S. 194).

[135] Robert Johansson. Numerical Python: Scientific Computing and Data Science Applications with NumPy, SciPy and Matplotlib. New
York, NY, USA: Apress Media, LLC, Dez. 2018. ISBN: 978-1-4842-4246-9 (siehe S. 189).

[136] David Stifler Johnson, Gregory Z. Gutin, Lyle Andrew McGeoch, Anders Yeo, Weixiong Zhang und Alexei Zverovitch. Experimental
Analysis of Heuristics for the ATSP. Hrsg. von Gregory Z. Gutin und Abraham P. Punnen. New York, NY, USA, Mai 2002.
doi:10.1007/0-306-48213-4_10. URL: https://archive.dimacs.rutgers.edu/Challenges/TSP/papers/atspchap.pdf (besucht am
2026-09-25) (siehe S. 195).

[137] David Stifler Johnson und Lyle Andrew McGeoch. Experimental Analysis of Heuristics for the STSP. Hrsg. von Gregory Z. Gutin und
Abraham P. Punnen. New York, NY, USA, Mai 2002. doi:10.1007/0-306-48213-4_9. URL:
https://archive.dimacs.rutgers.edu/Challenges/TSP/papers/stspchap.pdf (besucht am 2026-09-25) (siehe S. 195).

https://doi.org/10.5281/zenodo.21283148
https://doi.org/10.5281/zenodo.21283147
https://github.com/maxsat-evaluations/data
https://maxsat-evaluations.github.io
https://doi.org/10.5555/800036.800944
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1050-916X
https://doi.org/10.1145/1014194.800944
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/0377-2217(94)00166-9
https://isbnsearch.org/isbn/978-3-902613-34-9
https://doi.org/10.5772/65
https://www.intechopen.com/books/6114
https://isbnsearch.org/isbn/978-1-4842-4246-9
https://doi.org/10.1007/0-306-48213-4_10
https://archive.dimacs.rutgers.edu/Challenges/TSP/papers/atspchap.pdf
https://doi.org/10.1007/0-306-48213-4_9
https://archive.dimacs.rutgers.edu/Challenges/TSP/papers/stspchap.pdf


References XIX

[138] David Stifler Johnson, Lyle Andrew McGeoch, Fred Glover und Cesar Rego. 8th DIMACS Implementation Challenge: The Traveling
Salesman Problem. 1. Juni 2000–19. Nov. 2013. URL: https://archive.dimacs.rutgers.edu/Challenges/TSP (besucht am 2026-09-25)
(siehe S. 195).

[139] Selmer Martin Johnson. “Optimal Two- and Three-Stage Production Schedules with Setup Times Included”. Naval Research Logistics
Quarterly I(1):61–68, März 1954. Chichester, West Sussex, England, UK: John Wiley and Sons Ltd. ISSN: 0894-069X.
doi:10.1002/nav.3800010110. URL: https://www.rand.org/content/dam/rand/pubs/papers/2008/P402.pdf (besucht am 2023-12-06) (siehe
S. 185).

[140] .“exit – Terminate a Process”. In: POSIX.1-2024: The Open Group Base Specifications Issue 8, IEEE Std 1003.1™-2024 Edition.
Hrsg. von Andrew Josey. Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE) und San Francisco, CA,
USA: The Open Group, 8. Aug. 2024. URL: https://pubs.opengroup.org/onlinepubs/9799919799/functions/exit.html (besucht am
2024-10-30) (siehe S. 87, 88).

[141] Andrew Josey, Hrsg. POSIX.1-2024: The Open Group Base Specifications Issue 8, IEEE Std 1003.1™-2024 Edition. Piscataway, NJ,
USA: Institute of Electrical and Electronics Engineers (IEEE) und San Francisco, CA, USA: The Open Group, 8. Aug. 2024. URL:
https://pubs.opengroup.org/onlinepubs/9799919799 (besucht am 2024-10-30).

[142] .“stderr, stdin, stdout – Standard I/O Streams”. In: POSIX.1-2024: The Open Group Base Specifications Issue 8,
IEEE Std 1003.1™-2024 Edition. Hrsg. von Andrew Josey. Piscataway, NJ, USA: Institute of Electrical and Electronics
Engineers (IEEE) und San Francisco, CA, USA: The Open Group, 8. Aug. 2024. URL:
https://pubs.opengroup.org/onlinepubs/9799919799/functions/stdin.html (besucht am 2024-10-30) (siehe S. 87, 88, 193, 194).

[143] William (Bill) Kent. “A Simple Guide to Five Normal Forms in Relational Database Theory”. Communications of the ACM (CACM)
26(2):120–125, Sep. 1982–Feb. 1983. New York, NY, USA: Association for Computing Machinery (ACM). ISSN: 0001-0782.
doi:10.1145/358024.358054. URL: https://www.cs.dartmouth.edu/~cs61/Resources/Papers/CACM%20Kent%20Five%20Normal%20Forms.pdf
(besucht am 2025-05-03) (siehe S. 182, 190).

https://archive.dimacs.rutgers.edu/Challenges/TSP
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0894-069X
https://doi.org/10.1002/nav.3800010110
https://www.rand.org/content/dam/rand/pubs/papers/2008/P402.pdf
https://pubs.opengroup.org/onlinepubs/9799919799/functions/exit.html
https://pubs.opengroup.org/onlinepubs/9799919799
https://pubs.opengroup.org/onlinepubs/9799919799/functions/stdin.html
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0001-0782
https://doi.org/10.1145/358024.358054
https://www.cs.dartmouth.edu/~cs61/Resources/Papers/CACM%20Kent%20Five%20Normal%20Forms.pdf


References XX

[144] Scott Kirkpatrick, C. Daniel Gelatt, Jr. und Mario P. Vecchi. “Optimization by Simulated Annealing”. Science Magazine
220(4598):671–680, 13. Mai 1983. Washington, D.C., USA: American Association for the Advancement of Science (AAAS).
ISSN: 0036-8075. doi:10.1126/science.220.4598.671. URL: https://www.researchgate.net/publication/6026283 (besucht am
2025-08-08) (siehe S. 193).

[145] Robert Klein. Scheduling of Resource-Constrained Projects. Bd. 10 der Reihe Operations Research/Computer Science Interfaces
Series (ORCS). New York, NY, USA: Springer New York, 2000. ISSN: 1387-666X. ISBN: 978-0-7923-8637-7.
doi:10.1007/978-1-4615-4629-0 (siehe S. 185).

[146] Donald Ervin Knuth. “Big Omicron and Big Omega and Big Theta”. ACM SIGACT News 8(2):18–24, Apr.–Juni 1976. New York, NY,
USA: Association for Computing Machinery (ACM). ISSN: 0163-5700. doi:10.1145/1008328.1008329 (siehe S. 199, 200).

[147] Donald Ervin Knuth. Fundamental Algorithms. 3. Aufl. Bd. 1 der Reihe The Art of Computer Programming. Reading, MA, USA:
Addison-Wesley Professional, 1997. ISBN: 978-0-201-89683-1 (siehe S. 199, 200).

[148] Donald Ervin Knuth. Sorting and Searching. Bd. 3 der Reihe The Art of Computer Programming. Reading, MA, USA: Addison-Wesley
Professional, 1998. ISBN: 978-0-201-89685-5 (siehe S. 199).

[149] Tjalling Charles Koopmans und Martin Beckmann. “Assignment Problems and the Location of Economic Activities”. Econometrica
25(1):53–76, 1957. New Haven, CT, USA: The Econometric Society and Chichester, West Sussex, England, UK: John Wiley and
Sons Ltd. ISSN: 0012-9682. doi:10.2307/1907742 (siehe S. 192).

[150] Jakob Krarup und Peter Mark Pruzan. “Computer-aided Layout Design”. In: Mathematical Programming in Use. Hrsg. von
Michel Louis Balinski und Claude Lemaréchal. Bd. 9 der Reihe. Berlin/Heidelberg, Germany: Springer-Verlag GmbH Germany, 1978.
Kap. 6, S. 75–94. ISSN: 0303-3929. ISBN: 978-3-642-00796-5. doi:10.1007/BFb0120827. Uses QAPs as model for designing architectural
layouts. (Siehe S. 192).

[151] Mark W. Krentel. “The Complexity of Optimization Problems”. Journal of Computer and System Sciences 36(3):490–509, Juni 1988.
Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0022-0000. Explores the hardness (optimization) problems such TSP, Clique, and
Coloring, where computing the optimal value is NP-complete. (Siehe S. 195).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0036-8075
https://doi.org/10.1126/science.220.4598.671
https://www.researchgate.net/publication/6026283
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1387-666X
https://isbnsearch.org/isbn/978-0-7923-8637-7
https://doi.org/10.1007/978-1-4615-4629-0
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0163-5700
https://doi.org/10.1145/1008328.1008329
https://isbnsearch.org/isbn/978-0-201-89683-1
https://isbnsearch.org/isbn/978-0-201-89685-5
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0012-9682
https://doi.org/10.2307/1907742
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0303-3929
https://isbnsearch.org/isbn/978-3-642-00796-5
https://doi.org/10.1007/BFb0120827
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0022-0000


References XXI

[152] Jay LaCroix. Mastering Ubuntu Server. 4. Aufl. Birmingham, England, UK: Packt Publishing Ltd, Sep. 2022. ISBN: 978-1-80323-424-3
(siehe S. 193).

[153] Edmund Landau. Handbuch der Lehre von der Verteilung der Primzahlen. Leipzig, Sachsen, Germany: B. G. Teubner, 1909.
ISBN: 978-0-8218-2650-8 (siehe S. 199).

[154] Eugene Leighton Lawler, Jan Karel Lenstra und Alexander Hendrik George Rinnooy Kan. “Recent Developments in Deterministic
Sequencing and Scheduling: A Survey”. In: Deterministic and Stochastic Scheduling: Proceedings of the NATO Advanced Study and
Research Institute on Theoretical Approaches to Scheduling Problems. 6.–17. Juni 1981, Durham, England, UK. Hrsg. von
Michael Anthony Howe Dempster, Jan Karel Lenstra und Alexander Hendrik George Rinnooy Kan. Bd. 84 der Reihe Nato Science
Series C: Mathematical and Physical Science (ASIC). London, England, UK: Springer Nature Limited, Apr. 1982, S. 35–73.
ISBN: 978-90-277-1397-1. doi:10.1007/978-94-009-7801-0_3. The JSSP is NP-hard. (Siehe S. 187).

[155] Eugene Leighton Lawler, Jan Karel Lenstra, Alexander Hendrik George Rinnooy Kan und David B. Shmoys. “Sequencing and
Scheduling: Algorithms and Complexity”. In: Production Planning and Inventory. Hrsg. von Stephen C. Graves,
Alexander Hendrik George Rinnooy Kan und Paul H. Zipkin. Bd. IV der Reihe Handbooks of Operations Research and Management
Science. Amsterdam, The Netherlands: Elsevier B.V., 1993. Kap. 9, S. 445–522. ISSN: 0927-0507. ISBN: 978-0-444-87472-6.
doi:10.1016/S0927-0507(05)80189-6. URL: http://alexandria.tue.nl/repository/books/339776.pdf (besucht am 2023-12-06).
Discusses, amongst others, that the JSSP is NP-hard. (Siehe S. 187, 199).

