L X%
HEFEI UNIVERSITY
Programming with Python
1. Organisation

- Thomas Weise (% 2 %
tweise@hfuu.edu.cn - https://thomasweise.github.io

A

School of Artificial Intelligence and Big Data | AL% it 5 K%k Fix
Hefei University | &8 K &
Hefei, Anhui, China | ¥ B2# 4 6 EF

TR Joo SRR TR BRSO WF L ™

2
-

Version: 2026-11-04 I


mailto:tweise@hfuu.edu.cn
https://thomasweise.github.io

Programming with Python

Dies ist ein Kurs liber das Programmieren mit der Programmiersprache Python an der
Universitat Hefei (&2 K ).

Die  Webseite  mit  dem Lehrmaterial dieses  Kurses  ist  htt-
ps:/ /thomasweise.github.io/programmingWithPython (sieche auch den QR-Kode
unten rechts). Dort kdnnen 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.
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. ® Willkommen zum Kurs Programmieren mit Python.

v

£y A

o

ay




. Willkommen

e Willkommen zum Kurs Programmieren mit Python.

e Wir befinden uns im Wintersemester 2026/2027 an der Universitit Hefei (&/EK %) in
der schénen Stadt Hefei (4#27) in der Provinz Anhui (2% ) in China.
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- Willkommen
e Willkommen zum Kurs Programmieren mit Python.

e Wir befinden uns im Wintersemester 2026/2027 an der Universitit Hefei (&/EK %) in
der schénen Stadt Hefei (4#27) in der Provinz Anhui (2% ) in China.

® Dieser Kurs lehrt das Programmieren mit der Programmiersprache Python.
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. Willkommen

e Willkommen zum Kurs Programmieren mit Python.

e Wir befinden uns im Wintersemester 2026/2027 an der Universitit Hefei (&/EK %) in
der schénen Stadt Hefei (4-A27) in der Provinz Anhui (%44 ) in China.

® Dieser Kurs lehrt das Programmieren mit der Programmiersprache Python.
® Der Kurs wird in deutscher Sprache unterrichtet.
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5 ® Prof. Dr. Thomas WEISE (7 2 &)
:_ e Diplom-Informatiker (% &) der TU Chemnitz in Sachsen, Deutschland, im Jahr 2005.
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Vorlesung / Ubung

Vorlesung / Ubung

=

BX A-8 EH; F Zeit Raum || Bk A-B EH F 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 IS 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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® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:

1. Alles, was gelehrt wird, wird aktiv praktisch und selbststandig von den Studierenden
ausprobiert.
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® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:

1. Alles, was gelehrt wird, wird aktiv praktisch und selbststandig von den Studierenden
ausprobiert. Auf Ihrem eigenen Laptop-Computer.
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® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:
1. Alles, was gelehrt wird, wird aktiv praktisch und selbststandig von den Studierenden
ausprobiert. Auf Ihrem eigenen Laptop-Computer.
2. Umfangreiches unterstiitzendes Lehrmaterial wird zur Verfligung gestellt.
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Aspekte

® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:

1.

Alles, was gelehrt wird, wird aktiv praktisch und selbststindig von den Studierenden
ausprobiert. Auf lhrem eigenen Laptop-Computer.

Umfangreiches unterstiitzendes Lehrmaterial wird zur Verfiigung gestellt. Alles kann
nachgelesen und nachvollzogen werden.
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ausprobiert. Auf lhrem eigenen Laptop-Computer.
2. Umfangreiches unterstiitzendes Lehrmaterial wird zur Verfligung gestellt. Alles kann
nachgelesen und nachvollzogen werden.
3. Das ist keine Arbeit, kein Auswendiglernen.
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® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:
1. Alles, was gelehrt wird, wird aktiv praktisch und selbststandig von den Studierenden
ausprobiert. Auf lhrem eigenen Laptop-Computer.
2. Umfangreiches unterstiitzendes Lehrmaterial wird zur Verfligung gestellt. Alles kann
nachgelesen und nachvollzogen werden.
3. Das ist keine Arbeit, kein Auswendiglernen. Es soll nicht langweilig sein.



Aspekte

® Die Durchfiihrung des Kurses hat drei wesentliche Aspekte von meiner Seite:

1. Alles, was gelehrt wird, wird aktiv praktisch und selbststandig von den Studierenden
ausprobiert. Auf lhrem eigenen Laptop-Computer.

2. Umfangreiches unterstiitzendes Lehrmaterial wird zur Verfligung 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 fiihlen.
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&  Programming with Python  x = 4

» 1. Introduction

= 2. Resources
@ 2.1. The Book
@ 2.2. Die Slides in Deutsch —
The Slides in German
Language
© 2.3. The Slides in English
o 2.4. The Example Python
Programs
o 2.5. LaTeX Sources,
Graphics, Bibliography, etc.

» 3. License

* 4. Contact

principles of programming.

2. Resources

<« C O & thomasweise.github.io/orogramringwithPython/

Programming with Python

1. Introduction

BY o aa s &2 8

"Programming with Python" is both a book and a course held at Hefei
University (&AEAZ). We here provide all the resources of this course.

The goal of the course and book is to teach undergraduate and
graduate students how to program with the Python programming
language. The resources may also be suitable to high school students
or whoever else may be interested in the topic. Qur aim is to strike a
good balance between theory and practice, leaning more to the
practice side. In particular, we try to teach programming together with
some software engineering concepts. It is the firm opinion of the
author that these two cannot be separated. Teaching programming
alone without introducing tools such as static code analysis, unit
tests, and enforcing principles such as code style and proper

commenting will create bad programmers. So we discuss these aspects while working our way through the

The website with up-to-date information about the course is https://thomasweise.github.io/
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Lehrmaterial

< C

(&  Programming with Python X = 4 ™

QO B thomasweise.github.io/programmingwithPython/
alone without introducing tools such as static code analysis, unit
tests, and enforcing principles such as code style and proper

commenting will create bad programmers. So we discuss these aspects while working our way through the
principles of programming.

2. Resources

The website with up-to-date information about the course is https://thomasweise.github.io/
programmingWithPython.

2.1. The Book

The book itself can be downloaded as pdf at htips://thomasweise.github.io/programmingWithPython/
programmingWithPython.pdf.

2.2. Die Slides in Deutsch — The Slides in German Language

Die Slides zum Kurs in deutscher Sprache kénnen unter https:/ /thomasweise.github.io/
programmingWithPythonsSlidesDE gefunden werden und sind hier aufgelistet:

Organisation

Einleitung

Python Installieren

PyCharm Installieren

Programme Erstellen und Ausfiihren
Beispiele Herunterladen

Der Datentyp int
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o
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Buch
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® |ch habe fiir diesen Kurs ein Buch geschrieben: Programming with Python®®.
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https://thomasweise.github.io/programmingWithPython/programmingWithPython.pdf
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Buch

® |ch habe fiir diesen Kurs ein Buch geschrieben: Programming with Python®®.

