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Ievads

Pétniecibas uzdevumi un mérki

Smadzenu — datora miizikas saskarne (BMCI) ir salidzinoSi jauna pétniecibas
joma, kas, izmantojot elektroencefalografijas (EEG) metodi, ir sekmg&jusi jaunu riku izveidi
miizikas mijiedarbibas p&tnieciba. Vienlaikus, $ada pieeja saskaras ar jautajumu, vai $adi
riki ir iesp&jami iemiesotam mizikas mijiedarbibas lietojumprogrammam.

Sobrid pétnieciba doming paradigma, kas izvirza apgalvojumu par kermena
aktivitasu un izzinas sasaisti. BCMI sistémas balstas uz EEG tehnologiju, kas savukart ir
jutiga pret kermena kustibam un to izmantoSana parasti prasa, lai lietotaja stavoklis baitu
nekustigs. Ta ka muzikalo izteiksmi un uztveri regulé kermena kustiba, izpilditaja nodomi
sastinguma stavokl1 klausttajam ir daudz mazak saprotami. Lai gan §is piep€mums nav bijis
Skerslis dot iesp&ju cilvekiem ar ierobezotam parvietosanas sp&jam muzikali mijiedarboties
BCMI ietvaros, tas lidz §im nav piemérots ekologiskos kontekstos, piem&ram, t.s. reala
laika mazikas izpildjjuma. Miisdienas neiroattélu tehnologija ir attistfjusies lidz tadam
Itmenim, lai adaptta aparatiira lautu veikt dazas kermena kustibas, sniedzot iesp&ju BCMI
dizaineriem $o problému risinat.

Vel viens liels izaicinajums petniekiem ir precizi noteikt, ka BCMI sisteému varétu
izmantot iemiesotas miizikas mijiedarbibas konteksta. BCMI dizains ietver EEG signalu
karteSanu uz akustiskiem jeb muzikas signaliem, tade] dizainera zina ir izstradat un Istenot
atbilstosu ievades-izvades kartéSanas stratégiju. Sis izaicinjums ir lidzigs elektroniskas
miizikas instrumentu dizainam, kur jebkuru pogu vai feideru skaitu var izmantot ta, lai
kontrol&tu jebkadu miizikas parametru skaitu, vai atskanotu jebkura veida miizikas paternu.
Tapec BCMI kartésanas stratégijai ir jabat pec iespgjas skaidrakai, lai to varétu sistému,
kas atspogulo lietotaja attieciga laika muzikalos nodomus. Tai arT jabit verstai uz lietotaja
nodomiem veikt jaunas un neparedzétas darbibas, spgjot reagét efektivak un intuitivak,
neka ar manualiem vai citiem I[idzekliem. Citiem vardiem sakot, BCMI nevajadz&tu pieskirt
lomu fikset fiziskas darbibas, ka piemeram, stigas strinkskinasanas vai taustina nospieSanas
fikseésanu. Sakuma tas var izklaustties riskanti, tacu, nemot véra, ka mes uztveram muzikalos
nodomus ne tikai ar to, kas tiek atskanots, bet, vel svarigak, ar to, ka tas tiek atskanots,
BCMI sisteémai varétu bit iesp&ja stratégiski kontrol&t parametrus, kurus parasti izmanto, lai
radttu izteiksmigas norades, piem&ram, tembru vai telpiskos aspektus, nevis tonaugstumu
vai laika aspektus.

Bitisks solis BCMI karteSanas stratégijas izstradé ir noteikt, kuras EEG
funkcijas izmantot ka ievaddatus. Japiebilst, ka, neirozinatne lielakoties nep&ta muzikalo
nodomu EEG korelacijas. Lielaka dala pétijumu robezojas ar klausitaja fiziologisko un
psihologisko reakciju izpeti muzika, un tikai atseviski petijumi ir veltiti mizikas izpilditaja
izp@tei. Veiktais parskats par esoSajiem petljumiem attieciba uz izpilditaju liecina, ka
EEG lietojums liela méra ir atkarigs no uzdevuma fokusa, individa prasmju kopuma un
situacijas konteksta. Tas nozim&, ka BCMI kartéSanas stratégija, kas adaptEjama ipasiem
uzdevumiem, individiem un situacijam, var nedarboties citos kontekstos. Tiesa, lielaka
dala esoSo BCMI dizainu, par kuriem noradits literatiira, ir vienreizgji, veidoti ta, lai lautu
konkrétam personam veikt konkretus uzdevumus. Turklat visas esosas BCMI sistémas,
sanemot un apstradajot izveletas EEG funkcijas ka ievades, ir sava starpa atskirigas, jo
izmantojusas dazadas aparatiiras un pielagotas programmatiiras kombinacijas. STs sistémas
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neblis iespEjams parpemt, izmantojot atSkirigus komponentus. Tadgjadi dizaineriem
ir izaicinajums pieradit, ka vinu risindjumi ir elastigi, vienlaikus pietickami uzticami,
neskatoties uz §iem mainigajiem lielumiem. Tas nozimg, ka BCMI sisteému izstradatajiem,
balstoties uz neirozinatnes atzinam, ir nepiecieSams savakt un analiz&t originalu EEG datu
kopu, uz kuras balstit talaku sisteémas attistibu.

P&c tam, kad EEG lietojuma funkcijas ir noteiktas, BCMI dizainers saskaras ar
vel vienu tehnisku izaicinagjumu: noteikt veidu, ka veidot programmatiiru, lai reallaika
noteiktu §Ts funkcijas, un kartet tas uz v€lamajiem rezultatiem. Funkciju noteiksana tiek
panakta, izmantojot matematiskus algoritmus. IenakoSie EEG signali tiek izol&ti un
parveidoti digitalizEtos formatos vai skaitliskas vertibas, kas piemérotas akustisku komandu
inicieSanai. Jaatzimé, ka paslaik nav pieejams standarta programmatiiras risinajums to
pielietosanai. Lai nodro$inatu risinajumus, kas paslaik vel nepastav, esosas BCMI sistémas
gandriz vienmér balstitas uz daziem péc pasiitijuma izgatavotiem programmatiiras
komponentiem, no sistémas veidotajiem prasot arl programmésanas iemanas. BCMI
pétnieciba ir multidisciplinars darbs, un darbibas virzienu liela méra nosaka ta disciplina,
uz kuru tiek likts lielaks uzsvars.

Vel viens izaicindjums ir testét BCMI sistémas prototipu dazados iemiesotas
miizikas mijiedarbibas kontekstos, tadgjadi novert€jot tas precizitati un potencialu
plasakai izmantoSanai arpus laboratorijas apstakl]iem. Promocijas darba merkis ir izstradat
risingjumus BCMI sist€émas izmantosanai, atspogulojot visaptveroSu un sistematisku
izstrades pieeju. PEtljuma gaita un sniegtas atzinas rada prieksnoteikumus BCMI sist€émas
izmantoSanai un pilnveidei turpmakaja attiecigas jomas p&tnieciba.

Peétijuma jautajumi

Nemot vera ieprieks aprakstitos galvenos izaicinajumus, pétjjuma objekts ir BCMI sistémas
dizaing8ana un izstrade, bet pétljuma meérkis ir izstradat strategijas tas lietoSanai iemiesotos
miizikas mijiedarbibas kontekstos. Nemot véra So mérki, ir izvirziti skojosi pétniecibas
jautajumi (PJ):

PJ1: Ka EEG signalus var izmantot audio/vizualo parametru reallaika kontrolei muizikas
mijiedarbibas laika?

PJ2: Vai ir lokali EEG modeli, kas raksturo konkrétus afektivus nodomus vienkar$u
klavieru izpildijuma uzdevumu izpildes laika?

PJ3: Vai BCMI dizains var precizi noteikt un kartét izteiksmigus nodomus vienkarSu
klavieru izpildijuma uzdevumu izpildes laika?

PJ4: Vai BCMI kontroli var panakt, vairakiem individiem atskanojot atskirigu muiziku uz
dazadiem instrumentiem?

PJ5: Vai BCMI kontroli var panakt realistiska vide, izmantojot kopigus instrumentus?
PJ6: Vai BCMI dizains var veidot jaunu pieredzi individam muzikas izpildijuma laika?

Sistematiskas muzikologijas pasparné BCMI ir tematiska joma, kas parklajas ar
miizikas neirozinatnes un miizikas skait]osanas pieejam. Tas galvenais pienesums ir miizikas
instrumentu, tehnologiju vai saskarpu inovacijas, nodrosinot jaunus cilvéka mizikas
mijiedarbibas veidus. BCMI pétnieciba ir multidisciplinara, tap&c, lai risinatu galvenas
problémas un nonaktu pie galiga risindjuma, tiek izmantotas jauktas metodes un p&tfjumu
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veidi. Lai atbildétu uz p&tjjuma jautdjumiem, promocijas darba tick izmantota visaptverosa
sistematiska dizainéSanas metodika, kas pazistama ka divkarsa dimanta dizainéSanas
metode — pieeja, lai strukturétu galvenos uzdevumus un noteiktu tiem atbilstosu izp&tes
pieeju.

ST dizaina metode ir izmantota lieti§kos tehnologiju pétijumos, kuru mérkis
ir uzlabot procesu vai tehnologiju darbibu efektivitati, $aja gadijuma - BCMI iemiesotai
miizikas mijiedarbibai. Cik autoram zinams, §1 metode ieprieks nav izmantota sistematiskas
muzikologijas pétijumos, tadel katrs solis pétijuma tika siki aprakstits, sekmgjot p&tijjuma
gaitas izsekoSanu un pétljuma rezultatu atkartosanu turpmakaja p&tnieciba.

Problem

Problem Definition Solution
Customisable BCMI
EG BCMI control based
slgl::ale :::xEPfess on exmrse intent Isnydsit\:'d':l:; d':::le:cr;"
otion in music during musi .
St i RESEARCH aEranis DESIGN instrumerts,and

Observation Analysis Creative Testing

Explore Narrow down
possible solutions that
solutions work

Explore the Narrow
problem down focus

Observing the behaviour of Collecting and analysing Developing a BCMI Testing a BCMI system
the EEG signal during —>» EEG data related to musical —» system based on EEG ~ — in realistic conditions.
music interaction. actions with intent to data analysis.

express mood.

1. attéls: Petijuma izmantota divkar$a dimanta sistematiskas dizainéSanas metode.

DizaingSanas procesa sakuma tika izvirzits vispargjs problémjautdjums, ta risinasanu
sasaistot ar ¢etram darba fazém:

Vispargja probléma: EEG signalu lietojums, lai izteiktu lietotaja muzikalos nodomus.

1. faze. Noverojums: Ieskats problémjautajuma, noverojot dazadas EEG signala pazimes
miizikas mijiedarbibas laika. Dizaina teorijas izstrade, petot efektivako BCMI tehnikas
veidu. Faze attiecinama uz PJ1.

Uzdevumi:

1. Zinatniskas un tehniskas literatliras analize, nepiecieSamo aparatiiras un programmatiiras
riku identificéSana un iegade, apguves laiks r1ku lietosanai.

2. Problémas izp&te, méginot atkartot literattra pieejamas BCI metodes.

Metodes: Parasti tiek izmantota lejupejosa metode, paturot prata gala risinajumu,
stradajot atgriezeniski un pilnveidojot katru soli cela uz mérki. Sada pieeja atbilst
eksplorativam pétijumam, lai izveidotu atsauces un izvirzitu dizaina hipotézi, no kuras
izriet turpmakais petijums.



Rezultati: Tika noteikts, ka visefektivakas butu EEG signalu spektralas joslas jaudas
Tpasibas, kas saistitas ar emociju izteikSanu mizikas izpildijuma laika.

2. faze. Analize: Datu vaksana un analize, lai defindtu EEG modelus, kas saistiti ar emociju
izteikSanu muzikas izpildijuma laika. Faze attiecinama uz PJ2.

Uzdevumi:

1. Eksperimentala protokola izstrade un ievieSana EEG datu vaksSanai. Eksperimenta
piedalijas profesionali pianisti, kas atkartoti izpildija vienu un to pasu miizikas materialu
ar noluku izteikt vienu no ¢etram kontrast€josam emocijam valences un uzbudinajuma
robezas péc ieprieksgja neitrala stavokla fikséSanas.

2. legiitas EEG datu kopas analize spektralas joslas jaudas raksturlielumiem, kas saistiti ar
katru ekspresivo stavokli.

Metodes: Eksperimentalo protokolu uzraudzija tris institliciju neirozinatnes eksperti
starptautiska sadarbibas petniecibas projekta ietvaros. Eksperimentalais dizains kontrolgja
tikai dazus petamas paradibas mainigos lielumus, un ta mérkis bija definét ta 1pasibas, bet ne
vienmer - ta c€lonus. Tadgjadi darbs $aja faze atbilst aprakstoSam kvazieksperimentalam
pétijuma veidam. Iegiitie dati sastav&ja no 2000 EEG datu izm&ginajumiem, iegiitiem no
10 respondentiem, izmantojot 32 elektrodus ar laika izskirtsp&ju 500Hz. Analize sniedza
skaitliskus EEG spektralas jaudas datus, kas raksturo katru ekspresivo stavokli.

