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st d
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) //
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  {
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e/ma

ss *
 dt;
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  }
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  {
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 // 
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grat
ion
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 // 
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;
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) / 
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  f_
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;
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}
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int 
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 Bou
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   c
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{
  if
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|| L
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) {
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What is computational science?
▅ Use of computers to support 

and enable scientific insight 
• Data processing 
• Data analysis 
• Visualisation 
• Simulation 
• Virtual design 
• Virtual design optimisation

▅ Interdisciplinary / no training

. . .
BiologyMathema/cs

Computer 
Science

Engineering

Chemistry

Physics

Computa/onal 
Science



Computational Science –  
the third pillar

▅ Computational science complements theory and experiment 

▅ Scientists typically spend 30% or more of their time developing 
software [1, 2] 

▅ 90% or more of them are primarily self-taught [1, 2] 

▅ 70% of researchers say: it is impossible to conduct research 
without research software [3]  
 
[1] Hannay JE, Langtangen HP, MacLeod C, Pfahl D, Singer J, et al.. (2009) How do scientists develop and use scientific software? 
In: Proceedings Second International Workshop on Software Engineering for Computational Science and Engineering. pp. 1–8. 
doi:10.1109/SECSE.2009.5069155.  
 
[2] Prabhu P, Jablin TB, Raman A, Zhang Y, Huang J, et al.. (2011) A survey of the practice of computational science. In: 
Proceedings 24th ACM/IEEE Conference on High Performance Computing, Networking, Storage and Analysis. pp. 19:1–19:12. doi:
10.1145/2063348.2063374. 
 
[3] December 2014: http://tinyurl.com/ooajs7m 

http://tinyurl.com/ooajs7m


Computational Science also 
relevant for industry

▅ Industry: project partners 
contributing  €4m to €12m 
Centre for Doctoral Training  
in Computational 
Modelling 

▅ Founder and director 
(2013-2017): Hans Fangohr 

▅ http://ngcm.soton.ac.uk

http://ngcm.soton.ac.uk


Computational Science  
“gone wrong” examples



Reinhart, Rogoff, and the Excel 
Error That Changed History

▅ Significant error in 2010 research paper “Growth in a Time of 
Debt” [1] which has been widely cited to justify budget-cutting 
[2] 

▅ The Harvard professors had accidentally only included 15 of the 
20 countries under analysis in their key calculation (of average 
GDP growth in countries with high public debt).” [3]  

[0] https://scholar.harvard.edu/files/rogoff/files/growth_in_time_debt_aer.pdf 
[1] https://www.bloomberg.com/news/articles/2013-04-18/faq-reinhart-rogoff-and-the-excel-
error-that-changed-history 
[2] http://www.bbc.co.uk/news/magazine-22223190

http://galileo.stmarys-ca.edu/awilliam/Winter%202012-%20Moraga%20-%20Saturday%20and%20Santa%20Clara%20-%20GMAN%20503/documents/Growth_in_Time_Debt-reinhardandrogoff.pdf
http://galileo.stmarys-ca.edu/awilliam/Winter%202012-%20Moraga%20-%20Saturday%20and%20Santa%20Clara%20-%20GMAN%20503/documents/Growth_in_Time_Debt-reinhardandrogoff.pdf
https://www.bloomberg.com/news/articles/2013-04-18/faq-reinhart-rogoff-and-the-excel-error-that-changed-history
https://www.bloomberg.com/news/articles/2013-04-18/faq-reinhart-rogoff-and-the-excel-error-that-changed-history
https://www.bloomberg.com/news/articles/2013-04-18/faq-reinhart-rogoff-and-the-excel-error-that-changed-history
http://www.bbc.co.uk/news/magazine-22223190


Error in X-ray crystallography data 
analysis 





Reproducibility / 
Scientific Workflow

Idea

Experiment 
(Simulation)

Post-
processing

Data Analysis

Publication

Figure 
creation

▅ Iterative exploration of a 
problem/data set via 
computation and intermediate 
results  

▅ At the end of the study, results 
must be communicated 
through a (linear) narrative 
(paper/report/thesis,…). 

▅ Should be reproducible.



Reproducibility in  
data analysis

▅ Open package X, use mouse to select functions in 
menu, then click, drag, and click, and in the end save 
numbers.txt. Load into Origin or Excel. Click, drag, 
generate graph, right click, save as ‘good-numbers.png’ 

▅ In paper: “We analysed our data using package X to 
produce figure 1.” 

▅ Is this reproducible? Can we do exactly the same 
thing a year later? A day later? Ever?