® Das Buch ist in Englisch geschrieben.
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Buch

® |ch habe fiir diesen Kurs ein Buch geschrieben: Programming with Python
® Das Buch ist in Englisch geschrieben.

® Dieses Buch steht kostenlos im Internet.
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Buch

Ich habe fiir diesen Kurs ein Buch geschrieben: Programming with Python

Das Buch ist in Englisch geschrieben.

Dieses Buch steht kostenlos im Internet.

Es wird noch aktiv weiterentwickelt.
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Buch

266

Ich habe fiir diesen Kurs ein Buch geschrieben: Programming with Python®°.

Das Buch ist in Englisch geschrieben.

Dieses Buch steht kostenlos im Internet.

Es wird noch aktiv weiterentwickelt.

Sie kénnen mir helfen, es weiterzuentwickeln, durch Fragen, Anregungen, das Finden von
Fehlern, usw.
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Buch

Ich habe fiir diesen Kurs ein Buch geschrieben: Programming with Python®°.

Das Buch ist in Englisch geschrieben.

Dieses Buch steht kostenlos im Internet.

Es wird noch aktiv weiterentwickelt.

Sie kénnen 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 fiir Anfanger auf dem Gebiet geschrieben.
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® Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.
® Es beinhaltet viele Beispiele, die Schritt-fiir-Schritt erklart werden.
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® Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.
® Es beinhaltet viele Beispiele, die Schritt-fiir-Schritt erklart werden.

® Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklart.
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Buch: Features

Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.

Es beinhaltet viele Beispiele, die Schritt-fiir-Schritt erklart werden.

Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklart.

Das Glossary beinhaltet auch Abkiirzungen, Programme, mathematische Notationen, usw.

RAET R 1 1

SN



Buch: Features

® Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.

Es beinhaltet viele Beispiele, die Schritt-fiir-Schritt erklart werden.

Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklart.

Zum Beispiel stdin, UCS, UML, HTML, JSON, 1NF, breakpoint, venv, client-server
architecture, R, N'P-hard, psql, PyPl, Matplotlib. . .

Das Glossary beinhaltet auch Abkiirzungen, Programme, mathematische Notationen, usw.
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Buch: Features

® Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.
® Es beinhaltet viele Beispiele, die Schritt-fir-Schritt erklart werden.

® Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklart.

® Das Glossary beinhaltet auch Abkiirzungen, Programme, mathematische Notationen, usw.

® Zum Beispiel stdin, UCS, UML, HTML, JSON, 1NF, breakpoint, venv, client-server
architecture, R, N'P-hard, psql, PyPl, Matplotlib. . .

® Diese Terme sind jeweils im Text auf das Glossary verlinkt.
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Buch: Features

® Das Buch ist explizit fiir Anfanger auf dem Gebiet geschrieben.
® Es beinhaltet viele Beispiele, die Schritt-fir-Schritt erklart werden.

® Fachbegriffe, die Sie vielleicht nicht kennen, werden in einem Glossary erklart.

® Das Glossary beinhaltet auch Abkiirzungen, Programme, mathematische Notationen, usw.

® Zum Beispiel stdin, UCS, UML, HTML, JSON, 1NF, breakpoint, venv, client-server
architecture, R, N'P-hard, psql, PyPl, Matplotlib. . .

® Diese Terme sind jeweils im Text auf das Glossary verlinkt.

® Und im Glossary gibt es dann immer weiterfiihrende Literturhinweise.
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Slides und Ubungen/Fragen

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



https://thomasweise.github.io/programmingWithPython

Slides und Ubungen/Fragen

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

® Ebenso finden Sie eine Liste mit Ubungsfragen auf der Kurswebseite.


https://thomasweise.github.io/programmingWithPython

Slides und Ubungen/Fragen

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

® URL: https://thomasweise.github.io/programmingWithPython
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Beispiele

i ® |n diesem Kurs werden wir sehr viele Beispiele verwenden.

ol
1 print("Hello World!")

J python3 very_first_program.py |
! Hello World!

———
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Beispiele

® |n diesem Kurs werden wir sehr viele Beispiele verwenden.

¢ Sie konnen (und sollen!) also jeden Schritt jedes Beispiels genau nachvollziehen.

print ("Hello World!")

J python3 very_first_program.py |

Hello World!



Beispiele

® |n diesem Kurs werden wir sehr viele Beispiele verwenden.
¢ Sie konnen (und sollen!) also jeden Schritt jedes Beispiels genau nachvollziehen. i

® |m Buch finden Sie jeweils im Titel des Programms gleich noch den Link zum Sourcekode &
auf GitHub.

print ("Hello World!") |

| python3 very_first_program.py |

Hello World!



Komplexere Beispielprogramme

® Fiir einige Beispiele mit komplexeren

Kommandos werden der
Programmkode, die Kommandozeile
zu dessen Ausfiihrung, der standard
output stream (stdout)*?, der
Exit-Kode'°, und die
Softwareversion mit angezeigt.

Link zur Datei auf Github
Listing 4.15: Listing 4.11, but mriable explicitly hinted as int. (stored in file vari

able_types_wrong_hints_1.py; output in Listing 4.16)
int_var: int = 1 + 7 # (reate a variable hinted as integer.
print (type (int_var)) # This prints “<class ’int’>".

int_var = int_var / 3 # / returns a float, but we may ezpect an int?
print (type(int_var)) # This now prints "<class ’float’>".

| python3 variable_types_wrong_hints_1.py |

Listing 4.16: The stdout of the program variable_types_wrong_hints_1.py given in Listing 4.15.
<class ’int’>
<class ’float’>

Kommando im Terminal

Listing 4.19: The results atic type checking the program variable_types_wrong_hints_1.py with
Mypy of the program n in Listing 4.15.

$ mypy variable_types_wrong_hints_1.py --no-strict-optional --check-untyped
> -defs

variable_types_wrong_hints_1.py:4: error: Incompatible types in assignment
<> (expression has type "float", variable has type "int") [assignment]

Found 1 error in 1 file (checked 1 source file)
# mypy 1.16.1 failed with exit code 1.