[156] Eugene Leighton Lawler, Jan Karel Lenstra, Alexander Hendrik George Rinnooy Kan und David B. Shmoys. The Traveling Salesman
Problem: A Guided Tour of Combinatorial Optimization. Estimation, Simulation, and Control – Wiley-Interscience Series in Discrete
Mathematics and Optimization. Chichester, West Sussex, England, UK: Wiley Interscience, Sep. 1985. ISSN: 0277-2698.
ISBN: 978-0-471-90413-7 (siehe S. 195).

[157] Stephen R. Lawrence. “Resource Constrained Project Scheduling: An Experimental Investigation of Heuristic Scheduling Techniques”.
Diss. Pittsburgh, PA, USA: Graduate School of Industrial Administration (GSIA), Carnegie-Mellon University, 1984 (siehe S. 187).

[158] Kent D. Lee und Steve Hubbard. Data Structures and Algorithms with Python. Undergraduate Topics in Computer Science (UTICS).
Cham, Switzerland: Springer, 2015. ISSN: 1863-7310. ISBN: 978-3-319-13071-2. doi:10.1007/978-3-319-13072-9 (siehe S. 191).

https://isbnsearch.org/isbn/978-1-80323-424-3
https://isbnsearch.org/isbn/978-0-8218-2650-8
https://isbnsearch.org/isbn/978-90-277-1397-1
https://doi.org/10.1007/978-94-009-7801-0_3
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0927-0507
https://isbnsearch.org/isbn/978-0-444-87472-6
https://doi.org/10.1016/S0927-0507(05)80189-6
http://alexandria.tue.nl/repository/books/339776.pdf
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0277-2698
https://isbnsearch.org/isbn/978-0-471-90413-7
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1863-7310
https://isbnsearch.org/isbn/978-3-319-13071-2
https://doi.org/10.1007/978-3-319-13072-9


References XXII

[159] Xueping Li und Kaike Zhang. “Single Batch Processing Machine Scheduling with Two-Dimensional Bin Packing Constraints”.
International Journal of Production Economics (IJPE) 196:113–121, Feb. 2018. Amsterdam, The Netherlands: Elsevier B.V.
ISSN: 0925-5273. doi:10.1016/j.ijpe.2017.11.015. Mentions some scheduling tasks of Additive Manufacturing jobs can be viewed as
instance of the 2BP|R|F. (Siehe S. 182).

[160] Tianyu Liang (梁天宇), Zhize Wu (吴志泽), Jörg Lässig, Daan van den Berg, Sarah Louise Thomson und Thomas Weise (汤卫思).
“Addressing the Traveling Salesperson Problem with Frequency Fitness Assignment and Hybrid Algorithms”. Soft Computing
28(17-18):9495–9508, Juli 2024. London, England, UK: Springer Nature Limited. ISSN: 1432-7643. doi:10.1007/S00500-024-09718-8
(siehe S. 185, 195).

[161] Tianyu Liang (梁天宇), Zhize Wu (吴志泽), Jörg Lässig, Daan van den Berg und Thomas Weise (汤卫思). “Solving the Traveling
Salesperson Problem using Frequency Fitness Assignment”. In: IEEE Symposium Series on Computational Intelligence (SSCI’2022).
4.–7. Dez. 2022, Singapore. Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE), 2022.
ISBN: 978-1-6654-8769-6. doi:10.1109/SSCI51031.2022.10022296 (siehe S. 185).

[162] Shen Lin und Brian W. Kernighan. “An Effective Heuristic Algorithm for the Traveling-Salesman Problem”. Operations Research
21(2):498–516, März–Apr. 1973. Catonsville, MD, USA: The Institute for Operations Research and the Management
Sciences (INFORMS). ISSN: 0030-364X. doi:10.1287/opre.21.2.498. URL: https://www.cs.princeton.edu/~bwk/btl.mirror/tsp.pdf
(besucht am 2026-09-26) (siehe S. 189).

[163] Dequan Liu (刘德全) und Hongfei Teng (滕弘飞). “An Improved BL-Algorithm for EAGenetic Algorithm of the Orthogonal Packing of
Rectangles”. European Journal of Operational Research 112(2):413–420, Jan. 1999. Amsterdam, The Netherlands: Elsevier B.V.
ISSN: 0377-2217. doi:10.1016/S0377-2217(97)00437-2 (siehe S. 186).

[164] Andrea Lodi, Silvano Martello und Michele Monaci. “Two-Dimensional Packing Problems: A Survey”. European Journal of Operational
Research 141(2):241–252, Sep. 2002. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0377-2217.
doi:10.1016/S0377-2217(02)00123-6 (siehe S. 182, 183).

[165] Andrea Lodi, Silvano Martello und Daniele Vigo. “Heuristic and Metaheuristic Approaches for a Class of Two-Dimensional Bin Packing
Problems”. INFORMS Journal on Computing 11(4):345–357, Herbst 1999. Catonsville, MD, USA: The Institute for Operations
Research and the Management Sciences (INFORMS). ISSN: 1091-9856. doi:10.1287/ijoc.11.4.345 (siehe S. 182).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0925-5273
https://doi.org/10.1016/j.ijpe.2017.11.015
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1432-7643
https://doi.org/10.1007/S00500-024-09718-8
https://isbnsearch.org/isbn/978-1-6654-8769-6
https://doi.org/10.1109/SSCI51031.2022.10022296
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0030-364X
https://doi.org/10.1287/opre.21.2.498
https://www.cs.princeton.edu/~bwk/btl.mirror/tsp.pdf
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/S0377-2217(97)00437-2
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/S0377-2217(02)00123-6
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1091-9856
https://doi.org/10.1287/ijoc.11.4.345


References XXIII

[166] Andrea Lodi, Silvano Martello und Daniele Vigo. “Recent Advances on Two-Dimensional Bin Packing Problems”. Discrete Applied
Mathematics 123(1–3):379–396, Nov. 2002. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0166-218X.
doi:10.1016/S0166-218X(01)00347-X (siehe S. 182, 183).

[167] Eliane Maria Loiola, Nair Maria Maia de Abreu, Paulo Oswaldo Boaventura-Netto, Peter M. Hahn und Tania Querido. “A Survey for
the Quadratic Assignment Problem”. European Journal of Operational Research 176(2):657–690, 2007. Amsterdam,
The Netherlands: Elsevier B.V. ISSN: 0377-2217. doi:10.1016/j.ejor.2005.09.032 (siehe S. 192).

[168] Mariana A. Londe, Luciana S. Pessoa, Carlos E. Andrade und Mauricio G. C. Resende. Biased Random-Key Genetic Algorithms: A
Review. arXiv.org: Computing Research Repository (CoRR) abs/2312.00961v2. Ithaca, NY, USA: Cornell Universiy Library, 6. Dez.
2023. doi:10.48550/arXiv.2312.00961. URL: https://arxiv.org/abs/2312.00961v2 (besucht am 2024-06-27). arXiv:2312.00961v2
[cs.NE] 06 Dec 2023; See 169 (siehe S. 165).

[169] Mariana A. Londe, Luciana S. Pessoa, Carlos E. Andrade und Mauricio G. C. Resende. “Biased Random-Key Genetic Algorithms: A
Review”. European Journal of Operational Research 321(1):1–22, Feb. 2025. Amsterdam, The Netherlands: Elsevier B.V.
ISSN: 0377-2217. doi:10.1016/j.ejor.2024.03.030. See 168 (siehe S. 165, 183).

[170] Gloria Lotha, Aakanksha Gaur, Erik Gregersen, Swati Chopra und William L. Hosch. “Client-Server Architecture”. In: Encyclopaedia
Britannica. Hrsg. von The Editors of Encyclopaedia Britannica. Chicago, IL, USA: Encyclopædia Britannica, Inc., 3. Jan. 2025. URL:
https://www.britannica.com/technology/client-server-architecture (besucht am 2025-01-20) (siehe S. 184).

[171] Marc Loy, Patrick Niemeyer und Daniel Leuck. Learning Java. 5. Aufl. Sebastopol, CA, USA: O’Reilly Media, Inc., März 2020.
ISBN: 978-1-4920-5627-0 (siehe S. 187).

[172] Peter Luschny. A New Kind of Factorial Function. Highland Park, NJ, USA: The OEIS Foundation Inc., 4. Okt. 2015. URL:
https://oeis.org/A000142/a000142.pdf (besucht am 2024-09-29) (siehe S. 197).

[173] Mark Lutz. Learning Python. 6. Aufl. Sebastopol, CA, USA: O’Reilly Media, Inc., März 2025. ISBN: 978-1-0981-7130-8 (siehe S. 191).

[174] Reinhard Männer und Bernard Manderick, Hrsg. Parallel Problem Solving from Nature 2 (PPSN-II). 28.–30. Sep. 1992, Brussels,
Belgium. Amsterdam, The Netherlands: Elsevier B.V., 1992.

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0166-218X
https://doi.org/10.1016/S0166-218X(01)00347-X
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/j.ejor.2005.09.032
https://doi.org/10.48550/arXiv.2312.00961
https://arxiv.org/abs/2312.00961v2
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/j.ejor.2024.03.030
https://www.britannica.com/technology/client-server-architecture
https://isbnsearch.org/isbn/978-1-4920-5627-0
https://oeis.org/A000142/a000142.pdf
https://isbnsearch.org/isbn/978-1-0981-7130-8


References XXIV

[175] Francesco Marcelloni, Kurosh Madani, Niki van Stein und Joaquim Filipe, Hrsg. 16th International Joint Conference on Computational
Intelligence (IJCCI’24). 20.–22. Nov. 2024, Porto, Portugal. Porto, Portugal: SciTePress: Science and Technology Publications, Lda,
2024. ISSN: 2184-3236. ISBN: 978-989-758-721-4. doi:10.5220/0000195000003837.

[176] Silvano Martello und Daniele Vigo. “Exact Solution of the Two-Dimensional Finite Bin Packing Problem”. 44(3):388–399, März 1998.
doi:10.1287/mnsc.44.3.388 (siehe S. 182).

[177] Stephan Mertens. “Exhaustive Search for Low-Autocorrelation Binary Sequences”. Journal of Physics A: Mathematical and General
29(18):L473, Sep. 1996. Bristol, England, UK: IOP Publishing Ltd. ISSN: 0305-4470. doi:10.1088/0305-4470/29/18/005 (siehe S. 188).

[178] Peter Merz und Bernd Freisleben. “A Comparison of MAMemetic Algorithms, TSTabu Search, and ACOAnt Colonies for the
QAPQuadratic Assignment Problem”. In: Congress on Evolutionary Computation (CEC’1999). 6.–9. Juli 1999, Washington, D.C., USA.
Piscataway, NJ, USA: Institute of Electrical and Electronics Engineers (IEEE), 1999, S. 2063–2070. doi:10.1109/CEC.1999.785529 (siehe
S. 192).

[179] Carl Meyer. Python Virtual Environments. Python Enhancement Proposal (PEP) 405. Beaverton, OR, USA: Python Software
Foundation (PSF), 13. Juni 2011–24. Mai 2012. URL: https://peps.python.org/pep-0405 (besucht am 2024-12-25) (siehe S. 197).