Rezultati: Probléma tika saSaurinata un definéta: izstradat BCMI sistému, kas nosaka EEG
signalu modelus ekspresivitates stavokliem, un, ar atbilsto§iem audio/vizualiem rezultatiem,
atbalsta lietotaja izteiksmes nodomus mizikas izpildijuma laika. EEG datu analize sniedza
skaitliskas vertibas, kas att€lotas ka relativa spektrala jauda, ieglita no Cetriem vispargjiem
smadzenu laukiem (kreisa un laba pieres daiva un kreisa un laba parieto-pakausa daiva)
starp neitralu stavokli un katru ekspresivo stavokli.

3. faze. Radosa faze: iesp&jamo risinajumu izpéte BCMI sisteémas dizaina realizacijai,
balstoties uz EEG datu analizi. ST procesa mérkis ir nodroSinat risinajumus, kas var sniegt
atbildi uz PJ6.

Uzdevumi:

1. Programmatiiras identific€Sana un pielagotu risinajumu izstrade EEG signalu apstradei
un skaitlisko datu parveidosanai, lai noteiktu efektivu ievades-izvades BCMI kartesanas
strategiju.

2. Izstradato risinagjumu un dazadu BCMI kart€Sanas strat€giju noveértéSana, veicot
simulacijas, izmantojot originalo EEG datu kopu.

Metodes: tika izmantota augSupejosa metode, sakot ar pamata uzstadjjumiem un
piemeklétiem dazadiem risinajumiem. Tika veikti daudzi izm&ginajumi, no kuriem Kkatrs
balstijas uz pieredzi, kas iegiita no iepriek§gjiem méginajumiem atrast darbsp€jigus
risinajumus, uzlabot tos, lai panaktu maksimalu efektivitati.
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Rezultati: Tika izstradats un test€Sanai sagatavots darbsp&jigs BCMI sist€mas prototips.

4. faze. TesteSana: Risinajumu saSaurinasana, test€jot BCMI dizainu dazados apstaklos un
vides. ST procesa mérkis bija novertet risinajumus, atbildot uz PJ6.

Uzdevumi:

1. Izstradat un veikt tris testus (A, B un C), kuros, izmantojot BCMI sistému, tiek izpilditi
dazadi muzikas uzdevumi, sakot ar visvairak kontrol&tiem apstakliem un beidzot ar
visrealakajiem apstakliem. So testu mérkis bija pievérsties PJ3, PJ4 un PJ5 risinajumiem.
2. Novertet BCMI sistémas precizitati katra testa un tas potencialu pielietoSanai iemiesota
miizikas mijiedarbibas konteksta.

Metodes: katra testa datu vaksanai tika piesaistiti atskirigi respondenti. A testa sakotngjais
eksperimentalais protokols, vienlaikus kontrolgjot BCMI sisteému, tika atkartots cetru
pianistu grupa. B testam tika piesaistiti septini pieredz&jusi miiziki, kas spéléja dazadus
instrumentus, brivi improvizgjot, parmainus varigjot starp diviem stavokliem - augstu un
zemu uzbudindjumu. C testa promocijas autors uzpémas pétjjuma dalibnieka lomu un
izpildija sagatavotu originalmiiziku uz tris dazadiem plasi spélétiem miizikas instrumentiem
reala izpildijuma vide. No trim testiem iegiita datu kopa sastavéja no dazada apjoma EEG
datiem, BCMI precizitates datiem, MIDI datiem, aptaujas atbilzu datiem, ka arT audio un
video ierakstiem. P&c katra testa BCMI sistémas precizitati noteica ar laika procentualo
dalu, kura rezultati visvairak atbilda lietotaja nodomiem miizikas izpildijjuma laika. BCMI
dizaingsana katram solim tika veikti nepiecieSamie uzlabojumi, lai sistému padaritu
pielagojumu dazadiem individiem, instrumentiem un vidém, un samazinatu iestatiSanas
laiku.

Rezultati: EEG datu analizes rezultata tika secinats, ka dazadi individi, uzdevumi un
situacijas konteksti, kas ieklauti katra testa, radija atSkirigus relativas spektralas jaudas
raksturlielumus. Tomér, aprékinot BCMI sistémas precizitati, atklajas, ka tai piemit
sp&ja apstradat plasu mainigo lielumu klastu saskana ar lictotaja nodomiem. Precizitate
tika noteikta $ada apmera: 70,80% A testa, 74,46% B testa un 84,22% C testa. Tas ilustré
BCMI sistemas konstrukcijas elastibu - sist€éma spgja pielagoties mainigajiem lielumiem,
un respondenti var€ja apglt sist€mas lictoSanu jau aptuveni 30-40 miniiSu laika bez
ieprieks€jas sagatavosanas.

Promocijas darba struktiira

Promocijas darba struktiirair $ada: ievadam seko Pirma nodala, kas
sniedz teorétisku pamatojumu. Tas saturs ir balstits uz apkopoto informaciju par: 1) BCMI
petniecibasvirzieniem, paradigmam, metodémunkontroles veidiem; 2) EEGsignalatpasibam
un to, ka tas var ietekmét BCMI karte8anas stratégijas; 3) Iemiesota miizikas mijiedarbibas
paradigma un tas ietekme uz pieeju BCMI dizainam; 4) Individu neirofiziologiskas reakcijas
un mehanismi, kas saistitas ar miizikas mijiedarbibu starp klausitajiem, klausitajiem un
izpilditajiem. Pirmaja nodala sniegtas zinasanas veido metodologisko pamatu dizain$anas
procesam. Otraja nodala aprakstits dizainéSanas procesa novérosanas un analizes fazes
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paveiktais darbs. Tre$aja nodala ir ilustréts darbs, kas paveikts radosaja un testéSanas
posma. Nosléguma seko secinajumi, atsaucu saraksts un pielikums. Promocijas darbs ietver
ar1 89 att€lus un tabulas, ka art 17 videoklipus, kas kalpo ka vizuali paliglidzekli dizaingSanas
procesa posmiem. Tie pieejami autora majas lapa tieSsaiste: https://jachinpousson.com/
research.

Secigums no izp&tes, analizes, sisteémas izstrades un, visbeidzot, test€Sanas puses,
ir priekSnoteikums BCMI dizaingSanai, lai to varétu atkartot un pilnveidot citi p&tnieki,
neatkarTgi no aparatiiras un programmatiiras veidiem vai p&tniecibas jomas. P&tTjuma gaita
izveidotais BCMI riks ir dizaingSanas procesa rezultats apvienojot metodes no vairakam
zinatnes jomam. Miizikas izpilditaji, petnieki vai pedagogi riku var€s izmantot, lai veidotu
mijiedarbi ar EEG signaliem mizikas izpildjjuma laika, konkretiz€tos mizikas vai
uzdevumu ietvaros. ST darba ietvaros apkopota EEG datu kopa nodrosinaja pamatu BCMI
sist€émas programmésanai. Izveidota datu kopa ir viena no loti nedaudzajam pétniecibas
praksg, kas versta uz izteiksmju analizi mizikas izpildijuma. Ta var biit vertigs resurss
turpmakai izpétei sistematiskas muzikologijas vai neirozinatnes p&tijjumos. Turklat $o datu
kopu var analizet, izmantojot dazadas metodes, lai atklatu citus potencialus tieSsaistes
klasifikatorus, kurus nakotng varétu izmantot stingrakai BCMI kontrolei.



1. nodala: Teoretiskais pamats

Pirmaja nodala ir sniegts teorétiskais pamats turpmakajam darbam. Tas izskaidro
galvenos terminus un jédzienus, perspektivas un pieejas, ko izmanto gan BCMI, gan
iemiesotas miizikas mijiedarbibas pé&tijumu jomas. Seit tick analizéti tie saskares punkti,
kas ir btiski visaptveroSa dizain€Sanas procesa vadiSanai.

1.1 Smadzenu un datora miizikas saskarne

Pamatojums

BCMI pétnieciba ir salidzinosi jauna joma. Ta ir aizguvusi paradigmas un metodes no
smadzenu - datora saskarnes (BCI) izp&tes, no kuras ta arT tiesi izriet. Lai gan BCI petijumu
mérkis parasti ir nodrosinat cilvékiem ar ierobezotam parvietosanas spg&jam kontrol&t
datorus, BCMI pétijumu mérkis ir izstradat veidus, ka izmantot neiroattéla rikus muzikas
radiSanai vai mijiedarbibai. To parasti veic, novietojot elektroencefalogrammas (EEQG)
elektrodus uz lietotaja galvas adas. Apstradajot signalu ar datoru, ieejas funkcijas tiek
kartetas uz audialu informaciju, kura ieklautas muzikas strukttiras vai definéti noteikumi
(Miranda & Castet 2014 p.3, Rosenboom 2014).

Komponista Alvina Lusjé 1965. gada "Music for Solo Performer" izpildijums biezi
tiek uzskatits par hronologiski pirmo BCMI pieméru, kas izmantots mizikas izpildijuma
konteksta (Christopher et al. 2014, Miranda & Brouse 2005), tacu Deivids Rozenbiims biezi
tiek min&ts ka pirmais, kur§ publicg petijumu, p&tot EEG signala iezimes miizikas radiSanai
(Rosenboom 1997 p.3, Viljamée et al. 2011). Kops ta laika BCMI pétniecibas joma ir
attistijusies lidzigi ka tehnologijas neirozinatné, muzikas skaitloSana un biomedicinas
inzenierzinatng, un ta ir sp&jusi sasniegt strauju izaugsmi, jo 1pasi pe€dgjo desmit gadu laika.

BCMI pétniecibas jomas rezultatus varetu raksturot ka jauna veida mizikas
instrumentus, mijiedarbibas veidu, performances rakstturotaju, un tas ir piesaistijis daudzu
makslinieku un tehnologu iztéli (Miranda 2006, Hamano et al. 2013). BCMI sistéma
parasti sastav no aparatliras un programmatiiras, kas apvienota, lai veiktu $adas funkcijas:
1) EEG ievades iegiiSana no lietotaja, izmantojot elektrodus, kas novietoti uz galvas adas;
2) digitalizeéta EEG signala apstrade un filtréSana, lai noverstu nevélamu elektrisko troksni;
3) apstradata EEG signala parveidoSana, izmantojot matematiskos algoritmus, diapazonos
un formatos, kas nodrosina muzikas komandu uzsakSanu; 4) muzikas komandu kart€Sana
un izpilde programmatiira, kas reallaika rada skanas vai vizualo atgriezenisko saiti. Lai gan
ieprieks min&tie soli kopuma var tikt attiecinami uz visam BCMI sist€mam, vadosie §Ts jomas
pétnieki ir aprakstijusi un parskatijusi dazadas paradigmas, metodes, kartéSanas stratégijas
un lietojumu jomas (Palaniappan 2014, Miranda & Castet 2014, Hunt et al. 2000, Tan and
Nijholt 2010). Tadgjadi BCMI dizaingSana sakas ar strategiska virziena mérka izvirzisanu.
To tiesi ierobezo sistému veidojoso aparatliras un programmatiiras komponentu iespgjas, ka
arT tehniskas kompetences Itmenis visu komponentu efektiva apvienoSana.

Kopsavilkums
EEG signals sniedz informaciju, kas atspogulo smadzenu vilnu aktivitati, ko var analizgt,

lai atklatu mentalos procesus, komandas, stavoklus, ka arT uzbudinajuma, uzmanibas un
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emociju limenus (Leslie and Mullen 2011, Maskeliunas et al. 2016). Sis dimensijas var
precizi noverot muzic€Sanas rosinatas uzvedibas konteksta. Citiem vardiem sakot, mizikas
atskanosana nodrosina ietvaru, kura EEG signalu dimensijas var saprast un izmantot,
ta, lai dotu informativu pamatu BCMI dizainam. Muzic€Sanas rosinata uzvediba tiek
uzskatita par cilvéku socialas mijiedarbes mikrovidi. Saja konteksta BCMI nodrogina
jaunu veidu, ka novérot un izprast cilvéku uzvedibu (Keller et al. 2014), ka arT radosas
speles apstaklus, tadgjadi attistot BCI sistemu kopuma. Rezumgjot, BCMI ir pétniecibas
telpa, kura sistematisku muzikologijas p&tijumu ietvaros apvienojas neirozinatnes, miizikas
skaitloSanas un biomedicinas inzenierzinatnes paradigmas. Promocijas darba galvenais
mérkis ir atklat, ka un kur BCMI riki var tikt izstradati, lai tos izmantotu iemiesota muzikas
mijiedarbibas konteksta, piem&ram, reala laika izpildijuma.

1.2 Iemiesota miizikas mijiedarbiba

Iemiesoto mizikas mijiedarbibu veido jédzieni iemiesojums un mizikas
mijiedarbiba. Tie ir visparatziti jédzieni muzikas zinatng, attiecinot uz paradigmu par
kermena iesaistes lomu mizikas izzina. Sis jédziens ir izmantots, lai apzimétu pieeju
miizikas izp€tei, kas pamato, ka kermena iesaistiSanas ir buitiska muizikas mijiedarbibai, un
to pilniba nem v&ra, petot galvenas t€mas, pieméram, bet ne tikai - miizikas uztveri, izteiksmi
un afektu reakcijas (McGuiness & Overy 2011, Gill 2012, Leman & Maes 2014, Leman
et.al. 2017, 2018). Jedziens ir lietots ne tikai, atsaucoties uz visu pé&tniecibas paradigmu
vai pieeju kopuma, bet arT uz kontekstiem, kuros §ie procesi norisinas. Promocijas darba
autors apliko situacijas, kad divi vai vairaki cilveki ir fiziski klat un ir iesaistiti merktiecigas
muzikalas darbibas, lai kvalificEtos ka iemiesots miizikas mijiedarbibas konteksts.