Softwareversion, Ergebnis, und Exit Code

Source: [266]
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Komplexere Beispielprogramme

® Fiir einige Beispiele mit komplexeren
Kommandos werden der
Programmkode, die Kommandozeile
zu dessen Ausfiihrung, der standard
output stream (stdout)*?, der
Exit-Kode'°, und die
Softwareversion mit angezeigt.

o Natirlich mit einem Link zum Kode
auf GitHub.

e N T = ——

Link zur Datei auf Github
Listing 4.15: Listing 4.11, but mriable explicitly hinted as int. (stored in file vari

able_types_wrong_hints_1.py; output in Listing 4.16)
int_var: int = 1 + 7 # (reate a variable hinted as integer.
print (type (int_var)) # This prints "<class ’int’>".

int_var = int_var / 3 # / returns a float, but we may ezpect an int?
print (type(int_var)) # This now prints "<class ’float’>"

| python3 variable_types_wrong_hints_1.py |

Listing 4.16: The stdout of the program variable_types_wrong_hints_1.py given in Listing 4.15.
<class ’int’>
<class ’float’>

Kommando im Terminal
Listing 4.19: The results atic type checking the program variable_types_wrong_hints_1.py with
Mypy of the program n in Listing 4.15.

$ mypy variable_types_wrong_hints_1.py --no-strict-optional --check-untyped
> -defs
variable_types_wrong_hints_1.py:4: error: Incompatible types in assignment
<> (expression has type "float", variable has type "int") [assignment

Found 1 error in 1 file (checked 1 source file)
# mypy 1.16.1 failed with exit code 1.

Softwareversion, Ergebnis, und Exit Code

Source: [266]
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Software

e Wir nutzen viele verschiedene Werkzeuge.




Software

e Wir nutzen viele verschiedene Werkzeuge.

® Diese sind alle kostenlos im Internet verfiigbar.
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Software

® Wir nutzen viele verschiedene Werkzeuge.
® Diese sind alle kostenlos im Internet verfiigbar.

® Die meisten sind Open Source software.
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Software ]

® Diese sind alle kostenlos im Internet verfiigbar.
® Die meisten sind Open Source software.

E
® Wir nutzen viele verschiedene Werkzeuge. '
® Fiir jedes Werkzeug haben wir Installationshinweise ausgearbeitet.
¥
*
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Software

® Wir nutzen viele verschiedene Werkzeuge.
® Diese sind alle kostenlos im Internet verfiigbar.
® Die meisten sind Open Source software.

® Fiir jedes Werkzeug haben wir Installationshinweise ausgearbeitet. Mit Screenshots fiir
Microsoft Windows®**5227:247:25¢ ynd Ubuntu Linux®**°.
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theraturhmwelse

® Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?
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Literaturhinweise

® Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

® Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.
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®
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Literaturhinweise

® Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

® Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.

® |m Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].
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Literaturhinweise

® Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

® Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.
® |m Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].

® Wir haben fiir alles was wir lehren, fiir jedes Werkzeug, das verwendet wird, fiir alle
Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.
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Literaturhinweise

® Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

® Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.

® |m Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].

® Wir haben fiir alles was wir lehren, fiir jedes Werkzeug, das verwendet wird, fiir alle
Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.

e Wir beziehen uns auf Standards, wissenschaftliche Veroffentlichungen, Dokumentationen,
Vorlesungen an anderen Universitaten, und selbst auf aktuelle Gesetzgebung.
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Literaturhinweise

Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.

Im Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].

Wir haben fiir alles was wir lehren, fiir jedes Werkzeug, das verwendet wird, fiir alle
Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.

Wir beziehen uns auf Standards, wissenschaftliche Verdffentlichungen, Dokumentationen,
Vorlesungen an anderen Universitaten, und selbst auf aktuelle Gesetzgebung.

Wo immer moglich, werden die entsprechenden Quellen im Literaturverzeichnis verlinkt
und ich verwende, wo immer maoglich, Quellen, die online verfiigbar sind.
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Literaturhinweise

Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.

Im Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].

Wir haben fiir alles was wir lehren, fiir jedes Werkzeug, das verwendet wird, fiir alle
Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.

Wir beziehen uns auf Standards, wissenschaftliche Verdffentlichungen, Dokumentationen,
Vorlesungen an anderen Universitaten, und selbst auf aktuelle Gesetzgebung.

Wo immer moglich, werden die entsprechenden Quellen im Literaturverzeichnis verlinkt
und ich verwende, wo immer maoglich, Quellen, die online verfiigbar sind.

Am Ende der Slides finden Sie oft ein Glossary (allerdings in Englisch).
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Literaturhinweise

Haben Sie die kleinen roten Zahlen in dem Satz , Mit Screenshots fiir Microsoft
Windows?®*5227:247.25¢ nd Ubuntu Linux®***." bemerkt?

Dies sind Literaturhinweise, die am Ende der Slides gelistet werden.

Im Buch Programming with Python**® finden Sie ebenfalls viele Literaturhinweise, dort
allerdings in eckigen Klammern, also eher so: [266].

Wir haben fiir alles was wir lehren, fiir jedes Werkzeug, das verwendet wird, fiir alle
Befehle und Datenformate, die wir benutzen, Literaturhinweise herausgesucht.

Wir beziehen uns auf Standards, wissenschaftliche Verdffentlichungen, Dokumentationen,
Vorlesungen an anderen Universitaten, und selbst auf aktuelle Gesetzgebung.

Wo immer moglich, werden die entsprechenden Quellen im Literaturverzeichnis verlinkt
und ich verwende, wo immer maoglich, Quellen, die online verfiigbar sind.

Am Ende der Slides finden Sie oft ein Glossary (allerdings in Englisch).

Sie konnen alles nachlesen.
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. Alles ist da.

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

e § et e o

e 1 4

- oy



; Alles ist rda.

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

® Daher versuchen wir, alle Informationen so klar wie moglich darzustellen.
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Alles ist da.

e \Wir wissen, dass es nicht einfach ist, neue Dinge in einer fremden Sprache zu lernen.
® Daher versuchen wir, alle Informationen so klar wie moglich darzustellen.

® Wir stellen umfangreiches Lehrmaterial zur Verfiigung.

i
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Alles ist da.

i Sl

® Wir wissen, dass es nicht einfach ist, neue Dinge in einer fremden Sprache

Daher versuchen wir, alle Informationen so klar wie moglich darzustellen.

Wir stellen umfangreiches Lehrmaterial zur Verfligung.

Und wir machen den Kurs so praktisch wie moglich.

zu lernen.
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: Okosystem

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen.



