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Abstract

Sonification is broadlglefined as the display of data asund,and haseen used in
educational, scientific and industrial $iegs toexplore,find and monitor patternsand
changes in dateSonification haslsoplayed a vital rolen music compositioasatechnique
that offers new methodologies fahe creation and structuringf sound, andor the
represenation of non-musicd mattersin music Although numerous examples of artistic
sonification exist,lie use of spectroscopic datanmusiccompositionhas not yet been

assessedystematically

Spectroscopic analyssconcerned with the interaction of electromagnetic rachatand
physical natter. The portfolio explores the use of spectroscopic data in electroacoustic
compositionto find new methodologies for creating and structuring souhi@éxamineshe
role of spectroscopic datan acousmatic, audivisual and virtual reality worksand
investigateshow electroacoustic compositionssing spectroscopic data can be useddize

awareness of current environmentahdsociopoliticalchallenges.

The portfoliocomprisesseven electroacoustic workSpin Dynamics an acousmat music
composition that uses nuclear magnetic resonance (abbr. NMR) dataamdyitsound
source.lnner Resonanocexplores the interplay between solstate NMR sonification and
the bass clarinetQuantumcombines NMRIlatawith visual stimuli in & interactivevirtual
reality environment.The refugee crisis montextualsedin the audio-visual workDarkest
Hour. Finland, as experienced by tBea, presentspollution trends inthe BalticSea usinga
mix of NMR infra-red, and oceanographidata sonificaion. On theExtinction of aJecies
exploresthe sonificationof DNA sequenced an extinct speciet raise awareness of
humanity's reckless treatment of its environme®ound pollution and our relationship with

technology are traced iB6Feusing the snification of electron energy level data.

The portfolio and written commentary contribute to the field electroacousticomposition
by presentingand evaluatingnethodologies for the sonification, framingnd presentation

of spectroscopic datdromising avenues of future worére discussed
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Technical information

Allsound material is presented in 48 kHz;ld#resolution.

Works with live electroniggnner Resonange

The setup and technical requirements foner Resonancare included in the score which
can be found ippendixC. The Max/MSP patadan be found on the USB fladhve under
*:\2SupplementaryCodingAndSoftwalénnerResonandavePatch

Multi-channel works
Speaker arrangements for mutthannel pieces can be found below. Stereo versions of

multi-channel pieces are pvided for reference purposes.

8-channel(Spin Dynamigs
The pieceSpin Dynamicis submitted a®ightlabelledmono files. Each monfie is

numberedfrom 1 to 8 ands tobe assigned thearrect speaker according to figudebelow.

Figure 1: Loudspeakearrangement and assignment

for Spin DynamicsArrow indicagslistening direction.

14



7.1-channel(On the Extinction of a Spegies

The pieceOn the Extinction of ap@ciess submitted agightmono files. Each monfde is
labelledand is to be assigndtie correct speaker according to figuzePlease note that the
piece does not follow a regular 7.1 speaker arrangenpattern butconsists of a 5.1
channel arrangemen(L, C, R, Ls, Rs)d additional stereo paifl, 2) the latterdesignedor

live diffusion.
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Figure 2: Loudspeakearrangement and assignment f@m
the Extinction of a Speciesrrow indicaeslistening direction.

Grey speakers for live diffusion.

Audiovisual work
All audiovisual works and video documentation are rendetsihgthe H.264 video

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

Virtual reality installatics(Quantun)

The setup and technical requirements fQuantumare detailed inAppendixH.
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1. Introduction

Sonification is the transformation of data into sound and has been used by sGamast
artists for the exploration, communicatigrand presentation of datsComposershave

utilized sonification as a tddo create and arrange sound mater&lThis 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

moleculeg in electroacoustic music composition.*

1.1 Portfolio contents
This portfolio of compositions contaisgven electroacoustic compositions in the form of
onestereoandtwo multi-channel fixed media piecesne mixed media worlgne audio

visual piece, oneistual reality audievisual environmentand one soundnstallation.

1.2 Researchnquiry
This practicebased portfolio contributes to the field of sonification and electroacoustic

composition by addressing the following research questions:

1. How can the @nification of spectroscopic data act as a creative vehicle and
innovator for contemporary electroacoustic compositional prees?

2. How do the format, presentatigrand paranedia” of acomposition using
spectroscopic sonification influenceZz A} @d¢ps]}v v 3Z o0]*5 v EJ[e
experience?

3. In what way can socioultural connotations towards science be used in sonification

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

environmental and socipolitical challengs?

* A further introduction to sonificatiomnd chemical spectroscopy can be found in
Chapter 2 Background.

*In this context, paramedia refers to all material surrounding a creative work that is
part of the work itself, for example program notes or a lecture about the work.
Paramedia is a ndwproposed term, in definition similar to paratext, the latter
describing all written works supporting a main literary téflease see appendix A for
a further discussion of the term.

1 G rard Genette Paratexts: Thresholds of Interpretati@@ambridge: Cambridge Univ. Prez301), p.1.
18

57



1.3 Chapter outline

Chapter Zetsout the key terms and definitions in the field of sonification followed by an
illustration of the history and use of spectroscopic sonification in science anGlzapter 3
presents the compositional process$hinDynamicsan acousmatic music composition
that uses nuclear magnetic resonance (abbr. NMR) data as its sound donere.
Resonancgedescribed in chapter 4, explores the interplay between sstiddle NMR
sonification andhe bass clarinet. Chapter 5 erphs the thought process behir@uantum
an installation piece combining NMR sonification with visual stimuli in a virtual reality

environment.

The second part of the written commentary disseminates portfolio wotkgextualising
environmental and socipolitical issues. Chapter 6 descrid@arkest Houran audievisual

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

dynamics. Chapter 7 describEsland, as experienced by tBea, an acousmatic

composition based on nuclearagnetic resonancgenfra-red andoceanographicata

sonification ofpollutantsin the Baltic SeaChapter &ontextualise$On theExtinction of a

Secies exploring DNA sequence sonificatiortloé passenger pigeomn extinct speciedo

raise awarenesg( Zpu v]SCl[e E lo ¢« SE Su vs Chaptér9 dasEi@Esuyv JvP
56Fe a sound installation on sound pollution andr relationship with technologyyased

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

condusions detailingkey findings and possible future avenues of research.

