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Abstract 

Sonification is broadly defined as the display of data as sound, and has been used in 

educational, scientific and industrial settings to explore, find and monitor patterns and 

changes in data. Sonification has also played a vital role in music composition as a technique 

that offers new methodologies for the creation and structuring of sound, and for the 

representation of non-musical matters in music. Although numerous examples of artistic 

sonification exist, the use of spectroscopic data in music composition has not yet been 

assessed systematically.  

Spectroscopic analysis is concerned with the interaction of electromagnetic radiation and 

physical matter. The portfolio explores the use of spectroscopic data in electroacoustic 

composition to find new methodologies for creating and structuring sound. It examines the 

role of spectroscopic data in acousmatic, audio-visual, and virtual reality works and 

investigates how electroacoustic compositions using spectroscopic data can be used to raise 

awareness of current environmental and socio-political challenges. 

The portfolio comprises seven electroacoustic works. Spin Dynamics is an acousmatic music 

composition that uses nuclear magnetic resonance (abbr. NMR) data as its only sound 

source. Inner Resonance explores the interplay between solid-state NMR sonification and 

the bass clarinet. Quantum combines NMR data with visual stimuli in an interactive virtual 

reality environment. The refugee crisis is contextualised in the audio-visual work Darkest 

Hour. Finland, as experienced by the Sea, presents pollution trends in the Baltic Sea using a 

mix of NMR, infra-red, and oceanographic data sonification. On the Extinction of a Species 

explores the sonification of DNA sequences of an extinct species to raise awareness of 

humanity's reckless treatment of its environment. Sound pollution and our relationship with 

technology are traced in 56Fe using the sonification of electron energy level data. 

The portfolio and written commentary contribute to the field of electroacoustic composition 

by presenting and evaluating methodologies for the sonification, framing, and presentation 

of spectroscopic data. Promising avenues of future work are discussed. 
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Technical information 

All sound material is presented in 48 kHz, 24-bit resolution. 

Works with live electronics (Inner Resonance) 

The setup and technical requirements for Inner Resonance are included in the score which 

can be found in Appendix C. The Max/MSP patch can be found on the USB flash drive under 

*: \2Supplementary\CodingAndSoftware\ InnerResonanceLivePatch 

Multi-channel works 

Speaker arrangements for multi-channel pieces can be found below. Stereo versions of 

multi-channel pieces are provided for reference purposes. 

8-channel (Spin Dynamics) 

The piece Spin Dynamics is submitted as eight labelled mono files. Each mono file is 

numbered from 1 to 8 and is to be assigned the correct speaker according to figure 1 below. 

 

Figure 1: Loudspeaker arrangement and assignment 

for Spin Dynamics. Arrow indicates listening direction.  
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7.1-channel (On the Extinction of a Species) 

The piece On the Extinction of a Species is submitted as eight mono files. Each mono file is 

labelled and is to be assigned the correct speaker according to figure 2. Please note that the 

piece does not follow a regular 7.1 speaker arrangement pattern but consists of a 5.1 

channel arrangement (L, C, R, Ls, Rs) and additional stereo pair (1, 2), the latter designed for 

live diffusion. 

 

Figure 2: Loudspeaker arrangement and assignment for On 

the Extinction of a Species. Arrow indicates listening direction. 

Grey speakers for live diffusion. 

Audio-visual work 

All audio-visual works and video documentation are rendered using the H.264 video 

compression codec and will play back using any conventional video playback device. 

Virtual reality installations (Quantum) 

The setup and technical requirements for Quantum are detailed in Appendix H.  
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1. Introduction 

Sonification is the transformation of data into sound and has been used by scientists and 

artists for the exploration, communication, and presentation of data. Composers have 

utilized sonification as a tool to create and arrange sound materials. This portfolio of works 

adds to the field of sonification by systematically exploring the use of spectroscopic data 

sonification (the sonification of energy absorption and emission patterns of atoms and 

molecules) in electroacoustic music composition.*  

1.1 Portfolio contents 

This portfolio of compositions contains seven electroacoustic compositions in the form of 

one stereo and two multi-channel fixed media pieces, one mixed media work, one audio-

visual piece, one virtual reality audio-visual environment, and one sound installation.   

1.2 Research enquiry 

This practice-based portfolio contributes to the field of sonification and electroacoustic 

composition by addressing the following research questions: 

1. How can the sonification of spectroscopic data act as a creative vehicle and 

innovator for contemporary electroacoustic compositional practices? 

2. How do the format, presentation, and paramedia+1of a composition using 

spectroscopic sonification influence �š�Z�����Á�}�Œ�l�[�• recep�š�]�}�v�����v�����š�Z�����o�]�•�š���v���Œ�[�•�������•�š�Z���š�]����

experience? 

3. In what way can socio-cultural connotations towards science be used in sonification-

based musical compositions and sound art installations to raise awareness of major 

environmental and socio-political challenges? 

                                                        
1 G� rard Genette, Paratexts: Thresholds of Interpretation (Cambridge: Cambridge Univ. Press, 2001), p. 1. 

* A further introduction to sonification and chemical spectroscopy can be found in 
Chapter 2 - Background. 

+ In this context, paramedia refers to all material surrounding a creative work that is not 
part of the work itself, for example program notes or a lecture about the work. 
Paramedia is a newly proposed term, in definition similar to paratext, the latter 
describing all written works supporting a main literary text.1 Please see appendix A for 
a further discussion of the term. 
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1.3 Chapter outline 

Chapter 2 sets out the key terms and definitions in the field of sonification followed by an 

illustration of the history and use of spectroscopic sonification in science and art. Chapter 3 

presents the compositional process of Spin Dynamics, an acousmatic music composition 

that uses nuclear magnetic resonance (abbr. NMR) data as its sound source. Inner 

Resonance, described in chapter 4, explores the interplay between solid-state NMR 

sonification and the bass clarinet. Chapter 5 explains the thought process behind Quantum, 

an installation piece combining NMR sonification with visual stimuli in a virtual reality 

environment. 

The second part of the written commentary disseminates portfolio works contextualising 

environmental and socio-political issues. Chapter 6 describes Darkest Hour, an audio-visual 

work in which audio and visual components were transformed by chemical reaction 

dynamics. Chapter 7 describes Finland, as experienced by the Sea, an acousmatic 

composition based on nuclear magnetic resonance, infra-red and oceanographic data 

sonification of pollutants in the Baltic Sea. Chapter 8 contextualises On the Extinction of a 

Species, exploring DNA sequence sonification of the passenger pigeon, an extinct species, to 

raise awareness �}�(���Z�µ�u���v�]�š�Ç�[�•���Œ�����l�o���•�•���š�Œ�����š�u���v�š���}�(���]�š�•���•�µ�Œ�Œ�}�µ�v���]�v�Ps. Chapter 9 describes 

56Fe, a sound installation on sound pollution and our relationship with technology, based 

on the sonification of electron energy levels. The commentary closes with a summary and 

conclusions, detailing key findings and possible future avenues of research. 