[180] Burkhard Militzer, Michele Zamparelli und Dieter Beule. “Evolutionary Search for Low Autocorrelated Binary Sequences”.
IEEE Transactions on Evolutionary Computation 2(1):34–39, Apr. 1998. Los Alamitos, CA, USA: IEEE Computer Society.
ISSN: 1089-778X. doi:10.1109/4235.728212 (siehe S. 188).

[181] Alfonsas Misevičius. “A Tabu Search Algorithm for the Quadratic Assignment Problem”. Computational Optimization and Applications
30:95–111, Jan. 2005. London, England, UK: Springer Nature Limited. ISSN: 0926-6003. doi:10.1007/s10589-005-4562-x (siehe S. 194).

[182] Alfonsas Misevičius. “A Modified Simulated Annealing Algorithm for the Quadratic Assignment Problem”. Informatica 14(4):497–514,
Jan. 2003. Vilnius, Lithuania: Vilnius University, Institute of Data Science and Digital Technologies (DMSTI), Lithuanian Academy of
Sciences. ISSN: 0868-4952. doi:10.15388/Informatica.2003.037 (siehe S. 193).

[183] Alfonsas Misevičius. An Implementation of the Iterated Tabu Search Algorithm for the Quadratic Assignment Problem. Working Paper.
Kaunas, Lithuania: Kaunas University of Technology, 2008. See also 184 (siehe S. 167).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=2184-3236
https://isbnsearch.org/isbn/978-989-758-721-4
https://doi.org/10.5220/0000195000003837
https://doi.org/10.1287/mnsc.44.3.388
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0305-4470
https://doi.org/10.1088/0305-4470/29/18/005
https://doi.org/10.1109/CEC.1999.785529
https://peps.python.org/pep-0405
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1089-778X
https://doi.org/10.1109/4235.728212
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0926-6003
https://doi.org/10.1007/s10589-005-4562-x
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0868-4952
https://doi.org/10.15388/Informatica.2003.037


References XXV

[184] Alfonsas Misevičius. “An Implementation of the Iterated Tabu Search Algorithm for the Quadratic Assignment Problem”.
OR Spectrum: Quantitative Approaches in Management. Formerly Operations-Research-Spektrum 34(3):665–690, Juli 2012. London,
England, UK: Springer Nature Limited. ISSN: 0171-6468. doi:10.1007/s00291-011-0274-z. See also 183 (siehe S. 166, 192, 194).

[185] Nenad Mladenović und Pierre Hansen. “Variable Neighborhood Search”. Computers & Operations Research 24(11):1097–1100, Nov.
1997. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0305-0548. doi:10.1016/S0305-0548(97)00031-2 (siehe S. 197).

[186] Wai Ho Mow, Ke-Lin Du und Wei Hsiang Wu. “New Evolutionary Search for Long Low Autocorrelation Binary Sequences”. IEEE
Transactions on Aerospace and Electronic Systems 51(1):290–303, Jan. 2015. Piscataway, NJ, USA: Institute of Electrical and
Electronics Engineers (IEEE). ISSN: 0018-9251. doi:10.1109/TAES.2014.130518 (siehe S. 188).

[187] Heinz Mühlenbein. “How Genetic Algorithms Really Work: Mutation and Hillclimbing”. In: Parallel Problem Solving from Nature 2
(PPSN-II). 28.–30. Sep. 1992, Brussels, Belgium. Hrsg. von Reinhard Männer und Bernard Manderick. Amsterdam, The Netherlands:
Elsevier B.V., 1992, S. 15–26. URL: https://www.researchgate.net/publication/284805798 (besucht am 2025-08-15) (siehe S. 190).

[188] Cameron Newham und Bill Rosenblatt. Learning the Bash Shell – Unix Shell Programming: Covers Bash 3.0. 3. Aufl. Sebastopol, CA,
USA: O’Reilly Media, Inc., 2005. ISBN: 978-0-596-00965-6 (siehe S. 183).

[189] Siegfried Nijssen und Thomas Bäck. “An Analysis of the Behavior of Simplified Evolutionary Algorithms on Trap Functions”.
IEEE Transactions on Evolutionary Computation 7(1):11–22, Feb. 2003. Los Alamitos, CA, USA: IEEE Computer Society.
ISSN: 1089-778X. doi:10.1109/TEVC.2002.806169 (siehe S. 194).

[190] Eugeniusz Nowicki und Czesław Smutnicki. “A Fast Taboo Search Algorithm for the Job Shop Problem”. Management Science
42(6):783–938, Juni 1996. Catonsville, MD, USA: The Institute for Operations Research and the Management Sciences (INFORMS).
ISSN: 0025-1909. doi:10.1287/mnsc.42.6.797 (siehe S. 194).

[191] Regina O. Obe und Leo S. Hsu. PostgreSQL: Up and Running. 3. Aufl. Sebastopol, CA, USA: O’Reilly Media, Inc., Okt. 2017.
ISBN: 978-1-4919-6336-4 (siehe S. 191).

[192] OMG® Unified Modeling Language® (OMG UML®). Version 2.5.1. OMG Document formal/2017-12-05. Milford, MA, USA: Object
Management Group, Inc. (OMG), Dez. 2017. URL: https://www.omg.org/spec/UML/2.5.1/PDF (besucht am 2025-03-30) (siehe S. 196).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0171-6468
https://doi.org/10.1007/s00291-011-0274-z
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0305-0548
https://doi.org/10.1016/S0305-0548(97)00031-2
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0018-9251
https://doi.org/10.1109/TAES.2014.130518
https://www.researchgate.net/publication/284805798
https://isbnsearch.org/isbn/978-0-596-00965-6
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1089-778X
https://doi.org/10.1109/TEVC.2002.806169
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0025-1909
https://doi.org/10.1287/mnsc.42.6.797
https://isbnsearch.org/isbn/978-1-4919-6336-4
https://www.omg.org/spec/UML/2.5.1/PDF


References XXVI

[193] Robert Orfali, Dan Harkey und Jeri Edwards. Client/Server Survival Guide. 3. Aufl. Chichester, West Sussex, England, UK: John Wiley
and Sons Ltd., 25. Jan. 1999. ISBN: 978-0-471-31615-2 (siehe S. 184).

[194] Tom Packebusch und Stephan Mertens. “Low Autocorrelation Binary Sequences”. Journal of Physics A: Mathematical and Theoretical
49(16):165001, März 2016. Bristol, England, UK: IOP Publishing Ltd. ISSN: 1751-8121. doi:10.1088/1751-8113/49/16/165001 (siehe
S. 188).

[195] Ashwin Pajankar. Hands-on Matplotlib: Learn Plotting and Visualizations with Python 3. New York, NY, USA: Apress Media, LLC,
Nov. 2021. ISBN: 978-1-4842-7410-1 (siehe S. 189).

[196] Panos Miltiades Pardalos, Ding-Zhu Du und Ronald Lewis Graham, Hrsg. Handbook of Combinatorial Optimization. 1. Aufl. Boston,
MA, USA: Springer, 1998. ISBN: 978-1-4613-7987-4.

[197] Panos Miltiades Pardalos, Oleg V. Shylo und Alkis Vazacopoulos. “Solving Job Shop Scheduling Problems Utilizing the Properties of
Backbone and “Big Valley””. Computational Optimization and Applications 47(1):61–76, Sep. 2010. London, England, UK: Springer
Nature Limited. ISSN: 0926-6003. doi:10.1007/s10589-008-9206-5. An algorithm similar to SA. (Siehe S. 187, 193).

[198] Francisco Parreño, Ramón Alvarez-Valdés, José Fernando Oliveira und José Manuel Tamarit. “A Hybrid GRASP/VND Algorithm for
Two- and Three-Dimensional Bin Packing”. Annals of Operations Research 179(1):203–220, Sep. 2010. London, England, UK: Springer
Nature Limited. ISSN: 0254-5330. doi:10.1007/s10479-008-0449-4 (siehe S. 182, 185, 197).

[199] Bo Peng, Zhipeng Lü und T. C. Edwin Cheng. “A Tabu Search/Path Relinking Algorithm to Solve the Job Shop Scheduling Problem”.
Computers & Operations Research 53:154–164, Jan. 2015. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0305-0548.
doi:10.1016/j.cor.2014.08.006. URL: http://arxiv.org/abs/1402.5613 (besucht am 2026-09-30) (siehe S. 187, 194).

[200] Yasset Pérez-Riverol, Laurent Gatto, Rui Wang, Timo Sachsenberg, Julian Uszkoreit, Felipe da Veiga Leprevost, Christian Fufezan,
Tobias Ternent, Stephen J. Eglen, Daniel S. Katz, Tom J. Pollard, Alexander Konovalov, Robert M. Flight, Kai Blin und
Juan Antonio Vizcaíno. “Ten Simple Rules for Taking Advantage of Git and GitHub”. PLOS Computational Biology 12(7), 14. Juli
2016. San Francisco, CA, USA: Public Library of Science (PLOS). ISSN: 1553-7358. doi:10.1371/JOURNAL.PCBI.1004947 (siehe S. 185).

https://isbnsearch.org/isbn/978-0-471-31615-2
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1751-8121
https://doi.org/10.1088/1751-8113/49/16/165001
https://isbnsearch.org/isbn/978-1-4842-7410-1
https://isbnsearch.org/isbn/978-1-4613-7987-4
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0926-6003
https://doi.org/10.1007/s10589-008-9206-5
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0254-5330
https://doi.org/10.1007/s10479-008-0449-4
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0305-0548
https://doi.org/10.1016/j.cor.2014.08.006
http://arxiv.org/abs/1402.5613
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1553-7358
https://doi.org/10.1371/JOURNAL.PCBI.1004947


References XXVII

[201] Ferdinando Pezzella und Emanuela Merelli. “A Tabu Search Method Guided by Shifting Bottleneck for the Job Shop Scheduling
Problem”. European Journal of Operational Research 120(2):297–310, Jan. 2000. Amsterdam, The Netherlands: Elsevier B.V.
ISSN: 0377-2217. doi:10.1016/S0377-2217(99)00158-7. URL:
https://www2.cs.sfu.ca/CourseCentral/827/havens/papers/topic%5C%2310(JobShop)/Tabu%5C%20With%5C%20Shifting.pdf (besucht am
2026-09-30) (siehe S. 194).

[202] Martin Pincus. “Letter to the Editor – A Monte Carlo Method for the Approximate Solution of Certain Types of Constrained
Optimization Problems”. Operations Research 18(6):1225–1228, Nov.–Dez. 1970. Catonsville, MD, USA: The Institute for Operations
Research and the Management Sciences (INFORMS). ISSN: 0030-364X. doi:10.1287/opre.18.6.1225 (siehe S. 193).

[203] Marcelo Pinto, Cristóvão Silva, Matthias Thürer und Samuel Moniz. “Survey in Operations Research and Management Science. Nesting
and Scheduling Optimization of Additive Manufacturing Systems: Mapping the Territory”. Computers & Operations Research
165(106592), Feb. 2024. Amsterdam, The Netherlands: Elsevier B.V. ISSN: 0305-0548. doi:10.1016/j.cor.2024.106592. Mentions some
scheduling tasks of Additive Manufacturing jobs can be viewed as instance of the 2BP|R|F. (Siehe S. 182).

