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Improve the algorithms used 

in Cryo-EM

Goals

Identify the limitations of 

state-of-the-art HPC techniques

̶ single-node performance 

optimizations

̶ heterogeneous computing

̶ autotuning

̶ novel algorithms

̶ application in Cryo-EM

̶ extend those techniques to 

overcome their limitations
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Collaboration between HPC and Cryo-EM

Generally applicable tools in HPC

̶ how to find them?

̶ how to test them?

Cryo-EM

̶ important part of the structural 

biology

̶ complex workflow

̶ high computational demands
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Cryogenic Electron Microscopy
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Cryo-EM

̶ applicable techniques differ 

depending on the part of the 

pipeline

̶ new advanced algorithms are 

being researched
• computationally very expensive

conformational landscapes
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Cryogenic Electron Microscopy
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Acceleration by …

̶ Using accelerator

̶ Sheer brute force

̶ Faster algorithm

̶ More efficient 

̶ Better fit the HW

̶ Adjusting implementation

̶ To HW

̶ To Data

̶ Adjusting invocations

̶ Necessary for close-sourced libraries

̶ Utilizing all resources

̶ Heterogeneous computing
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Acceleration by …

̶ Using accelerator

̶ Sheer brute force
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FlexAlign
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[1] STŘELÁK et al. FlexAlign: An Accurate and Fast Algorithm for Movie Alignment in Cryo-Electron Microscopy. Electronics. Switzerland: 

MDPI, 2020, vol. 9, No 6, p. 1-25. ISSN 2079-9292. doi:10.3390/electronics9061040. Scopus Q2
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FlexAlign – global alignment
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FlexAlign
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[1] STŘELÁK et al. FlexAlign: An Accurate and Fast Algorithm for Movie Alignment in Cryo-Electron Microscopy. Electronics. Switzerland: 

MDPI, 2020, vol. 9, No 6, p. 1-25. ISSN 2079-9292. doi:10.3390/electronics9061040. Scopus Q2
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FlexAlign – local alignment
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FlexAlign - quality
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FlexAlign - quality
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FlexAlign - flexibility
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FlexAlign - performance
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FlexAlign - performance



D. Střelák – Acceleration of image processing algorithms for SPA by EM19

Acceleration by …

̶ Using accelerator

̶ Sheer brute force

̶ Faster algorithm

̶ More efficient 
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Align Significant

20

[2] JIMÉNEZ-MORENO et al., DeepAlign, a 3D Alignment Method based on Regionalized Deep Learning for Cryo-EM. Journal of Structural 

Biology. San Diego,USA: Academic Press, 2021, vol. 213, No 2, 14 pp. ISSN 1047-8477. doi:10.1016/j.jsb.2021.107712. Scopus Q2
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Align Significant – DL part
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Align Significant - quality
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Align Significant - quality
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Align Significant - quality
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Align Significant – performance

̶ [placeholder]
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Acceleration by …

̶ Faster algorithm

̶ More efficient 

̶ Better fit the HW
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3D Fourier reconstruction

[3] Střelák et al. A GPU acceleration of 3-D Fourier reconstruction in cryo-EM, The International Journal of High Performance Computing 

Applications. 2019, vol. 33, no. 5, pp. 948–959. Available from DOI:10.1177/1094342019832958. Scopus Q2
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3D Fourier reconstruction
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3D Fourier reconstruction – quality 
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3D Fourier reconstruction – performance
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3D Fourier reconstruction – power 
consumption
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Acceleration by …

̶ Adjusting implementation

̶ To HW

̶ To Data
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Autotuning

̶ Offline autotuning

̶ before the execution of a tuned code

̶ easier to implement

̶ does not allow an application to re-tune when its 

environment changes

̶ Dynamic autotuning

̶ the application can even build the space of different 

variants during runtime, i. e., it is able to compile 

tuned kernels during the tuning process

̶ Autotuning allows optimizing the 

application’s tuning parameters (properties 

influencing the application performance) in 

order to perform the execution more 

efficiently.
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Autotuning of the CUDA and OpenCL 
kernels

[4] Petrovič et al. A benchmark set of highly-efficient CUDA and OpenCL kernels and its dynamic autotuning with Kernel Tuning Toolkit. 

