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TEACHING METHODOLOGY

The course follows an interactive, practice-oriented approach in which theoretical concepts are tightly coupled with implementation.
Hence, each session combines:

- Conceptual explanations of scientific programming and high-performance computing principles.

- Live coding demonstrations, where key ideas are developed step by step, showing how theoretical concepts translate into efficient
computational implementations.

- Hands-on exercises, carried out by students during the session, allowing immediate application of the concepts using Python.

A significant part of the course is delivered through interactive notebooks (e.g., Google Colab), enabling experimentation,
reproducibility, and rapid iteration without complex setup. This approach facilitates active learning and allows students to explore

variations of the methods in real time.

Throughout the course, students work on practical tasks and a progressive project. These activities emphasize performance analysis,
scalability, and integration of numerical and data-driven components.

Independent work complements in-class activities, focusing on completing assignments, improving implementations, and analyzing
computational performance, fostering autonomy and deeper understanding.

LEARNING OBJECTIVES OF THE SUBJECT

This course introduces the principles and practices required to develop efficient, scalable, and maintainable scientific software for
computational and data-assisted engineering applications. It focuses on the implementation of numerical methods using modern
programming paradigms and high-performance computing techniques within a Python-based ecosystem.

The course covers the full workflow of computational engineering, from software design and numerical robustness to performance
optimization and parallel execution. Core topics include high-performance dense and sparse linear algebra and performance
engineering concepts such as memory hierarchy, vectorization, and profiling. These are extended to parallel computing paradigms,
including shared-memory parallelism, distributed-memory programming with MPI, and GPU acceleration.

In addition, the course addresses modern challenges in data-assisted engineering, such as handling large-scale datasets using out-of-
core and distributed approaches, and integrating simulation workflows with data processing pipelines.

Through a combination of theoretical sessions and hands-on tasks, students develop the ability to design, implement, analyze, and
optimize computational solutions for large-scale engineering problems.
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Type Hours Percentage
Hours large group 45,0 36.00
Self study 80,0 64.00

Total learning time: 125 h

CONTENTS

Programming paradigms and introduction to Python

Description:

- Procedural vs Object-Oriented Programming (OOP)

- Functional programming concepts

- OOP in large simulation codes (encapsulation, abstraction)

- Functional patterns in numerical computing (map, reduce, immutability)
- Compiled vs interpreted languages

- Static vs dynamic typing

- Introduction to Python syntax and virtual environments

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

Algorithmic complexity & data structures

Description:

- Algorithmic complexity & data structures

- Modular design in Python (function, classes, types)
- Visualization with Python (matplotlib and PyVista)

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

Professional code development

Description:

- Version control

- Professional development: code quality and code revision

- Testing strategies (continuous integration) and test-driven development
- Al-supported programming environments (IDEs)

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m
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Numerical precision & stability in large-scale simulation

Description:

- Floating-point arithmetic

- Conditioning vs algorithmic stability

- Algorithmic complexity in simulation workflows
- Memory hierarchy and cache behavior

- Roofline model

- Vectorization and memory layout

- Identifying bottlenecks in FE-like loops

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

High-performance linear algebra

Description:

- BLAS/LAPACK concepts behind NumPy

- Efficient dense operations and performance benchmarking
- Sparse matrix formats (CSR, COO)

- Efficient sparse assembly

- Memory footprint analysis

- Brief overview of Krylov solvers and its implementation

- Preconditioning strategies

- Iterative solvers: convergence vs scalability

- Iterative solvers: numerical robustness in iterative solvers

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

Introduction to parallelism

Description:
- AMDAHL's law
- Strong vs weak scaling

- CPU parallelism and memory layout: shared memory vs distributed memory parallelism

- GPU parallelism

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

Shared memory parallelism

Description:

- Shared memory parallelism in Python (GIL and multiprocessing, asyncio fundamentals, task orchestration)

- SMP Task

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m
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Distributed memory parallelism with MPI

Description:

- Distributed data structures

- Communication patterns

- Distributed matrix-vector products

Full-or-part-time: 15h
Theory classes: 6h
Self study : 9h

GPU parallelism

Description:
- GPU acceleration fundamentals with PyTorch
- GPU Task

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

Parallelism wrap-up

Description:

- Hands-on session to work in the DMP, MPI and GPU projects

Full-or-part-time: 7h 30m
Guided activities: 3h
Self study : 4h 30m

Efficient debugging and performance analysis

Description:

- “Corrupted” life cycle hands-on experience
- Debugging tools

- Reduction bottlenecks

- Hands-on experience with profiling tools

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m
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Handling of extremely large datasets

Description:

- Out-of-core arrays

- Chunking strategies

- Task graphs and lazy evaluation
- Distributed Dask scheduler

- MPI vs Dask paradigms

- Efficient scientific I/O (HDF5)

Full-or-part-time: 7h 30m
Theory classes: 3h
Self study : 4h 30m

GRADING SYSTEM

The evaluation of the course is based on continuous assessment and a final project:

- Continuous assessment (40%): evaluation through practical assignments and hands-on tasks. Assessment criteria include
correctness, code quality, and basic performance considerations.

- Final project (45%): development of a computational project integrating course concepts, such as numerical methods, parallel
computing, and performance optimization. The deliverables of the project include the source code (version-controlled) as well as a
technical report including performance analysis and demonstration of results. Evaluation criteria include technical correctness,
scalability, performance analysis, and software design quality.

- Oral defense (15%): individual oral assessment based on the final project, evaluating the understanding of implemented methods,
the design and parallelization decisions and the ability to analyze performance trade-offs.
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