1.4 Nomenclature and form 

The portfolio makes use of the terminology developed by Smalley2,3 for the description of 

the spectromorphological and spatiomorphological qualities of sound. Titles of artistic and 

musical works appear in italics throughout the document. A glossary on key terms of 

sonification and spectroscopy can be found in Appendix A. 

                                                        
2 Denis Smalley, "Spectromorphology: Explaining Sound-Shapes", Organised Sound, 2.2 (1997), 107-126. 
3 Denis Smalley, "Space-Form And The Acousmatic Image", Organised Sound, 12.01 (2007), 35. 
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2. Background 

2.1 An introduction to sonification 

�^�^�}�v�]�(�]�����š�]�}�v���]�•�������(�]�v���������•���š�Z�����µ�•�����}�(��non-speech audio to convey 

information. More specifically, sonification is the transformation of data 

relations into perceived relations in an acoustic signal for the purposes of 

�(�����]�o�]�š���š�]�v�P�����}�u�u�µ�v�]�����š�]�}�v���}�Œ���]�v�š���Œ�‰�Œ���š���š�]�}�v�X�_��- Kramer et al.4 

Sonification is an interdisciplinary field concerned with the transformation of data into 

sound and has been explored in a wide variety of disciplines such as the natural sciences, 

mathematics, psychoacoustics, psychology, human-computer interactions, and music 

composition.5 Sonification has proven to be of considerable use particularly in finding 

trends,6 patterns,7 or small fluctuations8 in data, due to our highly developed auditory 

cognition and our ability to analyse sound morphologies and sonic gestalt features. 

Sonification has been successfully employed for the exploration of scientific datasets9 and 

the monitoring of biological and industrial processes.10 

As sonification offers an opportunity to listen to a world that is normally hidden from our 

senses, it has been incorporated into music compositions and sound art. As a creative 

methodology, sonification offers the opportunity to make abstract data perceivable.11,12 It 

offers new methodologies for creating and structuring sound,13 and for representing non-

musical concepts in music compositions.14 Intriguingly, music compositions based on 

                                                        
4 Gregory Kramer, Bruce Walker, Terri Bonebright, Perry Cook, John Flowers, Nadine Miner and John Neuhoff, 
Sonification Report: Status of the Field and Research Agenda (1999), p. 3. 
5 A concise summary is given in: Thomas Hermann, Andrew Hunt and John G Neuhoff, The Sonification 
Handbook (Berlin: Logos Publishing House, 2011). 
6 E.g. Keith Nesbitt and Stephen Barrass, "Evaluation Of A Multimodal Sonification And Visualisation Of Depth 
Of Market Stock Data", Proceedings Of The 2002 International Conference On Auditory Display, 2002. 
7 E.g. Kenshi Hayashi and Nobuo Munakata, "Basically Musical", Nature, 310.5973 (1984), p. 96. 
8 E.g. S. V. Pereverzev and others, "Quantum Oscillations Between Two Weakly Coupled Reservoirs Of 
Superfluid 3He", Nature, 388.6641 (1997), pp. 449-451. 
9 Ibid. 
10 An overview: Paul Vickers, "Sonification For Process Monitoring", in The Sonification Handbook (Berlin: Logos 
Publishing House, 2011). 
11 E.g. Christina Kubisch, Electrical Walks, 2003. 
12 Anette Vandso, "Listening To The World", Soundeffects, 1.1 (2011), pp. 67-81. 
13 E.g. John Cage, Etudes Aurales, 1975. 
14 Stephen Taylor, "From Program Music To Sonification: Representation And The Evolution Of Music And 
Language", The 23rd International Conference On Auditory Display, 2017, pp. 57 �t 63. 
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scientific data or mathematical models have been reported to be perceived as 'science and 

not art'15 that 'in various ways [claim] a sort of objectivity'.16 It is argued that the attribution 

of scientific qualities to an artistic work can change the aesthetic experience and the way 

the work is interpreted by the listener,17,18 adding another layer of content and context for 

artists to explore and incorporate.  

2.2 Chemical data and sonification  

The use of chemical data has been explored in educational contexts, for example in the 

creation of data analysis tools for the visually-impaired19,20 or molecular displays in virtual 

reality.21 In scientific research, sonification has been used to find reoccurring patterns and 

structural features in big datasets, most notably for pattern recognition of DNA sequences,22  

and for assessing structural features in large macro-molecules.23 Chemical data have been 

used as a tool to explore new facets of sound creation and structuring in music composition 

as well as for the encapsulation of extra-musical ideas. One example of the latter is Mario 

���µ���Œ�š���[�•���‰�]������ Ayotzinapa commemorating the death of 43 Mexican students by targeted 

police killings by encoding their names as DNA codons for subsequent sonification.24  

A wide variety of chemical data types have been explored in music composition including 

data on dynamic molecular systems,25 Brownian movement,26 protein folding energy data,27 

                                                        
15 Anette Vandso, "Listening To The World", Soundeffects, 1.1 (2011), pp. 67-81. 
16 Simon Emmerson, Living Electronic Music, 1st edn (Aldershot: Ashgate, 2007), pp. 35-57; here, 39. 
17 Leonard Meyer, Emotion and the Meaning in Music, 1, (1970), 1, p. 43.   
18 David Glowacki, "Using Human Energy Shields to Sculpt Real Time Molecular Dynamics", Molecular 
Aesthetics, 1, (2013), 4, pp. 246 �t 257; here, 249. 
19 David Lunney, "Development Of A Data Acquisition And Data Analysis System For Visually Impaired 
Chemistry Students", Journal Of Chemical Education, 71.4 (1994), 308. 
20 Andy Brown, Steve Pettifer and Robert Stevens, "Evaluation Of A Non-Visual Molecule Browser", ACM 
SIGACCESS Accessibility And Computing, 2003, 40. 
21 Christine M. Byrne, "Water On Tap The Use Of Virtual Reality As An Educational Tool" (Ph.D. Thesis, 
University of Washington, 1996). 
22 Kenshi Hayashi and Nobuo Munakata, "Basically Musical", Nature, 310.5973 (1984), p. 96. 
23 Florian Grond and Fabio Dall'Antonia, "Sumo, A Sonification Utility For Molecules", Proceedings Of The 14th 
International Conference On Auditory Display, 2008, pp. 24-27. 
24 Mario Duarte Garcia, "Portfolio of Original Compositions" (Ph.D. Thesis, University of Manchester, 2018), 
p.48. 
25 M. Witten, "The Sounds Of Science: II. Listening To Dynamical Systems�v Towards A Musical Exploration Of 
Complexity", Computers & Mathematics With Applications, 32.1 (1996), pp. 145-173. 
26 E.g. Iannis Xenakis, PH Concrete, 1958. 
27 Stephen Taylor, "From Program Music To Sonification: Representation And The Evolution Of Music And 
Language", The 23rd International Conference On Auditory Display, 2017, pp. 57 �t 63; here p. 62. 
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or DNA base pair sequences.28,29 There is surprisingly little documentation on the artistic use 

of spectroscopic data, a datatype which, as will be elaborated in the following chapters, 

offers a variety of unique features for sonification in an electroacoustic context. 