[204] pip Developers. pip Documentation v24.3.1. Beaverton, OR, USA: Python Software Foundation (PSF), 27. Okt. 2024. URL:
https://pip.pypa.io (besucht am 2024-12-25) (siehe S. 191).

[205] PostgreSQL Essentials: Leveling Up Your Data Work. Sebastopol, CA, USA: O’Reilly Media, Inc., März 2024 (siehe S. 191).

[206] S. D. Prestwich. Improved Branch-and-Bound for Low Autocorrelation Binary Sequences. arXiv.org: Computing Research
Repository (CoRR) abs/1305.6187. Ithaca, NY, USA: Cornell Universiy Library, 3. Apr. 2024. doi:10.48550/arXiv.1305.6187. URL:
https://arxiv.org/abs/1305.6187 (besucht am 2013-07-23). arXiv:1305.6187v2 [cs.AI] 23 Jul 2013 (siehe S. 188).

[207] Programming Languages – C, Working Document of SC22/WG14. International Standard ISO/
3IEC9899:2017 C17 Ballot N2176. Geneva, Switzerland: International Organization for Standardization (ISO) und International
Electrotechnical Commission (IEC), Nov. 2017. URL: https://files.lhmouse.com/standards/ISO%20C%20N2176.pdf (besucht am
2024-06-29) (siehe S. 183).

[208] Sanatan Rai und George Vairaktarakis. “NP-Complete Problems and Proof Methodology”. In: Encyclopedia of Optimization. Hrsg. von
Christodoulos A. Floudas und Panos Miltiades Pardalos. 2. Aufl. Boston, MA, USA: Springer, Sep. 2008, S. 2675–2682.
ISBN: 978-0-387-74758-3. doi:10.1007/978-0-387-74759-0_462 (siehe S. 199).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0377-2217
https://doi.org/10.1016/S0377-2217(99)00158-7
https://www2.cs.sfu.ca/CourseCentral/827/havens/papers/topic%5C%2310(JobShop)/Tabu%5C%20With%5C%20Shifting.pdf
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0030-364X
https://doi.org/10.1287/opre.18.6.1225
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0305-0548
https://doi.org/10.1016/j.cor.2024.106592
https://pip.pypa.io
https://doi.org/10.48550/arXiv.1305.6187
https://arxiv.org/abs/1305.6187
https://files.lhmouse.com/standards/ISO%20C%20N2176.pdf
https://isbnsearch.org/isbn/978-0-387-74758-3
https://doi.org/10.1007/978-0-387-74759-0_462


References XXVIII

[209] Soraya B. Rana und L. Darrell Whitley. “Genetic Algorithm Behavior in the MAXSAT Domain”. In: 5th International Conference on
Parallel Problem Solving from Nature (PPSN V). 27.–30. Sep. 1998, Amsterdam, The Netherlands. Hrsg. von Ágoston Endre Eiben,
Thomas Bäck, Marc Schoenauer und Hans-Paul Schwefel. Lecture Notes in Computer Science (LNCS). 1998, S. 785–794.
ISSN: 0302-9743. ISBN: 978-3-540-65078-2. doi:10.1007/BFb0056920 (siehe S. 189).

[210] Abhishek Ratan, Eric Chou, Pradeeban Kathiravelu und Dr. M.O. Faruque Sarker. Python Network Programming. Birmingham,
England, UK: Packt Publishing Ltd, Jan. 2019. ISBN: 978-1-78883-546-6 (siehe S. 184).

[211] Gerhard Reinelt. “TSPLIB – A Traveling Salesman Problem Library”. ORSA Journal on Computing 3(4):376–384, Herbst 1991.
Catonsville, MD, USA: The Institute for Operations Research and the Management Sciences (INFORMS). ISSN: 0899-1499.
doi:10.1287/ijoc.3.4.376 (siehe S. 195).

[212] Gerhard Reinelt. TSPLIB95. Techn. Ber. Heidelberg, Baden-Württemberg, Germany: Universität Heidelberg, Institut für Angewandte
Mathematik, 1995–28. Apr. 2016. URL: https://github.com/shredderzwj/TSPLIB (besucht am 2026-09-25). The original Uniform
Resource Locator (URL) of the repository has become defunct in 2026. Therefore, we provide the repository listed as main URL which
contains the data. Additionally, you may also check https://github.com/thomasWeise/tspSuite of our own project TSPSuite, which
contains all the TSPLib instances as well as Java code to load them. (Siehe S. 195).

[213] Mark Richards und Neal Ford. Fundamentals of Software Architecture: An Engineering Approach. Sebastopol, CA, USA: O’Reilly
Media, Inc., Jan. 2020. ISBN: 978-1-4920-4345-4 (siehe S. 184).

[214] Kristian Rother. Pro Python Best Practices: Debugging, Testing and Maintenance. New York, NY, USA: Apress Media, LLC, März
2017. ISBN: 978-1-4842-2241-6 (siehe S. 184).

[215] Ernest E. Rothman, Rich Rosen und Brian Jepson. Mac OS X for Unix Geeks. 4. Aufl. Sebastopol, CA, USA: O’Reilly Media, Inc., Sep.
2008. ISBN: 978-0-596-52062-5 (siehe S. 189).

[216] Günter Rudolph. Convergence Properties of Evolutionary Algorithms. Bd. 35 der Reihe Forschungsergebnisse zur Informatik. Hamburg,
Germany: Verlag Dr. Kovač, 1997. ISSN: 1435-6260. ISBN: 978-3-86064-554-3 (siehe S. 188).

[217] Randall Rustin, Hrsg. Data Base Systems: Courant Computer Science Symposium 6. 24.–25. Mai 1971, New York, NY, USA.
Englewood Cliffs, NJ, USA: Prentice-Hall, 1972. ISBN: 978-0-13-196741-0 (siehe S. 150).

https://portal.issn.org/api/search?search[]=MUST=allissnbis=0302-9743
https://isbnsearch.org/isbn/978-3-540-65078-2
https://doi.org/10.1007/BFb0056920
https://isbnsearch.org/isbn/978-1-78883-546-6
https://portal.issn.org/api/search?search[]=MUST=allissnbis=0899-1499
https://doi.org/10.1287/ijoc.3.4.376
https://github.com/shredderzwj/TSPLIB
https://github.com/thomasWeise/tspSuite
https://isbnsearch.org/isbn/978-1-4920-4345-4
https://isbnsearch.org/isbn/978-1-4842-2241-6
https://isbnsearch.org/isbn/978-0-596-52062-5
https://portal.issn.org/api/search?search[]=MUST=allissnbis=1435-6260
https://isbnsearch.org/isbn/978-3-86064-554-3
https://isbnsearch.org/isbn/978-0-13-196741-0


References XXIX

[218] Ahmad Sahar. iOS 26 Programming for Beginners. 10. Aufl. Birmingham, England, UK: Packt Publishing Ltd, Nov. 2025.
ISBN: 978-1-80602-393-6 (siehe S. 197).

[219] Sartaj Sahni und Teofilo Francisco Gonzalez Arce. “P-complete Approximation Problems”. Journal of the ACM (JACM) 23(3):555–565,
Juli 1976. New York, NY, USA: Association for Computing Machinery (ACM). ISSN: 0004-5411. doi:10.1145/321958.321975. URL:
https://sites.cs.ucsb.edu/~teo/papers/JACM-PCom.pdf (besucht am 2026-02-21) (siehe S. 192).

[220] Guntram Scheithauer. Introduction to Cutting and Packing Optimization: Problems, Modeling Approaches, Solution Methods. Bd. 263
der Reihe International Series in Operations Research & Management Science (ISOR). Cham, Switzerland: Springer, 2018.
ISSN: 0884-8289. ISBN: 978-3-319-64402-8. doi:10.1007/978-3-319-64403-5 (siehe S. 183).

[221] Yuriy Shamshin. Databases. Riga, Latvia: ISMA University of Applied Sciences, Mai 2024. URL: https://dbs.academy.lv (besucht am
2025-01-11).

[222] Yuriy Shamshin. “Normalization”. In: Databases. Riga, Latvia: ISMA University of Applied Sciences, Mai 2024. Kap. 07a. URL:
https://dbs.academy.lv/lection/dbs_LS07ENa_normalization.pdf (besucht am 2025-05-03) (siehe S. 190).

[223] Yuriy Shamshin. “RDM Normalization. Data Anomalies. Functional Dependency. Normal Forms.”. In: Databases. Riga, Latvia:
ISMA University of Applied Sciences, Mai 2024. Kap. 07. URL: https://dbs.academy.lv/lection/dbs_LS07EN_normalization.pdf
(besucht am 2025-05-03) (siehe S. 190).

[224] Guoyong Shi, Hitoshi Iima und Nobuo Sannomiya. “New Encoding Scheme for Solving Job Shop Problems by Genetic Algorithm”. In:
35th IEEE Conference on Decision and Control (CDC’96). Bd. 4. 11.–13. Dez. 1996. Kōbe, Hyōgo-ken, Japan: Institute of Electrical
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Glossary (in English) I

(1 + 1) EA The (1 + 1) EA is a local search algorithm that retains the best solution xc discovered so far during the search 43,80. In each
step, it applies a unary search operator to this best-so-far solution xc and derives a new solution xn. If the new solution xn is
better or equally good when compared with xc, i.e., not worse, then it replaces it, i.e., is stored as the new xc. If the search
space are bit strings of length n, then the (1 + 1) EA uses a unary search operator that flips each bit independently with
probability m/n, where usually m = 1. This operator is the main difference to randomized local search (RLS). The
(1 + 1) EA is a special case of the (µ + λ) evolutionary algorithm ((µ + λ) EA) where µ = λ = 1.

(1 + 1) FEA The (1 + 1) EA with FFA plugged in 270,271,283. On the discrete bit-string domains, this algorithm has a very specific structure:
Its unary search operator flips each bit with probability 1/n, where n is the dimension of the search space, distinguishing it
from the unary operator in FRLS which flips exactly one bit. On other domains, such as permutations, the term is used
synonymously with FRLS.

(µ + λ) EA The (µ + λ) EA is an evolutionary algorithm (EA) where, in each generation, λ offspring solutions are generated from the
current population of µ parent solutions. The offspring and parent populations are merged, yielding µ + λ solutions, from
which then the best µ solutions are ratained to form the parent population of the next generation. If the search space is the
bit strings of length n, then this algorithm usually applies a mutation operator flipping each bit independently with
probability 1/n.

BinInt The Binary Integer Problem is a benchmark problem for bit-string based black-box search 243,283. It is very similar to OneMax:
It tries to maximize the number of 1 bits in the bit string of a chosen dimension n. Different from OneMax, where each bit
has the same weight in the objective function, the bits of BinInt have a exponentially increasing weight: The bit string is
treated as a binary-encoded integer whose value should be maximized. The objective function f(x) of the minimization
variant of this problem can be defined as f(x) = 2n − 1−

∑︁n
i=1 2i−1 · xi. The problem is unimodal, i.e., has only a single

global optimum and no local optimum. It is fully separable, i.e., we can optimize each variable separately.