1.4 Nomenclature and form

The portfolio makes use of the terminology developed by Sn¥alley the description of
the spectromorphologicahnd spatiomorphologicadjualities of soundTitles of artistic and
musical works appear in italics throughout the document. A glossakey terms of

sonificationand spectroscopgan be found ilppendix A.

2 Denis Smalley, "Spectromorphology: Explaining S&hmapes"Organised Soun@.2 (1997), 107126.
3 Denis Smalley, "Spa¢®rm And The Acousmatic Imag@tganised Sound2.01 (2007), 35.
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2. Background

2.1 An introduction to sonification

ANIV](] ST1tv ] (]v norsspeegir audlio to convey
information. More specifically, sonification is the transformation of data
relations into perceived relations in an acoustic signal for the purposes of

( ]o]l3 §]vP }uupv] S8]}v }E-KrametekakE S S]}vX_

Sonifications an interdisciplinary field concerned witte transformation of datanto
soundandhas been explored in a wide variety of disciplines such as the natural sciences,
mathematics, psychoacoustics, psychology, hurbamputer interactionsand music
composiion.® Sonification has proven to be of considerable use patrticularly in finding
trends$ patterns’ or small fluctuation&in data, due to our highly developed auditory
cognition and our ability tanalysesound morphologies and sonic gestalt features.
Sanification has been successfully employed for the exploration of scientific dafasets

the monitoring of biological and industrial processes.

As sonification offers an opportunity to listen to a world that is normally hidden from our
senses, it has beeincorporated into music compositions and sound artag&seative
methodology sonification offers the opportunity to make abstract data perceivabfé.t
offers new methodologies for creating and structuring sodfand for representing non

musical conepts in music compositiortd.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 ad&f€é9), p. 3.

5 A concise summary is given in: Thomas Hermann, Andrew Hunt and John G Neheh&ibnification
Handbook(Berlin: Logos Publishing House, 2011).

6 E.g. Keith Nesbitt and Stephen Barrass, "Evaluation Of A Multimodal Sonification AnidafisnaDf Depth
Of Market Stock DataRroceedings Of The 2002 International Conference On Auditory DRp0&@y

" E.g.Kenshi Hayashi and Nobuo Munakata, "Basically Musidatlire, 310.5973 (1984), p. 96.

8E.g.S. V. Pereverzev and others, "QuantOscillations Between Two Weakly Coupled Reservoirs Of
Superfluid 3He"Nature, 388.6641 (1997), pp. 4451.

® Ibid.

10 An overview: Paul Vickers, "Sonification For Process MonitoringherSonification HandbogRerlin: Logos
Publishing House, 2011).

11 E.g. Christina KubisdBlectrical Walks2003.

12 Anette Vandso, "Listening To The Worl8iundeffectsl.1 (2011), pp. 681.

13 E.g. John CagEfudes Auraled,975.

14 Stephen Taylor, "From Program Music To Sonification: Representation And The Ex@iMosic And
Language'The 23rd International Conference On Auditory Dis@@8¢7, pp. 57t 63.

20



scientific data or mathematical models have been reported to be perceivestiasce and
not art''®that 'in various ways [claim] a sort of objectivitf It is argued thathe attribution

of scientific qualities to an artistic work can change the aesthetic experience and the way
the workis interpreted by the listenet/8 adding another layer of content and context for

artists to explore and incorporate.

2.2 Chemical data and sonifioa
The use of chemical data has been explored in educational contexts, for example in the
creation of data analysis tools for the visuatypaired®2° or molecular displays in virtual
reality 2! In scientific research, sonification has been used to fdmtcurring patterns and
structural features in big datasets, most notably for pattern recognition of DNA sequéhces,
andfor assessing structural features in lamgacromolecules?® Chemical data have been
used asatool to explae new facets of sound eation and structuring in music composition
as well as for the encapsulation ettra-musical ideasOne example of the latter is Mario

H ES [+ Aydtzinapacommemorating the death of 43 Mexican students by targeted

police killings by encodintheir rames as DNA codons for subsequent sonificatfon

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

data ondynamic molecular systent& Brownian movement® protein folding energy dat&’

15 Anette Vandso, "Listening To The Worl8undeffects1.1 (2011), pp. 681.

6 Simon Emmerson,iving Electronic Musidst edn (Aldershot: Ashgate, 200@p. 3557; here, 39.

7 Leonard MeyerEmotion and the Meaning in Musit, (1970), 1, p. 43.

8 David Glowacki, "Using Human Energy Shields to Sculpt Real Time Molecular Dyivoteécstar
Aesthetics 1, (2013), 4, pp. 246257; here, 249.

¥ David Luney, "Development Of A Data Acquisition And Data Analysis System For Visually Impaired
Chemistry Students'Journal Of Chemical Educatjati.4 (1994), 308.

20 Andy Brown, Steve Pettifer and Robert Stevens, "Evaluation Of A/idoal Molecule BrowserACM
SIGACCESS Accessibility And Comp6a8§, 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 Musiattjre, 310.973 (1984), p. 96.

2 Florian Grond and Fabio Dall'Antonia, "Sumo, A Sonification Utility For Mole®ilestedings Of The 14th
International Conference On Auditory Displ2§08, pp. 2427.

24 Mario Duarte Garcia, "Portfolio of Original Compositions" QPihesis, University of Manchester, 2018),
p.48.

25 M. Witten, "The Sounds Of Science: Il. Listening To Dynamical Sysfemards A Musical Exploration Of
Complexity" Computers & Mathematics With Applicatioid2.1 (1996), pp. 14573.