Future Generation Computer Systems, Elsevier, 2020, vol. 108, pp. 161-177. ISSN 0167-739X. doi:10.1016/j.future.2020.02.069. Scopus Q1
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Autotuning of the CUDA and OpenCL 
kernels
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Autotuning of the CUDA and OpenCL 
kernels
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Autotuning of the CUDA and OpenCL 
kernels
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Autotuning of the CUDA and OpenCL 
kernels
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Acceleration by …

̶ Adjusting invocations

̶ Necessary for close-sourced libraries



D. Střelák – Acceleration of image processing algorithms for SPA by EM41

cuFFTAdvisor

[5] David Střelák and Jiří Filipovič. Performance Analysis and Autotuning Setup of the CuFFT Library. In: Proceedings of the 2nd Workshop 

on AutotuniNg and ADaptivity AppRoaches for Energy Efficient HPC Systems. ANDARE ’18. Limassol, Cyprus: Association for Computing 

Machinery, 2018. isbn: 9781450365918. doi: 10.1145/3295816.3295817
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cuffAdvisor
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Acceleration by …

̶ Utilizing all resources

̶ Heterogeneous computing
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Task-based runtime systems

̶ Program is defined as a set of individual tasks that can be 

executed in parallel on various hardware resources
̶ respect the execution order defined by their data dependencies

̶ The tasks are scheduled to different processors available in the 

system
̶ the task-based framework automatically handles data movement between memory spaces

̶ A task can have multiple implementations
̶ for different hardware

̶ for other properties
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Acceleration by …

̶ Gotta Catch 'Em All̶ Using accelerator

̶ Sheer brute force

̶ Faster algorithm

̶ More efficient 

̶ Better fit the HW

̶ Adjusting invocations

̶ Necessary for close-sourced libraries

̶ Adjusting implementation

̶ To HW

̶ To Data

̶ Utilizing all resources

̶ Heterogeneous computing
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Umpalumpa framework

1. it implements data-centric design, where 

data are described by their physical 

properties (e. g., location in memory, 

size) and logical properties (e. g., 

dimensionality, shape, padding);

2. utilizes task-based parallelism to 

schedule tasks on heterogeneous nodes.

3. tasks can be dynamically autotuned on a 

source code level

̶ Aims to manage complex workloads on 

heterogeneous computers

̶ Combines three aspects that ease 

programming and optimize code 

performance
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Umpalumpa – data centric design
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Umpalumpa – Algorithms & Strategies
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Umpalumpa – FlexAlign
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Umpalumpa – FlexAlign
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Umpalumpa – Fourier Reconstruction
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Umpalumpa – Fourier Reconstruction
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Umpalumpa – Fourier Reconstruction
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Umpalumpa – Fourier Reconstruction
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Cryo-EM

Summary
HPC

̶ several performance critical 

algorithms have been accelerated

̶ increased productivity

̶ quality consensus

̶ all contributions are open-source 

and used by the community via 

Xmipp suite*

̶ three novel tools

cuFFTAdvisor

̶ open-source*

̶ its core functionality might be added directly to 

cuFFT

KTT

̶ open-source*

̶ introduced dynamic autotuning

Umpalumpa

̶ open-source*

̶ combining tasks with autotuning* https://github.com/I2PC/xmipp

* https://github.com/HiPerCoRe/cuFFTAdvisor

https://github.com/HiPerCoRe/KTT
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Thank you for your attention

[5] STŘELÁK, David and Jiří FILIPOVIČ. Performance analysis and 

autotuning setup of the cuFFT library. In ACM International Conference 

Proceeding Series. Limassol, Cyprus: ACM, 2018., 6 pp. ISBN 978-1-4503-

6591-8. doi:10.1145/3295816.3295817.
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Xmipp for Cryo–Electron Microscopy: From Xmipp to Scipion. Molecules. 

Mayer und Muller, 2021, vol. 26, No 20, p. 1-14. ISSN 1420-3049. 

doi:10.3390/molecules26206224. Scopus Q2
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In addition, I have co-authored 5 other articles and one book chapter
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[4] PETROVIČ, Filip, David STŘELÁK, Jana HOZZOVÁ, Jaroslav OĽHA, 

Richard TREMBECKÝ, Siegfried BENKNER and Jiří FILIPOVIČ. A 

benchmark set of highly-efficient CUDA and OpenCL kernels and its 

dynamic autotuning with Kernel Tuning Toolkit. Future Generation Computer 

Systems, Elsevier, 2020, vol. 108, p. 161-177. ISSN 0167-739X. 

doi:10.1016/j.future.2020.02.069. Scopus Q1
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Sources

https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-21024/experiment

https://www.ebi.ac.uk/pdbe/emdb/empiar/entry/10337/

Icon made by Eucalyp from www.flaticon.com
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Additional materials
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23 × 52 

(two terms)

23 × 52

(single kernel)
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cuFFTAdvisor - terms

̶ 2a × 3b × 5c × 7d, where a ≠ 0

̶ make sure the size of the input can be 

decomposed to as few kernel calls as 

possible (more info)
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cuFFTAdvisor – memory usage

Our primary focus was performance

̶ using ‘recommended’ sizes automatically 

reduces memory footprint

̶ using multiple of two reduces memory

̶ more details in the paper [6]