LinHarm The Linear Harmonic Function is a benchmark problem for bit-string based black-box search 74,80,283. It is very similar to
OneMax: It tries to maximize the number of 1 bits in the bit string of a chosen dimension n. Different from OneMax, where
each bit has the same weight in the objective function, the bits of LinHarm have a linear increasing weight. The objective
function f(x) of the minimization variant of this problem can be defined as f(x) = 1

2n(n + 1)−
∑︁n

i=1 i · xi. The problem
is unimodal, i.e., has only a single global optimum and no local optimum. It is fully separable, i.e., we can optimize each
variable separately. The (1 + 1) EA can solve this problem with an expected runtime in Θ(n lnn) 74,80.



Glossary (in English) II

1NF The first normal form (NF) in relational databases (DBs) 56,64,86,143.

2BP In the two-dimensional Bin Packing Problem (BP), the goal is to pack rectangles into rectangular bins without overlap and
such that their edges are parallel to the edges of the bins 129,164,166. The 2BP is strongly NP-hard 166. The variants of this
problem include the 2BP|O|F, 2BP|R|F, 2BP|O|G, and 2BP|R|G 165,166. Different objective function for the 2BP|O|F and
2BP|R|F are presented in 285. 2BPs have many practical applications, including cutting (wood, glas) 166,
packing (transportation, warehouse) 166, and newspaper page layout 233.

2BP|O|F In the oriented 2BP with free cuts, the rectangles to pack have fixed orientations, i.e., cannot be rotated, but can otherwise
be arranged freely 165,166,176,286. Permutation-based search spaces can be used for this problem by using the Improved Bottom
Left (IBL) encoding. The state-of-the-art (SOTA) for this problem comprises 24,29,52,107,198,286.

2BP|O|G In the oriented 2BP with guillotine cuts, the rectangles to pack have fixed orientations, i.e., cannot be rotated, and must be
arranged such that they can be extracted by edge-to-edge cuts 165,166.

2BP|R|F In this variant of the 2BP with free cuts, the rectangles to pack can be rotated by 90◦ if need be and can freely be
arranged 20,165,166,285,286. Besides packing and cutting, this problem also occurs in scheduling and build formation in additive
manufacturing 159,203. The almost-squares-in-almost-squares (Asqas) problem 253 is also a 2BP|R|F. Search spaces based on
signed permutations can be used for this problem by using the IBL encoding. The SOTA for this problem comprises 24,52,107,285,286.

2BP|R|G In this variant of the 2BP with guillotine cuts, the rectangles to pack can be rotated by 90◦ if need be, but must be arranged
such that they can be extracted by edge-to-edge cuts 165,166.

2NF The second normal form (NF) in relational DBs 55,57,64,86,143.

3NF The third normal form (NF) in relational DBs 55,57,64,86,143.

ACO Ant Colony Optimization is a nature-inspired optimization method for combinatorial problems where solutions are generated
by „ants“ that move from node to node in a graph choosing edges based on (1) the simulated pheromone on the edges
and (2) a per-edge heuristic value 76–78. If an ant produced a good solution, „pheromone“ is distributed over the edges it
visited, making it more likely to be re-visited by other ants.



Glossary (in English) III

Asqas An „almost-square“ be a rectangle with size i× (i + 1) with i ∈ N1. The almost-squares-in-almost-squares problem 253 is a
special case of the 2BP|R|F. Here, almost-square rectangles of sizes 1× 2, 2× 3, . . . , n× (n + 1) must be placed into an
almost-square bin without waste. This requires that there exists a natural number p ∈ N1 such
that p(p + 1) =

∑︁n
i=1 i(i + 1) 253. There are exacty five Asqas instances 253, namely with bin sizes 1× 2 for n = 1, p = 1,

5× 4 for n = 3, p = 4, 15× 16 for n = 8, p = 15, 55× 56 for n = 20, p = 55, and 119× 120 for n = 34, p = 119.

ATSP The general case for TSPs are asymmetric Traveling Salesperson Problems, where the n× n distance matrix A does not need
to be symmetric. In other words, it is possible that ∃a, b ∈ 1..n with A[a, b] ̸= A[b, a]. Notice that while such index tuple may
exist, this is not always or necessarily the case. In this case, one may consider the STSP as a special case of the ATSP, while
ATSPs may be considered as synonymous to TSPs.

Bash is a shell used under Ubuntu Linux, i.e., the program that „runs“ in the terminal and interprets your commands, allowing you
to start and interact with other programs 35,188,282. Learn more at https://www.gnu.org/software/bash.

BP The Bin Packing Problem 83,220 is one of the classical problems from Operations Research (OR). The goal is to pack a set of
objects into containers, using as few containers as possible. Different flavors of BPs can be distinguished, e.g., by the number
of dimensions 67,164 that the objects and containers have (see, e.g., the 2BP), and/or whether the objects can be rotated 286, as
well as other constraints and limitations. Both the one- and two-dimensional BP are strongly NP-hard 166.

breakpoint A breakpoint is a mark in a line of code in an Integrated Development Environment (IDE) at which the debugger will pause
the execution of a program.

BRKGA The Biased Random Key Genetic Algorithm is a EA with a continuous search space X ⊂ [0, 1]n and a decoding function γ
translating this space to something else and biased, uniform, and elitist mating strategies 109,169.The bias comes from the fact
that one of the parents used for the binary operation is biased to be of higher fitness than the other parent 109. Often, γ is the
Random Keys encoding 14,15 procedure translating X to permutations of the first n natural numbers 108. Sometimes, it is
actually a MA further refining the translation result with a local search (LS) 108. Sometimes the permutations are then further
translated to more complex data structures, such as Gantt charts for the JSSP 108, or packing plans for 2BP 3D packing 107.

C is a programming language, which is very successful in system programming situations 71,207,265.

https://www.gnu.org/software/bash


Glossary (in English) IV

client In a client-server architecture, the client is a device or process that requests a service from the server. It initiates the
communication with the server, sends a request, and receives the response with the result of the request. Typical examples of
clients are web browsers in the internet as well as clients for database management systems (DBMSes), such as psql.

client-server architecture is a system design where a central server receives requests from one or multiple clients 23,170,193,210,213. These requests and
responses are usually sent over network connections. A typical example of such a system is the World Wide Web (WWW),
where web servers host websites and make them available to web browsers, the clients. Another typical example is the
structure of DB software, where a central server, the DBMS, offers access to the DB to the different clients. Here, the client
can be some terminal software shipping with the DBMS, such as psql, or the different applications that access the DBs.

Concorde is an exact solver for the TSP5,59,60, which could even solve the largest instance of TSPLib (with 85 900 cities) to optimality.

DB A database is an organized collection of structured information or data, typically stored electronically in a computer system.
Databases are discussed in our book Databases 262.

DBMS A database management system is the software layer located between the user or application and the DB. The DBMS allows
the user/application to create, read, write, update, delete, and otherwise manipulate the data in the DB 280.

debugger A debugger is a tool that lets you execute a program step-by-step while observing the current values of variables. This allows
you to find errors in the code more easily 2,214,275. Learn more about debugging in 266.

EA An evolutionary algorithm is a metaheuristic optimization method that maintains a population of candidate solutions, which
undergo selection (where better solutions are chosen with higher probability) and reproduction (where mutation and
recombination create a new candidate solution from one or two existing ones, repectively) 8,263.



Glossary (in English) V

FFA Frequency Fitness Assignment (中文: 频率适应度分配) is a algorithm plugin for optimization methods applied to discrete or
combinatorial problems with not-too-many different possible objective values 269–271. It replaces the objective values in all
comparisons with their absolute encounter frequency so far during the search. FFA has successfully been applied to the
Maximum Satisfiability (MaxSAT) 270,271, the TSP 160,161, and the QAP 49,244, amongst others. Its properties have been intensely
researched on discrete benchmark functions such as OneMax, LeadingOnes, Trap, TwoMax, Jump, and Plateau 270,271,283. The
most common realizations of FFA so far are the (1 + 1) FEA and FRLS.

FSSP The Flow Shop Scheduling Problem is a variant of a JSSP where all products go through the same sequence of machines 111,139.

Gantt chart Gantt charts are two-dimensional diagrams illustrating the steps of a process 145,274. Their horizontal axis represents the time,
the vertical axis represents work packages, machines, or workers. In the diagram area, bars located at certain vertical locations
indicate that the work package, machine, or worker is processed or works at the time range covered by the bar as projected to
the horizontal axis.

Git is a distributed Version Control System (VCS) which allows multiple users to work on the same code while preserving the
history of the code changes 228,249. Learn more at https://git-scm.com.

GitHub is a website where software projects can be hosted and managed via the Git VCS 200,249. Learn more at https://github.com.

GRASP A Greedy Randomized Adaptive Search Procedure is a metaheuristic where each cycle consists of two main components 89,91,92:
First, a starting point is generated using a heuristic method (as opposed to being randomly sampled). Then, a LS is applied to
refine the solution. Then, another cycle starts and proceeds in the same way. The overall best solution is retained as result.
Many examples of applications of GRASPs are listed in 92. GRASP in combination with VND has been applied to the 2BP|O|F
in 198.

HTML The Hyper Text Markup Language is the text format used by the WWW 21,120,248.

https://git-scm.com
https://github.com


Glossary (in English) VI

IBL The improved bottom left heuristic is a one-shot algorithm constructing a solution for 2BP 163. For the 2BP|O|F problem
variant, the input of the IBL algorithm is a permutation of the first n natural numbers, each number identifying one rectangle
to be packed. For the 2BP|R|F problem flavor, the permutation elements are signed, where a negative sign indicates a rotation
by 90◦ 163. In 285,286 it is adapted to a multi-bin situation as follows: The algorithm iterates over the (potentially signed)
permutation x and places the rectangles into the packing plan in the prescribed order. It first places the rectangle outside on
top of the current bin b, with its bottom-right corner onto the top-right corner of the current bin b. It then moves the
rectangle downwards and leftwards as far as possible, prioritizing the downward movement whenever possible. If the rectangle
cannot be moved any further, it checks if it is completely contained in the bin b. If yes, it can remain there. Otherwise, a new
bin is opened (b← b + 1) and the rectangle is placed at its bottom-left corner. Once a new bin is opened, this bin is used for
all further insertions. IBL is suitable as a decoding function γ inside an EA 163. Historically, it improves upon the
BL algorithm 133: That algorithm cannot represent all possible optimal packings using a permutation, but the IBL can 163.

IDE An Integrated Developer Environment is a program that allows the user do multiple different activities required for software
development in one single system. It often offers functionality such as editing source code, debugging, testing, or interaction
with a distributed version control system. For Python, we recommend using PyCharm. On Apple systems, Xcode is often used.

ILS An iterated local search is a variant of the LS which applies cycles of local search and perturbation 234. First, an initial solution
is generated and refined by the local search. Then the cycle begins: A perturbation, i.e., a large search move that likely
destroys a good part of the solution, is applied. The resulting new solution is refined by local search. Then, an acceptance
criterion decides whether we should use this or the previous solution to continue in the next cycle. ILS has successfully been
applied to the QAP.

iOS is the operating system that powers Apple iPhones 44,229. Learn more at https://www.apple.com/ios.