26 E.g. lannis XeniekPH Concretel 958.

27 Stephen Taylor, "From Program Music To Sonification: Representation And The Evolution Of Music And
Language'The 23rd International Conference On Auditory Disf@ag7, pp. 57 63; here p. 62.
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or DNA base pair sequenc&s?® There is surprisingly little documentation on tlagtistic use
of spectroscopic data, a datatypehich, aswill be elaborated in the following chapters,

offers a variety of unique features for sonificationan electroacoustic context

2.3 An introductionio spectroscopy

Spectroscopic studies are standard procedures in chemistry that use electromagnetic
radiation to investigate the structure and other properties of chemical compodhHsery
part of the electromagnetic spectrum interacts with a differstdte 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 compoundslflel). AlImost everyype of chemical interacts
differently with the electromagnetic spectrum, resulting in different spectra for each. The
sonification of spectroscopic datherefore promises to create a wide range of compound
specific timbres. Spectra of millions of chenhicampounds can be found onliffe2 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 considerati@sasd

source for the creation of etgroacoustic music compositions.

28 Marc Jensen, "Composing DNA Mfithin The Aesthetics Of ChancBerspectives Of New Musis.2
(2008), pp. 24259.

2% Mario Duarte Garcia, "Portfolio of Original Compositions" (Ph.D. Thesis, University of Manchester, 2018).
30R. Herrmann and C. Onkelinx, "Quantities And Units Iic@li@hemistry: Nebulizer And Flame Properties In
Flame Emission And Absorption Spectrometry (Recommendations 1B88¢"'And Applied Chemistf8.12
(1986), 17371742.

31 DS Wishart and others, "HMDB 4/0The Human Metabolome Database For 20Mi¢cleicAcids Res. 2018
4.46 (2018), pp. 60817.

32"Nmrshiftdb2- Open Nmr Database On The Weflrfirshiftdb.nmr.unikoeln.de
<http://nmrshiftdb.nmr.unikoeln.de/> [Accessed 31 July 2018].

33 Biomagresbank"Bmrb.Wisc.Edwuhttp://www.bmrb.wisc.edu/search/querygrid/NMR_param_grid.htmI>
[Accessed 31 July 2018].

34"1H-NMR database",http://www.chem.wisc.edu/areas/reich/handouts/nimthdata.htm [Accessed 03
January 2016].

35 "Nmrshiftdb2- Open Nmr Database On The Wefrfirshiftdb.nmr.unikoeln.de
<http://nmrshiftdb.nmr.unikoeln.de/nmrshiftdb/mediatype/html/user/anon/page/default.psml/js_pane/P
Search> [Accessed 03 January 2016].

36"A|ST:Spectral Database For Organic Compounds,SRi®S'Db.Aist.Go.Jp
<http://sdbs.db.aist.go.jp/sdbs/cebin/direct_frame_top.cgi¥Accessed 03 January 2016].
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Relative energy of
electromagnetic

radiation

_— N

<

Low

~— N/

L\ JANFA /\Annnnnnnnnnnnnnnngg:

A\ \VARRVARVARVAA'R'R'R' AR A A A AL

High

Nuclear spin states

Rotationalenergy

Vibrationalenergy

Outer shell eletrons

Inner shell electrong

states states
— —_—F
Ho @) H H @ H O H
Affected energy state SN 77
Molecular $ructure, | Molecular structure Bond strengths, Electron

Spectroscopienethod

gives insight into

presenceof functional
groups

in gasphase, gas
interactions

structure, functional
groups

configuration and
electronenergy

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 arentad 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

guantum states’’

In the early 70s, nuclear magnetic resonance smenéters had optional sound modules
that would audify signals in realime.®® The audio feedbactold analystswhethertheir
machinewascalibrated correctly andaye an indication of the quality and properties of the
resulting spectr&? For the most part,liese souneproducing modules were seen as an
oddity, novel enough to program a rendition 'efappy Birthday/® but too monotonous and
unengaging for daily analytical use. Tlei$to a gradual decline antthe eventual end of

NMR sonificationn the mid-70s.

2.3.2 Spectroscopic sonification in music composition

Spectroscopic sonification has sesparseengagement from composeralexjanderet al#
usad prominent peaks in the infraed (abbr. IR)ibration spectra of DNA basas
microtonal tunings for an strumental compositionDelatour explored the use of IR peak
data for the creation of new timbres by trapssinglR absorptiorfrequencydatainto the
audible range?#3 His investigations are based mverse Fourietransformatiors of infra-
red dataandthe use ofadditivere-synthesis for sound creatiohle also experimented with
mapping IR data tacoustic pressure, pit¢land filter cutoff frequencieduring the

synthesis process to create a wider variety of sounds based on IRAdthAtaughhe

37S. V. Pereverzev and others, "Quantum Oscillations Between Two Weakly Coupled Reservoirs Of Superfluid
3He",Nature, 388.6641 (1997), pp. 4451.

38"NMR Meets MUSICIAN8uditory FID Presentation / Page €hemie.UnErlargen.De
<http://www.chemie.unierlangen.de/bauer/music4.html> [Accessed 12 August 2018].

39 1bid.

40"NMR Meets MUSICIAN8uditory FID Presentation / Page 1&hemie.UnErlangen.De
<http://www.chemie.unierlangen.de/bauer/music16.html> [Accessed 12 Asi@iD18].

413, Alexjander and D. Deamer, "The Infrared Frequencies Of DNA Bases: Science WsitEAFtigineering In
Medicine And Biology Magazin#8.2 (1999), pp. 749.

42Thierry Delatour, "Molecular Music: The Acoustic Conversion Of Molecular Gitab8pectra"Computer
Music Journal24.3 (2000), pp. 488.

43Thierry Delatour, "Molecular Songs",NMolecular Aesthetigslst edn (Karlsruhe: MFIPress, 2013), pp. 293
t311.
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descriled a methodology for converting IR data into sound, he didam@nge 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 magnetisanance data, have nptreviouslybeen
used inelectroacousticomposition, but are exploreih this portfolio and documented in

the following chapters.