Mizikas mijiedarbiba biezi tiek aplikota muzikologijas literatiira, pieverSot
uzmanibu dazadiem izp&tes virzieniem. Attieciba uz atbildes reakcijam uz muziku cilvéka
kermeni un smadzengs, tas nes lidzi gan fiziologisku, gan psihologisku ietekmi. Tie ietver,
bet neaprobezojas tikai ar fiziologiskas modribas Iimeni, kognitivo uzmanibu, atminu,
uztveres kod@sanu, ka arT emocionalam reakcijam (Miell et al. 2005). Lielaka dala p&ttjumu
ir koncentrjusies uz klausTtaju, bet daudz mazak ir zinams par izpilditaju. Izpilditajam tadi
aspekti ka, instrumenta veids, ansambla lielums, auditorija, prasmju kopums, izteiksmigi
nodomi, ka ar1 trauksmes un motivacijas pasakumi, ir faktori, kas ietekm& muzikas
sniegumu (Miell et al. 2005), un katram no Siem faktoriem var biit atskiriga psihofiziologiska
ietekme uz individiem. Izpilditaji izmanto mizikas instrumentus, lai paplaSinatu cilvéka
balss tembralo spektru, frekvences un Iidz ar to arT izteiksmes diapazonu, vai arl - daba
sastopamas skanas sasaist€ ar noteiktam asociacijam, pieméram, putnu dziesmam. Attieciba
uz to, ka izpilditaji sazinas ar apzinatiem izteiksmes nodomiem, ir pienemts uzskatit, ka vini
to galvenokart dara, izmantojot izteiksmigas norades, pieméram, tempu, skaJumu, tembru,
artikulaciju un citas (Sloboda & Juslin 2010). Sada veida izteiksmes norades var bit
atskirigi izsvertas kopgja konteksta veidosana, un to saprotamiba ir atkariga no nepartraukta
izteiksmes atpaziSanas procesa starp izpilditaju un klausttaju. Tas, savukart, ir atkarigs no
konsekventas un atpazistamas komunikacijas stratégijas izveides un uzturéSanas.
Iemiesota miizikas mijiedarbiba ir petniecibas paradigma, kas apgalvo, ka miuzikas
mijiedarbibu un jo 1pasi muzikalo nodomu komunikaciju var vispusigak izprast un
izskaidrot, izmantojot kermena iesaistidanos mijiedarbibas konteksta. Sada griezuma
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muzikala apzinatiba starp izpilditaju un klausitaju rodas divvirzienu atgriezeniskas saites
rezultata, kura kermena rosinatas artikulacijas un imitacijas verstas uz mizikas mérku
sasniegSanu (Leman 2008). Muzikas instrumenti tiek uzskatiti par starpniekiem starp
cilveka pratu un fizisko vidi. Tie darbojas, lai parveidotu biomehanisko energiju akustiskaja,
vizualaja, ka arT kin&tiskaja energija.

BCMI dizainésanas stratégija

Lidzsingjam zinasanam ir bitiska ietekme uz tadu BCMI dizain&Sanu, kuras
mérkis ir iemiesoti mizikas mijiedarbibas lictojumi. Attieciba uz Lemana (2008)
perspektivu, BCMI sistéma I1dziga veida ka miizikas instruments, var kalpot, parversot
neirofiziologisko energiju audio, vizualaja vai kinétiskaja energija. Tomér attieciba uz
iemiesotiem kontekstiem, piem&ram, muzikas izpildfjumu, autors izvirza pienémumu
par to, ka BCMI dizaingSana butu svarigi nevis aizstat kermena iesaistiSanos, bet
gan paplasinat iesaistes diapazonu un iespgju radit izteiksmigas norades muzikalo
nodomu izteikSanai. Attieciba uz izteiksmes norazu veidu, ko BCMI sistéma materializg,
autors secina, ka fembralie un telpiskie parametri ir butiskaki, atSkirtba no tempa vai
artikulacijas, kurus savukart efektivak kontrole ar kustibam. Sada dizaina BCMI sistéma
var darboties ka efektu kontroles veids, kas atbild par pastavigiem parametriem, piem&ram,
spilgtiem vai blaviem tembriem, vai skanas energijas dziSanas efektiem, kas pievienoti
lictotaja muzikas instrumenta skanai. Nemot véra attiecigas stratégijas, piedavata BCMI
sistemas dizaina lietotajs uzpemas izpilditaja lomu, parasti spelgjot miizikas instrumentu,
iek]aujot konkr&tus neirofiziologiska stavokla aspektus, kas kartéti, lai kontrol&tu noteiktus
parametrus muzic€sanas gaita.

Lai sada BCMI sistema darbotos, ir jaidentifice EEG modeli, kas saistiti ar miizikas
izpildes uzdevumiem. Tomer, ta ka kermena kustibas EEG signalu parraidg ievie$ troksna
artefaktus, salidzino$i maz pétfjumu ir me&ginajusi registrét smadzenu darbibu, kameér
individs spelé mizikas instrumentu. Jaatzimé, ka tikai p&dgjo 30 gadu laika ir izmantota
neiroattéla tehnologija, p&tot psihofiziologiskos mehanismus, kas ir miizikas mijiedarbibas
pamata (Christopher et al. 2014, Jourdain 1997, Krumhansl 1997, Miell et al. 2005, Molnar-
Szakacs & Overy 2006, Steinberg et al. 1992).

Miizikas improvizacija ir mérktieciga intereSu joma neiroatt€lu petjjumiem, kas
péta radosumu procesa. Ta ir svariga BCMI dizaineriem, jo visas mizikas izpildijuma
formas ietver zinamu ricibas brivibu radosai interpretacijai. Petnieki ir izmantojusi dazadas
neiroattélu metodes, lai izp&titu aktivitates modulaciju un funkcionalo savienojamibu radosu
miizikas uzdevumu laika, pieméram, improvizacija, kuras pamata ir emocionalas norades
attieciba pret tonaugstumiem (Pinho et al. 2016), improvizaciju ar noliku komunicét, radot
pozitivas un negativas emocijas (McPherson et al. 2016), improvizaciju pieredz&jusiem un
amatieru miizikiem (Dikaya & Skirtach 2015) un improvizaciju pretstatot vingrinajumu
(gammu) spélei (Sasaki et al. 2019).

Jo Tpasi vairakos fMRI (funkcionalas magnétiskas rezonanses attélveidosanas) un
EEG pétijumos ir pétita aktivitates modulacija un funkcionala savienojamiba prefrontalajas
un premotoriskajas zonas, jo Ipasi dorsolateralaja prefrontalaja garoza (DLPFC) (Pinho et
al. 2014). Sie pétijumi norada uz atskiribam vai savstarpgji nesalidzinamiem rezultatiem.
Kritiki biezi uzsver, ka tas, iesp&jams, ir saistits ar kontroles trikumu tadiem mainigajiem
lielumiem ka individu atSkiribas un pieredzes Iimenis (Chen et. al. 2008, Dikaya & Skirtach
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2015, Pinho et.,al. 2016), kulturas konteksts vai neobjektivu mizikas stimulu
izmantoSana (Bigand et. al. 2014, Meyer 1956), uzdevuma iesaistito notikumu fokuss,
seciba un laiks (Agostino et., al. 2008), situacijas konteksta ekologisko derigums, kura
uzdevums tiek veikts (Burgess et. al. 2006, Leman 2008). Turklat katra pétijuma datu
analizei tika izmantotas dazadas neiroatt€lu veidoSanas aparatiiras sisteémas, ka arl
dazadi bezsaistes apstrades tikli, kurus nav tehniski vienkarsi atkartot reallaika, bet kuri
ir nepieciesami, lai BCMI sisteéma darbotos. Ta rezultata no esoSajiem pétijjumiem nevar
ieglt pietickami daudz informacijas, lai klasificétu EEG signalu iezimes, kas saistitas ar
muzikalo nodomu izteikSanu, ka ari nav vienotas metodologijas, ka rikoties, lai tas precizi
identificetu un tas varetu darboties ka ierosinatas BCMI sist€émas ievades.
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2. nodala: BCMI dizaineSanas process - novérosanas un
analitiskas fazes

Otraja nodala aprakstiti visaptverosa BCMI dizaingSanas procesa pirmie
divi posmi - noveroSana un analitiska faze. NoveroSanas faz& tiek aprakstiti vairaki
pirmavota méginajumi sonificét un vizualizét dazadu muzikas mijiedarbibas veidu EEG
datus. Analitiskaja faze tika veikta EEG datu vakSanas procediira, lai izm&rTtu un raksturotu
pianistu speles gaita lokalizéto EEG spektralo jaudu.

2.1 NovéeroSanas faze: BCI metoZu izpéte iemiesotai miizikas mijiedarbibai

DizaingSanas procesa posma galvenie darba soli saistiti ar EEG signala darba
noveérosanu iemiesotas miizikas mijiedarbibas laika, vienlaikus p&tot veidus, ka to izmantot
sistémas dizainéSana. Tiek sniegts promocijas darba izmantotas EEG aparatiiras un
programmatiiras tehniskais pamatojums, kam seko apraksts par to, ka tie tika izmantoti, lai
izpétitu vairakas BCMI metodes, paradigmas un kontroles veidus.

EEG aparatiira

Péc vairaku EEG sistému novertésanas tika izvel&ta p&tnieciska ierice Enobio 32!
tas uzticamibas, izskirtsp€jas, funkcionalitates un salidzino$i zemo izmaksu dgé]. Sist€ma
nodrosina 32 EEG datu kanalus ar izSkirtsp&ju 500 Hz, un piedava bezvadu vai vadu
(izmantojot USB) signala parraidi, un nodrosina tadas iesp€jas ka sausie vai géla elektrodi,
kas ieverojami samazina iestatiSanas laiku. Enobio sist€ma pieejama ka p&tniecibas limena
ierice, kas sertificeta kliniskai lietoSanai, un ta ir atbilstosa BCMI sisteémai, par kuru
zinots citd petjuma (Levican et al. 2018). Elektrodu vadi ir pievienoti miniatiirai iericei,
ko sauc par NECBOX, kas pievienota elektroda vacina aizmuguré un §T ierice pastiprina,
digitaliz€ un parraida EEG signalus uz viet€jo signalu iegiSanas programmatiiru, ko sauc
par Neuroelectrics Instrument Controller (NIC) v.2.0.11.1. datora.

Zemejums tiek panakts ar Common Mode Sense (CMS)un Driven Right Leg (DRL)
savienojumiem ar labo auss lipinu. NIC ietvaros tieSsaistes EEG var skatit neapstradatu
vai parveidot par spektralas joslas jaudas komponentiem. Signala kvalitati var uzraudzit,
izmantojot kvalitates indeksu, kas sastav no linijas troksna, galvena trok$na, nobides un
novirzes. Neapstradatus EEG vai spektralas joslas komponentus no visiem 32 elektrodiem
var arT straumét no NIC ka skaitlisku datu struktiiru, izmantojot parraides vadibas protokola
(TCP) tiklu, lai tos sanemtu cita programmatiira turpmakai signala parveidoSanai. ST
funkcija bija liela prieksrociba, jo daudzas programmatiiras platformas skaitliskos datus var
sanemt reallaika, izmantojot TCP portus, nemot véra to, ka tas ir tik plasi izmantots sakaru
standarts.

Programmatiiras komponenti
Visi $aja petljuma izmantotie datori tika apstradati ar jaunakajam MacOSX
operétajsisttmam, kas vajadzibas gadijuma spgj simulét Windows vidi ilgaka laikposma

1 https://www.neuroelectrics.com/solutions/enobio/32 (Skatits 2022.gada decembrT)
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(2019. Iidz 2022. gads). P&c vairaku atverta koda programmatiiras novértésanas EEG datu
straumé&sanas sanemsanai no NIC, matematiskajai parveidosanai un kart€Sanai audio vai
vizualas vadibas izejas tika izv@leta uz t.s. mezgliem balstita vizualas programméesanas
platforma ar nosaukumu Quartz Composer? (QC). QC ir dala no macOS Xcode izstrades
vides un tiek izmantota datu apstradei un grafikas renderésanai. Darba vide notiek redaktora
loga, kas atte€lo makro ielapu, kura definétas ievades un izvades. Skatitaja loga tiek paradita
vizuala izvade, kas izriet no darbibam, kas notiek redaktora loga. Ir pieejama objektu vai
ielapu biblioteka ar Tpasam funkcijam savienoSanai ar virtualajiem kabeliem, lai generétu
vizualu izvadi, pamatojoties uz ievades datiem. QC spgj arT parsitit parveidotos datus
dazados formatos, pieméram, MIDI?, OSC* un DM X3, ko var uztvert miizikas producésanas
programmatiira vai skatuves apgaismojuma sistémas.