Ising Model The Ising models are benchmark problems for bit-string based black-box search 74,93,94,283. Here, a neighborhood is defined
around each bit. The bit needs to have the same value as all bits in the neighborhood structure T . Thus, we try to achieve that
all bits have the same value. The objective function f(x) of the minimization variant of this problem family can be defined as
f(x, T ) =

∑︁
(i,j)∈T

⃓⃓
xi − xj

⃓⃓
, where T contains the index pairs of neighboring bits and is defined differently for the Ising

model instances Ising 1D and Ising 2D. The problems are highly epistatic, as all variables interact with some other variables.

https://www.apple.com/ios


Glossary (in English) VII

Ising 1D The 1D is a benchmark problem for bit-string based black-box search 74,94,283. The bits are arranged in a one-dimensional ring
and we try to minimize the number of bits that have different values than their neighbors. Hence, the neighborhood
structure T is defined as T1D = {(i + 1, (i + 1 mod n) + 1) | i ∈ [0..n− 1]}. The problems are highly epistatic, as all
variables interact with some other variables. The (1 + 1) EA has an expected runtime in O(n3) on 1-Dimensional Ising Model
(Ising 1D) 94.

Ising 2D The 2D is a benchmark problem for bit-string based black-box search 74,93,283. The bits are arranged in a two-dimensional torus
and we try to minimize the number of bits that have different values than their neighbors. Hence, the neighborhood
structure T = T2D is defined as the set of all {(α + βN, γ + δN)} pairs with α, β, γ, δ ∈ 0..N − 1 and either
()γ = (α + 1) mod N and δ = β) or (γ = α and δ = (β + 1) mod N) with n = N2. The problems are highly epistatic, as
all variables interact with some other variables. On a similar class of problems, the (1 + 1) EA has an exponential expected
runtime 93.

Java is another very successful programming language, with roots in the C family of languages 28,171.

JavaScript JavaScript is the predominant programming language used in websites to develop interactive contents for display in browsers 85.

JSON JavaScript Object Notation is a data interchange format 36,240 based on JavaScript 85 syntax.

JSSP The Job Shop Scheduling Problem 27,51,111,155 is one of the most prominent and well-studied scheduling tasks. In a JSSP
instance, there are m machines and k jobs 235. Each job must be processed once by each machine in a job-specific sequence
and has a job-specific processing time on each machine. The goal is to find an assignment of jobs to machines that results in
an overall shortest makespan, i.e., the schedule (Gantt chart) which can complete all the jobs in the shortest time. The JSSP
is NP-complete 47,154,155. The 8 most common sets of JSSP benchmark instances are abz 1, dmu 68, ft 95, la 157, orb 6, swv 232,
ta 235, and yn 278.Their data can be found (sometimes partially) in several repositories, such as the OR-Library 16,17, 225, and 264,
the latter of which also contains many results from existing works. Encodings based on permutations with repetition are
proposed in 25,26,102,224 and used in 270. The SOTA of the JSSP includes 108,119,197,199,226,260,284.



Glossary (in English) VIII

Jump The Jump problem is a benchmark problem for bit-string based black-box search 80,99,283. Like the OneMax, it tries to maximize
the number of 1 bits in a bit string of chosen length n. However, the solutions representing the last ω bits around the
optimum to flip are deceptive, meaning that they are actually worse and getting worse than surrounding solutions. The
objective function f(x) of the minimization variant is n− ∥x∥1 if ∥x∥1 = n or ∥x∥1 ≤ n− ω hold, and ω + ∥x∥1
otherwise, where ∥x∥1 =

∑︁n
i=1 xi. This means that, the larger ω, the larger the deceptive basin around the optimum that an

algorithm needs to cross. An (1 + 1) EA will converge to the resulting local optimum and thus have an expected runtime of
Θ(nω + n lnn) 80.In experiments, the (1 + 1) FEA achieves polynomial runtime on Jump, seemingly in O(n2 lnn) 270,271,283.

LABS Low-Autocorrelation Binary Sequences are bit strings of length n whose autocorrelation is as low as
possible 32,33,37,69,70,100,177,180,186,194,206. This means that sub-sequences of any length 1 ≤ k < n should ideally never repeat. The
objective function f : {0, 1}n ↦→ N0 represents the energy of a bit string x and is subject to minimization. We can define it

as f(x) =
∑︁n−1

k=1

(︂∑︁n−1−k
i=0 si · si+k

)︂2
with sj = 2xj − 1. Such sequences are needed for communication

engineering 33,37,186, cryptography69,186, as well as modulation pulses in radar and sonar ranging194. The LABS is NP-hard 246.
The SOTA on LABS contains 32,37,69,70,186.

LeadingOnes The LeadingOnes problem is a benchmark problem for bit-string based black-box search 216,273,283. It tries to maximize the
number of leading 1 bits in the bit string of a chosen dimension n. The objective function f(x) of the minimization variant of
this problem can be defined as f(x) = n−

∑︁n
i=1

∏︁i
j=1 xj . Different from OneMax, the contribution to the objective value

of the bit at index i thus depends on the state of all the bits before this index. The problem is unimodal, i.e., has only a single
global optimum and no local optimum. Different from OneMax, it is not separable, i.e., we can optimize each variable
separately. The expected runtime of (1 + 1) EA on LeadingOnes is in Θ(n2) 80. The average runtime (1 + 1) FEA on
LeadingOnes seems to be slower by factor proportional to n, i.e., seems to be in O(n3) 270.

Linux is the leading open source operating system, i.e., a free alternative to Microsoft Windows 9,115,227,247,256. We recommend using it
for this course, for software development, and for research. Learn more at https://www.linux.org. Its variant Ubuntu is
particularly easy to use and install.

https://www.linux.org
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LK The Lin-Kernighan (LK) algorithm 162 is a SLS method for the TSP. The LK algorithm performs iterative k-opt moves, i.e., in
each step, it constructs the two sets X and Y of k edges such that removing the edges in X from the current tour T and then
adding the edges from Y to T results in a better tour.The LK algorithm is one of the most classical approaches to the TSP.

LKH The Lin-Kernighan-Helsgaun algorithm 60,117,118 is a SLS method for the TSP based on the Lin-Kernighan (LK) algorithm 162.
LKH-1 was proposed in 118 and LKH-2 in 117. It holds the record in the World TSP 61 as of 2025.

LS A local search is an algorithm where a single „current“ candidate solution is maintained and new solutions are selected from its
neighborhood in each step. Most LSes are randomized, i.e., stochastic local search (SLS).

MA A Memetic Algorithm is an EA where each new solution is refined by a LS before it enters the population 263. As LS, we can
use, e.g., RLS, but TS 50,96 is maybe a better choise. Some SOTA algorithms in some domains may be classified as MAs, e.g.,
Lin-Kernighan Helsgaun (LKH) basically uses a population that is refined via a local search. MAs also worked well on the
JSSP 50,119 and the TSP 96.

macOS or Mac OS is the operating system that powers Apple Mac(intosh) computers 215,229. Learn more at
https://www.apple.com/macos.

Matplotlib is a Python package for plotting diagrams and charts 125,126,135,195. Learn more at at https://matplotlib.org 126.

MaxSAT The goal of satisfiability problems is to find an assignment for n Boolean variables that make a given Boolean
formula F : {0, 1}n ↦→ {0, 1} become true. In the Maximum Satisfiability problem (MaxSAT) 121, F is given in conjunctive
normal form, i.e., the variables appear either directly or negated in m „or“ clauses, which are all combined into one „and.“ The
objective function f(x), subject to minimization, computes the number of clauses which are false under the variable setting x.
If f(x) = 0, then all clauses of F are true, which solves the problem. The MaxSAT problem is NP-complete 58 and exhibits
low epistasis but deceptiveness 209, making it hard for local searches. Typical benchmark instances can be found in SATLIB,
which contains smaller-scale instances, and the up-to-date MaxSAT Evaluation (MSE), providing SOTA benchmarks,
algorithms, and results.

https://www.apple.com/macos
https://matplotlib.org
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metaheuristic A metaheuristic is an optimization algorithm which performs a cycle of trial and error during which candidate solutions are
sampled from the solution space Y and evaluated using an objective function f : Y ↦→ R 105,263. The results of the objective
function are used to decide which solution is promising. The neighborhoods around promising solutions or similarly-structured
solutions are then sampled in the next cycle. Prominent metaheuristics are SLSes, SA, TS, and EAs.

Microsoft Windows is a commercial proprietary operating system 34. It is widely spread, but we recommend using a Linux variant such as Ubuntu
for software development and for our course. Learn more at https://www.microsoft.com/windows.

MSE The MaxSAT Evaluation is a regularly updated set of benchmark instances for the MaxSAT 130. It also includes solver software
and benchmark results 257.

N-Queens The N-Queens Problem is a benchmark problem for bit-string based black-box search 74,283. The goal is to arrange N queens
on an N ×N chessboard so that none can attack the other. The search space has thus dimension n = N2, with each bit
standing for a field and encoding whether or not a queen is placed there. The objective function f(x) of the minimization
variant is N −

(︁∑︁n
i=1 xi

)︁
−N

∑︁
ξ max

{︁
0, Qξ(x)− 1

}︁
where Qξ(x) is the number of queens in the horizontal, vertical, or

diagonale ξ. The problem is quite epistatic.

NF The normal forms define guidelines for the design of relational DBs with the goal to avoid redundancy and to prevent
inconsistencies and anomalies 64,86,143,222,223. There are several normal forms, 1NF, second normal form (2NF), third normal form
(3NF), and so on, each more restrictive than the other.

OneMax OneMax is the simplest possible benchmark problem for bit-string based black-box search 81,187,283. The goal is to maximize the
number of 1 bits in the bit string of a chosen dimension n. The objective function f(x) of the minimization variant of this
problem can be defined as f(x) = n−

∑︁n
i=1 xi. The problem is unimodal, i.e., has only a single global optimum and no

local optimum. It is fully separable, i.e., we can optimize each variable separately. The expected runtime of (1 + 1) EA on
OneMax is in Θ(n lnn) 72,187. The average runtime (1 + 1) FEA on OneMax seems to be slower by factor proportional to n,
i.e., seems to be in O(n2 lnn) 270.

https://www.microsoft.com/windows
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OR Operations Research (or Operational Research) is the application of sciences such as mathematics and computer science to
the management and organization of systems, organizations, enterprises, factories, or projects. It encompasses the
development and application of problem-solving methods and techniques (such as mathematical optimization, simulation,
queueing theory and other stochastic models) with the goal to improve decision-making and efficiency 65.

OR-Library is a library of benchmark instances for various OR problems 16,17 located at
https://people.brunel.ac.uk/~mastjjb/jeb/info.html. It contains instances of the JSSP, 1D- and 2D-Packing, Knapsack,
periodic TSPs, amongst others.

pip is the standard tool to install Python software packages from the PyPI repository 128,204. To install a package thepackage
hosted on PyPI, type pip install thepackage into the terminal. Learn more at https://packaging.python.org/installing.