Challenges for 
Computational Science



Challenges for software in science
▅ reproducibility 

▅ testing can be difficult 

▅ ongoing changes throughout the life time of the project 

▅ no incentive to document code or write it well – only publications count  

▅ coders may not have programming and software engineering training 

▅main code author often leaving after n years  (n is small) 

▅ code lost or not publicly available 

▅ fast execution competes with readable and maintainable code 

▅ hardware changes require re-write of codes



How to address these 
challenges?

▅ Technical solutions: 

▅ 20/80 rule applies: Embracing 20% of good practice in research 
software engineering, will give huge payoff.  

▅ Policy and political solutions 

▅ Educate  

▅ Change metrics 

▅ Change behaviour



Essential tools for reproducible 
computational science

1. Version control 

2. Automatic testing and 

3. Continuous integration 

4. Record compute environments  

5. Automate everything



1. Version Control - Why?

▅More effective: to use version control tools



1. Version control - how?
▅ After significant changes, one 'commits' the current version files 

▅ All commits are stored, together with time stamps and a 
comment. Useful information may include: 
▅ "as used for figure 3 in Nature paper” 
▅ “Have added iterative method to solver suite” 
▅ " implemented suggestion from reviewer A” 

▅ All changes can be undone, compared; one can 'travel in time’ 

▅ Use for code, configuration files, scripts, documents, papers, 
graphs, . . . 



commit 116c7b52f70725841e219973f2f0514d082ec59d 
Author: Hans Fangohr iota <fangohr@soton.ac.uk> 
Date:   Wed Mar 29 12:41:44 2017 +0100 

    Add library and test 

 test_thelibrary.py | 15 +++++++++++++++ 
 thelibrary.py      |  5 +++++ 
 2 files changed, 20 insertions(+) 

Host repository on Github:  
https://github.com/fangohr/demo-computational-science-essential-tools

https://github.com/fangohr/demo-computational-science-essential-tools


2. Automatic tests

▅ Testing is crucial but time consuming 

▅ Idea: have additional computer code that tests the actual 
code 

▅ run this ‘testing code’ every time we change the main code 

▅ known as ‘unit/system/regression/… testing’

Write code Test and 
debug Use



$ py.test -v test_thelibrary.p 
================== test session starts ========  
collected 4 items  

test_thelibrary.py::test_calculation_positive PASSED 
test_thelibrary.py::test_calculation_negative PASSED 
test_thelibrary.py::test_calculation_bordercase PASSED 
test_thelibrary.py::test_calculation_floats PASSED 

========= 4 passed in 0.01 seconds =============



3. Continuous integration

▅ Run automatic tests routinely. For example: 

• After every code change 

• Every week 

▅ Failures being recorded and reported 

▅ Free and commercial tools and cloud-hosted 
services available.

https://travis-ci.org/fangohr/demo-computational-science-essential-tools

https://travis-ci.org/fangohr/demo-computational-science-essential-tools


Continuous integration



4. Compute environment: 
Containers

▅ Light weight virtual machine 

▅ Fairly recent development 

▅ Hot container applications at the moment:  

▅ Docker 

▅ Singularity



https://www.slideshare.net/jonasrosland/docker-and-containers-overview-docker-workshop



https://www.slideshare.net/jonasrosland/docker-and-containers-overview-docker-workshop



https://www.slideshare.net/jonasrosland/docker-and-containers-overview-docker-workshop



Hello world in Container

▅ $docker pull ubuntu:latest 

▅ $docker run ubuntu:latest cat /etc/issue 

▅ $docker run ubuntu:latest echo Hello World



Build and use our own container
▅ Need Dockerfile: 

FROM ubuntu:16.04 
RUN apt-get update 
RUN apt-get install -y python3 
RUN mkdir /io 
WORKDIR /io 

▅ Create docker container 

$ docker build -t example . 

▅ Execute code in container: 

 $ docker run -v `pwd`:/io example python3 add.py



4. Containers Summary

▅ fantastic tool to document the computation 
environment (‘Dockerfile’ is script) 

▅ Use cases include: installation, portability, 
reproducibility, testing



5. Automate everything

▅ Computers are great doing repetitive stuff.  

▅ Let them do it. 

▅ Humans should focus on tasks only humans 
can do.  

▅ Avoid GUIs for final analysis; use scripts 
instead.