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

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen.
e Aktuell gibt es folgende beiden Kurse



https://thomasweise.github.io/programmingWithPython
https://thomasweise.github.io/databases
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® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen.
o Aktuell gibt es folgende beiden Kurse:

g
;I
r
z
"
i
s
5

® Python, mit dem Textbuch Thomas Weise (% 2% ). Programming with Python. Hefei
University (6B K % ), School of Artificial Intelligence and Big Data (AL it 5 K% dE %
%), 2024-2026. URL:
https://thomasweise.github.zio/programmingWithPython
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- Okosystem

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen.
o Aktuell gibt es folgende beiden Kurse:

® Python, mit dem Textbuch Thomas Weise (% 2% ). Programming with Python. Hefei
University (4B K% ), School of Artificial Intelligence and Big Data (AL it 5 K$dE %
%), 2024-2026. URL:
https://thomasweise.github.i0/programminghithPython und

® Datenbanken, mit dem Textbuch Thomas Weise (% 2 % ). Databases. Hefei University (& &
| K %), School of Artificial Intelligence and Big Data (A% 5 K43E #1%), 2025. URL:
- https://thomasweise.github.i0/databases.
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https://thomasweise.github.io/programmingWithPython
https://thomasweise.github.io/databases
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Okosystem

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen.
o Aktuell gibt es folgende beiden Kurse:

® Python, mit dem Textbuch Thomas Weise (% 2% ). Programming with Python. Hefei
University (B8 K% ), School of Artificial Intelligence and Big Data (A% ft 5 K4 %
%), 2024-2026. URL:
https://thomasweise.github.i0/programminghithPython und

® Datenbanken, mit dem Textbuch Thomas Weise (% 2 % ). Databases. Hefei University (& &
K %), School of Artificial Intelligence and Big Data (A% 5 K43E #1%), 2025. URL:
https://thomasweise.github.i0/databases.

® Diese Kurse sind miteinander verzahnt und vom Material her gleich strukturiert.

N
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Okosystem

N

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen. r
o Aktuell gibt es folgende beiden Kurse: :

® Python, mit dem Textbuch Thomas Weise (% 2% ). Programming with Python. Hefei
University (B8 K % ), School of Artificial Intelligence and Big Data (AL it 5 K% ¥%E %
%), 2024-2026. URL:
https://thomasweise.github.i0/programminghithPython und

® Datenbanken, mit dem Textbuch Thomas Weise (% 2 % ). Databases. Hefei University (& & 3
K %), School of Artificial Intelligence and Big Data (A% 5 K43E #1%), 2025. URL:
https://thomasweise.github.i0/databases.

® Diese Kurse sind miteinander verzahnt und vom Material her gleich strukturiert.

® Sie sind eingeladen, sich die Materialien beider Kurse anzuschauen. ¥
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Okosystem

U L

® Wir versuchen, ein Okosystem von Lehrmaterial aufzubauen. :
o Aktuell gibt es folgende beiden Kurse:

® Python, mit dem Textbuch Thomas Weise (% 2% ). Programming with Python. Hefei g
University (B8 K% ), School of Artificial Intelligence and Big Data (A% ft 5 K4 % g
%), 2024-2026. URL:
https://thomasweise.github.i0/programminghithPython und

® Datenbanken, mit dem Textbuch Thomas Weise (% 2 % ). Databases. Hefei University (& &
K %), School of Artificial Intelligence and Big Data (A% 5 K43E #1%), 2025. URL:
https://thomasweise.github.i0/databases.

® Diese Kurse sind miteinander verzahnt und vom Material her gleich strukturiert.

® Sie sind eingeladen, sich die Materialien beider Kurse anzuschauen. ¥
® Beide werden aktiv weiterentwickelt.
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- Voraussetzungen

® Bringen Sie lhren Laptop mit.
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- Voraussetzungen \

® Bringen Sie lhren Laptop mit.
1. lhren eigenen Laptop.
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- Voraussetzungen

® Bringen Sie lhren Laptop mit.

1. lhren eigenen Laptop.
2. Immer.
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Voraussetzungen
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® Bringen Sie lhren Laptop mit.
1. lhren eigenen Laptop.
2. Immer.
3. Vollziehen Sie unsere Beispiele nach.
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. Voraussetzungen

® Bringen Sie lhren Laptop mit.
1. lhren eigenen Laptop.
Immer.
Vollziehen Sie unsere Beispiele nach.
Am Besten wahrend der Vorlesung.
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. Voraussetzungen
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® Bringen Sie lhren Laptop mit.

1. lhren eigenen Laptop.
Immer.
Vollziehen Sie unsere Beispiele nach.
Am Besten wahrend der Vorlesung.
Auf lhrem eigenen Laptop.
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. Voraussetzungen

)

® Bringen Sie lhren Laptop mit.

1. lhren eigenen Laptop.

2. Immer.

3. Vollziehen Sie unsere Beispiele nach.
. Am Besten wahrend der Vorlesung.
. Auf lhrem eigenen Laptop.
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® Das sind schon alle Voraussetzungen.
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Voraussetzungen

® Bringen Sie lhren Laptop mit.

1. lhren eigenen Laptop.
1 2. Immer.
' 3. Vollziehen Sie unsere Beispiele nach.
: 4. Am Besten wahrend der Vorlesung.
| 5. Auf lhrem eigenen Laptop.

® Das sind schon alle Voraussetzungen.

® Bonus: Im Idealfall arbeiten Sie mit dem Betriebssystem Ubuntu Linux®**.
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Voraussetzungen

® Bringen Sie lhren Laptop mit.

1. lhren eigenen Laptop.

2. Immer.

3. Vollziehen Sie unsere Beispiele nach.
4. Am Besten wahrend der Vorlesung.
5. Auf lhrem eigenen Laptop.

® Das sind schon alle Voraussetzungen.
® Bonus: Im Idealfall arbeiten Sie mit dem Betriebssystem Ubuntu Linux®***. Sie kénnten es
ja in einer virtuellen Maschine installieren.
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- Warnung

-

® Sie sind chinesische Studierende.
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: Warnung

o

® Sie sind chinesische Studierende.
® Es ist normal, zu denken: ,OK, mir das auf Deutsch anzuhdren oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch."
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Warnung
® Sie sind chinesische Studierende.
® Es ist normal, zu denken: ,OK, mir das auf Deutsch anzuhdren oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch."
® Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.
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Warnung

® Sie sind chinesische Studierende.

® Es ist normal, zu denken: ,OK, mir das auf Deutsch anzuhdren oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch."

® Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
meinem Material nicht verstanden haben!
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Warnung

® Sie sind chinesische Studierende.

® Es ist normal, zu denken: ,OK, mir das auf Deutsch anzuhoren oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch."

® Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
meinem Material nicht verstanden haben!

® Sie miissen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.
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Warnung
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® Sje sind chinesische Studierende.

® Es ist normal, zu denken: ,OK, mir das auf Deutsch anzuhoren oder auf Englisch zu lesen
ist anstrengend. Ich lese einfach ein chinesisches Buch."

® Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in

meinem Material nicht verstanden haben!

® Sie mussen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

® Dafiir gibt es viele Griinde
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" Warnung /
- ® |ch werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

y \ £ . o : ; 7 S ’ 3
E ® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu kldren, die Sie vielleicht in 3
. meinem Material nicht verstanden haben! >
~ . . - . . . d
E ® Sie mussen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

; ® Dafiir gibt es viele Griinde >
: 1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus. E
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Warnung
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Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in

meinem Material nicht verstanden haben!

Sie miissen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.
Dafiir gibt es viele Griinde
1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus.