2.3 An introduction to spectroscopy  

Spectroscopic studies are standard procedures in chemistry that use electromagnetic 

radiation to investigate the structure and other properties of chemical compounds.30 Every 

part of the electromagnetic spectrum interacts with a different state of a chemical 

compound. A variety of spectroscopic methods have been derived and refined to make use 

of these interactions to gain insights into the structure, bonding strength, geometry and 

other aspects of chemical compounds (Table 1). Almost every type of chemical interacts 

differently with the electromagnetic spectrum, resulting in different spectra for each. The 

sonification of spectroscopic data therefore promises to create a wide range of compound-

specific timbres. Spectra of millions of chemical compounds can be found online28-33 but 

even though spectroscopic data are freely available and its sonification can give rise to a 

wide array of timbres, most spectroscopic data have received little consideration as a sound 

source for the creation of electroacoustic music compositions.313233343536 

                                                        
28 Marc Jensen, "Composing DNA Music Within The Aesthetics Of Chance", Perspectives Of New Music, 46.2 
(2008), pp. 243-259. 
29 Mario Duarte Garcia, "Portfolio of Original Compositions" (Ph.D. Thesis, University of Manchester, 2018). 
30 R. Herrmann and C. Onkelinx, "Quantities And Units In Clinical Chemistry: Nebulizer And Flame Properties In 
Flame Emission And Absorption Spectrometry (Recommendations 1986)", Pure And Applied Chemistry, 58.12 
(1986), 1737-1742. 
31 DS Wishart and others, "HMDB 4.0 �v  The Human Metabolome Database For 2018", Nucleic Acids Res. 2018, 
4.46 (2018), pp. 608-617. 
32 "Nmrshiftdb2 - Open Nmr Database On The Web", nmrshiftdb.nmr.uni-koeln.de, 
<http://nmrshiftdb.nmr.uni-koeln.de/> [Accessed 31 July 2018]. 
33 "Biomagresbank", Bmrb.Wisc.Edu, <http://www.bmrb.wisc.edu/search/query_grid/NMR_param_grid.html> 
[Accessed 31 July 2018]. 
34 "1H-NMR database",http://www.chem.wisc.edu/areas/reich/handouts/nmr-h/hdata.htm [Accessed 03 
January 2016]. 
35 "Nmrshiftdb2 - Open Nmr Database On The Web", nmrshiftdb.nmr.uni-koeln.de, 
<http://nmrshiftdb.nmr.uni-koeln.de/nmrshiftdb/media-type/html/user/anon/page/default.psml/js_pane/P-
Search> [Accessed 03 January 2016]. 
36 "AIST:Spectral Database For Organic Compounds,SDBS", Sdbs.Db.Aist.Go.Jp, 
<http://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi> [Accessed 03 January 2016]. 
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Spectroscopic method 
Nuclear magnetic 

resonance spectroscopy 

Rotational 

spectroscopy 

Infra-red spectroscopy, 

Raman spectroscopy 
UV-Vis spectroscopy 

Core electron 

excitation 

Radiation utili sed Radiowaves Microwaves Infra-red light UV and visible light X-ray radiation 

Typical operational 

frequencies 
60 �t 1000 MHz 1000 �t 3000 GHz 15 �t 120 THz 400 �t 1500 THz > 1500 THz 

Relative energy of 

electromagnetic 

radiation 

 

Low                                                                                                                                                                                                High 

Affected energy state  

Nuclear spin states Rotational energy 

states 

Vibrational energy 

states 

Outer shell electrons Inner shell electrons 

     

Spectroscopic method 

gives insight into 

Molecular structure, 
presence of functional 

groups 

Molecular structure 
in gas phase, gas 

interactions 

Bond strengths, 
structure, functional 

groups 

Electron 
configuration and 
electron energy 

Atomic shell energy 
levels 

Table 1: An overview of spectroscopic methods used in analytical chemistry.
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2.3.1 Spectroscopic sonification in scientific research 

Spectroscopic sonification has been used to find data fluctuations that are too small to 

detect by visual inspection alone and are hard to distinguish from the random fluctuations 

of the noise floor, for example in finding oscillation coupling between weakly coupled 

quantum states.37  

In the early 70s, nuclear magnetic resonance spectrometers had optional sound modules 

that would audify signals in real-time.38 The audio feedback told analysts whether their 

machine was calibrated correctly and gave an indication of the quality and properties of the 

resulting spectra.39 For the most part, these sound-producing modules were seen as an 

oddity, novel enough to program a rendition of 'Happy Birthday'40 but too monotonous and 

unengaging for daily analytical use. This led to a gradual decline and the eventual end of 

NMR sonification in the mid-70s.  

2.3.2 Spectroscopic sonification in music composition 

Spectroscopic sonification has seen sparse engagement from composers. Alexjander et al.41 

used prominent peaks in the infra-red (abbr. IR) vibration spectra of DNA bases as 

microtonal tunings for an instrumental composition. Delatour explored the use of IR peak 

data for the creation of new timbres by transposing IR absorption frequency data into the 

audible range.42,43 His investigations are based on inverse Fourier transformations of infra-

red data and the use of additive re-synthesis for sound creation. He also experimented with 

mapping IR data to acoustic pressure, pitch, and filter cut-off frequencies during the 

synthesis process to create a wider variety of sounds based on IR data. Although he 

                                                        
37 S. V. Pereverzev and others, "Quantum Oscillations Between Two Weakly Coupled Reservoirs Of Superfluid 
3He", Nature, 388.6641 (1997), pp. 449-451. 
38 "NMR Meets MUSICIANS - Auditory FID Presentation / Page 4", Chemie.Uni-Erlangen.De, 
<http://www.chemie.uni-erlangen.de/bauer/music4.html> [Accessed 12 August 2018]. 
39 Ibid. 
40 "NMR Meets MUSICIANS - Auditory FID Presentation / Page 16", Chemie.Uni-Erlangen.De, 
<http://www.chemie.uni-erlangen.de/bauer/music16.html> [Accessed 12 August 2018]. 
41 S. Alexjander and D. Deamer, "The Infrared Frequencies Of DNA Bases: Science And Art", IEEE Engineering In 
Medicine And Biology Magazine, 18.2 (1999), pp. 74-79. 
42 Thierry Delatour, "Molecular Music: The Acoustic Conversion Of Molecular Vibrational Spectra", Computer 
Music Journal, 24.3 (2000), pp. 48-68. 
43 Thierry Delatour, "Molecular Songs", in Molecular Aesthetics, 1st edn (Karlsruhe: MIT - Press, 2013), pp. 293 
�t 311. 
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described a methodology for converting IR data into sound, he did not arrange these sounds 

to form music compositions. 