Idea

Experiment 
(Simulation)

Post-
processing

Data Analysis

Publication

Figure 
creation



Essential tools for reproducible 
computational science

1. Version control - keep all versions of all files safe 

2. Automatic testing - gives confidence, saves time, enables change 
of the code 

3. Continuous integration - runs tests routinely 

4. Record compute environments (for example containers) - allows 
to re-run computation 

5. Automate everything - saves time (in the long run …), allows to 
repeat complete analysis by touching one button.





https://github.com/davidcortesortuno/paper-2016-Cortes-etal-Thermal-stability-and-
topological-protection-of-skyrmions

https://github.com/davidcortesortuno/paper-2016-Cortes-etal-Thermal-stability-and-topological-protection-of-skyrmions
https://github.com/davidcortesortuno/paper-2016-Cortes-etal-Thermal-stability-and-topological-protection-of-skyrmions








Useful tools

▅ Python 

▅ Jupyter Notebook



Python

▅ Core is easy to learn [1] 

▅ Easy to read and flexible  => high productivity language 

▅ Not fast if used naively 

▅ Popularity in science reflects the high cost of the 
programmer (=scientist)

[1] Hans Fangohr: A Comparison of C, Matlab and Python as Teaching Languages in 
Engineering, Lecture Notes on Computational Science 3039, 1210-1217 (2004), https://
eprints.soton.ac.uk/22811/ 



Marijan Beg, Ryan A. Pepper, Hans Fangohr: User interfaces for computational science: a domain 
specific language for OOMMF embedded in Python,  AIP Advances 7, 056025 (2017), https://
arxiv.org/abs/1609.07432

“Embedded  
Domain specific language (DSL)”

▅ “Configuration file” is general purpose program

http://www.southampton.ac.uk/~fangohr/blog/introduction-to-oommf-python-project.html
http://www.southampton.ac.uk/~fangohr/blog/introduction-to-oommf-python-project.html
http://www.southampton.ac.uk/~fangohr/blog/introduction-to-oommf-python-project.html
https://arxiv.org/abs/1609.07432
https://arxiv.org/abs/1609.07432


Workflow tools:  
Jupyter Notebook

▅ Originally “IPython 
Notebook” 

▅ > 2 million users (in 2015) 

▅ web-based interactive 
computing platform 

▅ Combine code, output, 
interpretation in 
executable document





▅Notebook allows bitmap/
svg/html… representations 

▅more user friendly interfaces 

▅ LaTeXed equations (right) 

▅ Images (right) 

▅ Interactive “widgets” (below)



Jupyter notebook use cases
▅ Computational exploration (both data and Simulation 

driven)  
▅ Documentation [1] 
▅ Reproducible computation [2] 
▅ Teaching & Learning [3] 
▅ Communicating studies to supervisors, collaborators, …

[1] http://oommfc.readthedocs.io/en/latest/ipynb/standard_problem3.html &  
     https://github.com/joommf/oommfc/blob/master/docs/ipynb/standard_problem3.ipynb 
[2] https://github.com/maxalbert/paper-supplement-nanoparticle-sensing 
[3] https://github.com/fangohr/introduction-to-python-for-computational-science-and-
engineering  

http://oommfc.readthedocs.io/en/latest/ipynb/standard_problem3.html
http://www.apple.com
https://github.com/maxalbert/paper-supplement-nanoparticle-sensing
https://github.com/fangohr/introduction-to-python-for-computational-science-and-engineering
https://github.com/fangohr/introduction-to-python-for-computational-science-and-engineering
https://github.com/fangohr/introduction-to-python-for-computational-science-and-engineering


Scientific WorkflowIdea

Experiment 
(Simulation)

Post-
processing

Data Analysis

Publication

Figure 
creation

▅ Iterative exploration of a problem/
data set via computation and 
intermediate results  

▅ At the end of the study, results 
must be communicated through a 
(linear) narrative (paper/report/
thesis,…). 

▅ Should be reproducible. 

▅ => Notebook delivers this “for 
free”



Challenges for software in science
▅ reproducibility 

▅ testing can be difficult 

▅ ongoing changes throughout the life time of the project 

▅ no incentive to document code or write it well – only publications count  

▅ coders may not have programming and software engineering training 

▅main code author often leaving after n years  (n is small) 

▅ code lost or not publicly available 

▅ fast execution competes with readable and maintainable code 

▅ hardware changes require re-write of codes

•Technical solutions 

•Automate everything 
•Version control 
•Automatic tests &  
•Continuous integration 
•Compute environment 
•Python 
•Jupyter Notebook