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

kennen.
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Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in ‘
meinem Material nicht verstanden haben!

A AESALY
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Sie mussen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

s Favrs
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Dafiir gibt es viele Griinde
1. Viele existierende Biicher 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 Biichern vor!
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Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
meinem Material nicht verstanden haben!

W AR
&

Sie mussen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

Dafiir gibt es viele Griinde
1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus. :
2. Wir lernen die aktuellen und modernsten Aspekte der praktischen Arbeit auf unserem Gebiet
kennen.
Sehr viele unserer Themen kommen NICHT in anderen Biichern vor!
4. Sie kommen aber alle in der Priifung vor! b
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Warnung

Vines

® Ich werde ihnen auch weiterfiihrende englische/deutsche Literatur nennen.

. ® ABER: Lesen Sie andere Blicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
meinem Material nicht verstanden haben!

" ® Sie miissen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

. Dafiir gibt es viele Griinde

- 1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus.

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

kennen.

Sehr viele unserer Themen kommen NICHT in anderen Biichern vor!

Sie kommen aber alle in der Priifung vor!

5. Wenn Sie nicht unser Material durcharbeiten, dann sitzen Sie nachher in einer Priifung und
verstehen nicht mal die Fragen. ..
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: Warnung

® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
. meinem Material nicht verstanden haben!
E ® Sie miissen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.
© & Dafiir gibt es viele Griinde
: 1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus.

ol o

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

kennen.

Sehr viele unserer Themen kommen NICHT in anderen Biichern vor!

Sie kommen aber alle in der Priifung vor!

5. Wenn Sie nicht unser Material durcharbeiten, dann sitzen Sie nachher in einer Priifung 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 Prifung durchfallen!.
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: Warnung

= ® ABER: Lesen Sie andere Biicher nur begleitend, um Aspekte zu klaren, die Sie vielleicht in
. meinem Material nicht verstanden haben!

E ® Sie miissen mein Material zu diesem Kurs lesen, wenn Sie bestehen wollen.

© & Dafiir gibt es viele Griinde

l 1. Viele existierende Biicher sind veraltet oder haben einen anderen Fokus.

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

kennen.

Sehr viele unserer Themen kommen NICHT in anderen Biichern vor!

Sie kommen aber alle in der Priifung vor!

5. Wenn Sie nicht unser Material durcharbeiten, dann sitzen Sie nachher in einer Priifung 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 Prifung durchfallen!.

e Horen Sie in der Vorlesung zu! Lesen Sie mein Material (englisch oder
deutsch)!
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Zusammenfassung




10 N0

Kurs Programmieren mit Python

e Willkommen zum Kurs Programmieren mit Python.
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Kurs Programmieren mit Python

e Willkommen zum Kurs Programmieren mit Python.

® |ch freue mich auf unsere Zusammenarbeit und hoffe, dass wir Spall mit diesem Gebiet
haben werden.
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Kurs Programmieren mit Python

e Willkommen zum Kurs Programmieren mit Python.

® |ch freue mich auf unsere Zusammenarbeit und hoffe, dass wir Spall mit diesem Gebiet
haben werden.

® Und: Bitte besuchen Sie die Vorlesung, héren Sie zu, und verwenden/lesen Sie mein
Vorlesungsmaterial. . .
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Thank youl
Vielen Dank!
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(1+1)EA

(1+1) FEA

(n+ \) EA

BinInt

LinHarm

The (1 + 1) EA is a local search algorithm that retains the best solution z. discovered so far during the search ***°. In each
step, it applies a unary search operator to this best-so-far solution . and derives a new solution z,,. If the new solution z,, is
better or equally good when compared with z., i.e., not worse, then it replaces it, i.e., is stored as the new z.. 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 ( + ) evolutionary algorithm ((1 + A) EA) where p = X\ = 1.

The (1 + 1) EA with FFA plugged in *°*****. 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.

The (1 + A) EA is an evolutionary algorithm (EA) where, in each generation, X\ offspring solutions are generated from the
current population of y parent solutions. The offspring and parent populations are merged, yielding 1 + X\ solutions, from
which then the best u 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.

The Binary Integer Problem is a benchmark problem for bit-string based black-box search *****. 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(z) of the minimization
variant of this problem can be defined as f(z) =2" —1 — >, 2¢=1 . 4,. 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 Linear Harmonic Function is a benchmark problem for bit-string based black-box search ™®***_ 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(z) of the minimization variant of this problem can be defined as f(z) = %n(n +1) — > " 1% x;. 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 ®(nlnn) ™*.
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1INF
2BP

2BP|O|F

2BP|0|G

2BP|R|F

2BP|R|G

2NF
3NF

ACO

The first normal form (NF) in relational databases (DBs) ®**“®*4,

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 *********. The 2BP is strongly N/P-hard **°. The variants of this
problem include the 2BP|O|F, 2BP|R|F, 2BP|O|G, and 2BP|R|G *****°. Different objective function for the 2BP|O|F and

2BP|R|F are presented in **. 2BPs have many practical applications, including cutting (wood, glas) **°,
packing (transportation, warehouse) **°, and newspaper page layout **.

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 *°*°**"*2** 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 21079820

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 ****°°.

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 *°°*1°¢2%%2%¢  Besides packing and cutting, this problem also occurs in scheduling and build formation in additive
manufacturing *****. The almost-squares-in-almost-squares (Asqas) problem *** 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 *****°72:28¢

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 ****°.

55,57,64,86,143

The second normal form (NF) in relational DBs

The third normal form (NF) in relational DBs 7%

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 7. 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.
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Asqas

ATSP

Bash

BP

breakpoint

BRKGA

B

An ,almost-square” be a rectangle with size ¢ X (¢ + 1) with ¢ € Ny. The almost-squares-in-almost-squares problem *** is a

special case of the 2BP|R|F. Here, almost-square rectangles of sizes 1 X 2,2 X 3, ..., n X (n + 1) must be placed into an
almost-square bin without waste. This requires that there exists a natural number p € Ny such

that p(p + 1) = D°7'_; i(3 + 1) **. There are exacty five Asqas instances **, namely with bin sizes 1 x 2 forn =1, p =1,
5 X 4 forn =3, p=4,15 x 16 for n = 8, p = 15, 55 X 56 for n = 20, p = 55, and 119 X 120 for n = 34, p = 119.

The general case for TSPs are asymmetric Traveling Salesperson Problems, where the n X n distance matrix A does not need
to be symmetric. In other words, it is possible that Ja, 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.

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 **%°****_ | earn more at https://www.gnu.org/software/bash.

The Bin Packing Problem **** 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 °**** that the objects and containers have (see, e.g., the 2BP), and/or whether the objects can be rotated **°, as
well as other constraints and limitations. Both the one- and two-dimensional BP are strongly N P-hard *°.

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.