Besides the use of IR data, the use of spectroscopic data has been limited. Many other types 

of spectroscopic data, including nuclear magnetic resonance data, have not previously been 

used in electroacoustic composition, but are explored in this portfolio and documented in 

the following chapters. 

2.4 The role of the composer 

The creation of a data-driven music composition is a balancing act between scientific 

authenticity and artistic expression. Whether a music composition puts greater emphasis on 

the transparent auditory display of data or the exploration of aesthetic affordances of 

sonified data morphologies depends on a variety of factors, including the purpose of the 

�‰�]�������U���š�Z�����u�}�Œ�‰�Z�}�o�}�P�Ç���}�(���š�Z���������š���U���š�Z�������}�u�‰�}�•���Œ�[�•���������l�P�Œ�}�µ�v��, and the target audience, to 

name a few. 

2.4.1 Sound creation and arrangement methodologies 

The portfolio submitted is firmly situated within the realm of electroacoustic music 

composition. The compositional methodologies developed and employed put a distinct 

emphasis on the exploration and presentation of aesthetic properties of the sonified data 

while aiming to preserve a traceable link between sound and data morphologies. This 

negotiation between scientific and artistic emphasis permeated the compositional process, 

including data selection, the choice of data sonification techniques, employed sound 

transformations and sound arrangement choices. Broader compositional decisions are 

briefly detailed below, whereas piece-specific compositional processes are described in 

more detail in chapters 3 to 9, respectively.  

Most portfolio pieces are based on the sonification of nuclear magnetic resonance data, 

effectively data of electromagnetic waves with frequencies of up to 20 kHz and attenuation 

times of up to 30 seconds. This wave data can be sonified in a variety of ways, including 

audification, re-synthesis of peak data via additive synthesis, FM synthesis and AM 

synthesis, model-based sonification or spectral convolution, to name a few. 

In this portfolio, only audification and additive re-synthesis were employed to create 

sounds, as these sonification methods involved the least mapping decisions. Audification 

involved no mapping decisions, whereas, in additive re-synthesis, the phase and attenuation 
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envelope of each sine wave could be controlled. In both cases, the timbre of the sonified 

sound is a transparent representation of peak patterns in the nuclear magnetic resonance 

data. Molecular features, such as the presence of specific functional groups or atomic 

coupling can be heard in the sonification�[�•���š�]�u���Œ��. The attenuation envelope of the NMR 

data only carries relatively little information in comparison and was altered more readily, 

according to compositional needs.  

2.4.2 A note on background noise in experimental data 

The main difference between the audification of experimental data and additive re-

synthesis of analysed peak data is that audified experimental FID data contains a noise 

background that is absent in sounds created via additive synthesis.44 Noise can often contain 

additional information and the noise background of FID data can give indications of 

impurities in the chemical sample. For example, small broad additional peaks in a spectrum 

can be attributed to the presence of residual solvents from previous chemical reactions. The 

signal-to-noise ratio in an NMR spectrum is not a straight-forward measure of sample purity, 

as the sample-to-noise ratio can be improved by repeating the NMR analysis multiple times 

and averaging the resulting NMR spectra.*  As both the signal-to-noise ratio and the 

presence of impurity peaks are indicators of the experimental conditions and not a feature 

of the molecule examined, the background noise of NMR spectra were not considered as 

sound sources in the context of this portfolio. 

  

                                                        
44 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound 
Creation", Proceedings Of The International Computer Music Conference 2016, 2016, pp. 6�t11. 

*As the background noise is random, but the postion of NMR peaks are not, averaging 
multiple spectra taken consecutively will lead to constructive interference for peak signals 
and (slower) uncorrelated growth for background noise. When averaging n NMR 
experiments, the signal-to-noise ratio is improved by a factor of n1/2.  
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Chapter 3. Spin Dynamics 

Spin Dynamics is a multi-channel acousmatic piece based exclusively on the sonification of   

hydrogen-1 and carbon-13 nuclear magnetic resonance data (abbr. NMR data). Spin 

Dynamics was created to explore the use of spectroscopic data in electroacoustic music 

compositions. A methodology for the sonification of hydrogen-1 and carbon-13 NMR 

spectra was developed, and the results were published elsewhere.45,*   

3.1 Data sources and sonification methodology 

3.1.1 An introduction to nuclear magnetic resonance spectroscopy 

A full explanation of the principles of NMR spectroscopy is beyond the scope of this 

commentary. An introduction to the principles of NMR analysis can be found in Appendix F. 

In short, the chemical shift measured in NMR spectroscopy is an indicator of the chemical 

environment surrounding an NMR-active atomic nucleus.x If the nucleus is surrounded by a 

high electron density it will have a low resonance shift. Nuclei in environments of low 

electron density have higher resonance shifts. The magnitude of these resonance shifts can 

often be predicted beforehand and can be compared with the results of the NMR 

measurement. NMR spectroscopy is such a powerful tool that commonly the different 

features of an NMR spectrum will give a chemist enough information to determine the 

structure of even unknown compounds beyond doubt.+ 

  

                                                        
45 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound 
Creation", Proceedings Of The International Computer Music Conference 2016, 2016, pp. 6�t11. 

* Please see Appendix B for a copy of the published paper. 
x For a nucleus to be detectable by NMR spectroscopy it must have an uneven proton and/or 

neutron count. 
+ When registering new compounds, submitting the respective NMR spectrum and a high 

precision mass analysis is often enough to prove that the proposed compound has been 
made, a testament to the illuminating powers of both techniques. 
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3.1.2 1H-NMR and 13C-NMR sonification methodology 

Hydrogen-1 and carbon-13 NMR spectroscopy are the most commonly used types of NMR 

measurements with hundreds of thousands of spectra of molecules already analysed and 

available online.46,47 As a very basic analogy of an NMR measurement, we can think of 

molecules as loose guitar strings which, by themselves, make no sound. Only when those 

molecules are put into a magnetic field and hit by a radio-pulse (analogous to fixing a guitar 

string to a guitar and plucking it), will they emit a signal. For 1H-NMR and 13C-NMR 

spectroscopy, the difference between these signals and a reference signal is recorded. The 

recorded signal, also known as Free Induction Decay (FID), typically lies in a range of               

0 �t 20000 kHz and can be audified directly. It is also possibly to analyse the FID signal and 

sonify the peak data via additive synthesis as seen in figure 3.*  Unless stated otherwise, 

NMR data was sonified using additive synthesis, removing the background noise induced by 

the NMR measurement, as discussed in chapter 2.4.2. 