Other measures 
▅ Training 

▅ Software Carpentry 

▅ Doctoral Training centre 

▅ Policy and Politics 

▅ Software as infrastructure 

▅ Research software engineer 

▅ Software sustainability institute



Software Carpentry
▅ software-carpentry.org 

▅ Volunteers delivering basic computational training for 
scientist, for example:  
git, bash, python, tests, R, MySQL, …

https://software-carpentry.org


4-year Doctoral 
Training Programme

▅ 1-year Masters + 3 year PhD 

▅ Best practice computational science, 
including software engineering for 
science & data science 

▅ 12 million EUR investment by UK 
research council, industry partners 
and University of Southampton 

▅ 75  PhD students starting over 5 years  

▅ Change making “from bottom up”



Policies and politics

▅ Research Councils (in UK) start to accept Software as an 
infrastructure investment 

▅ Focus of investment (UK Scientific Advisory Committee 
on High Performance Computing) 

▅ Funding for Research Software Engineer fellowships 

▅ Emerging Job profile of “Research Software Engineer” (in 
addition to post-doc and academic) 

▅ Data Management plan (-> Software Management plan?)



Software Sustainability 
Institute

▅ Information, Networking, Fellowships 

▅ United Kindgom Research council funded 

▅ https://www.software.ac.uk 

▅ Similar initiatives starting in Germany

https://www.software.ac.uk


Summary
▅ Challenges for Computational 

Science 
▅ Need to improve software 

quality 
▅ Introduced some options 

• Technical 
• Politics, education & 

training [1]

[1] http://www.soton.ac.uk/~fangohr/teaching

Hans Fangohr 
http://fangohr.github.io 
hans.fangohr@xfel.eu 

@ProfCompMod

http://fangohr.github.io
mailto:hans.fangohr@xfel.eu




Thank you for your attention!
Hans Fangohr 

http://fangohr.github.io 
hans.fangohr@xfel.eu 

@ProfCompMod

http://fangohr.github.io
mailto:hans.fangohr@xfel.eu


What is so hard about this ? 

Context & trivial example: 
 

Adding n numbers



Trivial example
▅ Let’s pretend our scientific task is to add up three numbers, say 

41.2, 0.1 and 0.7. 

▅ Possible solutions include 

▅ C++ program 

▅ Python program 

▅ Excel spreadsheet 

▅ Calculator on smart phone 

▅ Data base



C++



C++                   Python



C++                   C++



Issues with simple example

▅ 41.2 + 0.1 + 0.7 should be 42.0 but  

▅ 41.2 + 0.1 + 0.7 == 42.000000000000007105 
•  
Details: 

• a = 41.2  ≈ 41.200000000000002842 
• b =  0.1  ≈  0.100000000000000006 
• c =  0.7  ≈  0.699999999999999956 
• ————————————————————————————————— 
• a + b + c = 42.000000000000007105



 MS Excel

In Microsoft Excel, the answer is always 42.0: 

•  It does something (superficially) clever [1]  
 
[1] https://support.microsoft.com/en-us/help/78113/floating-point-
arithmetic-may-give-inaccurate-results-in-excel 

https://support.microsoft.com/en-us/help/78113/floating-point-arithmetic-may-give-inaccurate-results-in-excel
https://support.microsoft.com/en-us/help/78113/floating-point-arithmetic-may-give-inaccurate-results-in-excel
https://support.microsoft.com/en-us/help/78113/floating-point-arithmetic-may-give-inaccurate-results-in-excel


Actually, it is worse . . .

a = 41.2  ≈ 41.200000000000002842 
b =  0.1  ≈  0.100000000000000006 
c =  0.7  ≈  0.699999999999999956 
————————————————————————————————— 
a + b + c = 42.000000000000007105 
c + b + a = 42.000000000000000000 

[Tested with Python 3.6 and Apple LLVM version 8.1.0 / clang-802.0.42]

-> Addition is not commutative (the order matters)!



Design questions / metrics
▅ Scaling for more data - what if N=109?  Execution performance? 
▅ Re-usability of code? Separate code and data? 
▅ Testability?  
▅ Portability across operating systems? Architectures? 
▅ Accessibility? - can people with different different computer/

OS use the file? 
▅ Reproducibility? 
▅ Readability by non-experts - is the ‘code’ understandable? 
▅What if we want to carry out the operation symbolically? 
▅ Open Source? 
▅ …



Possible solution



European XFEL Example

▅ Apply detector calibration to raw data on 
the fly. 

▅ Allows to change detector calibration later, 
improve analysis and results. 

▅Must be able to re-run analysis chain with 
new calibration to see effect. 

▅ Prerequisite: must be able to re-run 
(“reproduce”) previous analysis without 
change in final result.
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