The Biased Random Key Genetic Algorithm is a EA with a continuous search space X C [0, 1]" and a decoding function
translating this space to something else and biased, uniform, and elitist mating strategies ******. 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 *°. Often, ~ is the
Random Keys encoding *** procedure translating X to permutations of the first n natural numbers '°°. Sometimes, it is
actually a MA further refining the translation result with a local search (LS) ***. Sometimes the permutations are then further
translated to more complex data structures, such as Gantt charts for the JSSP '**, or packing plans for 2BP 3D packing *".

is a programming language, which is very successful in system programming situations ™7,
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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 ***7******2*  These requests and

Concorde

DB

DBMS

debugger

EA

B

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.

psso.c0

is an exact solver for the TS , which could even solve the largest instance of TSPLib (with 85900 cities) to optimality.

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 ***.

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 **°.

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 *****’*. Learn more about debugging in **°.

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) **.
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FFA

FSSP

Gantt chart

Git

GitHub
GRASP

HTML

B g A

Frequency Fitness Assignment (+x: $i%3& 5 s ®&) is a algorithm plugin for optimization methods applied to discrete or
combinatorial problems with not-too-many different possible objective values **°7**. 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) ****, the TSP **°***, and the QAP *****, amongst others. lts properties have been intensely
researched on discrete benchmark functions such as OneMax, LeadingOnes, Trap, TwoMax, Jump, and Plateau ******* The
most common realizations of FFA so far are the (1 + 1) FEA and FRLS.

The Flow Shop Scheduling Problem is a variant of a JSSP where all products go through the same sequence of machines *****°.

Gantt charts are two-dimensional diagrams illustrating the steps of a process ****. 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.

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 ****°. Learn more at https://git-scm.com.

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

A Greedy Randomized Adaptive Search Procedure is a metaheuristic where each cycle consists of two main components **°%:
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 **. GRASP in combination with VND has been applied to the 2BP|O|F

108
in 3

The Hyper Text Markup Language is the text format used by the WWW #2248
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IBL

IDE

ILS

i0S
Ising Model

The improved bottom left heuristic is a one-shot algorithm constructing a solution for 2BP ***. 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° **. In ***** it is adapted to a multi-bin situation as follows: The algorithm iterates over the (potentially signed)
permutation  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 v inside an EA ***. Historically, it improves upon the

BL algorithm ***: That algorithm cannot represent all possible optimal packings using a permutation, but the IBL can

163

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.

An iterated local search is a variant of the LS which applies cycles of local search and perturbation **. 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.

44,220

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

The Ising models are benchmark problems for bit-string based black-box search **°“***_ 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(z) of the minimization variant of this problem family can be defined as
(A= Z(i JeT ‘27 -z |, 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.
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Ising 1D

Ising 2D

Java
JavaScript
JSON
JSSP

B

The 1D is a benchmark problem for bit-string based black-box search ™°****. 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 Ty p = {(i + 1, (i + 1 mod n) + 1) | ¢ € [0..n — 1]}. The problems are highly epistatic, as all
variables interact with some other variables. The (1 4 1) EA has an expected runtime in O(n3) on 1-Dimensional Ising Model
(Ising 1D) **.

The 2D is a benchmark problem for bit-string based black-box search "#°****. 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' = T> is defined as the set of all {(aw + BN, ~ + 6N)} pairs with o, 8,~v,8 € 0..N — 1 and either

()7 = (a+1) mod N and § = 8) or (y = @ and § = (8 + 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 4+ 1) EA has an exponential expected
runtime **.

is another very successful programming language, with roots in the C family of languages ***™.

JavaScript is the predominant programming language used in websites to develop interactive contents for display in browsers *.
JavaScript Object Notation is a data interchange format ****° based on JavaScript * syntax.

The Job Shop Scheduling Problem *"******* js one of the most prominent and well-studied scheduling tasks. In a JSSP
instance, there are m machines and k jobs ***. 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 N'P-complete “****** The 8 most common sets of JSSP benchmark instances are abz *, dmu , ft *, la**’, orb °, swv >,
ta **, and yn *’°.Their data can be found (sometimes partially) in several repositories, such as the OR-Library ***", *** and **,
the latter of which also contains many results from existing works. Encodings based on permutations with repetition are
proposed in ****°*?** and used in *°. The SOTA of the JSSP includes °%*:°3°7:100:220.260:284
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Jump

LABS

LeadingOnes

Linux

The Jump problem is a benchmark problem for bit-string based black-box search *****®*. 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 w bits around the
optimum to flip are deceptive, meaning that they are actually worse and getting worse than surrounding solutions. The
objective function f(z) of the minimization variant is n — ||z||y if [|z[[; = n or |[|[z||; < n — w hold, and w + |[z|4
otherwise, where ||z||; = Y27 ; x;. This means that, the larger w, the larger the deceptive basin around the optimum that an
algorithm needs to cross. An (1 4+ 1) EA will converge to the resulting local optimum and thus have an expected runtime of
©(n” 4+ nlnn) ®.In experiments, the (1 + 1) FEA achieves polynomial runtime on Jump, seemingly in O(n? Inn) %272

Low-Autocorrelation Binary Sequences are bit strings of length n whose autocorrelation is as low as

possible 337970 . This means that sub-sequences of any length 1 < k < n should ideally never repeat. The

objective function f : {0,1}™ > Ng represents the energy of a bit string = and is subject to minimization. We can define it
il g 2 i

as f(z) = 2:11 (E?:Ol k S - si+k) with s; = 2z; — 1. Such sequences are needed for communication

engineering , cryptography®**®, as well as modulation pulses in radar and sonar ranging’®*. The LABS is N/P-hard **.
The SOTA on LABS contains 3377018

33,37,186 69,186

The LeadingOnes problem is a benchmark problem for bit-string based black-box search ***™%%_ |t tries to maximize the
number of leading 1 bits in the bit string of a chosen dimension n. The objective function f(z) of the minimization variant of
this problem can be defined as f(z) =n — Y37 4 H}=1 z ;. Different from OneMax, the contribution to the objective value
of the bit at index ¢ 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 segarable, i.e., we can optimize each variable
separately. The expected runtime of (1 + 1) EA on LeadingOnes is in ©(n“) *. The average runtime (1 + 1) FEA on
LeadingOnes seems to be slower by factor proportional to n, i.e., seems to be in O(nB) &

is the leading open source operating system, i.e., a free alternative to Microsoft Windows °****72%72*¢ \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.
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LK

LKH

LS

MA

macOS

Matplotlib
MaxSAT

B

The Lin-Kernighan (LK) algorithm *** 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 7" 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.

The Lin-Kernighan-Helsgaun algorithm °*7*** js a SLS method for the TSP based on the Lin-Kernighan (LK) algorithm ***.
LKH-1 was proposed in *** and LKH-2 in **". It holds the record in the World TSP °* as of 2025.