Konsultgjoties ar jomas ekspertiem, tika veiksmigi parbaudits lietotaja izveidots
ielaps v002_TCP Socket Client ielapu grupa ar saistitam tikla funkcijam ar nosaukumu
v002-Network®. Tas lava sanemt EEG datus reallaika, izmantojot TCP tiklu. Neapstradatie
EEG dati no NIC tika sanemti ka paraugu vertibas nanovoltu vienibas no -400 000 000 I1dz
+400 000 000 nV, un tos vargja izpakot un paradit ka indeksetas datu pliismas no atseviskiem
elektrodiem ar atrumu 500 paraugi sekundé. EEG frekvencu joslas datus var€ja arT straumét
atseviska tikla pieslégvieta un izpakot ka 5 frekvencu joslas uz elektrodu. Rezultata,
vienlaikus tika ieglitas 160 skaitlu virknes mikrovoltu kvadrata pV2, ko péc tam vargja
grupét un matematiski parveidot pec vajadzibas. Datu straumé&Sanas saite starp NIC un QC
bija stabila un uzticama, stradajot gan ar tieSsaistes, gan - bezsaistes EEG datiem, un to
neietekmgja latentums, pat tad, ja tiem tika pielietotas desmitiem vienlaicigas matematiskas
transformacijas pirms grafisko att€lojumu atveido$anas skatitaja loga, vai kartgjot tos
izvades vadibas datos, pieméram, MIDI, OSC vai DMX. Sis prieksrocibas veicinaja izvéli
izmantot QC ka galveno platformu BCMI sistémas transformacijas algoritma komponenta
izstradei.

Spektralas joslas jaudas izpete BCMI kontrolei

P&c aparatiiras un programmatiras komponentu izveides, BCMI sist€émas
EEG ievades, signalu apstrades un transformacijas algoritma soliem, tika veikti vairaki
meginajumi izmantot spektralas joslas jaudu ka lidzekli audio izvades kontrolei, izmantojot
miizikas generatoru vai digitalo audio darbstaciju (DAW), $aja pétijuma - Logic Pro X’
(v10.4.2).

Tie ietvéra spektralo frekvencu joslu amplitidu tiesu karteSanu (delta: 0—4 Hz,
teta: 4-8 Hz, alfa: 8—13 Hz, beta: 13-30 Hz, gamma: 30-50 Hz) atbilstosiem muzikas
tonaugstumiem, sejas kustibu artefaktu kartéSanu, ka ari vairakas metodes sinhronizacijas
notikumu vizualizéSanai, kas muzikalo uzdevumu izpildes reallaika norisinajas starp
dazadiem smadzenu laukiem.

Sie izpétes soli bija loti svarigi, lai uzzinatu, ka matematiski parveidot un
mijiedarboties ar EEG spektralas joslas jaudu, izmantojot izvEleto aparatliru un

2 https://developer.apple.com/documentation/quartz/quartz_composer (Retrieved Dec 2022)
3 MIDI: Musical Instrument Digital Interface

4 OSC: Open Sound Control

5 DMX: Digital Multiplex

6 https://github.com/v002/v002-Network#readme (Retrieved Dec 2022)

7 https://www.apple.com/logic-pro/ (Retrieved Dec 2022)
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programmatiiru, tacu tie nesp&ja sasniegt skaidru reallaika kontroles Iimeni. Tika secinats,
ka ir nepieciesama metode svesa troksna filtréSanai.

SSVEP izpete BCMI kontrolei

CenSoties panakt precizaku reallaika kontroli, tika parbaudita cita labi zinama
BCMI paradigma ar nosaukumu Steady-State Visual Evoked Potentials (SSVEP). Ta
ietver skatiSanos uz ritmiski mirgojosu vizualo stimulu, kas ieklauj EEG signalu. M&rTjumi
tika veikti redzes garoza, lai tas atbilstu ta frekvencei (Wang et al. 2006). Radot vairakus
stimulu avotus, kas mirgo dazadas frekvences, lietotajs var veikt atlasi, pieversot skatienu
konkrétam avotam. Tadgjadi BCMI sisteéma bija ka grafisks interfeiss, kas piedava dazadas
izve€les iesp&jas reallaika manipulét ar miizikas parametriem.

Autors sazindjas ar sadarbibas pétnieku komandu no Sun Yat-Sen universitates
Neiroergonomikas katedras petniekiem Gaosunga (Taivana), lai dalitos pieredze par SSVEP
balstitas BCMI sisteémas ievieSanu vairakiem lietotajiem. Izmantojot esoSos skriptus,
kas veikti matematikas programmatiira MATLAB®, SSVEP signali no Cetriem lietotajiem
vienlaikus tika dekod@ti ka atlases. Péc tam §is atlases tika kod&tas ka OSC zinojumi un
kartetas, lai saktu atskanosanu (vai to apturétu) ar vienu no tris miizikas t.s. cilpu paraugiem
katram individam. Katra lietotaja miizikas paraugi tika ieskanoti ar noteiktu muzikas
instrumentu (klavieres, bass, bungas, &rgeles), kombinacijam bija raksturiga noskana,
ko attélo tris asociacijas (saule: aktiva, meéness: mérena, lictus: relaks€josa). Rezultata,
Cetri lietotaji vargja mijiedarboties sava veida miizikas cilpas stacijas iestrégsanas sesija,
veicot atskanosanas atlasi un vienlaikus reallaika izveloties ieejas un izejas laikus. Autors
nodrosindja miizikas generatora komponentu, kas ieprogramméts QC, lai parvalditu
ienakosas atlases, kas sanemtas ka OSC zinojumi, un paraditu tas koplietota video monitora
asociaciju veida. Lietotaju atlases tika vienlaikus kartétas, lai uzsaktu vai apturétu sagatavoto
miizikas paraugu atskanoSanu plasi izmantotaja DAW Ableton Live® (v.10.1.43).

Nosléguma zinojuma, kas tika iesniegts saistiba ar Latvijas-Lietuvas-Taivanas
sadarbibas projektu, Sun Yat-Sen universitates p&tnieku grupa aprakstija iegiito BCMI
sistémas prototipu, kas ir sasniegusi kop&jo vidgjo precizitati 69,69%. Sis skaitlis tika iegits
no 80 izm&ginajumiem katra no ¢etram SSVEP stimul&$anas frekvencém katram no Cetriem
respondentiem, ka rezultata kopuma tika veikti 1280 izm&ginajumi.

Tomeér raksturiga latentuma un nekustiguma dél §1konkréta sistéma nesp&ja atbalstit
skaidru reallaika kontroli par vidi, kura notiek miizikas mijiedarbiba. SSVEP paradigmas
turpmaka izpéte So apsvérumu dg] tika partraukta. Programmgjot jaunu transformacijas
algoritmu un muzikas dzingju QC guta pieredze lieti ndoer&ja. Ta, |ava vizualizeét atlases
un kontrol&t ieprieks definétu muzikas frazu atskanosanu, kas sakartotas ka paraugi DAW
cilpas stacija.

Izveléta BCI metode

Spektralas joslas jauda tika izvéléta ka galvena BCI tehnika BCMI sistémas
dizainganai pétijuma. Sads lémums tika pienemts vairaku iemeslu dél. Pirmkart, lai
sist€mas izveidi balstitu uz literatiiras atzinam, kur parasti noradita lokalizéta spektralo
jaudu korelesana. Otrkart, tapec, ka neapstradata EEG signala matematisko atro Furjé

8 https://www.mathworks.com/products/matlab.html (Retrieved Dec 2022)
9 https://www.ableton.com/en/ (Retrieved Dec 2022)
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transformaciju (FFT) frekvencu joslas var veikt un straumét reallaika, padarot to par idealu
BCI metodi muzikas mijiedarbibai. Treskart, izvEleta aparatiira sp&ja straumét spektralas
joslas jaudas datus uz ar&jam iericem, izmantojot parraides vadibas protokola (TCP) tiklu,
padarot to pieejamu kartesanai, lai kontrol&tu audiovizualo atgriezenisko saiti.
Novérosanas fazg tika veikti vairaki méginajumi izmantot spektralas joslas jaudu
un SSVEP BCMI sistémas kontrolei. Lai gan tika fiks€tas dazas noderigas atzinas, katrs
prototips nesp&ja nodrosinat visus vélamos risinajumus ierosinatajam BCMI dizainam -
sisteémai, kas ietver skaidru reallaika kontroli par notiekoSajiem miizikas parametriem,
dabisku kermena iesaistiSanos un producésanas diapazona un iesp&ju paplasinasanu.

2.2. Analitiska faze: EEG datu vakS§ana un analize

Nakamais solis dizainéSanas procesa bija precizi sasaurinat EEG signala
raksturlielumus, kas paredzeéti BCMI kontroles kart€Sanai. Ta ka p&tijuma aparatiiras un
programmatiiras komponenti, ka arT mérka pielietojuma jomas atskiras no tam, kuras I1dz
§im izmantotas citos petljumos, analizei bija nepiecieSama jauna EEG datu kopa. Datu
vaksanas procedira tika izstradata un veikta Taivanas-Latvijas-Lietuvas kopiga sadarbibas
projekta ietvaros, kura merkis bija BCMI attistiba. Projekts tika 1stenots 2019.-2021.gada.

Tika izvirzits piepémums par EEG spektralo jaudu ka izteiksmes nodomu
reprezentatoru un tas lietoSanu BCMI metodg. Lai parbauditu So piepémumu, tika izvirzits
mérkis izmerit un raksturot miziku EEG spektralo aktivitati. Muzikiem tika iedots
uzdevums izpildit klavieru partitiira uzrakstito materialu, vienlaikus modul&jot spéles
veidu, lai izteiktu kontrastEjoSus afekta stavoklus. Nemot vera, ka literatiras avotos ir
zinots par individualajam atSkirtbam, $aja eksperimenta tika pétita iesp&ja iegt stabilus
aktivizacijas mode]us no dazadiem individiem atskiriga laika posma. Tika pienemts, ka,
ja individi var€tu precizi kontrolét audiovizualas atgriezeniskas saites veidu, izpildot
vienkarsu klaviermiziku, ST BCI metode var€tu tikt attiecinata uz citiem iemiesotas muzikas
mijiedarbibas kontekstu veidiem, piem&ram, uzstasanos, macisanos, treninu vai terapijas
pieejam.

Materiali un metodes

Sadarbojoties ar starptautisku p&tnieku grupu, eksperimentalaja dizaina tika nemti
vera vairaki metodologiski aspekti. Bija nepieciesams iegiit atzinas, kuras varétu interpretét
EEG pétniecibas joma un praktiski izmantot BCMI dizain&$ana sistematiskas muzikologijas
pétniecibas jomas ietvaros.

Dalibnieki

Saskanojot ar Jazepa Vitola Latvijas Miuzikas akadémiju (JVLMA), Sim
petijumam tika piesaistiti desmit pianisti bez redzamam veselibas problémam - divi viriesi,
astonas sievietes vecuma no 19 Iidz 40 gadiem, visi labrocigi un katrs ar vismaz piecu
gadu akadémisko pieredzi klavierspele. Katram dalibnickam bija paredz&tas Cetras ierakstu
sesijas, kas notika dazadas dienas. Petjjumu apstiprindja Rigas Stradina universitates
P&tniecibas &tikas komiteja (N1.6-1/01/59), un visi dalibnieki sniedza rakstisku piekrisanu.
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Modelis

EEG signalu metode ir izmantota daudzos pétijumos (AlZoubi et al. 2009, Chanel
et al. 2006, Khalili & Moradi 2008, Horlings et al. 2008), lai izm&ritu neirofiziologiskas
reakcijas audio vai vizualo stimulu iedarbibas laika. Tada veida stimulEjot emocionalas
pamatreakcijas, kas, domajams, islaicigi modulé individa emocionalo stavokli. Saja
petijuma tika izmantots divdimensionals afekta modelis (Russell 1980, 1164. Ipp.), lai
izstradatu eksperimentalos uzdevumus, izveloties izmantot Cetrus deskriptorus, pa vienam
katram divdimensiju afektivas telpas kvadrantam, proti, satraukts, atslabinats, nomakts
un nomakts, kas paradas pulkstenraditaja virziena (2. att.). Ir atzits, ka raditas un izjustas
emocijas miizikas izpildijuma var bt atSkirigas (Gabrielsson & Juslin 1996, Juslin 1997,
Van Zijl & Sloboda 2010), un tas var nebit precizi aprakstamas, izmantojot pamata emociju
veidus. Respektgjot So atzinu, dalibnieki tika rOpigi inform@&ti, aicinot vinus pieverst
uzmanibu galvenajam iespaidam, ko vini plano apzinati izraisit hipotetiska klausitaja katra
priek$nesuma laika, nevis to, ka vini patiesiba jitas saja bridi.

Arousal
9
Distressed % Excited

1 » o lalence

Depressed Relaxed

Attels 2: Pétijuma izmantotais emociju divu dimensiju modelis

Vide

EEG ieraksti parasti norisinas medicinas iestades, savukart muizikas ieraksti notiek
ierakstu studijas vai koncertzales. Lai raditu miizika dabiskajai videi tuvaku ierakstu vidi,
EEG ierakstiSanai tika 1paSi sagatavota telpa JVLMA. Telpa tika akustiski apstradata,
lai samazinatu iek$gjo reverberaciju un argjos troksnus. Aprikojums tika izkartots ta, lai
individs varétu &rti sédet pie pianina, ar uzvilktu elektrodu cepuri, skatiens paversts pret
klepjdatora ekranu, kura redzamas instrukcijas un miizikas partitira.