24 The role of the composer

The creation of a datdriven music composition is a balang actbetween scientific
authenticity and artisti@xpressionWhethera music composition puts greater emphasis on
the transparent auditory display of data or tle&ploration ofaesthetic affordances of
sonifieddata morphologies depends on a variety of factamsluding the purpose of the

%] U S$Z u}lE®%Z}o}PC }( §Z § U 3§ Zandihe%ajget@uptencetoP & } pv
name a few.

2.4.1Sound creation and arrangement methodologies

The portfolio submitted is firmlgituated within the realm of electroacoustizusic
composition The compositional methodolagsdeveloped and employeput a distinct
emphasis on thexplorationand presentatiorof aesthetic properties of the sonified data
while aiming to preervea traceabldink between sound andata morphologis. This
negotiation between scientific and artis@@nphasigpermeated the compositional process,
includingdata selectionthe choice ofdatasonificationtechniques, employedsound
transformatiors and sound arrangemerthoices Broadercompositional desions are

briefly detailed belowwhereaspiecespecificcompositional processesmre 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 eletromagnetic waves with frequencies of up to 20 kHz and attenuation
times of up to 30 second3 his wavalata can be sonified in a variety of ways, including
audification, resynthesiof peak datavia additive synthesis, FM syntheaisd AM

synthesis, modl-based sonification or spectral caviution, to name a few.

In this portfolio, only audification and additive-synthesisvere employed to create

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

involved nomappirg decisions, whereas additive resynthesis, the phase and attenuation
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envelope of each sine wave could be controlledboth cases, the timbre of the sonified
soundisa transparent representation of peak patterns in the nuclear magnetic resonance
data. Molecular features, such as the presence of specific functional groups or atomic
couplingcan be heardn the sonificatio{ * $ ] u. The attenuation envelope of the NMR
data only carries relatively little information in comparison and atsred more readily,
according to compositional needs.

24.2 A note on lackground noisen experimental data

The maindifference between the audification of experimental data and additive re
synthesis oinalysedpeak data is thaaudifiedexperimental FID data contss a noise
background that is absent in sounds created via additive syntfeNizise caroften contain
additional information and the noise background of FID data can give indications of
impurities in the chemical sampl&or example, small broad addit@ipeaks in a spectrum
can be attributed to the presence of reselsolvents from previous chemical reactiofibe
signalto-noise ratio in an NMR spectrum is nastaaightforward measure of sample purity,
as the sampldgo-noise ratio can bémprovedby repeating theNMR analysis multiple times
and averaging the resulting NMR spectrAs both the signaio-noise ratio and the
presence of impurity peaks @indicators of the experimental conditions and not a feature
of the molecule examinedhe backgromd noise of NMR spectraere not consideredas

sound sources the context of this portfolio.

*As the background noise is random, but the postion of NMR peaksaraveraging
multiple spectra taken consecutively will lead to constructive interference for peak sig
and (slower) uncorrelated growth for background noise. When averaghigR
experiments, the signab-noise ratio is improved by a factor o¥?.

44 FalkMorawitz, "Molecular Sonification Of Nuclear Magnetic Resonanca BatA Novel Tool For Sound
Creation",Proceedings Of The International Computer Music Conference 2016 pp. 611.
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Chapter 3. Spin Dynamics

SpinDynamicss amulti-channel acousmatic piece based exclusively on the sonification of
hydrogenl and carborl3nuclear magnet resonancelata(abbr. NMR datp Spin
Dynamicsvas createdo explorethe use of spectroscopic data in electroacoustigsic
compositions A methodology forthe sonification of hydrogei and carborl3NMR

spectrawasdevelopedand the results were puldhedelsewhere®>*

3.1 Datasources and sonification methodology

3.11An 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 prciples of NMR analysis can be foundypendixF.

In short, the chemical shift measured in NMR spectroscopy is an indicator of the chemical
environment surrounding aNlIMRactiveatomicnucleus® If the nucleus is surrounded by a

high electron density wvill have a lowresonanceshift. Nuclei in environments of low

electron density have higher resonance shifts. The magnitude of these resonance shifts can
often bepredicted beforehand and case compared with the results of the NMR
measurement. NMR spectsoopy is such a powerful tool that commonly the different
features ofan NMR spectm will give a chemist enough information tietermine the

structure ofevenunknown compounds beyond doubt.

* Please see Appendix B for a copy of the published paper.

*For a nucleus to be detectable by NMR spectroscopy it must have an uneven proton a
neutron count.

*When registering new compounds, submitting the respective NMR spectrum and a hig
precision mass analysis is often enough to prove that the proposed compound has bet
made, a testament to the illuminating powers of both techniques.

45 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound
Creation",Proceedings Of The Imtetional Computer Music Conference 202616, pp. 611.
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3.1.2 IHNMR and 13@GIMR sonification methodology

Hydrogenl and carborl3NMR spectroscopy are the most commonly used types of NMR
measurements with hundreds of thousands of spectra of molecules al@alysedand
available onling®*” As a very basic analogy of an NMR measurement, we can think of
molecules as loge guitar strings which, ihemselvesmakeno sound. Only when those
molecules areput into a magnetic field and hit by a radplse(analogous to fixing a guitar
string to a guitar and plucking)jtwill they emit a signal. For ZlNMRand 13GNMR
spectoscopy 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 t20000 kHz and can tzudifieddirectly. It is alsgossiblyto analysethe FID signal and
sonifythe peak data via additive synthesis as seen in figuréJBless 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

H H NMR Fourier g,
o measurement transformation £
lll |l| time in ms .
starting FID ' Chemical S in ppm
molecule Free Induction Decay NMR spectrum

1 1.16 695.6 0.5
transcription

2 1.17 702.7 1.0

additive synthesis 3 1.18 709.8 0.5

< 4 363 21771 0.16 - —
time in ms
5 3.64 2184.2 0.46
6 3.65 2191.3 0.46
7 3.67 2198.4 0.16
sound peak data

Figure3: Sonification scheme for the transformation of NMR data to sound, as described by
Morawitz.4®

* A summary of the code written for spectroscopic data sonification can be found i
Appendix F.

