
 

Bachelor Thesis or Master Thesis 

Title: Investigating the stability of machine learning models in
radiotherapy optimization

Courses: Mathematics, Computer Science, or similar 

Motivation: Machine Learning (ML) models have been successfully used to model the
patient  outcomes  in  radiotherapy,  e.g.  to  predict  the  probability  of  normal  tissue
complications  with  respect  to  various biological  endpoints,  given a  fixed treatment
plan. However, integrating these models directly into the plan optimization process to
perform  “ML-based  biological  optimization”  is  far  from  trivial.  One  problem  is  the
uncertain model behaviour in radiotherapy optimization environments, where iteratively
changing inputs under overparameterized conditions challenge the model’s stability.

  
Sphere function with stable minimum

  
 Eggholder function with unstable minima

Subject: The work on this thesis is an immediate contribution to ongoing research
regarding the incorporation of ML-based objectives and constraints into optimization
problems. On the one hand, you will conduct basic research on model stability in the
cross-section of ML and optimization theory, and on the other hand, you will be able to
test your acquired knowledge in the context of applied radiotherapy optimization.

Tasks: The following steps could be part of your work:

 Provide a mathematically sound definition of ML model stability in optimization
environments, e.g. with respect to generalization error and outcome uncertainty

 Analyze the stability of the most common (differentiable)  ML algorithms, such
as  logistic regression, support vector machines, and artificial neural networks,
especially in terms of input sensitivity, following the preestablished definitions

 Develop and implement approaches to measure and improve ML model stability

 Evaluate your approaches in the context of radiotherapy treatment planning

Contact: Tim Ortkamp, MSc (SCC/SCM, DKFZ) 
Prof. Martin Frank (SCC, Department of Mathematics) 
Email: tim.ortkamp@kit.edu



 

Bachelor Thesis or Master Thesis 

Uncertainty Quantification of Atmospheric Chemistry Models  

Specialty: Mathematics or Atmospheric Chemistry

Motivation:  Atmospheric  chemistry  models  are  an  important  pieces  of  puzzle  for
understanding the Earth’s climate and it’s future evolution. There are more than 200
chemical  species in  Earth’s  atmosphere which actively  affect  the atmosphere.  The
concentration of these chemical species are modeled as system of ordinary differential
equations,  more  specifically  as  an  initial  value  problem.  However,  there  are
uncertainties in chemical  reaction rate which affect the projections of the chemical
processes.  This  makes  it  an  important  task  to  quantify  these  uncertainties  in  the
models.  For  the  purposes  of  the  thesis,  Chemistry  As  A  Boxmodel  Application
Module  Efficiently  Calculating  the  Chemistry  of  the  Atmosphere  (CAABA/MECCA)
boxmodel will be used. However, there is a possibility of using a global scale model
such ICON-ART or ECHAM.

Tasks: In  order  to  estimate  these  model  uncertainties,  methods  from uncertainty
quantification should be applied. Several possible methods or tasks for the thesis are:

 Monte-Carlo, Quasi Monte-Carlo and Multilevel Monte-Carlo methods

 Possibility to perform sensitivity analysis using adjoint method.

 Parallelize the current code base. 

Contact: Maqsood Rajput (SCC/SCM, CSMM Group)
Oliver Kirner (SCC/SCM, SimLab Climate)
Prof. Martin Frank (SCC, Department of Mathematics) 
Email: maqsood.rajput@kit.edu
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Bachelor Thesis or Master Thesis �

Title: Neural Differential Equations  �

Speciality: Students from the Department of Mathematics �

Motivation: Deep learning is reshaping the discipline of scientific computing with the 

rapid development of computing power. As illustrated in the universal approximation 

theorem, neural network can be regarded as an effective function approximator in the 

latent space. Compared to classical convolutional networks based on discrete iterating 

sequence, e.g. ResNet, the neural ordinary differential equation provides a novel way 

to model continuous dynamics with all the trainable parameters naturally coupled. �

�

�

�
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Fig: An example on applying neural network in solving Boltzmann equation�

Subject: Basically the neural ODE is adopted for classification and regression in 

machine learning community. The work on this thesis serves as a heuristic attempt to 

widen its possibility in scientific computation and numerical simulation. More 

specifically, classical physical modeling can be hybridized with neural network, which 

is expected to form a differentiable formulation of desirable accuracy and efficiency.�

Tasks: The work on the thesis will include following steps: �

• To develop a differentiable programming within deep learning frameworks�

• To implement neural ordinary and partial differential equations�

• To conduct hybrid mechanical and neural modeling and develop universal 
differential equations�

• To compare the performance and efficiency of the newly designed differentiable 
model and classical methods in both machine learning and scientific computing 
tasks�

 

Contact:  Tianbai Xiao, PhD (SCC/SCM, CSMM Group) �
Prof. Martin Frank (SCC, Department of Mathematics) �

  Email: tianbai.xiao@kit.edu�



  

Bachelor or Master Thesis  

Title: Uncertainty-aware dose optimization for radiation therapy 

Course of Study: Mathematics, Computer Science, Physics or similar 

Motivation: In radiation therapy, parameters like the position or energy of beams are 

optimized with respect to the fulfillment of a radiation plan. This plan prescribes certain 

upper and lower bounds for the amount of dose in tumors, organs and regular tissue. 

For fixed parameters, the dose distribution is then computed by solving the transport 

equation. However, the assumption that parameters can be fixed deterministically is 

not a realistic one. Set-up errors in the placement of the patient, movements or 

uncertainties in the tissue density occur frequently and affect the outcome – especially 

in the case of proton therapy and heterogeneous regions like the lung. In this case 

simply including a margin to account for uncertainties is not sufficient and can lead to 

great deviations from the radiation plan.   

   
Irradiation of lung tumor with several beams 

   
Beam hitting a bone/air interface 

  

Subject: Therefore, this thesis is concerned with finding and testing efficient strategies 

of including uncertainties into the dose optimization process, e.g. with methods from 

stochastic/probabilistic optimization. Here the focus will lie foremost on uncertainties 

concerning the beam parameters, such as positions and range/energy of the beams.  

Tasks: The work on the thesis could include the following steps:  

· Mathematically analyze the problem and develop/determine different 
optimization strategies 

· Implement a simplified framework for dose computation & set-up a 
representative small-scale example (e.g. 2D CT scan with heterogeneities) 

· Test the ideas in the simplified example, analyze the results with respect to 
quality, speed and generalizability  

· Evaluate and maybe improve the approaches based on results, mathematical 
properties and applicability to the specific problem at hand 

 

Contact:  Pia Stammer, MSc (SCC/SCM, DKFZ)  
Prof. Martin Frank (SCC, Department of Mathematics)  

  Email: pia.stammer@kit.edu 
  Phone: +49 721 608-25492 

air 

bone 



  

Bachelor Thesis or Master Thesis  

Title: Symmetrized Polynomial Propagators for Hamiltonian Systems  

Field of study: Mathematics  

Description: Dynamics of Hamiltonian systems is simulated using numerical time inte-

gration methods specific for this type of ordinary differential equations. Typical applica-

tions are molecular dynamics and celestial mechanics simulations. These applications 

require simultaneously several properties from time integrators: sufficient order of accu-

racy, long-term stability, low computational complexity and high scalability and short 

time to solution. The small and fixed time steps necessary to fulfil some of the require-

ments limit the success of currently used integrators. Expanding the time evolution op-

erator in series of Chebyshev or Newton polynomials provides promising schemes, al-

lowing larger time steps and parallelization. On one hand, these schemes are insuffi-

ciently studied in the case of classical dynamics, and on the other hand, they do not 

preserve the intrinsic time reversal symmetry of the solution required for long-term sta-

bility. 