Muzikalais materials

Muzikas partitira, kas tika piedavata respondentiem, bija sacer&ta speciali $im
eksperimentam (3. att.). Lai izvairitos no jebkadam asociacijam, tika izvel&ts tads materials,
kuru griti sasaistit ar iepriek$ dzirdétiem paterniem. Lai palielinatu izmégindjumu skaitu,
rezultats tika ierobezots l1dz vienai mintitei. Materiala izklasts bija uz divam lapam. Katras
lapas materiala skan&uma ilgums bija 30 sekundes. Pirmaja lapa bija divas atkartotas
frazes pirmajas astonas taktis, kam sekoja Cetras atkartotas frazes nakamajas astonas taktis
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ar metronoma atrumu 120 sitieni mindité. Otra lapa bija pirmas lapas materiala atkartojums,
tacu bez laika un tempa noradém, ritma, dinamikas un artikulacijas. Otraja lapa izpilditajam
tika uzdots mainit noteikto t€mu ta, lai vislabak atbilstu kadai no cetram noraditajam
emocijam, aicinot atkartot tik ilgi, kamér nav pagajusas 30 sekundes. Muzikas materials
bija veidots ta, lai ta biitu pietickami vienkarss, lai pieredzgjis klavieru sp€letajs varétu
viegli iemactties un variét. Ta ka viena un ta pati t€ma bija jaizmanto, lai izteiktu apzinati
kontrastgjosas emocijas, miizikas frazes tika rakstitas, izmantojot paplaSinatu pentatonisko
skankartu, radot afektivas asociacijas, izvairoties no disonansém un funkcionalam
harmonijam (Bigand et al. al., 2014).

Neutral J =120 Expressive < = free
17
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Repeat if time allows, until timer ends.
3. attéls: §im pétjjumam izstradata miizikas partitiira.

Eksperimenta dizains un procediira

Dalibnieki tika informéti par ierakstiSanas protokola secibu pirms vinu pirmas
sesijas, un viniem tika nodroSinata mizikas partitlira, lai ar to varetu savlaicigi iepazities.
Pirmaja sesija katram dalibniekam tika dots laiks, lai parbauditu ierakstiSanas protokolu
un nodroS$inatu, ka uzdevumu seciba ir pilniba izprasta. P&c tam tika uzlikta 32 kanalu
elektrodu cepure ar signalus vadosas zelejas elektrodiem un tika veiktas korekcijas, lai
iegiitu kvalitativu signalu. Klépjdators, kura bija stimulu prezentacijas programmatiira -
Psychopy, kontrolgja ierakstiSanas procediiru, dalibniekiem paradot instrukcijas un miizikas
partitiiru, vienlaikus nosiitot markierus uz EEG datiem katra izm&ginajuma katra notikuma
sakuma.

Katra izméginajuma laika dalibniekiem tika uzdots vienu reizi izpildit muzikas
partitiiru (4. attels). Pirmkart, programmattira 20 sekundes radija mérka emociju deskriptoru.
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P&c tam uz 15 sekundém tika paradits fiksacijas krustins, lai registrétu miera stavokli. Péc
tam sekoja miizikas partitliras pirma lapa ar tris sekunzu atpakalskaitiSanas taimeri, lai
saktu atskaposanu. Dalibnieki pirmo lapu izpildija neitrali 30 sekundes bez izteiksmes, kam
sekoja otra lapa - 30 sekundes, ar noluku izteikt mérka emocijas. Pec tam tika paradits
novertésanas solis, kura individiem tika lfigts pasiem novertet savu sniegumu attieciba uz
valenci - no negativas uz pozitivu, un uzbudingjumu - no zema lidz augstam skala no 1
lidz 9, kur 5 apzimé neitralu abas skalas. Sis pasnoveértgjuma solis tika veikts, lai kontrolgtu
iespgju, ka dazas izteiksmigas otras lapas izpildes laika ieviestas variacijas vai panémieni
ir izteikti skaidrak vai raitak neka pargjie. [zmeginajumi tika registréti piecos komplektos,
turpmak saukti par celiniem, kuros nejausa seciba tika uzdots atskanot vienu no Cetram
pamata emocijam un neitralu stavokli. Kad tika instructa neitrala spéle, ta vieta, lai paraditu
partitiras otro lapaspusi, dalibniekiem bija precizi jaatkarto nosu partitiras pirma lapa.
Katrs no 10 dalibniekiem registr&ja 10 celinus katra no ¢etram sesijam, ka rezultata kopuma
tika savakti 2000 izm&ginajumi, kas sastavéja no 400 izm&ginajumiem katram emociju
veidam.

Sequence of a single trial

Instructions . : : Evaluation
Resting State Prepare : Playing i
Emotion ) { Music score Arousal/Valence
X > Fixation Cross > Music score (Neutral) A > / X
Descriptor 15 ) i (Emotional) Manikins
sec :
20 sec 3sec : 30sec i 30sec 20 sec

EEG Analysis

4. attels. Viena izméginajuma seciba ar instrukcijam, ko klépjdatora ekrana nodrosSina stimulacijas
programmatara.

EEG datu iegisana, pirmapstrade un analize

Saja nodala aprakstita eksperimenta mérkis bija sniegt atbildi uz PJ2. Tika veiktas
darbibas, lai identificEtu un aprakstitu $os modelus relativas spektralas jaudas izteiksmé.
EEG signali tika registréti ar frekvenci 500 Hz ar 50 Hz filtru, kas tika izmantots, lai
nonemtu elektrolinijas troksni, izmantojot 32 kanalu Enobio sistému, ar elektrodiem, kas
novietoti saskana ar starptautiski pienemto 10-20 sist€ému.

Apkopotie dati tika struktur€ti un nosititi uz Vilpas Universitates Biofizikas katedru
turpmakai analizei. Datu priekSapstrade tika veikta ar pielagotiem rakstiskiem skriptiem,
kas ievie§ tiriSanas funkcijas, kas pieejamas MNE-Python, atvérta koda programmatiiras
pakotné neirofiziologisko datu analizei. Neapstradatajiem EEG datiem tika izmantots joslas
caurlaides filtrs (FIR, 1-45 Hz), un tas tika atkartoti noradits uz vidgjo atsauci. Acu kustibas
artefakti tika korigéti, izmantojot neatkarigo komponentu analizi (ICA). Péc tam dati tika
segment&ti divu sekunzu periodos ar 50% parklasanos, kas sakas piecas sekundes péc katras

19



izteiksmes atskanosSanas uzdevuma sakuma otraja lapa un noslédzas piecas sekundes pirms
ta pabeigSanas. P&c tam tika ieviesta pilniba automatiz&ta pieeja turpmakai datu tiriSanai,
izmantojot algoritma noklus€juma iestatijumus slikti ierakstitu izm&ginajumu vienotai
noraidiSanai un laboSanai EEG signalos, ko sauc par Autoreject (versija 0.1). Segmenti, kas
satur artefaktus un sensorus, kuriem tika konstatéta slikta signala kvalitate, tika noraiditi.
Ta rezultata tika atmesti 10% no visiem datiem. Iznemtiec EEG kanali tika rekonstruéti,
izmantojot metodi, ko sauc par sfeérisko rievsavienojumu interpolaciju, kas ir kartéSanas
metode skalpa potencialu interpol&Sanai un galvas adas stravas blivuma tuvinasanai.

Papildu analize tika veikta, izmantojot funkcijas, kas pieejamas atverta pirmkoda
programmatiira elektrofiziologiskajiem datiem, ko sauc par FieldTrip. Segment&tajiem
datiem tika piemérots Haninga konuss, lai kontrolétu frekvences izlidzinasanu, péc tam,
pamatojoties uz atro Furjé transformaciju (FFT), tika aprékinats katra individa un stavok]a
vidgjais jaudas spektrs. Spektrala jauda tika aprékinata frekvencu joslas, delta (1-4 Hz),
teta (4-8 Hz), alfa (8-12 Hz), beta (12-30 Hz) un gamma (30-45 Hz). P&c tam izteiksmigo
veiktsp&jas segmentu videja jauda tika dalita ar ieprieks€jo neitralo veiktsp&jas segmentu
vidgjo jaudu, lai iegiitu relativo jaudu. Merijumi tika apvienoti katram individam visas Cetras
ierakstiSanas sesijas. P&c tam visos kanalos tika izmantoti neparametriskie permutacijas testi
ar klasteru korekciju vairakiem salidzinajumiem (5000 permutacijas, p < 0,05, abpusgji), lai
parbauditu statistiskas atskiribas starp segmentiem, kas saistti ar kontrastgjosiem emociju
mérkiem.

Rezultati

EEG datu analizes rezultati norada, ka, pirmkart, elektrodu kopu T vértibas, kuras
tika ieglitas biitiskas atSkiribas, tika att€lotas topografiski (ka zinots Pousson et. al. 2021),
un tiek zinots par katra klastera vidéjam veértibam un standarta novirzes mérjjumiem. Kopas
sastav no elektrodiem, kas apraksta skaidribas labad ir sagrupéti atbilstosi kreisajai un
labajai puslodei, ka arT smadzenu prieksgjas (frontalas) un aizmugurgjas (parieto-pakausa)
dalai. Salidzinot EEG datu segmentus, kas saistiti ar kontrastgjosiem emociju mérkiem, tika
konstatetas vairakas bitiskas spektralas jaudas atskiribas visas Cetras lokacijas.

Delta un teta aktivitate neitrala spéles stavokll bija samazinata, salidzinot ar
satrauktu spéles stavokli gan kreisaja, gan labaja parieto-pakausa apgabala (delta: neitrals
1,07 (0,25) pret nomaktu 3,55 (2,52), teta: neitrals 1,08 (0,15) pret 2,54 (1,79)). Lidzigi,
delta un teta aktivitate kreisaja parieto-pakausa rajona tika samazinata neitrala spelg,
salidzinot ar satrauktas spéles apstakliem (delta: neitrals 1,06 (0,30) pret satraukumu 3,61
(1,99), teta: neitrals 1,08 (0,15) pret satraukts 2,89 (1,49)).

Beta un gamma aktivitate visos frontalajos un parieto-pakausa apgabalos tika
samazinata arl neitrala sp¢€l¢, salidzinot ar satrauktu spéli (beta: neitrala 1,14 (0,11) pret
satraukumu 2,54 (1,79), gamma: neitrala 1,15 (0,11) pret satraukta 2,95 ( 1,96)). Tapat
gamma aktivitate abos parieto-pakausa apgabalos tika samazinata neitrala spélg, salidzinot
ar satrauktu spéli (gamma: neitrala 1,16 (0,15) pret satraukumu 2,78 (2,53)).

Delta aktivitate kreisaja frontalaja un labaja parieto-pakausa apgabala bija
paaugstinata satrauktas spéles laika, salidzinot ar nomaktu spéli (delta: nomakta 2,84 (1,67)
pret nomaktu 1,30 (0,46)). Salidzinot tos pasus divus spéles apstaklus, tika noverota alfa
aktivitates palielinasanas ari kreisaja frontalaja regiona (alfa: nomakts 1,49 (0,57) pret
nomakts 0,92 (0,35)).
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Paaugstinata delta un alfa aktivitate labaja frontalaja un kreisaja parieto-pakausa
lauka tika noverota arT satraukta spglg, salidzinot ar atslabinatu spéli (delta: satraukti 3,56
(2,19) pret atslabumu 1,37 (0,63), alfa: satraukti 1,83 (0,99) vai atslabinats 1,03 (0,29)).
Turklat palielinata beta aktivitate tika noverota abos frontalajos laukos, kad tika salidzinati
tie pasi speles apstakli (beta: satraukts 2,24 (1,47) pret atslabumu 1,18 (0,33)).
Paaugstinata teta aktivitate tika novérota abos parieto-pakausa regionos, kad satraukta spéle
tika salidzinata ar atslabinatu spéli (teta: nomakta 2,54 (1,79) pret atslabumu 1,19 (0,45),
savukart delta aktivitate palielindjas tikai labaja parieto-pakausa rajona. (delta: nomakts
3,31 (2,37) pret atslabumu 1,32 (0,54)). Tika novérota arT alfa aktivitates palielinasanas
abos frontalajos laukos, salidzinot tos paSus divus spéles apstaklus (alfa: nomakts 1,44
(0,50) pret atslabumu 0,94 (0,17) ).

Paaugstinata teta un alfa aktivitate tika novérota kreisaja parieto-pakausa rajona
satraukta spélg, salidzinot ar atslabinatu spéli (teta: satraukti 2,89 (1,49) pret atslabumu
1,23 (0,58), alfa: satraukti 2,31 (1,68) pret atslabinati 1,12 (0. ), ka arT nomaktaja spele (teta:
satraukts 2,89 (1,49) pret atslabumu 1,29 (0,56), alfa: satraukts 0,92 (0,35) pret atslabumu
1,49 (0,57)).