Plateau The Plateau problem is a benchmark problem for bit-string based black-box search 4,283. It is structured exactly like Jump, but
instead of being deceptive, the last ω bits to flip around the optimum are neutral. The objective function f(x) of the
minimization variant is n− ∥x∥1 if ∥x∥1 = n or ∥x∥1 ≤ n− ω hold, and ω otherwise, where ∥x∥1 =

∑︁n
i=1 xi. This means

that, the larger ω, the larger the neutral plane around the optimum that an algorithm needs to cross. An (1 + 1) EA has an
expected runtime of Θ(nω) on plateaus 4. The average runtime of the (1 + 1) FEA on Plateaus is slower by a factor
seemingly proportional in n.

PostgreSQL An open source object-relational DBMS 90,191,205,239. See https://postgresql.org for more information.

psql is the client program used to access the PostgreSQL DBMS server.

PyCharm is the convenient Python IDE that we recommend for this course 254,275,279. It comes in a free edition, so it can be downloaded
and used at no cost. Learn more at https://www.jetbrains.com/pycharm.

PyPI The Python Package Index (PyPI) is an online repository that provides the software packages that you can install
with pip 30,241,252. Learn more at https://pypi.org.

Python The Python programming language 124,158,173,266, i.e., what you will learn about in our book 266. Learn more at
https://python.org.

https://people.brunel.ac.uk/~mastjjb/jeb/info.html
https://packaging.python.org/installing
https://postgresql.org
https://www.jetbrains.com/pycharm
https://pypi.org
https://python.org
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QAP The Quadratic Assignment Problem is an optimization problem where the goal is to assign a set of n facilities to a set of
n locations 39,49,149,167. Such an assignment can be represented as a permutation x of the first n natural numbers, where
xi specifies the location where facility i should be placed. For each QAP instance, a distance matrix A is given, where
A[a, b] specifies the distance from location a to location b, as well as a flow matrix B, where B[i, j] is the amount of material
flowing (e.g., daily) from facility i to facility j. The objective function f(x) then rates a permutation x
as f(x) =

∑︁n
i=1

∑︁n
j=1 A[xi, xj ] ∗ B[i, j]. The QAP is NP-complete 79,219 and even among this problem class, is considered

as particularly hard for metaheuristics 18,39,167,234. The QAP has applications such as building layout 63,87,150, keyboard layout 41,
circuit design 88, wiring 231, and scheduling 230. Typical benchmark instances can be found in QAPLIB. SOTA algorithms for
the QAP include 18,96,178,184,237,238.

QAPLIB is a library of 136 benchmark instances for the Quadratic Assignment Problem (QAP) 38,40, 28 of which have not yet been
solved to optimality 3 (at least by 2023).

Random Keys encoding is a decoding procedure γ : X ↦→ Y that maps a continuous search space X ⊂ [0, 1]n which is a subset of the
n-dimensional real numbers to the space Y of permutations of the first n natural numbers 14,15. For example, on n = 5, the
vector x = (0.49, 0.91, 0.33, 0.75, 0.51) is translated to the permutation y = (3, 1, 5, 4, 2), because x3 = 0.33 has the
smallest value, putting 3 at the beginning, x1 = 0.49 the second-smallest, placing 1 second, . . . , and x2 = 0.91 being the
largest value meaning that the last number in y will be 2 15. The advantage of the encoding is that we can search in X
applying arbitrary mathematical operators, crossover, and mutation procedures, but will always get correct permutations. The
disadvantage is that |X| ≫ |Y| and that there actually is no meaning underpinning moves in X in relation to their projected
result in Y.

RLS Randomized local search retains the best solution xc discovered so far during the search and, in each step, it applies a unary
search operator to this best-so-far solution xc and derives a new solution xn. If the new solution xn is better or equally good
when compared with xc, i.e., not worse, then it replaces it, i.e., is stored as the new xc. If the search space are bit strings of
length n, then RLS uses a unary search operator that flips exactly one bit. This operator is the main difference to (1 + 1) EA.

FRLS The RLS with FFA plugged in 283. On the discrete bit-string domains, this algorithm has a very specific structure: Its unary
search operator flips exactly one bit, distinguishing it from the unary operator in the (1 + 1) FEA, which flips each bit with
probability 1/n. On other domains, such as permutations, we use the term synonymously with (1 + 1) FEA.
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RTS Reactive Tabu Search is a variant of TS where the length of the tabu list is adapted to the problem and to the current
evolution of the search, and an escape strategy for diversifying the search is used when that is not sufficient 10–13. It has
successfully been applied to a wide range of problems, from the QAP 11,12, to Knapsack problems 10,12, the N-K landscape 10 to
the training of neural networks 13.

SA Simulated Annealing is a SLS that sometimes accepts a worse solution 45,132,144,202,263. The probability to do so decreases over
time and with the difference in objective values, i.e.,is the lower the worse the new solution is. SA performed well on a variety
of problems, including the QAP 182,245 and the JSSP 197.

SATLIB is a library of benchmark instances for the Maximum Satisfiability (MaxSAT) available at
https://www.cs.ubc.ca/~hoos/SATLIB/index-ubc.html 122,123.

server In a client-server architecture, the server is a process that fulfills the requests of the clients. It usually waits for incoming
communication carring the requests from the clients. For each request, it takes the necessary actions, performs the required
computations, and then sends a response with the result of the request. Typical examples of servers are web servers 42 in the
internet as well as DBMSes. It is also common to refer to the computer running the server processes as server as well, i.e., to
call it the „server computer“ 152.

SLS Stochastic local search is a local search (LS), one of the simplest metaheuristic search paradigms 121: A single „current“
candidate solution is maintained and new solutions are stochastically sampled from its neighborhood, i.e., in a way that
involves random numbers. If these solutions are deemed interesting based on their objective value, they replace the „current“.
The cycle continues. Basic examples are RLS and (1 + 1) EA. More complex examples that add mechanisms to escape local
optima on top of the SLS paradigm are TS and SA.

SOTA State-of-the-Art, i.e., the best-performing methods for a field or problem type

stderr The standard error stream is one of the three pre-defined streams of a console process (together with the stdin and the
stdout) 142. It is the text stream to which the process writes information about errors and exceptions. If an uncaught
Exception is raised in Python and the program terminates, then this information is written to standard error stream (stderr).
If you run a program in a terminal, then the text that a process writes to its stderr appears in the console.

https://www.cs.ubc.ca/~hoos/SATLIB/index-ubc.html
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stdin The standard input stream is one of the three pre-defined streams of a console process (together with the stdout and the
stderr) 142. It is the text stream from which the process reads its input text, if any. The Python instruction input reads from
this stream. If you run a program in a terminal, then the text that you type into the terminal while the process is running
appears in this stream.

stdout The standard output stream is one of the three pre-defined streams of a console process (together with the stdin and the
stderr) 142. It is the text stream to which the process writes its normal output. The print instruction of Python writes text to
this stream. If you run a program in a terminal, then the text that a process writes to its stdout appears in the console.

STSP A symmetric Traveling Salesperson Problem is a special case of the TSP, where the n× n distance matrix A is symmetric,
i.e., A[a, b] = A[b, a]∀a, b ∈ 1..n.

terminal A terminal is a text-based window where you can enter commands and execute them 9,53. Knowing what a terminal is and how
to use it is very essential in any programming- or system administration-related task. If you want to open a terminal under
Microsoft Windows, you can Druck auf q + R , dann Schreiben von cmd , dann Druck auf . Under Ubuntu Linux, Ctrl +

Alt + T opens a terminal, which then runs a Bash shell inside.

Trap The Trap problem is a benchmark problem for bit-string based black-box search 80,189,283. It is structured exactly like OneMax,
however the worst and the best solution are swapped. This makes the problem highly deceptive, as following the „gradient“ in
the search space leads the search away from the global optimum. For bit strings of length n, the objective function f(x) of
the minimization variant is 0 if ∥x∥1 = 0 and n− ∥x∥1 + 1 otherwise, where ∥x∥1 =

∑︁n
i=1 xi. An (1 + 1) EA will converge

to the resulting local optimum and thus have an expected runtime of Θ(nn)80. In experiments, the (1 + 1) FEA achieves
polynomial runtime on Trap, seemingly in O(n2 lnn) 270,271,283.

TS Tabu Search is one of the most successful SLSes 103,104,106,134. In order to avoid returning to previous solutions, it declares certain
solutions or search moves as „tabu.“ For example, if a bit in a discrete problem has been flipped by the search operator, it may
be forbidden to flip the bit again for some time, thus preventing the algorithm from getting trapped in a cycle. This rule may
be overridden if a new best-so-far solution is discovered that outperforms all previous solutions, in which case it would be
accepted (this is the so-called aspiration criterion). TS has performed well on the QAP 11,12,181,184,236,237 and on the
JSSP 190,199,201,226,284.
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TSP In an instance of the Traveling Salesperson Problem, also known as Traveling Salesman Problem, a set of n cities or locations
as well as the distances between them are given 5,113,156,160,267,272. The goal is to find the shortest round-trip tour that starts at
one city, visits all the other cities one time each, and returns to the origin. The TSP is one of the most well-known NP-hard
combinatorial optimization problems 101,113,151. The TSP has many applications5, including in transportation, logistics, (circuit)
plotting and drilling problems112, telescope aiming, and genome sequencing. Solutions are often encoded as permutations x of
the first n natural numbers, where each city gets a number and the order of numbers in the permutation corresponds to the
order of cities in the tour. The distances between the n cities are usually given in a n× n distance matrix A, where A[a, b] is
the distance from city a to city b with a, b ∈ 1..n. Then, the objective function subject to minimization
is f(x) = A[xn, x1] +

∑︁n−1
i=1 A[xi, xi+1]. Typical benchmark instances can be found in TSPLib 211,212, the 8th DIMACS

challenge136–138, and the World TSP repository61.

TSPLib is a library of benchmark instances for the Traveling Salesperson Problem (TSP) 211,212. Its original URL was available until
2025 and then became defunct. The repository https://github.com/shredderzwj/TSPLIB contains the data. Additionally, you
may also check https://github.com/thomasWeise/tspSuite, which contains all the TSPLib instances as well as Java code to
load them. The TSPLib contains 110 instances of the symmetric Traveling Salesperson Problems (STSPs) with scales n
ranging from 14 to 85 900, but 93 instances have less than 2000 nodes. There also are 19 asymmetric Traveling Salesperson
Problems (ATSPs) with scales n ∈ 17..443.

TTP The Traveling Tournament Problem is the combinatorial optimization problem of both efficiently and fairly organizing a
tournament of n teams that play against each other in a pairwise fashion 84,277. The efficient part boils down to arranging the
games such that the total travel length is short, which is somewhat similar to the classical TSP. Initially, each team is at its
home location. On each day, a team needs to travel if its scheduled game is not at its present location. On the last day, each
team may need to travel back home unless their last game is a home game. The total travel length sums up the lengths of all
travels over all teams. The fair part is represented in several constraints, such as doubleRoundRobin, compactness, maxStreak,
and noRepeat. The TTP is NP-hard 259.

https://github.com/shredderzwj/TSPLIB
https://github.com/thomasWeise/tspSuite
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TwoMax The TwoMax problem is a benchmark problem for bit-string based black-box search 99,255,283. It has a global and a local
optimum, both of about the same size, at opposite ends of the search space. For bit strings of length n, the objective
function f(x) of the minimization variant is 0 if ∥x∥1 = n and 1 + n−max

{︁
∥x∥1 , n− ∥x∥1

}︁
otherwise, where

∥x∥1 =
∑︁n

i=1 xi. An (1 + 1) EA has a 50/50 chance to converge to the local or global optimum and thus has an expected
runtime in Θ(nn) 98,99. In experiments, the (1 + 1) FEA achieves polynomial runtime seemingly in O(n2 lnn) on
TwoMax 270,271,283.