Figure 3: Sonification scheme for the transformation of NMR data to sound, as described by 
Morawitz.48 

                                                        
46 E.g. DS Wishart and others, "HMDB 4.0 �v  The Human Metabolome Database For 2018", Nucleic Acids Res. 
2018, 4.46 (2018), pp. 608-617. 
47 E.g. "Nmrshiftdb2 - Open Nmr Database On The Web", nmrshiftdb.nmr.uni-koeln.de, 
<http://nmrshiftdb.nmr.uni-koeln.de/> [Accessed 31 July 2018]. 
48 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound 
Creation", Proceedings Of The International Computer Music Conference 2016, 2016, pp. 6�t11. 

* A summary of the code written for spectroscopic data sonification can be found in 
Appendix F. 
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3.1.3 Characterisation of obtained sound morphologies 

As described elsewhere,49 audified 1H-NMR spectra and spectra sonified via additive 

synthesis resemble most closely the sound of bells, due to their non-harmonic arrangement 

of sine waves and their exponential attenuation times of one to five seconds. Depending on 

the complexity and symmetry of a molecule, 1H-NMR spectra can contain just a few or up to 

many hundreds of sine waves in the range of 0 �t 4000 Hz.  

Due to their short attenuation times of less than a second, additively synthesized and 

audified 13C-NMR spectra are more reminiscent of percussive sounds. 13C-NMR spectra of 

simple molecules quite often only contain 1 - 10 signals, sounding like short sine-wave 

pulses. 

3.2 Structure 

For Spin Dynamics, 100 small molecules were selected and their hydrogen-1 and carbon-13 

NMR data were sonified. Molecules with interesting structural features were searched for in 

the human metabolome database.50 The NMR data was sonified using additive synthesis 

and FID audification.  

As described elsewhere,51 most of the sounds heard in the composition were transformed 

using a set methodology: keeping one aspect of the raw molecular sound unchanged, but 

freely altering every other aspect. The sound material obtained was then arranged, with 

each section of the music composition highlighting different aspects of the spectroscopic 

sound material. 

0:00 �t 2:14 minutes 

The composition starts with a direct audification of an ethanol 1H-NMR spectrum, adding 

overtones over time. The strong pulsing character of the sound material was retained but 

the timbre was altered by sequentially adding more overtones.  

                                                        
49 Falk Morawitz, "Molecular Sonification of Nuclear Magnetic Resonance Data as A Novel Tool for Sound 
Creation", Proceedings of The International Computer Music Conference 2016, 2016, pp. 6�t11. 
50 DS Wishart and others, "HMDB 4.0 �v  The Human Metabolome Database For 2018", Nucleic Acids Res. 2018, 
4.46 (2018), pp. 608-617. 
51 Falk Morawitz, "Molecular Sonification of Nuclear Magnetic Resonance Data as A Novel Tool for Sound 
Creation", Proceedings of The International Computer Music Conference 2016, 2016, pp. 6�t11. 
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Towards the end of the section, the pulsing is altered in its frequency for each of the eight 

speakers individually, adding spatial fluctuations to the texture. 

2:14 �t 3:30 minutes 

The water-like sounds prominent in this section were created by sequentially sonifying 

random frequency peaks of a highly complex 1H-NMR spectrum: a small selection of the 

roughly 100 frequency peaks of that spectrum were sustained for a few hundred 

milliseconds before being followed by a new, random selection of frequency peaks of the 

same spectrum. At 2:30 minutes, the audification of ethanol is reintroduced but with a 

changed timbre, leaving only its tremolo-type features intact. Towards 2:53 minutes a new, 

abrasive sound is introduced, an assortment of high-frequency 13C-NMR sounds that were 

rhythmically altered via AM-synthesis. 

3:30 �t 5:15 minutes 

The main feature of this section is based on the data of another highly complex 1H-NMR 

spectrum. Instead of presenting the timbre of the whole spectrum at once, a narrow band-

pass filter sweeps through the spectrum's frequencies, exposing a few frequency peaks at a 

time. From four minutes on, the same NMR spectrum is again swept through using a band-

pass filter, additionally transformed using a resonator, giving the resulting sound more bell-

like properties. 

5:15 �t 7:05 minutes 

This segment presents short percussive sounds, continuously repeating over an organ-like 

counterpoint drone. The short percussive sounds are unaltered 13C-NMR sounds with the 

organ-like drone being created through multiple parallel pitch shifting transformations of 

the 13C-NMR data. 

7:05 �t 10:00 minutes 

The final section reintroduces previously heard sound material but combines and re-

arranges them in new patterns. Instead of highlighting a singular feature of an NMR sound, 

this section explores the interplay of NMR-derived sound material with one another. 
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4. Inner Resonance 

Inner Resonance is a music composition for bass clarinet and electronics. It was created to 

explore the similarities, the contrast and the interplay between sounds created by solid-

state nuclear magnetic resonance sonification, and the sound of the bass clarinet. 

4.1 Data sources and sonification methodology 

Inner Resonance is an investigation into the interplay of two different sound domains: the 

sounds obtainable via sonification of solid-state NMR data and the sounds obtainable by 

playing the bass clarinet. For the creation of Inner Resonance, a library of sounds from both 

domains was created first. The emphasis during the creation of this sound library was to 

explore sound creation methodologies for both sound domains that reference features of 

the other sound domain, respectively. This meant to employ sonification methodologies 

that have a reference to instrumental performance, using NMR peak data for the tuning of 

sine wave oscillators triggered by a MIDI keyboard to play short musical phrases in that 

tuning, as further explained in section 4.1.2. It also meant to record bass clarinet sounds 

that mirror or allude to spectral features of solid-state NMR, by asking the clarinettist to 

faithfully reproduce NMR-based sonification sounds using the bass clarinet and by using 

tunings based on overtone series as basis for the instrumental composition, see sections 4.2 

and 4.3.  

4.1.1 Solid-state nuclear magnetic resonance spectroscopy 

Solid-state nuclear magnetic resonance is a type of NMR spectroscopy in which a chemical 

sample is investigated in a medium of little mobility, such as crystals or powders. Because 

the molecules in such a sample are not free to move, detecting directionally dependent 

interactions between nuclei is a characteristic feature of solid-state NMR. It is possible to 

minimise the effect of directionally dependent interactions in the sample by spinning the 

crystal at a certain angle during the NMR measurement. If this spinning is relatively slow, so-

called spinning sidebands will occur, as seen in figure 4. These sidebands are equally spaced 

from one another with the spacing frequency being equal to the spinning frequency of the 

sample.  

I would like to thank the bass clarinettist Marij van Gorkom, without whom this piece 
would have never been written. 
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Figure 4: A solid-state 1H-NMR signal depicting one signal and its corresponding sidebands. 

4.1.2 Sonification of hydrogen-1 solid-state NMR data 

Peaks in a solid-state 1H-NMR spectrogram can shift by up to 300 ppm corresponding to 

ringing frequencies of up to 150 kHz on standard 500 MHz spectrometers. To sonify these 

spectra, peak frequencies were transposed into the audible range before sonification. The 

NMR frequency data were divided by factors of 10, 50 and 500* and the resulting sets of 

frequencies were used as a basis for subsequent sonification procedures (Figure 5).  