Visbeidzot, palielinata gamma aktivitate tika noverota abos frontalajos laukos
satraukta spele, salidzinot ar nomaktu speli (gamma: satraukta 2,95 (1,96) pret nomaktu
1,22 (0,32)), ka arT abos parieto-pakausa regionos, salidzinot ar atslabinatu spéli ( gamma:
satraukts 3,09 (2,20) pret atslabumu 1,51 (0,84)).

Lai atvieglotu vizualizaciju, relativa spektrala jauda, kas iegilta, salidzinot
izteiksmes un neitralos spéles segmentus, tika sadalita cetras kopas, kas sastav&ja no trim
elektrodiem katra. Sis kopas atrodas kreisaja frontalaja (AF3, F3, Fpl), labaja frontalaja
(AF4, F4, Fp2), kreisaja parieto-pakausgja dala (O1, P3, PO3) un labaja parieto-pakauséeja
dala (02, P4, PO4) smadzenés (5. att.). Relativas spektralas jaudas vidgjas vertibas un
standartnovirzes merfjumi katrai frekvencu joslai visos cetros emociju mérkos un neitralaja
spele (6. att.) ir aprakstiti autora 2021.gada publikacija.

Skaitliskas vertibas, kas izmantotas, lai att€lotu 6. att€lu, atspogulo lokaliz&tus
EEG modelus, kas raksturo relativo spektralo jaudu. Ta saistita ar kontrastgjosiem afektu
nodomiem vienkar$u klavierspéles uzdevumu izpildes laika. S1s skaitliskas vértibas ir
paraditas 1. tabula. Sis rezultats nodrosinaja to, lai atbildétu uz PJ2 (vai ir kadi modeli?), un
tika izveidots pamats PJ3 izvirzisanai (vai BCMI var precizi noteikt un kartet Sos modelus?).
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5. attéls. Elektrodu kopu izvietojums cetras grupas — kreisa frontala (zila), laba frontala (zala), kreisa
parieto-pakausSa (oranza), laba parieto-pakausa (dzeltena) standarta 32 kanalu montaza.

Leftfrontal  Neutral 115 051 44113 031 27 120 032 26 116 0.19 16 113 017 15
Fp1, AF3, F3
Depressed | 1.34 059 44104 o4t 35 095 038 40 102 028 | 27 115 036 31
Relaxed 120 047 39 1.06 025 23 094 I 14143 026 2 144 082 i 8
Distressed 261 135 51 221 .I.IJ | 51 1.59 0.63 39 191 121 | 63 2.39 1.68 70
Excited 376 | 332 88 271 | 171 [ 63 | 176 | 1.10 | 62 | 210 1.35 | 64 272 1.65 60
Right frontal  Neutral 109 |o.47 ; 431,06 |o.za | 24 113 |o.zs | zslms 0.14 : 12 115 1(;.14 ; 2
Fp2, AF4, F4
Depressed 1.39 0.65 46 120 053 44 097 0.37 38 1.06 0.35 33 131 068 51
Relaxed 123 039 31 1.06 027 25 096 023 23 115 031 | 26 151 076 50
Distressed | 3.07 194 63 2.10 113 53 143 054 a7 17 116 | 67 254 238 2
Excited 3.00 228 74 222 [12s | 55 152 067 4194 120 61 302 248 82
Left parieto-  Neutral 102 lo.m I 17,108 lo.nz ! 11115 015 13 1.5 o1 9 116 012 10
occipital
01,P03, P3
Depressed 161 | 0.94 | 0.42 | 37 | 115 28‘ 126 0.39 30
Relaxed 154 108 038 34 124 40 149 084 56
Distressed | 3.67 294 134 72 218 9 272 259 | %
Excited a1 220 144 69 257 : 8 322 263 81
I
Right parieto- Neutral 108 |u.2n I 0.18 15 112 0.16 14 114 016 14
02,P04, P4
Depressed | 1.32 0.44 33116 032 27 097 026 26 1.10 025 | 2 127 034 2
Relaxed 129 051 3 112 NER 26 097 020 20 1.15 034 | 29 139 062 a4
Distressed |3.19 (225 70 238 s 75 168 120 73 206 194 | 9 261 236 %
Excited 450 >4.57 101 3.06 .2.55 | u. 193 | 145 | 75‘2.13 1.69 | 78 268 192 kal

1. tabula. Vid€ja relativa jauda, standartnovirze un relativas standartnovirzes vértibas katrai elektrodu
grupai, EEG frekvencu joslai un ekspresivajam stavoklim.
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6. attels: relativo jaudas spektru diagrammas, kas iegiitas kreisaja frontalaja (A), labaja frontalaja (B),
kreisaja parietoccipitalaja (C), labaja parietoccipitalaja (D) lauka, ka ari vidéjie raditaji un standartnovirzes
katrai frekvencu joslai: delta (1-4 Hz), teta (4-8 Hz), alfa (4-8 Hz), beta (12-30 Hz) un gamma (30-45 Hz).
Krasainas linijas atbilst ekspresivajiem stavokliem: neitrals (zils), skumj$ (sarkans), satraukts (zals),
nomakts (roza) un atslabinats (melns).

EEG signalu atklajumi, kas iegiiti no citiem pétijumiem

Ka min&ts ieprieks, ir ierobezots skaits petijumu, kas noverté EEG signalu aktivitati
izteiksmigas mizikas atskanosanas laika. Detalizetaks salidzinajums ar saistitajiem
atklajumiem plasaka EEG pétniecibas sféra par miizikas izraisitajam emocijam ir aplikots
raksta, kas publicets promocijas darba ietvaros veikta eksperimenta rezultata (Pousson et.
al. 2021).
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P&tijums, ko veica Sasaki et. al. (2019) norada, ka improvizacija ietver koordin&tu
kustibu, reaggjot uz notiekoso argja vide. Vini izmérija gitaristu EEG signalu aktivitati,
mainot divus kontrastgjosus apstaklus, proti, improvizaciju un vingrinajumu (gammu) spéli,
un konstat€ja palielinatu teta, alfa un beta aktivitati frontalaja, temporalaja, motoriskaja un
parietalaja apgabala. Autori izvirzija pienémumu, ka improvizaciju var veicinat procesi, kas
saistiti ar planotajam kustibu sekvencém, izmantojot sensoro stavoklu atgriezenisko saiti,
laika gaita attistosa muzikala materiala konteksta.

Rozena pétijums (Rosen et al. 2020) analiz&ja dzeza gitaristus un mekl&ja atskiribas
EEG aktivizacijas modelos, kas registréti augstas un zemas kvalitates improvizacijas laika.
Sakotngji vini konstat€ja paaugstinatu aktivitati beta un gamma frekvencu joslas augstas
kvalitates salidzinajuma ar zemas kvalitates improvizaciju. Tomér, parbaudot izpilditaju
pieredzi, vini atklaja paaugstinatas teta, alfa un augstas beta aktivitates kopas smadzenu
prieksgja labaja lauka izpilditajiem ar lielas pieredzes Iimeni. P&tjjuma apliikota teorija,
ka EEG aktivizacijas modelis var but atkarigs no ta, vai pétijums definé radoSumu péc
iesaistTto kognitivo procesu veida vai ieglita rezultata kvalitates.

Ieprieksgja EEG signalu pétijuma, ko veica Dikaya un Skirtach (2015), tika pétitas
atskiribas starp profesionaliem un amatieru miizikiem trTs internas muzic€Sanas aktivitates,
proti, uztveres, mentalas reproducgsanas un mentalas improvizacijas laika. Profesionaliem
mizikiem improvizacijas uzdevuma laika bija paaugstinata delta aktivitate gan frontalaja,
gan pakausgja dala, bet teta aktivitate tikai kreisaja puslodé. Turklat profesionaliem
mizikiem improvizacijas uzdevuma laika tika konstatéts funkcionals savienojums starp
prieksgjo labo un aizmugurgjo kreiso smadzenu lauku (Fp2-O1) beta josla.

Sie atklajumi liecina, ka pieredze, uzdevuma fokuss un situacijas konteksts,
iesp&jams, ieviesis EEG signala mainigumu mizikas mijiedarbibas formas. Nemot véra
Sos mainigos, tika izvirzits eksisteencials jautajums, vai Saja petjjuma konstatétas relativas
spektralas jaudas atskirtbas biitu attiecinamas uz citiem muzikas improvizacijas, variacijas
vai interpretacijas uzdevumiem un vai tas attiektos uz citiem miizikas instrumentu veidiem,
miizikas skandarbu izmantojumu un situacijas kontekstiem (ka izklastits PJ4 un PJ5). Lai
gan promocijas darba p&tijumam bija ierobezots izlases lielums, bija iesp&ja registrét lielu
skaitu izm&ginajumu vairakas sesijas labi kontroléta eksperimentala vidé, kam sekoja
skaidrs datu analizes process un iesp€ja atbildet uz izvirzitajiem jautajumiem.

Tapéc nakamais logiskais solis bija izstradat BCMI komponentus, kas sp&j novertet
notiekoso, balstoties uz EEG iegiitajiem datiem. Sis process ir aprakstits nakamaja nodala,
un ta mérkis ir nodrosinat atbildes uz PJ3: vai BCMI dizaingSana var precizi noteikt un
kartet afektu nodomus vienkarSu klavierspéles uzdevumu izpildes laika?
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3. nodala: BCMI dizainéSanas process — radosa un
testéSanas faze

3.1. RadoSais posms: BCMI sistémas izstrade

Meérki un dizainésanas pieeja

BCMI sistémas dizaingSanas galvenais mérkis ir dot lietotajiem iesp&ju kontrol&t
gaismas un skanas parametrus reallaika, vienlaikus sp€lgjot miizikas instrumentu. Ka jau
mingts ieprieks, pastav daudzi iemiesotas miizikas mijiedarbibas veidi, tacu no sistematiskas
muzikologijas viedokla §1 pieecja saistita ar muzikalo signalu nodo$anu, izmantojot
kermena kustibas uz mérki orient&ta situacijas konteksta (Leman et. al. 2017, 1.-10. Ipp.).
Saja pétijuma tika apliikota klavierspéle ar noliiku komunicét simuléta vidg, tadgjadi to
kvalificgjot ka piem@rotu iemiesotas miizikas mijiedarbibai. Promocijas darba dalas mérkis
bija radit programmatiiru, kas sp&tu noteikt pianista izteiksmes nodomus un rezultatu
att€lotu ka audiovizualu atgriezenisko saiti reallaika. Lai to izdaritu, analitiskaja faze
ierakstitie EEG dati tika atskanoti NIC un strauméti QC signalu apstradei, transformacijai
un karteSanai uz multivides izvadiem. Lai parbaudttu, vai QC izstradatas funkcijas precizi
atSifre individa izteiksmes nodomus, tika izmantoti markieri EEG datos, kas noradija katra
izméginajuma sakumus, beigas un Ipaso emociju deskriptoru.

BCMI programmatiiras komponenti un funkcijas

Signalu apstradei, transformacijai un kart€Sanai izveleta programmatira Quartz
Composer (QC) ir vizualas programméSanas vide grafisko datu render&Sanai, un ta ir
ieklauta macOS Xcode izstrades vide. Programmésana notiek redaktora loga ar piekluvi
bibliotekai ar dazadam matematiskam funkcijam. Siem papildindgjumiem ir ieejas un izejas,
kuras, izmantojot virtualos kabelus, var secigi savienot vienu ar otru, tada veida, iegiistot
velamo rezultatu. Izvades var izdrukat vai vizualiz&t grafiski skatitaja loga, ka arT dazados
formatos reallaika parsttit uz argjo programmatiiru. Tadgjadi pirma QC izvietota ievades
labojuma funkcija bija sanemt straumesanas EEG frekvencu joslas datus no Neuroelectrics
Instrument Controller (NIC).

Datu plusmas formats ir vertibu virkne, kas atdalita ar atstarpém. Ta atspogulo
spektralo jaudu, kas izmérita frekvencu josla uz elektrodu, mikrovoltu kvadrata pVv2.
Tadgjadi s1 struktiira sastav no 160 indeks&tiem elementiem (32 kanali x 5 frekvencu joslas)
katrai straum@Sanas jaudas vertibai. Nakamais labojums p&c kartas sanem So datu struktiiru
un sadala to &etros klasteros, kas atbilst ¢etriem regioniem un ir noraditi analitiskas fazes
rezultatos (6. att.). Tie tika aprékinati, pamatojoties uz trim elektrodiem katra lokacija -
kreiso frontalo (AF3, F3, Fpl), labo frontalo (AF4, F4, Fp2), kreiso parieto-pakausa (O1,
P3,PO3)un labo parieto-pakausa elektrodu (02, P4, PO4) (3. att.). Lai noverstu traucgjumus
no trok$nainiem elektrodiem reallaika, nakamais QC ielaps - labojums aprékinaja katra
elektroda vidgjo jaudu vienas sekundes loga un deaktivizgja ta parraidi, ja ta parsniedza
100 V. Sis amplitiidas slicksnis un laika logs tika izveidots, lai biitu regulgjams. Tas bija
aprekins, kas ieglits no acu mirkSkinaSanas jaudas, kas tieSi novérojama neapstradata EEG
datu parraid€. P&c tam tika aprekinata katra klastera aktivo elektrodu katras frekvencu joslas
vidgja jauda un strauméta uz programmas labojumiem.