Ubuntu is a variant of the open source operating system Linux 53,116. We recommend that you use this operating system to follow this
class, for software development, and for research. Learn more at https://ubuntu.com. If you are in China, you can download it
from https://mirrors.ustc.edu.cn/ubuntu-releases.

UCS Universal Coded Character Set, see Unicode

UML The Unified Modeling Language is a graphical language for visualizing, specifying, constructing, and documenting the artifacts
of distributed object systems 31,97,192,250

Unicode A standard for assigning characters to numbers 127,242,251. The Unicode standard supports basically all characters from all
languages that are currently in use, as well as many special symbols. It is the predominantly used way to represent characters
in computers and is regularly updated and improved.

URI A Uniform Resource Identifier is an identifier for an abstract or physical resource in the internet 281. It can be a URL, a name,
or both. URIs are supersets of URLs. The connection strings of the PostgreSQL DBMS are examples of Uniform Resource
Identifiers (URIs).

URL A Uniform Resource Locator identifies a resource in the WWW and a way to obtain it by describing a network access
mechanism. The most notable example of URLs is the text you write into web browsers to visit websites 22. URLs are subsets
of URIs.

VCS A Version Control System is a software which allows you to manage and preserve the historical development of your program
code 249. A distributed VCS allows multiple users to work on the same code and upload their changes to the server, which then
preserves the change history. The most popular distributed VCS is Git.

https://ubuntu.com
https://mirrors.ustc.edu.cn/ubuntu-releases
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venv is a Python module and tool for creating virtual environments 258. Learn more at
https://docs.python.org/3/library/venv.html 258.

virtual environment A virtual environment is a directory that contains a local Python installation 179,261. It comes with its own package installation
directory. Multiple different virtual environments can be installed on a system. This allows different applications to use
different versions of the same packages without conflict, because we can simply install these applications into different virtual
environments.

VND Variable Neighborhood Descend; see VNS. VND in combination with GRASP has been applied to the 2BP|O|F in 198.

VNS Variable Neighborhood Search is a metaheuristic framework combining a systematic change of neighborhood with LS 114,185. A
neighborhood structure in LS defines which solutions can be reached from a given solution within one search step. Usually,
one uses a single unary operator and, hence, has a single neighborhood structure. However, for many problems, we can easily
design many operators. For permutations, for example, one operator may swap two elements, another one may reverse a
section of the permutation, and yet another one, while yet another one may rotate a subsequence one step to the left or
right 267. In the VNS framework, a multiple neighborhoods are investigated in a systematic fashion. Assume that we have a list
of neighborhood structures. Variable Neighborhood Descend (VND) works in a deterministic fashion. It finds the best solution
that can be reached in one step from the current solution under the current neighborhood. If this is better than the current
solution, we accept it and continue with the first neighborhood. Otherwise, we continue with the next neighborhood in the list.
In Basic VNS, instead of picking the best move from the current neighborhood, the first improving move is used. Also, at the
beginning of each cycle, a random point from the current neighborhood around the current solution is chosen as starting point.

WWW World Wide Web 21,66

Xcode is offers the tools for developing, testing, and distributing applications as well as an IDE for Apple platforms such as macOS
and iOS 218.

i! The factorial a! of a natural number a ∈ N1 is the product of all positive natural numbers less than or equal to a, i.e.,
a! = 1 ∗ 2 ∗ 3 ∗ 4 ∗ · · · ∗ (a− 1) ∗ a 46,82,172.

https://docs.python.org/3/library/venv.html
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i..j with i, j ∈ Z and i ≤ j is the set that contains all integer numbers in the inclusive range from i to j. It always holds that
i..j ⊂ Z. For example, 5..9 is equivalent to {5, 6, 7, 8, 9}

A the n× n distance matrix. A[a, b] indicates the distance between locations a and b with a, b ∈ 1..n. A distance matrix can be
symmetric, in which case A[a, b] = A[b, a] ∀a, b ∈ 1..n. Distance matrices represent the problem instance data in TSPs and
part of the instance data of QAPs.

B the n× n flow matrix. B[a, b] is the flow of goods between locations a and b with a, b ∈ 1..n. Flow matrices are one half of
the problem instance data of QAPs.

f(y) The objective function f : Y ↦→ R can compute a cost or rating for each candidate solution y in the solution space Y. The
smaller this value, the better the solution, i.e., in the context of this work, objective functions are subject to minimization.
Objective functions are not necessarily continuous and it is also quite common that they have integer or natural numbers as
results, e.g., we often have f : Y ↦→ N0 instead of f : Y ↦→ R.

γ(x) The decoding function γ : X ↦→ Y translates point from the search space X to one point y in the solution space Y. It is a very
common case that X = Y and that the decoding function γ is the identity mapping. Examples for encodings that translate
from a simple search space X to a complex solution data structure Y are the IBL algorithm that translates (potentially signed)
permutations to two-dimensional packings on the 2BP, the permutation-based encoding of Gantt charts for the JSSP
from 25,26,102,224,268, or the permutation-based encoding of game plans for the Traveling Tournament Problem (TTP) from 277.
Encodings can also translate between types of search spaces. The Random Keys encoding, for example, translates
from [0, 1]n to permutations of the first n natural numbers..

k the number of jobs in an instance of the JSSP.

m the number of machines in an instance of the JSSP.
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n We usually use the value n ∈ N0 to denote the scale, i.e., the size of the problem to solve. This notion is very general in
computer science and not limited to optimization. For example, if we sort a list or search in a list, the scale n is the length of
the list, i.e., the number of elements in it. In a TSP, this may be the number of cities. In a discrete benchmark problem such
as OneMax or Trap, this may be the number of bits over which the problem is defined. In a QAP, this may be the number of
facilities and locations. In a MaxSAT problem, this may be the number of variables that are input to the Boolean formula that
we want to become true. There are also problems where the scale is not defined straightforwardly like this. For example, in a
JSSP, we have a number of machines and a number of jobs, which together define the size of the problem. But even then, the
scale n relates to the size of the solution space Y, and, hence, also of the search space X, which usually grow exponentially
with n. And this is already the main issue: The larger n, the (exponentially) larger the number of possible solutions and thus,
the larger the runtime of algorithms. This is known as the „curse of dimensionality“ 19,48. Scales n are also often used in
conjunction with the O-notation to denote algorithm complexity. For example, comparison-based sorting a list of n items
takes Θ(n logn) steps 148 (because they need ⌈log2 n!⌉ comparisons in the worst case).

N0 the set of the natural numbers including 0, i.e., 0, 1, 2, 3, and so on. It holds that N0 ⊂ Z and that N0 = N1 ∪ {0}.
N1 the set of the natural numbers excluding 0, i.e., 1, 2, 3, 4, and so on. It holds that N1 ⊂ Z and that N1 = N0 \ {0}.
NP is the class of computational problems that can be solved in polynomial time by a non-deterministic machine and can be

verified in polynomial time by a deterministic machine (such as a normal computer) 110.

NP-complete A decision problem is NP-complete if it is in NP and all problems in NP are reducible to it in polynomial time 110,208. A
problem is NP-complete if it is NP-hard and if it is in NP.

NP-hard A problem is NP-hard if all problems in NP are reducible to it in polynomial time 110. Algorithms that guarantee to find the
correct solutions of NP-hard problems 47,58,155 have a worst-case runtime that grows exponentially with the problem scale.

Ω(g(x)) If f(x) = Ω(g(x)), then there exist positive numbers x0 ∈ R+ and c ∈ R+ such that f(x) ≥ c ∗ g(x) ≥ 0 for
all x ≥ x0

62,146,147. In other words, Ω(g(x)) describes a lower bound for function growth.

O(g(x)) If f(x) = O(g(x)), then there exist positive numbers x0 ∈ R+ and c ∈ R+ such that 0 ≤ f(x) ≤ c ∗ g(x) for
all x ≥ x0

7,62,146,147,153. In other words, O(g(x)) describes an upper bound for function growth.
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Θ(g(x)) If f(x) = Θ(g(x)), then f(x) = O(g(x)) and f(x) = Ω(g(x)) 146,147, meaning that there exist positive
constants c1, c2, x0 ∈ R+ such that 0 ≤ c1g(x) ≤ f(x) ≤ c2g(x) for all x ≥ x0

62. In other words, Θ(g(x)) describes an
exact order of function growth.

o(g(x)) If f(x) = o(g(x)), then there exist positive numbers x0 ∈ R+ such that 0 ≤ f(x) ≤ c ∗ g(x) for all x ≥ x0 all c ∈ R+ 62.
Different from O(g(x)), o(g(x)) holds for all constants c > 0, whereas O(g(x)) implies the existence of some
constant c > 0. This basically means that f(x) becomes insignificant compared to g(x) as x0 grows toward infinity. It is
often written that limx0→∞

f(x)
g(x)

= 0. In other words, o(g(x)) describes an upper bound for function growth that is not
asymptotically tight, i.e., an upper bound that grows faster than f(x).

R the set of the real numbers.

R+ the set of the positive real numbers, i.e., R+ = {x ∈ R : x > 0}.

ω(g(x)) If f(x) = ω(g(x)), then for every positive constant c > 0, there exists a number x0 ∈ R+ such that 0 ≤ c ∗ g(x) < f(x)
for all x ≥ x0

62. In other words, f(x) = ω(g(x)) if and only if g(x) = o(f(x)). In other words, ω describes a lower bound
that is not asymptotically tight.

X The search space X is the space through which an optimization algorithm navigates in order to find good solutions. The
search operators of metaheuristics are used to sample points x ∈ X, for example. On many benchmark problems, the objective
functions f directly evaluate the elements x ∈ X, i.e., are defined as f : X ↦→ R. However, very often these elements x are not
the same data structures that the user is interested in and/or that the objective functions evaluate: It is common that the
search space X is a simple and plain data structure that can be tackled with standard operations or mathematical tools, such
as real vectors Rn, permutations, or bit strings, whereas the solution space Y can be something more complicated. Then, the
user only cares about the solutions y ∈ Y and not about the search space X. A decoding γ : X ↦→ Y is employed to translate
the x ∈ X to y = γ(x) with y ∈ Y.

x a point in the search space X.
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Y the set of candidate solutions of an optimization problem is called the solution space Y. The solution space corresponds to the
data structure holding the candidate solutions y. These are the elements that are passed to the user after the optimization
process is completed. They are also the parameters of the objective function(s) f : Y ↦→ R.

y a candidate solution y ∈ Y is one possible solution to an optimization problem. After the optimization process is completed,
one or multiple such solutions are passed to the user.

Z the set of the integers numbers including positive and negative numbers and 0, i.e., . . . , -3, -2, -1, 0, 1, 2, 3, . . . , and so on.
It holds that Z ⊂ R.
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