46 E.g. DS Wishart and others, "HMDB #.0’he Human Metabolome Database For 20Micleic Acids Res.
2018 4.46 (2018), pp. 66817.

47T E.g. "Nmrshiftdb2 Open Nmr Database On The Wetnfyrshiftdbnmr.unikoeln.de
<http://nmrshiftdb.nmr.unikoeln.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 Conferenég 2016, pp. 611.
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3.1.3Characterisation of obtained sound morphologies

As described elsewher@ audified1HNMR spectrand spectra sonified via additive
synthesigesemble most closely the sound of bells, due to their #f@mmonic arrangement
of sine waves and their exponentettenuationtimes of one to five seconds. Depending on
the complexity and symmetry of a moleculd-NMR spectra can contain just a fewup to

many hundred of sine waves in the range @ft 4000 Hz.

Due to their shorattenuationtimes of less than a seconadditively synthesized and
audified13CGNMR spectra are more reminiscent of percussive soundsNIMR spectra of
simple molecules quiteften only contain * 10 signals, sounding like short siwave

pulses.

3.2 Structure

ForSpin DynamigsL00 small molecules were selected and their hydretyemd carborl3
NMR data weresonified Molecules with interesting structural features were sead for in
the human metabolome databa$€The NMR data wasonifiedusing additive synthesis

and FlDaudification

As described elsewherémost of the sounds heard in the composition were transformed
using a set methodolog¥keeping one aspect of thew molecular sound unchanged, but
freely altering every other aspecthe sound material obtained was then arranged, with
each section of the music composition highlighting different aspects of the spectroscopic

sound material.

The compsition starts witha direct audificationof an ethanol H-NMR spectrum, adding
overtones over timeThe strong pulsing character of tseund materialvas retaned but

the timbre was alteredy 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, pp. 611.

50 DS Wishart and others, "HMDB 4/0The Hunan Metabolome Database For 2018lycleic Acids Res. 2018
4.46 (2018), pp. 60817.

51 Falk Morawitz, "Molecular Sonification of Nuclear Magnetic Resonance Data as A Novel Tool for Sound
Creation",Proceedings of The International Computer Music Confer20t6 2016, pp. 611.
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Towards the end of theegtion, the pulsing is altered its frequency for eaclof the eight

speakesindividually, adding spatiafluctuationsto the texture.

The waterlike soundsprominent in this sectionvere created bysequentiallysonifying
randomfrequency peaks of Aighly complex 1HNMR spectruma small selectiorof the
roughly 100frequency peaks of that spectrumere sustained for a few hundred
milliseconds before beinfpllowed by anew, randomselection of frequency peaks of the
same spectrum. A2:30 minutes, theaudificationof ethanol isreintroducedbut with a
changed timbre, leaving only its tremetgpe features intactTowards 2:53 mutesa new,
abrasive sound is introducedn assortment ohighfrequencyl3GNMR soundshat were

rhythmically altered via AMsynthesis.

The main feature of this section is based on the data of another highly compisivE
spectrum. Instead of presenting the timbre of the whole spectrum at once, a narrowband
pass filter sweeps through thepectrunis frequencies, exposing a few frequency peaks at a
time. Fromfour 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

This segment presents short percussive sounds, continuously repeating over adikegan
counterpoint drone. The short percussive sounds are unalteredNIG& sounds with the
orgartlike drone beingcreated through multiple parallgditch shifting transformations of

the 13CGNMR data.

The final section reintroducgseviously heardound material but combines and-re
arranges them in new pattemlinstead of highlighting a singular feature of an NMR sound,

this sectim explores the interplay diMRderivedsound materialvith one another
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4. Inner Resonance

| would liketo thank the bass clarinettist Marij van Gorkom, without whom this pieg
would have never been written.

Inner Resonanas a music composition for bass clarinet and electronics. It was created to
explorethe similarities,the contrast andhe interplay between sounsl created by solid

state nuclear magnetic resonance sonificatiandthe sound ofthe bass clarinet.

4.1 Datasources and sonification methodology

Inner Resonands an investigation intohe interplay of two different sound domains: the
sounds obtainableia sonification ofolid-state NMR data and the sounds obtainable by
playing the bass clarinet. For the creationmfier Resonanca 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 instrumentperformance using NMR peak data for the tuniog
sine wave oscillators triggered by a MIDI keyboard to play short musical phrases in that
tuning, as further explained in section 4.1I12also meant taecordbass clarinet sounds

that mirror or allude to spectral features of soltiate NMR by askig the clarinettist to
faithfully reproduce NMmbased sonification sounds using the bass clarinet and by using
tunings based on overtone series as basis for the instrumental compositioegstens 4.2

and 4.3

4.1.1 Solidstate nuclear magnetic resonanspectroscopy

Solidstate nudear magnetic resonance isygpe 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, detgdiirectionally dependent
interactions between nuclei is a characteristic featuresaolidstate 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 rme@ment.If this spinning is relatively slow,-so
called spinning sidebands wiltcur, as seen in figure These sidebands are equally spaced
from one another with the spacing frequency bergual to the spinning frequency of the

sample.
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Figure 4: A solid-state LHNMR signatlepicting one signal anits corresponding sidebands
4.1.2 Sonification of hydrogeh solidstate NMR data
Peaks in a solidtate 1HNMR spectrogram can shift by up to 300 ppm corresponding to
ringing frequencies of up to 150 kida standard 500 MHz spectrometers. Sanifythese
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 asbasisfor subsequent sonification procedur@sgureb).