25



Noteikumu piemérosana izteiksmes apstakju noteikSanai un vizualizésanai

Nakamais kvalitates kontroles labojums (ielaps) ienakosajiem datiem pieméroja
noteikumus. Ir svarigi precizét, ka sakotngjas datu analizes laika aprékinatas skaitliskas
vertibas atspogulo relativo spektralo jaudu, tas ir, izteiksmes apstak]u spektralo jaudu, kas
dalita ar neitralajiem apstakliem. Tomér QC sanemta datu straume atspogulo notieko$o
spektralo jaudu katra frekvencu josla vienas sekundes loga. Bija nepiecieSams rast
risinajumu, lai relativas spektralas jaudas vertibas attiecinatu uz notiekosajam spektralas
jaudas vertibam. Seit tika izvietots labojums (ielaps), kas defingja katru vidgjo vértibu
(vidgjo relativo spektralo jaudu, kas saistita ar katru izteiksmes spéles stavokli katra
smadzenu lauka) ka noteik$anas mérki un katru standarta novirzes mérjjumu - ka slieksni
(1. tabula). Vidgjas vertibas, kas nosaka noteikSanas mérkus, tika piclagotas katram no
Cetru izteiksmju spéles apstakliem, bet vispargji tika piemerotas visam frekvencu joslam
un visiem Cetriem smadzenu laukiem. Tas nodroSinaja dizaing$anas galveno funkciju -
sp&ju pielagot noteikSanas merkus dazados diapazonos dazadiem individiem, muzikaliem
uzdevumiem un vidém. P&c tam programmas labojums aprékinaja, cik liela mera notiekosa
spektrala jauda izvada procentualo daudzumu katram stavoklim. P&c tam Sie procenti tika
paraditi uz ekrana ka skaitli un vizuali att€loti ka krasainas joslas monitora (QC skatitaja
logs) reallaika (7. attls).

Distressed Excited Depressed Relaxed

40 35

25 25
17.80 24.44 34.69 31.17
150.79 206.93 293.77 263.94

8.466

7. attéls. Videoklips ar afektivu stavokla noteikSanu monitora, atgriezot skaitliskas vértibas, kas parada, cik
loti notieko$a EEG lidzinas mérka izteiksmigajiem apstakliem procentos pasreizéja bridi (tagad), ka vidgéjo
(vidéjo) vai kopsummu noteikta laika perioda. logs. Krasainas joslas apzimé skumju (sarkanu), satrauktu
(dzeltenu), nomaktu (zilu) un atslabinatu (zalu) (savu ekranuzpémumu).

Tika noverots, ka nomaktus un relaks€tus spéles apstaklus bija griiti atskirt no
neitraliem, vai vienu no otra. Tas nozimgja, ka Sos nosacijumus nevarétu drosi izmantot,
lai atSkirtu negativus un pozitivi valentus izteiksmes spéles apstaklus (6. att.). Tadgjadi
uzmaniba tika pieversta uzbudinajuma dimensijas noteikSanai un kart€Sanai, un, lai to
vizualiz€tu, bija nepiecieSama jauna veida atgriezeniska saite.
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QC ietvaros tika izveidota jauna vizualizacija, izmantojot zilu bumbinu un
horizontalu baltu Iiniju, kas apzimg&ja neitralu stavokli. Zilas bumbinas vertikala (y ass)
pozicija attieciba pret horizontalo balto Iiniju atspoguloja to, vai reallaika tika konstatéts
augsts (virs ITnijas) vai zems (zem Iinijas) uzbudinajuma stavoklis (8. att.). Zilas bumbinas
y-pozicija tika aprékinata, salidzinot procentualos raditajus, kas konstatéti nomaktajiem
un satrauktajiem (augsta uzbudindjuma) stavokliem. Kad procentu Iimenis bija gandriz
vienads, zila bumbina virzijas ap horizontalo Iiniju, bet, kad augsta uzbudinajuma noteiksana
parsniedza zema uzbudinajuma [Tmeni, bumbina pacglas virs horizontalas Iinijas. Kad notika
pret§jais (zema uzbudinajuma noteikSana parsniedza augstu uzbudindjumu), bumbina
nolaidas zem Iinijas. Sis attélojums kalpoja ka vizuala atgriezeniska saite monitora, kas tika
versts pret individu, kur attalums virs vai zem Iinijas noradija attiecigi konstateto augsta vai
zema uzbudinajuma [Tmeni.

High Arousal

Low Arousal

8. attéls. Vizualas Kkontroles atgriezeniska saite zilas bumbinas un horizontalas viduslinijas veida.
Bumbinas vertikala pozicija, kas pacelas virs Iinijas, norada uz konstatéto augsta uzbudinajuma izteiksmes
apstaklu limeni, savukart nolaiSanas zem tas norada uz zemu uzbudinajuma izteiksmes apstakliem (pasu

ekranuzpémums).

Skaitliskas vertibas, ko atteloja zilas bumbinas y-pozicija (diapazona no -1 Iidz
+1), pec tam vargja kartet, lai audio un vizualos parametrus kontrol&tu cita programmatiira,
vai izmantotu ka izkliedes kontrolieri starp diviem stavokliem. Kad EEG datu izteiksmes
segmentus strauméja un $o vizualizaciju lietoja, tika noverots, ka, palielinot vértibas augsta
uzbudinajuma stavokliem (satraukums un uzbudinajums) par 5-15 pV, to robezas kluva
precizas. Zema uzbudinajuma apstaklus bija grutak uzturét ilgaku laiku, jo muzikalas
domas attistiba prasa fiziskas (kermena stavokla) izmainas. Dazkart augsta uzbudinajuma
paterni bija redzami arT zema uzbudinajuma segmentos. Lai to risinatu, tika pievienota vél

procentualo vertibu, tadgjadi kontrol&jot attiecigas svarstibas.

Audio parametru kartésana
Citu petnieku izstradatas BCMI sist€mas parasti ietver ieprieks iestatitu skanu
vai miizikas frazu biblioteku. Materials tiek aktivizets atskanosanai karteto EEG signalu
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stavok]u laika. Sadu sistému pamatideja parasti ir radit miziku, kas atbilst kadam notieko$a
EEG fikseta notikuma aspektam, vienlaikus bez fiziskam aktivitateém. Parasti tas lietotajam
rada jaunu pieredzi, tatu novérotajam nav skaidrs, kadas ir attiecibas starp miziku un
lietotaju. No otras puses, iemiesota konteksta pastav tieSa saikne starp fizisko miizikas
instrumentu spélésanas darbibu un ta radito skanu. Tadejadi BCMI sistémas dizain€Sanas
galvena ideja bija nevis radit skanu, kamé@r lietotajs turpina but nekustigs, bet gan dot
lietotajam iesp&ju kontrolét sevis radito skanu parametrus.

Tika ieviests QC uzlabojums, lai kartetu zilas bumbinas y poziciju (uzbudinajuma
dimensiju) ar MIDI veérttbam (no 1 lidz 127). P&c tam tas tika izvadits ka MIDI signals,
izmantojot Inter-Application Driver (IAC Driver), noklusg§juma macOS virtualo MIDI
ierici, ko var iegiit ka ievadi izvéletaja DAW programmatiira (Logic Pro X). Sakotngji tika
parbauditi skanas parametri, pieméram, reverberacija un augsts/zems filtri (frekvences
nobide), jo bija paredzgéts, ka tie biis viegli sadzirdami un atbilstoSi augsta un zema
uzbudinajuma izteiksmes apstakliem. Lai nodrosinatu maksimalu BCMI parvaldibu,
klavieru skanas nodro§inasanai tika izmantota MIDI tastattira ar vid&ji smagiem taustiniem,
skanu izvadot caur DAW. Attalums, ko zila bumbina veica zem horizontalas Iinijas (zems
uzbudinajums), tika kartéts ar reverberacijas daudzumu, kas pievienots MIDI klavieru
skanai. Turklat tas tika kartets uz zema un augsta griezuma filtru frekvenci ta, lai augsta
uzbudinajuma stavokli buitu dzirdamas augstas frekvences, bet zema uzbudinajuma — zemas
frekvences (9. att.).

B all midi recordings - Session 1 - Tracks

9. attéls. Vizualas vadibas atgriezeniska saite (A), kas kartéta ar EQ filtru, MIDI tastatiiras instrumenta
(B) reverberacijas un tremolo parametriem un katram ierakstitajam automatizacijas Iimenim (C) (savs

ekranuznémums).
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Saja posma bija iespgjams straumét ieprieks ierakstitus EEG datu segmentus. Tie
tika nemti no sakotngjas datu kopas, izmantojot BCMI sistemu. Tika novertéta izvades
kvalitate. P&c augsta uzbudinajuma stavoklu noteikSanas sliekSnu paaugstinasanas jaudas
diapazonos, kas tika konstatéti augsta uzbudinajuma EEG segmentos, dati tika strauméti
caur QC ielapiem DAW, kur tika fikséti karttie audio parametri (iesp&jots ieraksts). P&c
tam tika apstiprinats, ka zilas bumbinas y-pozicija, reverberacijas [Tmeni un augstas un
zemas griezuma filtru nobide augsta un zema uzbudinajuma atskanoSanas segmentiem
atbilda, ka paredzets. Bija arT iesp&jams atskanot MIDI tastatiiru un ierakstit attiecigajiem
parametriem automatizacijas ltiknes DAW ietvaros, vienlaikus strauméjot vai nu ieprieks
ierakstitus, vai tieSos EEG datus no NIC. Parbaudes procesa tika noverots zinams latentums
parejas starp atskanosSanas apstakliem. Lai gan zilas bumbinas maksimalais latentums bija
tikai viena sekunde, EEG signalu modeli biezi vien p&c parejas starp spéles apstakliem
stabilizgjas dazu sekunzu laika. Tom&r parbaudes procesa $T aizkavésanas netika uzskatita
par konfliktsituaciju lietotaja darbibas.

Petjjuma fazes nosléguma tika kart€ta modulacija starp augsta un zema
uzbudinajuma spéles apstakliem, tadgjadi kontrolgjot MIDI klavieru instrumenta
reprezentativos audio parametrus. P&c sliekSpa pielagosanas individiem, sistema vargja
izpildit noteikSanas funkciju, kas saistita ar audio parametru kontroli ieprieks ierakstitam
EEG datu kopam, pie tam - precizi un atbilstosi paredz&tajam atrumam.

Vizuala parametru kartésana

Dazas BCI sistémas spéj vizualizét EEG datus, ta¢u nespgj tos atskanot. Saja darba
posma tika izpéetiti vairaki vizuali att€lojumi no augsta Iidz zema uzbudinajuma [Tmenim.
Izmantojot QC labojumus, bija iesp&jams definét jebkuras vizualas izvades RGB krasu
vertibas, neatkarigi no ta, vai ta ir vektorgrafika, dalinu sistéma vai DMX apgaismojuma
sisteéma. Tada veida uzbudinajuma dimensiju (zilas bumbinas y-pozicija) vargja kartet, lai
kontrolétu nokrasu, kur silto nokrasu (sarkana un dzeltena) intensitate atspogulo augstu
uzbudinajumu, bet aukstas nokrasas (zala un zild) - zemu uzbudinajumu.

Ta ka QC sanem EEG signalu, izmantojot TCP tiklu, to ir iespgjams sanemt cita
ierice, kas pieslégta tam pasam tiklam. Izmantojot §1s iekartas QC parraugu pilnekrana
rezima, bija iesp&jams projicet att€lu uz virsmas vai uz fiziskiem objektiem telpa. Péc
tam tika izveidota sist€ma, kura no kustiga punkta tika izstarotas siltas vai vEsas krasas
dzirksteles, aizstajot zilo bumbinu. Dalinu sist€mas intensitate tika kartta uz audio ieeju,
bet dalinu krasa tika kartéta uz augstas (silts) vai zemas (vEsas) uzbudinajuma spéles
apstakliem. Skanas aktivétu krasainu dzirkstelu paradisanas, kas parvietojas virs vai zem
vienas un tas pasas horizontalas viduslinijas, $aja darba posma kalpoja ka vizuala izvade,
un to bija iespgjams attelot atseviska monitora vai projicét uz sienas (10. att.).
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10. attels. Vizualizacija dalinu sistémas veida, kas izstaro krasainas dzirksteles siltos topos augsta
uzbudindjuma laika (pa Kreisi), parejas nokrasu sajaukums (centra) un vésu nokrasu sajaukums zema
uzbudinajuma laika (pa labi). Vizuala attéla vertikala pozicija attieciba pret horizontalo liniju atspogulo

vizualas vadibas atgriezenisko saiti (zila bumbina) (autora ekranuzpémums).

Diskusija un secinajumi

BCMI sistemas komponentu dizaing$anas procesa tika izmantotas vairakas pieejas, lai
ekspresivas miizikas atskanoSanas laika EEG joslas jaudu kartetu ar audiovizualajiem
parametriem. Izv&léta metode balstijas uz funkciju, kurai pielagota sliek§nu noteiksana. ST
pielagosana tika veikta, pakapeniski paaugstinot augsta uzbudinajuma noteikSanas mérku
slieksni kopuma visos smadzenu laukos un frekvencu joslas, [idz tie norisinajas diapazona,
kura tiek precizi noteikti augsta uzbudinajuma EEG segmenti. SliekSna pielagoSanas
procediira tika iegiita, strauméjot ieprieks ierakstitus EEG datus no sakotng&jas datu kopas,
izmantojot ielapus QC vidg, kura iesp&jams redigét noteikSanas vértibas.