Subject: For a small test system (with three particles), you will investigate one-step 

implicit time-symmetric schemes based on the original polynomial schemes focusing on 

the local truncation error (LTE), the global error and their relation to the time step size 

and polynomial order. 

Tasks: 

• Investigate how the LTE of the two original schemes and of their symmetrized ver-

sions behave with variation of expansion order and time step. 

• Show analytically and numerically that the Chebyshev propagator is time-symmetric 

in the limit of infinite expansion order and compare to the Newtonian propagator. 

• Measure the global energy error (energy drift) for the original and the symmetrized 

schemes again with increasing expansion order and time step. 

• Decompose the LTE of the symmetrized scheme into components accounting for the 

asymmetry and for the series truncation error, and study their behavior in the limit of 

very short time step size using sufficiently high decimal precision. 

• Suggest a modification of the symmetrized scheme allowing adaptive time step size 

using a suitable criterion for the LTE. 

 

Contact: Dr. Ivan Kondov, Prof. Dr. Martin Frank 
  Email: ivan.kondov@kit.edu 
  Phone: 0721 608-28644  



 

Bachelor Thesis or Master Thesis 

Title: Optimized signal diffusion on GPUs for a cellular Potts model

Course of Study: Computer Science 

Topic: We develop the NAStJA framework  (http://nastja.gitlab.io),  that  provides an
easy way to enable massively parallel simulations for a wide range of multi-physics
applications based on stencil algorithms. It includes a cellular Potts model  (CPM) for
the simulation of tissue growth with a geometric cell resolution. Signals, e.g., nutrients
or drugs, follows a diffusion law. Due to metabolism, cells act as a signal source or
sink and can have various diffusion coefficients.

Subject:  The  goal  of  this  thesis  is  to  develop  an  interface  for  different  implicit
methods, to solve the diffusion for the CPM. Because the diffusion, in comparison to
the CPM, can be executed nicely on GPUs the target is to use GPUs as accelerators
for the signal diffusion, and evaluate the performance of different solution methods. An
approach is therefore needed to split the computation between CPUs and GPUs. 

Basic programming knowledge in C++ and experience with GPU-programming (e.g.
CUDA) are advantageous. 

Tasks: The work on the thesis will include following steps: 

 Modeling of multi-signal diffusion

 Evaluation and implementation of a method for parallel CPU-GPU computing in
NAStJA

 Implementation of an interface for various solution methods 

 Analyzing and optimizing of the different solution methods

Contact: Nikolai Pfisterer (SCC/SCM) 
Prof. Martin Frank (SCC, Department of Mathematics) 
Email: nikolai.pfisterer@kit.edu

http://nastja.gitlab.io/


  

Bachelor Thesis or Master Thesis  

Title: Effect of viscosity on performance and internal flow of Molten 

Salt Pumps in Solar Power Plants 

Speciality: Students from Engineering, Natural Science, Mathematics 

Motivation: In solar power tower systems, a field of mirrors surrounds the solar tower 

and concentrates the sunlight onto a receiver on the top of the tower. The collected 

solar energy heats a heat-transfer fluid (HTF) in the receiver, usually molten salt or 

liquid metal. The HTF delivers the thermal energy to a heat storage through high-

temperature liquid-phase pumps, or transfers it, through a heat exchanger, to a 

working fluid. The pumps represent a crucial component for storing thermal energy 

and need to be investigated and improved.  

           
      https://de.wikipedia.org/wiki/Datei:Gemasolar_Thermosolar_Plant_3.jpg                                            https://inldigitallibrary.inl.gov/sites/sti/sti/4702561.pdf  

 

Subject: In the present work, the design parameters of molten salt pumps are 

investigated and a three-dimensional modelling of pump hydraulic components is 

build. The effects of the molten salt viscosity on the pump performances are studied, 

and an accurate internal flow analysis is carried out. The pump performances is also 

investigated for liquid metals. 