 

Figure 5: Sonification scheme for solid-state NMR data. 

* Division factors of 10, 50, and 500 were chosen to confine the data to different frequency 
ranges. A division by 10 spreads the NMR spectrum over the whole audible range. A division 
by 50 spreads the NMR data over low and mid-frequencies only. A division of 500 transposes 
the NMR data to bass frequencies only. 
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Identically to liquid-phase NMR spectra sonification, the noise patterns of solid-state NMR 

spectra were omitted from sonification, as rationalized in chapter 2.4.2. 

The frequency sets obtained by transposing solid-state NMR data were subjected to three 

sonification approaches herein referred to as static, variable, and performative. For a static 

sonification, the data was sonified with constant and uniform attributes, assigning all sine 

waves of the additive synthesis the same initial phase and amplitude envelope. In the 

variable sonification, attributes such as phase, attack, decay, sustain, release, and onset 

delay of each sine wave was controlled in real-time during the additive synthesis procedure. 

The performative approached mapped every frequency peak of an NMR spectrum to 

ascending keys on a MIDI-keyboard and small phrases with the tuning the spectroscopic 

data were played and recorded. The sound results of all three types of additive synthesis 

sonification were collected and used for subsequent sound transformations. 

4.2 The bass clarinet and sonification 

�d�Z�����•�}�µ�v�������Œ�����š�]�}�v���•�š���P�����Á���•���Z�����À�]�o�Ç���P�µ�]�����������Ç���^�‰�����Œ�v���Ç�[�•�����}�}�l��'The bass clarinet �t a 

personal history'.52 The bass clarinettist was asked to reproduce selected techniques 

featured in the book, focusing on multiphonic tremolos, air sounds, harmonic overtone 

series and short sequences of transitions between them. Particularly harmonic overtone 

series show similarities with solid-state NMR spectra, as both prominently feature equal 

frequency spacing (Figure 6). 

 

Figure 6: Overtone series on A2. In this series, adjacent notes are 110 Hz apart. 

Besides the sound creation methods outline above, short arrangements of NMR-based 

sound were played to the bass clarinettist for her to reproduce them as truthfully as 

possible using the bass clarinet only. These short NMR-inspired bass clarinet phrases, as well 

as the sound mentioned above were then used as basic building blocks for the bass clarinet 

composition. 

                                                        
52 Harry Sparnaay, The Bass Clarinet : A Personal Story (Barcelona: Periferia Sheet Music, 2011). 
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4.3 Structure 

The score can be found in appendix D. Please note that the score includes an optional part 

(1:00 �t 1:20 minutes). The recording submitted is the premiere of Inner Resonance and 

omitted this optional section.  As such, timings in the score and timings in the recording will 

differ by at least 20 seconds. Additionally, the timings indicated in the score are only 

guidelines and can vary substantially for each performance. The timings below refer to the 

music piece submitted in the portfolio, and in brackets the timing as stated in the score. 

0:00 �t 1:10 minutes (0:00 �t 1:30 minutes in score) 

The piece starts with various transitions of held notes into glissandi and flutter tongues. The 

amplitude of the accompanying NMR sounds* is tied to the bass clarinet amplitude via an 

envelope follower. NMR sounds are only heard while bass clarinet is playing. The influence 

of the envelope follower is lessened over time and towards the end of the first minute 

sounds of both sound domains coexist independently from one another.  

1:10 �t 1:30 minutes (1:30 �t 2:05 minutes in score)  

This section explores the interplay of the instrumental and NMR sonification 

spectromorphologies in the temporal domain featuring a series of onset-termination 

gestures. Over a series of consecutive gestures, the onsets are created from either bass 

clarinet or NMR sound material and then combined with a termination from either the 

opposing or same sound domain. 

1:30 �t 2:30 minutes (2:05 �t 3:10 minutes in score) 

This section uses counterpoint of gestural material from both sound domains to explore the 

interplay of instrumental and NMR sound material. Shifting timings between the start of 

instrumental and NMR sounds are implemented to create a variety of textures. 

2:30 �t 4:00 minutes (3:10 �t 4:35 minutes in score) 

This segment is built around tonal scales based on harmonic overtone series. Sounds of the 

bass clarinet are artificially prolonged using reverb tails. Different held notes of the bass 

clarinet merge into one texture that is first contrasted by rhythmic NMR sounds and later 

complemented by a continuous NMR sound texture. 

 

* For brevity, the term 'sounds created from sonification of solid state 1H-NMR data' is 
abbreviated to 'NMR sounds' in this section. 
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4:00 �t 6:00 minutes (4:35 �t 6:00 minutes in score) 

The last segment features a sequence of NMR crescendos contrasted with rhythmic gestural 

key clicks and later complemented with textural multiphonic tremolos. After the last 

crescendo a final texture emerges: a weighted convolution53 (i.e. a spectral merge) 

combining the timbral qualities of the bass clarinet and the NMR spectra into one new 

unified sound texture.  

                                                        
53 After: Chris Donahue, " Extended Convolution Techniques for Cross-Synthesis ", Proceedings Of The 
International Computer Music Conference 2016, 2016, pp. 249�t252. 
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5. Quantum 

Quantum is a virtual reality experience that depicts stylised molecules in a simulated 

environment. The behaviour of those molecules is determined by chemical data and 

theoretical models: atoms provide audible feedback according to their nuclear ringing 

frequencies and molecules arrange in space according to the valence shell electron pair 

repulsion model. Through hand sensors, participants can reach out into virtual space and 

interact with and distort the molecules on display monitoring the auditory and visual 

response of the virtual chemical compounds. The visual design of Quantum focuses on 

minimalistic and abstract visuals and aims to encourage participants to focus their attention 

on the sonic responses of their actions (Figure 7). These sound responses are at first direct 

sonifications of nuclear spin data but upon continued activity of the user, more complex 

sound material and short compositional phrases emerge. Quantum explores the use of 

interactivity, immersion, and visual cues as synergists to spectroscopic sonification. 

 

Figure 7: Quantum, screenshot. 
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Quantum was first shown at Laboratory, Spokane, Washington and was later presented at 

the Workshop for Sonic Interaction in Virtual Environments and published via IEEE Xplore.54 

The published paper is included in Appendix B. The paper covers design and implementation 

of the auditory and visual aspects of the installation whereas this chapter focuses on 

peripheral aspects of the installation, such as thoughts on the crossover between game 

audio, electroacoustic composition and composition structure. 

5.1 Data sources and sonification methodology 

Quantum builds on the sonification procedure previously developed and presented in 

Chapter 3.1 and elsewhere.55 The sonification procedure is expanded by incorporating not 

only hydrogen-1 and carbon-13 NMR data, but phosphorus-31, nitrogen-15 and oxygen-17 

NMR data for sonification (Table 2).  