NMR Fourier

chemical measurement transformation
Samp]e time in ms
FID :
Free Induction Decay NMR spectrum
ﬂﬂ EEdEE=
transcription
1 11500 1 230 115000 0.1
additive »
synthesis 2 9000 03 transpositon 2 180 90000 0.3
3 6500 10 €= 3 130 5000 1.0
time inms
4 4000 0.3 4 80 40000 0.3
sound 5 1500 0.1 5 30 15000 0.1
peak data peak data

Figure 5: Sonification scheme for sotstate NMR data.

* Division factors of 10, 50, and 500 were chosen to confine the data to different frequenc
ranges. A division by 10 spreads the NMR spectrum ovewliode audible range. A division
by 50 spreads the NMR data over low and 1in@tjuencies only. A division of 500 transpose
the NMR data to bass frequencies only.
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Identically to liquidphase NMR spectra sonification, the noise patterns of siale NMR
spectra were omitted from sonification, astionalizedin chapter 2.4.2.

The frequency sets obtained by transposing setate NMR data were subjected toree
sonification approachelsereinreferred to asstatic, variable and performative For astatic
sonification, the data wasonifiedwith condgant and uniform attributes, assigning all sine
waves of the additive synthesis the same initial phaseanglitudeenvelope. In the
variablesonification, attributes such gshase, attack, decay, sustain, relegaed onset
delayof eachsine wavewas cantrolled in reaitime during the additive synthesis procedure.
Theperformativeapproached mapped every frequency pedkan NMR spectrurto
ascendingeys on aMIDFkeyboad and small phrases with the tuninige spectroscopic
datawere played and recorded’he 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

dZ e}uv & &]}v «3 P A« Z A]loC Pu]Theb@ss'¢arin€eav C[s }}I
personal history?® The basglarinettistwas asked to reproduce selected techniques

featured in the book, focusing on multiphonic tremolos, air sounds, harmonic overtone
seriesandshort sequences of transitions between theRarticularlyharmonic oertone
seriesshow similarities with solidtate NMR spectra, as both prominently feature equal

frequency spacin¢Hgure6).
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110 Hz 220Hz 330Hz

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

Besides the sound creation methods outline aboshort arrangements diMRbased

sound wereplayed to the basslarinettistfor her to reproduce them as truthfully as

possible using the bass clarinet only. These short fidpired bass clarinet phrasess well
as the sound mentionedbovewere thenused as basic building blocks for the bass clarinet

composition.

arr arnaayl,he Bass Clarinet : ersona celona: rerireria eet Music, .
52 Harry Sp yihe Bass Clarinet : A P | StBarcelona: Periferia Sheet Music, 2011)
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4.3 Sructure

The score can be found in appendix D. Please note that the score includes an optional part
(1:00 t1:20 minutes). The recording submitted is the premierénofer Resonancend

omitted this optional section. As such, timings in the score and timings in the recording will
differ by at least20 secondsAdditionally, the timings indicated in the score are only
guidelines and can vary substantially for each performaibe.timingselow refer to the

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

The piece starts with various transitions of held natés glissandi andlutter tongues. Th
amplitudeof the accompanying NMR soundstied to the bass clarineamplitudevia an
envelope follower NMR sounds are only heard whiass clarineis playing. The influence
of the envelope follower is lessened over time and towards the end ofitsieminute

sounds of botrsounddomains coexist independently from one another.

This section explores the interplay of the instrumental and NMR sonification
spectromorphologiesn the temporal domain faturing a series of onsdermination
gestures. Over a series of consecutive gestures, the onsets are cfeatedither bass
clarinet or NMR sounthaterialand thencombined witha terminationfrom either the

opposing or samsound domain.

This section uses counterpoint of gestural matefriam both sound domains to explore the
interplay of instrumental and NMR sound materidiifting timings between the start of

instrumental and NMR soundse implemened to createa variety oftextures.

This segment is built around tonal scales basetanmonic overtone serieSoundf the
bass clarinet are artificially prolonged using reverb tdiiferent held rotes of the bass
clarinet mergp into one texture that is first contrasted by rhythmic NMR sounds and later

compkmented by a continuous NMR sound texture.

* For brevity the term'sounds created from sonification of solid state-lIMR datais
ablreviated to'NMR sound'in this section.
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The last segment features a sequence of NM#R@endos contrasted with rhythmic gestural
key clicks and later comgghented with textural multiphonic tremolos. After the last
crescenda final textureemergesa weighted convolutio?? (i.e. a spectral merge)
combining the timbral qualities of the baskrinet and the NMR spectra into one new

unified sound texture.

53 After: Chris Donahue, " Extended Convolution Techniques for-Syogbesis "Proceedings Of The
International Computer Music Conéerce 20162016, pp. 249252.
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5. Quantum

Quantumis a virtual reality experience that depicts stgti molecules in aimulated
environment. Théehaviourof those molecules is determined by chemical data and
theoreticalmodels: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 monitaythe auditory and visual
responseof the virtual chemical compound3he visual design Quantumfocuses on
minimalistic and abstract visuals and aims to encourage participants to focus theiriattent
on the sonic responses of their actiogg(re 7). These sound responses are at first direct
sonificationsof nuclear spin data but upocontinuedactivity of the usermore complex

sound material and short compositional phrases eme@eantumexplores the use of

interactivity, immersionand visual cues as synergists to spectroscopic sonification.

Figure7: Quantum screenshot.
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Quantumwasfirst shown at Laboratory, Spokane, Washington and was later presented at
the Workshop for Sonic Interactian Virtual Environments and published via IEEE Xpfore.
The published paper is included in Apper8iX he paper covers design and implementation
of the auditory and visual aspects of the installation whereas this chapter focuses on
peripheral aspects dhe installation, such as thoughts on the crossover between game

audio, electroacoustic composition and composition structure.

5.1Data sources and sonification methodology

Quantumbuilds on the sonification procedure previously developed and presented in
Chapter 31 and elsewhere® The sonification procedure is expanded by incorporating not
only hydrogenl and carborl3 NMR data, buphosphous-31, nitrogen-15 andoxygenl?7
NMR datdor sonification(Table 2).