Tasks: The work on the thesis will include the following steps:  

1. Specify the design parameters (Flow rate Qd, Pump head H, Efficiency η, Rotation 
Speed n) of molten salt pumps for solar power plants and implement the design and 
the three-dimensional modelling of pump hydraulic components. 

2. Carry out fine meshing and independence verification of hydraulic components. 
Perform the full flow field numerical simulations of the pump for molten salts and for 
different liquid metals under particular conditions (0.5Qd~1.2Qd).   

3. Analyse the performance and internal flow for different liquid metals. 

 

Software skills (ANSYS, COMSOL, Matlab, etc.); High Performance Computing 

 

Contact:  Daniela Piccioni Koch and Yun Long, PhDs (SCC/SCM)  
Prof. Martin Frank (SCC, Department of Mathematics)  

  Email: daniela.piccioni@kit.edu, yun.long@kit.edu  
  Phone: 0721 608-28647  

https://de.wikipedia.org/wiki/Datei:Gemasolar_Thermosolar_Plant_3.jpg
https://inldigitallibrary.inl.gov/sites/sti/sti/4702561.pdf
mailto:daniela.piccioni@kit.edu
mailto:yun.long@kit.edu


  

Master Thesis  

Title: Analysis of PGNAA spectra with Artificial Neural Networks 

Speciality: Students of Mathematics, Physics or Related Fields 

Motivation: Prompt Gamma Neutron Activation Analysis (PGNAA) is a measurement 

technique that enables material characterization in a non-destructive way. Applications 

include resource exploration, environmental analysis and improvement of recycling 

processes. Hereby neutrons are irradiated on a sample and induce the emission of 

gamma radiation. The evaluation of the resulting gamma spectra is a challenging task. 

 

Subject: Within joint research and development projects we support our industrial 

partner AiNT in the development of PGNAA measurement facilities. For the practical 

application, it is necessary to evaluate the gamma spectra with high computational 

efficiency and accuracy. Hereby it is of great importance to identify specific peaks in 

the spectra and separate them from the background since these peaks carry the 

information about the material composition of the sample. The objective of this thesis 

is to investigate how the peak identification using neural networks is possible and if it 

is potentially superior to classical peak finding algorithms.  

Tasks: The work on the thesis will include following steps:  

• Determination of a suitable network architecture.  

• Implementation of the neural network using modern machine learning libraries. 

• Training of the neural network with the provided data. 

• Verification of the results through comparison with existing peak identification 
algorithms. 

 

Contact:  Prof. Dr. Martin Frank, Alexander Jesser 
  Faculty of Mathematics 
  Steinbuch Centre for Computing 
  www.scc.kit.edu 
  Email: martin.frank@kit.edu, alexander.jesser@kit.edu 
 

mailto:martin.frank@kit.edu
mailto:alexander.jesser@kit.edu


  

Bachelor Thesis or Master Thesis  

Title: Generating Turbulent Velocity Fields with Controlled Properties   

Speciality: Students from the Department of Mathematics  

Motivation: Turbulent flows are known to intensify the processes of mixing in nature 

and in technology devices, they also accelerate the speed of chemical reactions in 

apparatus of process engineering or in combustion technology. Optimisation of 

processes in modern devices requires the detailed study of fluid flow, 

thermodynamics, transport of species and energy in great detail. For these purposes 

studies with very fine numerical grids are required and one of it is the Direct Numerical 

Simulation (DNS) of turbulence. The first step in such simulations is to generate an 

initial turbulent field and to maintain it throughout the complete simulation time.  

   
Small-scale turbulence 

   
 Large-scale turbulence 

 
Subject: The work on the thesis is connected with the generation and the maintaining 

of turbulent fields with special, controlled properties. This is not a trivial task when the 

forcing is generated in physical space by means of additional source-terms. Two of the 

most important parameters which are of primary interest, are the kinetic energy of 

turbulence and the integral length scale. Many others parameters like e.g. 

Kolmogorov’s scale, RMS of turbulence u’ need to be evaluated too. 