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).

A Memetic Algorithm is an EA where each new solution is refined by a LS before it enters the population **. As LS, we can
use, e.g., RLS, but TS *** 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 **** and the TSP *°.

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

is a Python package for plotting diagrams and charts **********% | earn more at at https://matplotlib.org **°.

The goal of satisfiability problems is to find an assighment for n Boolean variables that make a given Boolean

formula F : {0,1}" +— {0, 1} become true. In the Maximum Satisfiability problem (MaxSAT) ***, 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(z), subject to minimization, computes the number of clauses which are false under the variable setting =.
If f(x) = 0, then all clauses of F' are true, which solves the problem. The MaxSAT problem is N/P-complete ** and exhibits
low epistasis but deceptiveness **°, 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.

!
.
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metaheuristic

Microsoft Windows

MSE

N-Queens

NF

OneMax

B g A

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 *****. 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.

is a commercial proprietary operating system *. 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.

The MaxSAT Evaluation is a regularly updated set of benchmark instances for the MaxSAT **. It also includes solver software
and benchmark results *7.

The N-Queens Problem is a benchmark problem for bit-string based black-box search ™***. The goal is to arrange N queens
on an N X N chessboard so that none can attack the other. The search space has thus dimension n = Nz, 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 — (37, z;) — N ZE max {0, Qe(z) — 1} where Q¢ () is the number of queens in the horizontal, vertical, or
diagonale £. The problem is quite epistatic.

The normal forms define guidelines for the design of relational DBs with the goal to avoid redundancy and to prevent
inconsistencies and anomalies °*******¥22%* There are several normal forms, 1NF, second normal form (2NF), third normal form
(3NF), and so on, each more restrictive than the other.

OneMax is the simplest possible benchmark problem for bit-string based black-box search ****"***. The goal is to maximize the
number of 1 bits in the bit string of a chosen dimension n. The objective function f(z) of the minimization variant of this
problem can be defined as f(z) = n — Zle x;. 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 @(nlnn) ™*’. The average runtime (1 + 1) FEA on OneMax seems to be slower by factor proportional to n,

i.e., seems to be in O(n21Inn) .
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OR

OR-Library

pip

Plateau

PostgreSQL
psql
PyCharm

PyPI

Python

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 *

is a library of benchmark instances for various OR problems ***” |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.

128,204

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

The Plateau problem is a benchmark problem for bit-string based black-box search “***. It is structured exactly like Jump, but
instead of being deceptive, the last w bits to flip around the optimum are neutral. The objective function f(x) of the
minimization variant is n — ||z|| if ||z||; = n or [|z||; < n — w hold, and w otherwise, where ||z||; = >i* ; ;. This means
that, the larger w, the larger the neutral plane around the optimum that an algorithm needs to cross. An (1 + 1) EA has an
expected runtime of ©®(n*) on plateaus *. The average runtime of the (1 + 1) FEA on Plateaus is slower by a factor
seemingly proportional in n.

An open source object-relational DBMS °**°**%*2*  See https://postgresql.org for more information.

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

284,275,279

is the convenient Python IDE that we recommend for this course . It comes in a free edition, so it can be downloaded

and used at no cost. Learn more at https://www.jetbrains.com/pycharm.

The Python Package Index (PyPl) is an online repository that provides the software packages that you can install
with pip *****#*2_ | earn more at https://pypi.org.

124,158,173,266

The Python programming language , i.e., what you will learn about in our book **°. Learn more at

https://python.org.
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QAP

QAPLIB

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 *********7 Such an assignment can be represented as a permutation = of the first n natural numbers, where

x; specifies the location where facility ¢ should be placed. For each QAP instance, a distance matrix A is given, where

Ala, b] specifies the distance from location a to location b, as well as a flow matrix B, where BJi, j] is the amount of material
flowing (e.g., daily) from facility i to facility j. The objective function f(z) then rates a permutation z

as i(x) b ETuds. Z;L:l Alz;,x;] * Bli, j]. The QAP is N'P-complete ™**° and even among this problem class, is considered

18,39,167,234 ¢ 387150

as particularly hard for metaheuristics . The QAP has applications such as building layou , keyboard layout **,
circuit design **, wiring ***, and scheduling **°. Typical benchmark instances can be found in QAPLIB. SOTA algorithms for
the QAP include *ser7e10a723

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

Random Keys encoding is a decoding procedure « : X — Y that maps a continuous search space X C [0, 1]™ which is a subset of the

RLS

FRLS

n-dimensional real numbers to the space Y of permutations of the first n natural numbers ****. For example, on n = 5, the
vector z = (0.49,0.91,0.33,0.75, 0.51) is translated to the permutation y = (3,1, 5, 4, 2), because 3 = 0.33 has the
smallest value, putting 3 at the beginning, z1 = 0.49 the second-smallest, placing 1 second, ..., and za = 0.91 being the
largest value meaning that the last number in y will be 2 **. 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.

Randomized local search retains the best solution z. discovered so far during the search and, in each step, it applies a unary

search operator to this best-so-far solution . and derives a new solution x,,. If the new solution z,, is better or equally good
when compared with z., i.e., not worse, then it replaces it, i.e., is stored as the new z.. 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.
The RLS with FFA plugged in **. 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.

1
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RTS

SA

SATLIB

server

SLS

SOTA

stderr

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 **™**. It has
successfully been applied to a wide range of problems, from the QAP ****, to Knapsack problems ****, the N-K landscape *° to
the training of neural networks *.

45,132,144,202,263

Simulated Annealing is a SLS that sometimes accepts a worse solution . 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 ****** and the JSSP **".

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

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 ** 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 ***.

Stochastic local search is a local search (LS), one of the simplest metaheuristic search paradigms ***: 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.

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

The standard error stream is one of the three pre-defined streams of a console process (together with the stdin and the
stdout) **. 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.

:
s"?

£ " P~ [—


https://www.cs.ubc.ca/~hoos/SATLIB/index-ubc.html

B

Glossary (in English) XIV

stdin

stdout

STSP

terminal

Trap

TS

The standard input stream is one of the three pre-defined streams of a console process (together with the stdout and the
stderr) 2. 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.

The standard output stream is one of the three pre-defined streams of a console process (together with the stdin and the
stderr) **. 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.

A symmetric Traveling Salesperson Problem is a special case of the TSP, where the n X n distance matrix A is symmetric,
i.e., Ala,b] = A[b,a]Va,b € 1..n.

A terminal is a text-based window where you can enter commands and execute them ***. 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 und
Microsoft Windows, you can Druck auf (88 ]+ R, dann Schreiben von cmd, dann Druck auf Under Ubuntu Linux,
[Alt]+[ T ] opens a terminal, which then runs a Bash shell inside.