Nucleus| Typicalfrequency | Number of spectra| Typicalsignal
Type range in kH2%¢ | available onliné”%8 | attenuation time
in 9

1H 0-5 > 100 000 2-6
13C 0-15 > 50000 0.1-6
15N 0-15 > 8000 0.1-3
170 0-20 > 100 0.02
31P 0-2 > 100 0.1-0.25

Table2: Comparison of NMR spectra séleded nuclei.

* Frequency range of common functional groups measured on a 500 MHz spectroni

54 Falk Morawitz, "An ArScience Case Study On Sonification And Sound Design In Virtual REHIBYEEE
4th VR Workshop On Sonic Interactions For Virtual Environments (S(2(E&)8).

55 Falk Morawitz, "Molecular Sonifidgah Of Nuclear Magnetic Resonance Data As A Novel Tool For Sound
Creation",Proceedings Of The International Computer Music Conference 2016 pp. 611.

56 Roy Hoffman, "Multinuclear NMRGhem.Ch.Huji.Ac.lI
<http://chem.ch.huji.ac.il/nmr/techniques/1dhulti.htmI> [Accessed 6 October 2018].

57 E.g. "Human Metabolome Databaselindb.Cachttp://mww.hmdb.ca/> [Accessed 6 October 2018].

58 "Nmrshiftdb2- Open Nmr Database On The Weldtnrshiftdb.Nmr.UrKoeln.De
<http://nmrshiftdb.nmr.unikoeln.de/JAccessed ©ctober 2018].

5% Roy Hoffman, "Multinuclear NMRGhem.Ch.Huji.Ac.lI
<http://chem.ch.huji.ac.il/nmr/techniques/1d/multi.htmI> [Accessed 6 October 2018].
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As described in the corresponding paféby presenting molecules as 3D entities in virtual
reality, frequency data can be assigned to their corresponding nuclei of origin, virtually

spatialsing the auditory displayFigure8).

SE—
H H 750 Hz

\ /’C 757 Hz

\ 764 Hz

H \C/ ™~ 771 Hz
H < 1775 Hz| |778 Hz
— |H H 1782 Hz) {785 HZ)

Figure8: 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 environmen
presented via an Oculus RiffR headset
Participants interact with the virtua
environment using a Leap Motion har

tracker that translates their hand movemen

into virtual space. Participants can mo Figjre 9: Setup, including VR headset, a

around in virtual space using hand gestures leap motion tracker, a standard Xbox
controller and various screens displaying

by using a wireless controllefigure9). the virtual environment

5.2.2 Thoughts on interactive sonification in virtual reality

The sonic information encrypted sonification workss understood and interpreted best if
the listener had an introduction and, ideally, training sessions with the auditory di&play.
This procedure helps the listener to understand the link between sound features and

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

50 Falk Morawitz, "An ArScience Case Study On Sonification And Sound Design In Virtual REEBYEEE

4th VR Workshop On Sonic Interactions For Virtual Environments (S(2(E)8).

61 Daniel R. Smith and Bruce N. Walker, "Effects of Auditory Context Cues And Training On Performance Of A
Point Estimation Sonification Tasdgurnal Of Applied Cogivié Psychologyl9.8 (2005), 1065087.
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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, apiece 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 throughparamedia, visual iconography or narratioQuantumexplores an alternatie

mode of presentation by incorporating the auditory display into an awisoal, immersive

and interactive virtual reality installation. Presenting sonification works as such a closed
perceptionaction loop offers the audience the opportunity to expldhe display at their

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

molecularbehaviour

5.3 Structure
Quantumcan repeatedly cycle through tHeur stagesoutlined below. Stages to include
any given showing dpuantumcan be set from its main men8tages 1 and 3 are described

in more detail elsewher&?

The aim of Stage 1 is to familsithe participant with the visuand auditorylogic of the
work, and to establish a link between the visaald sour aesthetic and the information
they represent.This stage establishes that evelouredsphere represents a different type
of atomand that their sonic response specific to their atom typeSmall moleculespecific
musical themes are played once a fi@pant has interacted witimostatoms of a given
molecule, encouraging the participartt find as many different molecules as possible. All
sounds heardn this sectiorare uralteredsound materiad created through sonification of
NMR data of the corregmding atons. The participant is given the task to interact with a

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

The molecules found during stage 1 are spawneddit@e around the participant.
Interacting with these molecules now elicits more sophisticated sound pattetosas can

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

52 Falk Morawitz, "An ArScience Case Study On Sonification And Sound Design In Virtual REHIBYWEEE
4th VR Workshop On Sonic Interactions For Virtual Environments (S(2(E&)8).
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depending on the partipant  hand velocity and gesturgivingthe participantthe chance
to be theconductor of a small molecular ensembiarticipants can interact with the
surrounding molecules as long as desired. Upon leaving the @gsdjnteraction area,

stage 3 is initiated.

Thisis the main part of the virtual realityxperienceand cescribed in greater detall
elsewhere.?3 This stage is based on the idea of energy states, with every molecule either
existing in a low origh energy state. Upon prolonged user interaction, molecules can jump
from a low to high energy stateral their sound response changes accordiffgly enough
molecules are in a high energy state at any given time, more complex sound patterns and
materialare introduced After the participant has interacted with 510 moleculegthe

exact numbedependingon thesettings made in the main mejstage 4 is initiated.

A short reprise of the smd material heard in sectionifh a visually sparse environment.