Tasks: The work on the thesis will include following steps:  

• To setup an OpenFOAM model in a cuboidal geometry with a fine enough grid 
resolution and periodic boundary conditions  

• To implement and test different kinds of linear forcing in the momentum 
equations (Navier-Stokes equations) according to recent publications in the 
literature  

• To carry out several DNS which generate turbulence with different properties   

• To comparing the methods for generation of turbulence and the obtained 
turbulent fields with appropriate tools in Python which will be developed during 
the thesis  

 

Contact:  Jordan Denev, PhD (SCC/SCM, SimLab Energy)  
Prof. Martin Frank (SCC, Department of Mathematics)  

  Email: jordan.denev@kit.edu 
  Phone: 0721 608-25771  



Master’s Thesis
Non conservative methods for linear Boltzmann equations

Courses: Mathematics, Computer Science, Physics

Topic
Kinetic equations play a crucial role in many fields of application, such as radiation cancer therapy,
fluid dynamic of rarefied gases, or the simulation of astrophysical phenomena. The example of the
ray transport equation is given below.

∂tψ(t, x, v) + v · ∇xψ(t, x, v) = (Sψ)(t, x, v).

The difficulty in solving a kinetic equation stems from the high dimensional space of input varia-
bles. Namely, the kinetic density ψ is dependent on time t, space x and velocity v. Multiple solution
approaches are based on discretization strategies of the velocity variable v. The MN method uses
a Galerkin discretization in v that relies on the so-called minimal entropy principle. The method is
computationally expensive, since one needs to solve a constrained optimization problem in each
grid cell. The research question for this thesis is to construct a numerical method based on the MN

approximation, that does not rely on the solution of this optimization problem. A promising approach
uses non-conservative methods.

Task
The project has the following main tasks.

• Understanding the MN approximation and the minimal entropy approach.

• Implementation of these methods into an existing numerical framework (C++ skills are advan-
tageous) or developement of an own solver.

• Literature research on non conservative methods for transport equations.

• Comparison of the results to the traditional method and to own approaches.

Contact

Prof. Dr. Martin Frank, Steffen Schotthöfer,
Jonas Kusch
Faculty of Mathematics
Steinbuch Centre for Computing
www.scc.kit.edu

martin.frank@kit.edu



Bachelor’s Thesis
Neural network solvers for differential equations

Courses: Mathematics, Computer Science

Topic
Since the advent of neural networks, they have been successfully applied to many task in the field of
computer vision, natural language processing and other life sciences. Quite recently, techniques from
neural networks have been used to solve ordinary and partial differential equations. Let us consider
the ODE

x′(t) = f(x(t)), ∀t ∈ [0, T ],

x(0) = x0.

One way to employ a network is to model the function x : t 7→ x(t) directly as a neural network.

For the training process, the choice of the loss function is crucial. Some authors successfully applied
the residual of the ODE in a suitable norm, i.e.

||x′(t)− f(x(t)) + (x(0)− x0)|| (1)

as a loss function, but there exist other approaches that focus on existing numerical methods, e.g.
euler solvers.

Task
The project consists of the following tasks:

• Explore different methods to set up a neural network ODE (or PDE) solver, with focus on the
loss function.

• Implement the most promising solvers in a programming language of your choice (Python is
preferable).

• Compare the different solution with each other and with a traditional reference solution.

Contact

Prof. Dr. Martin Frank, Steffen Schotthöfer
Faculty of Mathematics
Steinbuch Centre for Computing
www.scc.kit.edu

martin.frank@kit.edu



                         
  

Bachelor Thesis 

Transpiler for legacy Python code- towards automatic system 

level modeling  

Motivation: With the main aim of modifying python source code, this proposal suggests 

developing a front-end for source-to-source compiler (S2S), also called Transpiler. The thesis 

will focus on different analysis phases followed by code generation to direct the execution 

towards desired new behavior. For example, automated loop splitting, and pipe 

implementation are interesting cases to demonstrate the benefit of proposed approach. 