The Trap problem is a benchmark problem for bit-string based black-box search ®****®*_ 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(z) of
the minimization variant is 0 if [|z||; = 0 and n — ||z||; + 1 otherwise, where ||z||; = > 7 ; ;. An (1 + 1) EA will converge
to the resulting local optimum and thus have an expected runtime of ®(n")®. In experiments, the (1 + 1) FEA achieves

270,271,283

polynomial runtime on Trap, seemingly in O(n? Inn)

103,104,106,134

Tabu Search is one of the most successful SLSes 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 1281284236237 and on the

]SSP 190ass.201220,288
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TSP

TSPLib

TTP

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 *'3%%1%%272”2 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 N P-hard
combinatorial optimization problems °******* The TSP has many applications®, including in transportation, logistics, (circuit)
plotting and drilling problems™*, telescope aiming, and genome sequencing. Solutions are often encoded as permutations = 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 X n distance matrix A, where Ala, b] is
the distance from city a to city b with a,b € 1..n. Then, the objective function subject to minimization

is f(z) = Alzpn,z1] + E;":_:ll Alx;, z;41]. Typical benchmark instances can be found in TSPLib ******, the 8th DIMACS
challenge®**™***, and the World TSP repository®*.

1,212

is a library of benchmark instances for the Traveling Salesperson Problem (TSP) *****, 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 85900, but 93 instances have less than 2000 nodes. There also are 19 asymmetric Traveling Salesperson
Problems (ATSPs) with scales n € 17..443.

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 ***”". 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 **.
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TwoMax

Ubuntu

ucs
UML

Unicode

URI

URL

B

VCs

The TwoMax problem is a benchmark problem for bit-string based black-box search °*******_ |t 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(z) of the minimization variant is 0 if ||z||; = n and 1 + n — max {||z|ly ,n — ||z||; } otherwise, where

[[]ly = >25—1 ;- An (1 4 1) EA has a 50/50 chance to converge to the local or global optimum and thus has an expected

n) 98,09

runtime in ©(n In experiments, the (1 4 1) FEA achieves polynomial runtime seemingly in O(n2Inn) on

TwoMax 270271283

53,116

is a variant of the open source operating system Linux 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.

Universal Coded Character Set, see Unicode

The Unified Modeling Language is a graphical language for visualizing, specifying, constructing, and documenting the artifacts
of distributed object systems **°7**22%¢

A standard for assigning characters to numbers ********| 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.

A Uniform Resource Identifier is an identifier for an abstract or physical resource in the internet **'. 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 (URls).

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 **. URLs are subsets
of URls.

A Version Control System is a software which allows you to manage and preserve the historical development of your program
code **. 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.
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venv

virtual environment

VND
VNS

Www

Xcode

is a Python module and tool for creating virtual environments ***. Learn more at
https://docs.python.org/3/library/venv.html **.

179,261

A virtual environment is a directory that contains a local Python installation . 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.

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

Variable Neighborhood Search is a metaheuristic framework combining a systematic change of neighborhood with LS ******_ 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 *7. 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.

World Wide Web ***°

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

The factorial a! of a natural number a € Nj is the product of all positive natural numbers less than or equal to a, i.e.,
al =1%2%3%4% - % (a—1)*a *=17,

E
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with 7, 7 € Z and i < j is the set that contains all integer numbers in the inclusive range from 7 to j. It always holds that
i..j C Z. For example, 5..9 is equivalent to {5,6,7,8,9}

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

the n X n flow matrix. Ba,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.

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 +— Ng instead of f:Y — R.

The decoding function v : 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 ~ 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 22020222428 " or the permutation-based encoding of game plans for the Traveling Tournament Problem (TTP) from
Encodings can also translate between types of search spaces. The Random Keys encoding, for example, translates
from [0, 1]" to permutations of the first n natural numbers..

277

the number of jobs in an instance of the JSSP.

the number of machines in an instance of the JSSP.
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n

N P-complete

N P-hard

Q(g(=))

O(g(2))

We usually use the value n € Ng 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" ****. 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 @ (n log n) steps *** (because they need [log, n!] comparisons in the worst case).

the set of the natural numbers including 0, i.e., 0, 1, 2, 3, and so on. It holds that Ng C Z and that Ng = N3 U {0}.
the set of the natural numbers excluding 0, i.e., 1, 2, 3, 4, and so on. It holds that Ny C Z and that N3 = Ng \ {0}.

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) **°.

A decision problem is N'P-complete if it is in AN'P and all problems in /P are reducible to it in polynomial time **°***. A
problem is N'P-complete if it is N"P-hard and if it is in N'P.

A problem is NP-hard if all problems in A'P are reducible to it in polynomial time *°. Algorithms that guarantee to find the
correct solutions of A/P-hard problems “****** have a worst-case runtime that grows exponentially with the problem scale.

If f(z) = ©2(g(x)), then there exist positive numbers zg € RT and ¢ € RT such that f(z) > ¢ * g(z) > 0 for
all z > zg *******". In other words, €2(g(z)) describes a lower bound for function growth.

If f(z) = O(g(z)), then there exist positive numbers zg € RT and ¢ € RT such that 0 < f(z) < ¢ * g(z) for
all z > xg "*******7*% In other words, O(g(z)) describes an upper bound for function growth.

T
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O(g(x)) If f(z) = O(g(x)), then f(z) = O(g(z)) and f(xz) = Q(g(x)) ****’, meaning that there exist positive
constants c3, c2, Tg € RT such that 0 < cig(z) < f(z) < cag(zx) for all z > zg . In other words, ®(g(z)) describes an
exact order of function growth.

o(g(z)) If f(z) = o(g(x)), then there exist positive numbers zo € RT such that 0 < f(z) < c % g(z) for all z > zg all c € RT <.
Different from O(g(x)), o(g(z)) holds for all constants ¢ > 0, whereas O(g(z)) implies the existence of some
constant ¢ > 0. This basically means that f(z) becomes insignificant compared to g(z) as zo grows toward infinity. It is
F(z)ys
g(z) —
asymptotically tight, i.e., an upper bound that grows faster than f(x).

often written that limgg— o0 0. In other words, o(g(xz)) describes an upper bound for function growth that is not

R the set of the real numbers.

RT  the set of the positive real numbers, i.e., RT = {z €R:z > 0}.

w(g(z)) If f(z) = w(g(x)), then for every positive constant ¢ > 0, there exists a number zo € R such that 0 < ¢ * g(z) < f(z)
for all z > zg . In other words, f(z) = w(g(z)) if and only if g(z) = o(f(x)). In other words, w 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 z € X, for example. On many benchmark problems, the objective

" functions f directly evaluate the elements « € 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
z search space X is a simple and plain data structure that can be tackled with standard operations or mathematical tools, such

as real vectors R", 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 v : X — Y is employed to translate
the z € X to y = v(x) with y € Y.

z 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 C R.
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