53 Falk Morawitz, "An ArSdence Case Study On Sonification And Sound Design In Virtual R2ali/'IEEE
4th VR Workshop On Sonic Interactions For Virtual Environments (S(2(E&)8).
64 1bid.
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6. Darkest Hour

Darke$ Hourwas commissioned by the Instigate Arts Collective and the Pé¢eplegl+ S} E C
Museum (PHM) as part of Manchester After Hours 2016. Manchester After Hours is an
annual citywide eventwhere museums, gallerieandculturalcentresstayopenfor evening
movies, music and art performanc&he PHM houses a wide variety of maal, mostly
related to the Labour Party as well as the Communist Party of Britaiosrmof
correspondence lettergarty-affiliated flyers and newspaperBarkest Hours a sound
centric multimedia piece based anaterial stored in the PHM archiveqesifically material
concerninghe response tdhe refugeecrisesduringthe First and Second World War. In the
piece, archival materials are contrasted wathdio snippetsrom the current refugee

debate tracing similarities and differences in the reéggdebate over the decadefhe

work is a collaboration between Falk Morawitz (tonal sound transformatiorestion of
textural music materialand creation of visuamaterial) and Guillaume Dujanferviews,

audio recordingsandvocal sound transformains).

6.1 Data sources and sonification methodology

The library of recordings an

tonal sequences wert S
° CI/\/ \/\Cl
supplemented by  sounc

material created from

IS

chemical and spectroscop

Relative Intensity

sonification. The piece use

sonificationsof 1HNMR data J L

[}

N

5 4 3 2 1 4]

of mustard gas (Figurel0) Chemical Shift in ppm
Figure 10: 1HNMR spectrum of mustard gas. Spectrum

calculated using nmrdb.or§®’
methodology described it

created via the sonification

chapter 3 and elsewher®.

55 Falk Morawitz, "Molecular Sonification Of Nuclear Magnetic Resonance Data As A dlvebr Sound
Creation",Proceedings Of The International Computer Music Conference 2016 pp. 611.

66 "Predict 1H Proton NMR Spectr&lmrdb.Org

<http://www.nmrdb.org/new_predictor/index.shtml?v=v2.102.2> [Accessed 4 May 2018].

D.Banfiand L. Fa]vC U "AAAXVUE X}EPW Z *uEE 35]vP -0]v%ilg62:4vP EDZ %o
(2008), pp. 28281.
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The piece additionally uses chemical reaction dynamick&ssource, specifically coputer
simulations of the Belousexhabotinsky reaction. The Belousgkiabotinsky reaction is a
non-linear chemicafeactionin which the concentratiosiof certain chemicals do not
decrease or increassteadily,but oscillate. Belouse¥habotinsky reactionsave been

studied for their chaotidehaviourF and different theoretical models for its simulation have
been proposed®%® FAgures11 and 12 plot the ratio of starting material to reaction product
over time for different initial conditionsalculated usinghe GyorgyiField model resulting

in various periodic and neperiodic patternsThe data gained by these simulated reactions
were mapped to control a variety of parameters on sound transformation devices such as

granularsynthesisersdelay linesand gates.

1 L 1 L
540

fime fime

Figure 11 andfigure 12: Ratio of starting material and producX)(over time, simulated
for two different initial conditions using the Gydrglyield Model Code developed by
Binous et af®

* Chaos in this case does not mean a random behaviour, but rather that the
development of the system is highly sensitive to ii§ahconditions.

58 B. F. Madore and W. L. Freeman, "Computer Simulations Of The BeRhemtinsky ReactionScience
222.4624 (1983), 61616.

89D.Zhang, L. Gyorigy.. and W. Peltier, "Deterministic Chaos in the Belodmbotinski reaction:
Experiments and simulation€Chaos 3 (1993), p. 723.

"0 H. Binous, B. Higgins and Bellagi A, "The Gybielyl Model For The Belous@habotinsky Reaction
Wolfram Demongiations Project"Demonstrations.Wolfram.Com
<http://demonstrations.wolfram.com/TheGyoergyiFieldModelForTheBelousovZhabotinskyReaction>
[Accessed 22 May 2016].
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6.2 Additional sundsources

Darkest Houis predominatly based on material found in the PHM archives, especially
material filed undetBelgianrefugees’ 'air raidsandchildren’,’? and'the labourleader
newspapet.”® Selected texts from the archive were read out by a voice actor and recorded.
Interviews wee 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, rajlroads
and maching soldiers. A full list of external sound sources can be fouAgpgandixl.

6.3 Tonal progressions

Tonal structuresn Darkest Houwere inspied by the tonal progression iHymn’#a short

song in aid of the Belgiawelief, of which the score was faul in the archive.

6.4 Sonification and moving images

The visual materiatonsistsof pictures taken from the PHM archives, as well as public
domain war footage and speeches of political figures. All video sources are credited in
appendixl. The visuals we treated with data created from the Belous@habotinsky

E 3]}vX u} ](] A E-]}v }( * ulPviasEIdd to similaEd thE u
localisationof starting material (white) anceactionproduct (black) in a 2D spafiegure

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

effects as seen in figurkE3, 14and 16.

Figurel3: The BelousowZhabotinski line Figurel4: Overlay of Belouse¥habotinski lines
drawings as seen iDarkest Hour with footage of narching soldiers.

TW }%o0 [*,]
W }%o0 [*,]
BW }%o0 [*,]
" H. Newbolt and H
archive, WNC 3/1
5. Zammataro,ltealized Belouse¥Zhabotinsky ReactidnDemonstrations.Wolfram.Com
<http://demonstrations.wolfram.com/lIdeazedBelousovZhabotinskyReactiprfAccessed 22 May 2016].

JEC Dpe pu E Z]JA U >WItE IiliX

JEC Dpe pu E Z]JA U >WItE ITITX

JEC Dpe pu E Z]-A91%).<s T1idio ~idii

ibart, "Hymn. In The Time Of War And Tumults" (Manchester), People's History Museum
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Figurels: A Max/MSRalgorithmanalyses 1 pixekdide cross sections of adealsed
BelousovZhabotinski reaction and expands them to black and white lines.*

Figurel6: BelousovZhabotinski lines as part of the visual transformatidhe words seen
on screen are derived fromaterialstoredin the PHM archives.

* See file ®12SupplementaryWideosAndPresentatiohs
How_to turn_chemical_data_intwisualsmp4 for a video demonstration.
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