 

Nucleus 

Type 

Typical frequency 

range in kHz* 56 

Number of spectra 

available online57,58 

Typical signal 

attenuation time 

in s59 

1H 0 - 5 > 100 000 2 - 6 

13C 0 - 15 > 50000 0.1 - 6 

15N 0 - 15 > 8000 0.1 - 3 

17O 0 - 20 > 100 0.02 

31P 0 - 2 > 100 0.1 - 0.25 

Table 2: Comparison of NMR spectra of selected nuclei. 

                                                        
54 Falk Morawitz, "An Art-Science Case Study On Sonification And Sound Design In Virtual Reality", 2018 IEEE 
4th VR Workshop On Sonic Interactions For Virtual Environments (SIVE), 1 (2018). 
55 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound 
Creation", Proceedings Of The International Computer Music Conference 2016, 2016, pp. 6�t11. 
56 Roy Hoffman, "Multinuclear NMR", Chem.Ch.Huji.Ac.Il 
<http://chem.ch.huji.ac.il/nmr/techniques/1d/multi.html> [Accessed 6 October 2018]. 
57 E.g. "Human Metabolome Database", Hmdb.Ca <http://www.hmdb.ca/> [Accessed 6 October 2018]. 
58 "Nmrshiftdb2 - Open Nmr Database On The Web", Nmrshiftdb.Nmr.Uni-Koeln.De 
<http://nmrshiftdb.nmr.uni-koeln.de/>[Accessed 6 October 2018]. 
59 Roy Hoffman, "Multinuclear NMR", Chem.Ch.Huji.Ac.Il 
<http://chem.ch.huji.ac.il/nmr/techniques/1d/multi.html> [Accessed 6 October 2018]. 
 

* Frequency range of common functional groups measured on a 500 MHz spectrometer. 
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As described in the corresponding paper,60 by presenting molecules as 3D entities in virtual 

reality, frequency data can be assigned to their corresponding nuclei of origin, virtually 

spatialising the auditory display (Figure 8). 

 

Figure 8: The ringing frequencies of propanol measured using a 500 MHz 
spectrometer. Frequency data assigned to their nuclei of origin. 

5.2 Sonification and virtual reality 

5.2.1 Setup and controls 

Quantum is a virtual reality environment 

presented via an Oculus Rift VR headset. 

Participants interact with the virtual 

environment using a Leap Motion hand 

tracker that translates their hand movements 

into virtual space. Participants can move 

around in virtual space using hand gestures or 

by using a wireless controller (Figure 9).  

 

Figure 9: Setup, including VR headset, a 
leap motion tracker, a standard Xbox 
controller and various screens displaying 
the virtual environment.  

5.2.2 Thoughts on interactive sonification in virtual reality 

The sonic information encrypted in sonification works is understood and interpreted best if 

the listener had an introduction and, ideally, training sessions with the auditory display.61 

This procedure helps the listener to understand the link between sound features and 

corresponding data trends. If the aim of a sonification work is to communicate data 

                                                        
60 Falk Morawitz, "An Art-Science Case Study On Sonification And Sound Design In Virtual Reality", 2018 IEEE 
4th VR Workshop On Sonic Interactions For Virtual Environments (SIVE), 1 (2018). 
61 Daniel R. Smith and Bruce N. Walker, "Effects of Auditory Context Cues And Training On Performance Of A 
Point Estimation Sonification Task", Journal Of Applied Cognitive Psychology, 19.8 (2005), 1065-1087. 
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relations through changes in sound parameters, showcasing sonification works as part of an 

electroacoustic concert is arguably one of the more challenging modes of presentation. In a 

concert, a piece is generally only played once, and no time is allotted to explaining the 

relation between data and sound. This results in the need to provide the missing context 

either through paramedia, visual iconography or narration. Quantum explores an alternative 

mode of presentation by incorporating the auditory display into an audio-visual, immersive 

and interactive virtual reality installation. Presenting sonification works as such a closed 

perception-action loop offers the audience the opportunity to explore the display at their 

own pace and learn, via interaction, more about the datasets and the underlying rules of 

molecular behaviour. 

5.3 Structure 

Quantum can repeatedly cycle through the four stages outlined below. Stages to include at 

any given showing of Quantum can be set from its main menu. Stages 1 and 3 are described 

in more detail elsewhere.62 

Stage 1 

The aim of Stage 1 is to familiarise the participant with the visual and auditory logic of the 

work, and to establish a link between the visual and sound aesthetic and the information 

they represent. This stage establishes that every coloured sphere represents a different type 

of atom and that their sonic response is specific to their atom type. Small molecule-specific 

musical themes are played once a participant has interacted with most atoms of a given 

molecule, encouraging the participant to find as many different molecules as possible. All 

sounds heard in this section are unaltered sound materials created through sonification of 

NMR data of the corresponding atoms. The participant is given the task to interact with a 

set number of molecules. If successful, the next stage of the composition is initiated. 

Stage 2 

The molecules found during stage 1 are spawned in a circle around the participant. 

Interacting with these molecules now elicits more sophisticated sound patterns: atoms can 

be switched on or off to play sounds, and the sound response of certain atoms will change 

                                                        
62 Falk Morawitz, "An Art-Science Case Study On Sonification And Sound Design In Virtual Reality", 2018 IEEE 
4th VR Workshop On Sonic Interactions For Virtual Environments (SIVE), 1 (2018). 
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depending on the participant�[s hand velocity and gesture, giving the participant the chance 

to be the conductor of a small molecular ensemble. Participants can interact with the 

surrounding molecules as long as desired. Upon leaving the designated interaction area, 

stage 3 is initiated. 

Stage 3 

This is the main part of the virtual reality experience and described in greater detail 

elsewhere.63 This stage is based on the idea of energy states, with every molecule either 

existing in a low or high energy state. Upon prolonged user interaction, molecules can jump 

from a low to high energy state and their sound response changes accordingly.64 If enough 

molecules are in a high energy state at any given time, more complex sound patterns and 

material are introduced. After the participant has interacted with 5 �t 10 molecules (the 

exact number depending on the settings made in the main menu), stage 4 is initiated. 

Stage 4 

A short reprise of the sound material heard in section 1 in a visually sparse environment.   