 

                                          

                               

Tasks: The work in the thesis is composed of following steps:  

▪ Conducting analysis based on the abstract syntax tree (AST) created using the available 

python ast package.    

▪ Modification of the AST based on provided compiling options and directives. 

Implementing one or two data patterns will meet the thesis requirements. Examples are 

an implementation of for-each for data parallelization (such as map-reduce) or and a 

pipe method that can be used to create event driven applications in an automated 

fashion. Please note that the code generation phase is not the main task of thesis, but 

the focus is on AST construction, analysis, and modification. 

 

Contact: Mehdi Roozmeh (SCC/SCM), mehdi.roozmeh@kit.edu 
Prof. Achim Streit (SCC, Department of Informatics) 

 



Bachelor Thesis or Master Thesis 

 

Title: The modeling of the urban airflow 

 

Courses: Mathematics, Computer Science, Physics 

 

Motivation: With the rapid growth of the power demand and increasing emphasis on 

clean energy, wind energy has received more and more attention due to its 

environmental, renewable characteristics. Specially the wind energy in the urban area, 

with the benefits of distributed power generation, the use of a renewable energy 

source, and economic exploitation of building roofs. These benefits make the urban 

airflow simulation valuable. 

 

Subject: In this project, we are interested in using Lattice Boltzmann Method to 

simulate the airflow in the urban area. Due to the uncertain parameters in the inlet 

boundary condition or the initial condition, we can not obtain a reliable simulation result 

within the deterministic method. Hence it is necessary to involve the uncertainty 

quantification method to our model. Monte Carlo method, considering that it is a very 

simple sample-based method, can be applied to our method. To implement the Monte 

Carlo method, there are few questions still need to be considered: which kind of 

uncertain parameter we need to sample? Which kind of distribution function these 

parameters follow? How can we define the region of interest for our velocity field? 

 

Tasks: The work on the thesis could include the following steps: 

 To setup an OpenLB model in a 2D or 3D geometry. 

 Implement the Monte Carlo method. 

 Find the region of interest in the urban area. 

 

Contact:  Prof. Dr. Martin Frank, Mingliang Zhong 

   Faculty of Mathematics 

   Steinbuch Centre for Computing 

   www.scc.kit.edu 

   Email: martin.frank@kit.edu, mingliang.zhong@kit.edu 



  

Bachelor Thesis  

Title: Machine learning models to evaluate the quality of the project 

documentations    

Course of Study: Computer Science or similar 

Motivation: Documentation is one of the important part of any projects in both 

academics and in industries as well. It provides a detailed information about the 

project and it is used as a record for other projects as well. It is a complex and time-

consuming task in evaluating the documents manually and finding out the errors in 

these documents are really tiring. By bringing some kind of automation in project 

documentations reduce the manual effort in checking whether the project documents 

are complete, accurate and faultless. 

Subject: The goal of this thesis is to detect the quality of the project documentations. 

For this purpose, initially conduct a basic research on machine learning and various 

models that helps in identifying the ML models that suits for this thesis goals. Then the 

identified models has to be implemented in Python and they need to be evaluated to 

find out the best model among them. Hyper-parameter tuning has to be performed to 

choose a set of optimal parameters for all the selected models. This thesis can be 

extended to various other topics such as documents classification, document 

processing, extracting information from documents etc.  

Tasks: The work on the thesis will include following steps:  

 To identify the parameters that decides the quality of project documentations. 

 To collect the required data and prepare them to train the models. 

 To implement and evaluate different machine learning models to identify the 
suitable model for the given task.  

 Use Python for the model implementation and evaluation. 

 

Contact:   MSc. Sruthy Sreenivasan (SCC-SCM), sruthy.sreenivasan@kit.edu 
                  Prof. Achim Streit (SCC, Department of Informatics) 
 

mailto:sruthy.sreenivasan@kit.edu

