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	Textfeld 1: Quantum computing and research-based Learning 
	Textfeld 2: SIMULATION OF QUANTUM COMPUTERS, APPLICATION OF BASIC RESEARCH, RESEARCH PROJECT
	Textfeld 4: Prof. Dr. Dr. Dominikus Herzberg  
	Textfeld 5: Technical University of Central Hessen 
	Textfeld 6: Computer Science 
	Textfeld 7: The research-based learning provision offered here is aimed at students of computer science. The focus is on a programming project that simulates quantum phenomena and prepares them for presentation using media.
	Textfeld 8: Computer programming project 
	Textfeld 9: CC BY SA
	Textfeld 3: Herzberg, Dominikus (2024). Quantum computing and research-based learning. Island of Research: Example & Good Practices. https://doi.org/10.25592/uhhfdm.17261
	Textfeld 10: 1
	Textfeld 183: • An anticipated challenge
• A personal professional concern

	Textfeld 184: • Technical University of Central Hessen
• Computer Science
• Bachelor students
• Implementation: 1 time
• 6 CP 4 SWS
• Number of students: 7
 

	Textfeld 185: The decision to pursue research-based learning is driven by my sense of myself as a newcomer to the field and resulting desire to collaborate with my students in the area of quantum computing. Additionally, the fact that quantum logic differs so greatly from our everyday experiences makes it highly rewarding to guide students as they independently rework mathematical foundations and develop computer simulations and visualisations. Additionally, the course has limited appeal to students due to its mathematical fundamentals and prerequisites. With such a small cohort of only seven students, it allows for effective implementation of research-based learning. 
 
	Textfeld 186: My research-based learning provision is a mandatory elective for students in the later semesters (from the 4th semester onwards) of the Computer Science Bachelor's degree program at the Technical University of Central Hessen. The course centres around my recently crafted module, 'Simulation of Quantum Computers and their Basics'. I will provide a brief account of its genesis: A mathematician colleague of mine introduced me to the module 'Introduction to Quantum Computing' a few years ago which they had written a book about. At the time, they were in search of a colleague in the field of quantum computing. Consequently, I participated in their course as both a co-teacher and a learner. To gain familiarity with the subject, I created a simulator for a quantum computer. This inspired me to develop an autonomous course that utilises quantum computer programming as an educational tool. After all, essentially, implementing the physical-logical basics requires only complex numbers and linear algebra, which are brought together by programming. This is readily available to computer scientists in program code format. We are proud to present two courses in quantum computing which can be taken independently but complement each other well. The diversity of our lecturers' backgrounds allows for varied approaches, making both courses attractive and profitable.
 
	Textfeld 188: 2
	Textfeld 50: Tensions between demands for...
• Workload and formally calculated time for students
• Changed instructor role and the existing teaching tradition

	Textfeld 48: • One semester long
• Embedded in a course
• Curricular & mandatory
• Research process: independent and supported by instructors
  as needed
• Feedback: peers & instructors
• Research results: partly public

	Textfeld 49: The course covers computer simulation of quantum computers and fundamental physical quantum phenomena. Students learn to work as they research by programming simulations independently. The provision for research-based learning is structured in five phases. 
Since simulating quantum circuits is highly demanding, the initial phase involves in-depth introduction into the theoretical and technical foundations which are emphasized in the first two phases. The first phase concentrates on complex numbers. While technical input is are used to teach the students about complex numbers, practical activities are also used to reinforce the topic, such as programming a library for complex number calculations. By referring to my content input and implementing a conceptual programming style as required, students can effectively grasp fundamental knowledge.
The subsequent phase, following a similar structure, commences with an introduction to quantum theory, specifically Schrödinger's wave equation and quantum bits. Practical exercises follow, which involve the students constructing their own quantum circuit simulator whilst programming typical quantum gates.
After the initial two phases, students commence their actual project and research work, which is also split into two parts. In the third phase, participants (working individually or in pairs) construct a simulator in their preferred programming language in order to engage with the material and develop an enhanced comprehension of the topic. Based on this task, the students choose their own programming project in the second half of the semester, the fourth phase, which simulates quantum phenomena and prepares them in a for visual presentation. During this phase, independent research activities are complemented by regular project progress reports and program code documentation.
In the fifth and final phase of the course, various projects, including software demonstrations, are exhibited in the seminar, where they are discussed and evaluated. These projects and accompanying presentations are the basis of course performance assessment.
	Textfeld 51: One key issue is that computer science students often lack proficiency in the mathematical foundations of quantum physics and quantum computing, with the exception of linear algebra. This deficiency in mathematical fundamentals presents a challenge in designing the course. We addressed this issue in our course by linking programming tasks to mathematics. Through this approach, the students gained a clear understanding of how physics utilises mathematical concepts, which allowed them to become acquainted with the subject. In this context, it should be noted that the students had to become familiar with the subject matter to a much greater extent than would have been necessary in other seminars lacking such comprehensive and specialised mathematical groundwork.
A further tension arose due to my altered role. Here, I was not in the position of an 'all-knowing' teacher who could provide reliable assistance, but rather as a fellow researcher and learner who offered support to the students as an experienced collaborator. I addressed this issue by directly communicating with the students about my change of roles. During the research process, this tension yielded positive outcomes. I noticed that the students took on a researcher's stance, took responsibility for their projects and organized themselves very independently.
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	Textfeld 68: The main aim of the course design was for the students to delve deeply into the subject, independently simulate quantum phenomena in a programming project, and prepare these for presentation.
However, the remarkable degree of dedication from the students exceeded my expectations. This has manifested in various ways during different stages of the research process, and can be illustrated through three examples:  
(1) The students independently sought external help. They conversed with a roommate majoring in Physics and a fellow student studying Physics and Technology for Outer Space Application. In addition, they consulted other professors to discuss specific concerns and comprehension questions. The students' independent and intrepid approach to tackling interesting and at times complex subjects is apparent from their behaviour and the diverse sources they tapped for support.
(2) The commitment of the students is also evident in the way they combined their previous knowledge of linear algebra with the simulation of quantum computers, thus recognizing a practical applicability of mathematics, which stimulated their projects and showed them how abstract basic research can be applied in practice. Under the premise of conceptual programming as a means of accessing knowledge, students developed high standards for the structures of their programs and were eager to experiment and expand their programming skills.
(3) Another effect of the seminar which I was very pleased with and which underlined the commitment of the students, was that two students presented their project at a conference in Sweden on my advice. They returned as two researchers who had made contacts, received recognition for their work and gained invaluable insights on scientific community workings. 
 
 
	Textfeld 67: • Pursuing research interests
• Developing and acting on a scientific curiosity
• Examining specialist literature
• Recognising connections between subjects of study
 
 

	Textfeld 68_1: Further information on the project can be found at https://github.com/denkspuren/qcsim/.
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