                                                        
63 Falk Morawitz, "An Art-Science Case Study On Sonification And Sound Design In Virtual Reality", 2018 IEEE 
4th VR Workshop On Sonic Interactions For Virtual Environments (SIVE), 1 (2018). 
64 Ibid. 
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6. Darkest Hour 

Darkest Hour was commissioned by the Instigate Arts Collective and the People�[�•���,�]�•�š�}�Œ�Ç��

Museum (PHM) as part of Manchester After Hours 2016. Manchester After Hours is an 

annual city-wide event where museums, galleries and cultural centres stay open for evening 

movies, music and art performances. The PHM houses a wide variety of material, mostly 

related to the Labour Party as well as the Communist Party of Britain, in form of 

correspondence letters, party-affiliated flyers and newspapers. Darkest Hour is a sound-

centric multimedia piece based on material stored in the PHM archives, specifically material 

concerning the response to the refugee crises during the First and Second World War. In the 

piece, archival materials are contrasted with audio snippets from the current refugee 

debate, tracing similarities and differences in the refugee debate over the decades. The 

work is a collaboration between Falk Morawitz (tonal sound transformations, creation of 

textural music material, and creation of visual material) and Guillaume Dujat (interviews, 

audio recordings, and vocal sound transformations). 

6.1 Data sources and sonification methodology 

The library of recordings and 

tonal sequences were 

supplemented by sound 

material created from 

chemical and spectroscopic 

sonification. The piece uses 

sonifications of 1H-NMR data 

of mustard gas (Figure 10) 

created via the sonification 

methodology described in 

chapter 3 and elsewhere.65 

Figure 10: 1H-NMR spectrum of mustard gas. Spectrum 
calculated using nmrdb.org.66,67 

                                                        
65 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound 
Creation", Proceedings Of The International Computer Music Conference 2016, 2016, pp. 6�t11. 
66 "Predict 1H Proton NMR Spectra", Nmrdb.Org 
<http://www.nmrdb.org/new_predictor/index.shtml?v=v2.102.2> [Accessed 4 May 2018]. 
67 D. Banfi and L. Pa�š�]�v�Ç�U���^�Á�Á�Á�X�v�u�Œ�����X�}�Œ�P�W���Z���•�µ�Œ�Œ�����š�]�v�P�����v�����‰�Œ�}�����•�•�]�v�P���E�D�Z���•�‰�����š�Œ�����}�v-�o�]�v���_�U��Chimia, 62.4 
(2008), pp. 280-281. 



42 
 

The piece additionally uses chemical reaction dynamics as data source, specifically computer 

simulations of the Belousov-Zhabotinsky reaction. The Belousov-Zhabotinsky reaction is a 

non-linear chemical reaction in which the concentrations of certain chemicals do not 

decrease or increase steadily, but oscillate. Belousov-Zhabotinsky reactions have been 

studied for their chaotic behaviour* and different theoretical models for its simulation have 

been proposed.68,69 Figures 11 and 12 plot the ratio of starting material to reaction product 

over time for different initial conditions calculated using the Györgyi-Field model, resulting 

in various periodic and non-periodic patterns. The data gained by these simulated reactions 

were mapped to control a variety of parameters on sound transformation devices such as 

granular synthesisers, delay lines, and gates. 

 

Figure 11 and figure 12: Ratio of starting material and product (X) over time, simulated 
for two different initial conditions using the Györgyi-Field Model. Code developed by 
Binous et al.70 

                                                        
68 B. F. Madore and W. L. Freeman, "Computer Simulations Of The Belousov-Zhabotinsky Reaction", Science, 
222.4624 (1983), 615-616. 
69 D.Zhang, L. Györgyi, L. and W. Peltier, "Deterministic Chaos in the Belousov-Zhabotinski reaction: 
Experiments and simulations", Chaos, 3 (1993), p. 723.  
70 H. Binous, B. Higgins and Bellagi A, "The Györgyi-Field Model For The Belousov-Zhabotinsky Reaction - 
Wolfram Demonstrations Project", Demonstrations.Wolfram.Com 
<http://demonstrations.wolfram.com/TheGyoergyiFieldModelForTheBelousovZhabotinskyReaction> 
[Accessed 22 May 2016]. 

* Chaos in this case does not mean a random behaviour, but rather that the 
development of the system is highly sensitive to its initial conditions. 
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6.2 Additional sound sources 

Darkest Hour is predominantly based on material found in the PHM archives, especially 

material filed under 'Belgian refugees',71 'air raids and children',72 and 'the labour leader 

newspaper'.73 Selected texts from the archive were read out by a voice actor and recorded. 

Interviews were recorded with elderly Basque people inviting them to share their memories 

of the Second World War. Sound snippets of speeches on the refugee situation of 

contemporary political figures were incorporated as well as recordings of planes, railroads, 

and marching soldiers. A full list of external sound sources can be found in Appendix I. 

6.3 Tonal progressions 

Tonal structures in Darkest Hour were inspired by the tonal progression in Hymn,74 a short 

song in aid of the Belgian relief, of which the score was found in the archive. 

6.4 Sonification and moving images 

The visual material consists of pictures taken from the PHM archives, as well as public 

domain war footage and speeches of political figures. All video sources are credited in 

appendix I. The visuals were treated with data created from the Belousov-Zhabotinsky 

�Œ�������š�]�}�v�X�������u�}���]�(�]�������À���Œ�•�]�}�v���}�(���•���u�u���š���Œ�}�[�•�����o�P�}�Œ�]�š�Z�u75 was used to simulate the 

localisation of starting material (white) and reaction product (black) in a 2D space (Figure 

15). The resulting line drawings were then overlaid with the chosen video footage to achieve 

effects as seen in figure 13, 14 and 16. 

 

Figure 13: The Belousov-Zhabotinski line 
drawings as seen in Darkest Hour. 

 

Figure 14: Overlay of Belousov-Zhabotinski lines 
with footage of marching soldiers. 

                                                        
71 �W���}�‰�o���[�•���,�]�•�š�}�Œ�Ç���D�µ�•���µ�u�����Œ���Z�]�À���U���>�W�l�t�E���l�ï�l�í�X 
72 �W���}�‰�o���[�•���,�]�•�š�}�Œ�Ç���D�µ�•���µ�u�����Œ���Z�]�À���U���>�W�l�t�E���l�î�l�î�X 
73 �W���}�‰�o���[�•���,�]�•�š�}�Œ�Ç���D�µ�•���µ�u�����Œ���Z�]�À���U���<�s���î�l�í�õ�í�ò���~�í�õ�í�ï-1915). 
74 H. Newbolt and H. Kibart, "Hymn. In The Time Of War And Tumults" (Manchester), People's History Museum 
archive, WNC 3/1. 
75 L. Zammataro, "Idealized Belousov-Zhabotinsky Reaction", Demonstrations.Wolfram.Com 
   <http://demonstrations.wolfram.com/IdealizedBelousovZhabotinskyReaction/> [Accessed 22 May 2016]. 
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Figure 15: A Max/MSP algorithm analyses 1 pixel-wide cross sections of an idealised 
Belousov-Zhabotinski reaction and expands them to black and white lines.* 

 

Figure 16: Belousov-Zhabotinski lines as part of the visual transformation. The words seen 
on screen are derived from material stored in the PHM archives. 

* See file *:\2Supplementary\VideosAndPresentations\  
How_to_turn_chemical_data_into_visuals.mp4 for a video demonstration. 


































































































































