Saja darba posma, izmantojot tieSsaistes EEG, tika veikti vairaki iestatTjumi, lai
parbauditu sisteémas veiktsp&ju, Notika gatavoSanas novertet tas precizitati ar atskirigu
individu grupu. Izmantojot elektrodu cepuri ar sausajiem elektrodiem, vispirms sekoja
méginajums noregulét emociju stavoklu noteik8anas sliek$nus un p&c tam kontrolét zilas
bumbinas vertikalo stavokli, vienlaikus lietojot MIDI klavieru tastatiiru. Audio un vizualo
parametru kontrole noradija uz mijiedarbibu starp izteiksmigu atskanosanu un tas reallaika
att€lojumu ka atgriezeniskas saites izvadi.

Parbaudot sisteému, tika m&ginats kontrolét un ierakstit atgriezeniskas saites izvadi,
vienlaikus improviz&jot uz MIDI tastattiras. Tika noverots, ka kermena un galvas kustibu
rezultata vairaku elektrodu signali nokluva filtracijas zona. Sados gadijumos signali tika
iegiti tikai no atlikuSajiem aktivajiem elektrodiem. Katram no ¢etriem smadzenu laukiem
tika izmantots trTs elektrodu kopums, bet kad visi 12 elektrodi deaktiviz&jas kermena
kustibu d&l, parsniedzot iestatito 100 uV robezu, norisinajas signalu paraides apstaSanas un
nebija vairs ienakoSo datu, ko aprékinat.

Sakuma Skita, ka zila bumbina parvietojas augsta uzbudinajuma diapazona, it ka
reag€jot uz papildu kermena kustibu, kas saistita ar instrumentalo spéli. Tas dazkart izraisija
atgriezeniskas saites neiesp&jamibu vai nokliiSanu zema uzbudinajuma diapazona. Aktivus
signalus uzradija tikai dazi elektrodi.

QC ietvaros tika izveidota elektrodu montazas vizualizacija, ar sarkanu krasu
noradot uz elektrodiem, kas stita signalus, kuri parsniedz 100 uV robezu. Novietojot uz
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monitora (QC skattajs) kopa ar zilo bumbinu, bija iesp&jams redzet bridi, kad elektrodi tika
deaktivizeti reallaika (11. att.). Tada veida bija iesp&jams koriget darbibas efektivakai spélei
ar mazakam kermena kustibam, vienlaikus sasniedzot augsta uzbudindajuma apstaklus.
Tadgjadi no 12 elektrodiem tika nodrosinats pietickams datu parraides daudzums. Lai
parvietotu zilo bumbinu zema uzbudinajuma diapazona un saglabatu tas konstantu atrasanas
vietu, notika méginajums uz bridi aizvert acis, paléninat elposanu, vienlaikus, sekojot lidzi,
lai spéles laika netiktu att€lotas lielas uzbudinajuma pazimes.

Neskatoties uz elektrodu filtréSanu ar signaliem, kas parsniedz 100 uV slieksni,
atgriezeniskas saites izeja joprojam vismaz dalgji bija saistita ar kermena kustibu. Nebija
iesp&ja precizi noteikt sasaisti ar kermena kustibam. Iesp&jams, ka EEG signali reaggja
uz motoriskam kustibam, jo aktiviz€ta instrumentala spéle parasti prasa atrakas vai
energiskakas fiziskas darbibas.

Sisteémas lietosanas laika, atskanojot dazada veida miiziku un veicot improvizaciju,
stavok]u noteikSanas slieksni laiku pa laikam tika pielagoti pec vajadzibas. Tadgjadi tika
sagaidits, ka, piem&rojot sisteému realai situacijai, noteikSanas sliekSpa iestatljumus varétu
ieprieks konfigurét konkrétam individam, tam izpildot konkrétu programmu konkréta vide.
Vienlaikus biitu iesp&ja precizet iestatijumus pirms programmas darbibas uzsaksanas.

11. attels: Elektrodu montaZas uzraudziba kopa ar vizualas vadibas atgriezenisko saiti vienlaikus lauj

lietotajam pielagoties reallaika, ja signali klust parak trokSpaini
3.2 TesteSanas faze: BCMI sistémas precizitates novertésana

Saja darba posma BCMI sistéma tika sagatavota ta, lai tas precizitati noveértétu
cita respondentu grupa. Tika izstradati tris testi (A, B, C), ar kuriem tika noveértéta BCMI
sisteéma. A testa izpildei tika izveidota Cetru akadémisko muziku grupa, kura veica 12
izméginajumus (tris ierakstiSanas reizes, katra no Cetriem izméginajumiem) ar to pasu
klavierspéles uzdevumu, kas tika izmantots analitiskaja faze (3. att.). Tika izvirzits papildus
uzdevums, apzinati kontrolét BCMI sistémas atgriezenisko saiti (9.-11. att.). Klausitaju
grupa tika ieklauti citi Cetri respondenti — muziki, katram izpilditajam nodro$inot pa
vienam klausitajam. Gan izpilditajiem, gan klausitajiem A testa tika uzdots fikset savus
noveérojumus un aizpildit anketu (12. att.).
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B testa izpildei tika piesaistiti septini instrumentalisti - eksperti, kas veica
improvizacijas uzdevumus, mainot spéles izteiksmi robezas no augsta uzbudinajuma
lidz zemam uzbudindjumam. Spélei bija mainigs ilgums - aptuveni 30-60 sekundes
viena izpildjjuma reizé. Katrs respondents, izmantojot BCMI sisteému, vargja izveleties
instrumentu, kas atbilst vina specializacijai (klavieres, saksofons, bungas, gitara, elektronika
un Cells). Katrs respondents ierakstija 2—4 celinus, kas sastavéja no 12-26 izméginajumiem.
Respondenti savus noveérojumus fiksgja aptaujas lapa (12. att.).

C testa autors pats izpildija testetaja funkcijas un dokumentgja BCMI sistemas
gaitu. Sisteémas lietojums tika paplaSinats, lai kontroletu DMX skatuves apgaismojumu
un talvadibas vizualas projekcijas realistiska koncertzales vide. Autors atskanoja trTs pasa
sacerctus dazada garuma (20-30 sekundes) fragmentus ar augstu un zemu uzbudinajuma
izteiksmi spéles laika (no zema lidz augstam, tad atpakal uz zemu), izmantojot plasi
pieejamus instrumentus (bungas, gitaru, sintezatoru).

Sis testesanas fazes mérkis bija fiksét, cik precizi BCMI sistéma nosaka un izvada
audio/vizualo atgriezenisko saiti atbilstosi lietotaja nodomam dazados apstaklos. A tests tika
veikts ar merki atbildét uz PJ3: vai BCMI sistéma var precizi noteikt un kartét izteiksmes
nodomus vienkarsu klavierspéles uzdevumu izpildiSanas laika. B tests tika realizets, lai
sniegtu atbidi uz jautajumu: vai BCMI kontroli var sasniegt vairaki individi, atskanojot
dazadu miiziku ar dazadiem instrumentiem. C testa ieklavumam mérkis bija sniegt atbildi
uz PJ5: vai BCMI kontroli var sasniegt realistiska vide, izmantojot praks€ biezi spéletus
instrumentus?

BCMI sistemas precizitate A un B testiem tika noteikta divos veidos. Pirmkart, ar
individa anketas atbildem, novertgjot BCMI sist€émas uztvertas informacijas precizitati pec
9 ballu Likerta skalas (12. att.). Anketas pirma lapa tika izmantota tikai A testa, klausttajus
aicinot novertet, kuru emociju deskriptoru izpilditajam bija uzdots izmantot katra
izméginajuma. Tada veida, salidzinot cilvéka uztveri ar BCMI sistémas iespgjam. Otrkart,
laiks, kura kontroles atgriezeniska saite atbilda katra lietotaja nodomiem, tika aprekinats
ka procentuala dala no ierakstito performancu kopgja ilguma. Tas tika darits, atskanojot
ierakstitos EEG datus un nosakot laiku, cik ilgi kontroles atgriezeniska saite (zilas bumbinas
y-pozicija) atbilda lietotaja nodomiem, ka noradits markieros katra izmg&ginajuma sakuma
un beigas (13. att€ls). Ta ka autors C testa uznémas respondenta lomu, anketa netika
izmantota, tadgjadi izvairoties no subjektiviem spriedumiem. Kopuma tika apkopotas 11
anketas.

Tika izmantota ta pati analitiskas fazes 32 kanalu EEG aparatira un signalu
iegliSanas programmatiira, iznemot to, ka mitro elektrodu vieta tika izmantoti sausie
elektrodi, samazinot iestatiSanas laiku. EEG signalu analize tika izmantota tiem paSiem
relativas spektralas jaudas merjjumiem starp neitraliem un ekspresiviem spéles apstakliem,
tadgjadi sasaistot rezultatus ar analitiskas fazes rezultatiem (6. att€ls) un noveérojot jebkadas
atSkiribas, kas vartu biit radusas A, B un C testos ieviesto dazado mainigo lielumu dgl.
Sada peieja deva iespgju konstatét nepieciesamos uzlabojumus BCMI sistémas pielagosanai
dazadam personam, miizikas uzdevumiem un vides kontekstiem.
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Protocol:
Evaluation of the impact of the EEG on the music performance.
‘The performer wil first play through the music with neutral emotion for 30 seconds, and subsequently
attempt to play through the same music while expressing one of 4 emotions: Distressed, Excited,
Depressed or Relaxed for 30 seconds. The listener will guess which emotion is expressed, and rate the a) How much control do you observe the performer achieved over the BCMI output?
arousal and valence of the performance.

1 2 3 4 5 6 7 8 9
of the i ion of the music -
o convol tne ony passive
atal oo
Arousal
o aov 9 o aovs b) Did the tool support the performer’s expressive intentions or distract you from
Distressed Excited performance?
8
; 1 2 3 4 5 6 7 8 9
6 aa
perormanco
Mogawo 23 4 51 6 7 8 9, pu  Valence
4 ) Did you perceive a relationship between the performer’s mental state and the EEG-
related audio/visual output?
3
1 2 3 4 5 6 7 8 9
2 I
Depressed Relaxed T
o x1ve 1 PPN o atorano v g wes ny sometimes

d) Which EEG-related audio/visual output do you feel supported the performer’s
expressive intentions best? Explain how and why.

Guess the emotion, and rate the Arousal and Valence of each expressive performance
from low (1) to high (9). Rate a neutral performance as (5).

Tial Emotion Arousal Valence  Tral Emotion Arousal Valence  Trial Emotion Arousal Valence
rating  rating rating ratin

&) Do you think it realistic to use such a tool outside the laboratory? Such as a method of
recording, performing, training, therapy or jamming? Explain why yes or no.

N

1 1
2 2
3 3
4 4

12. attels. Anketa, kas sagatavota izpilditaju/klausitaju atsauksmju apkoposanai BCMI sistémas testéSanas
procediiru laika

Seconds in

high arousal: 1.1 8960- .-

Seconds in

lowarousal: 28.1666...

13. attels. Taimera funkcija, kas pievienota vizualas vadibas atgriezeniskas saites monitoram, lai noteiktu

sekundes katra izteiksmes stavoklIr noteikta ilguma (autora veikts ekranuznpémums)

EEG spektralas analizes rezultati

EEG dati tika apkopoti un nosutiti sadarbibas partnerim Vilpas Universitates
Biofizikas katedra turpmakai analizei. EEG analize tika veikta ar mérki salidzinat A, B
un C testu datu kopas rezultatus ar analitiskaja faze ieglitajiem rezultatiem (6. att.). Bija
sagaidams, ka BCMI atgriezeniskas saites ievieSana var radit dazas atskiribas starp STm datu
kopam, kuras potenciali varétu izmantot, lai uzlabotu noklusgjuma noteiksanas slieksnus,
izvietotus BCMI sistéma. Tadgjadi analizei tika izvEletas tas pasas elektrodu datu kopas ka
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sakotngja datu kopa: kreisa frontala (AF3, F3, Fpl), laba frontala (AF4, F4, Fp2), kreisa
parieto-pakausa (O1, P3, PO3) un smadzenu labie parieto-pakausa (02, P4, PO4) laukos.

A testam tika izmantots automatizéts priekSapstrades skripts MATLAB
programmatiira. Tika ieveistas vairakas EEGLAB riku komplekta pieejamas funkcijas
(Delorme 2004). Pirmkart, neapstradatajam EEG signalam tika piemérota automatiz&ta
artefaktu noraidiSanas funkcija, aizverot kanalus, kuros ir vairak neka 20% datu zudums.
P&c tam tika pielietots nulles fazes frekvencu joslas FIR filtrs no 0,5 [1dz 45 Hz un attiecinats
uz kanalu T7 un T8 vidgjo vertibu. P&c tam tika ieviesta neatkarigo komponentu analize
(ICA) un ICLabel spraudnis, kas piecjams EEGLAB. Tada veida tika nonemti artefakti,
kurus izraistjusi, pieméram, muskulu aktivitatic acu mirkskinasana, acu kustibas un sirds
elektriska aktivitate.

Tika iegtiti 30 sekunzu neitralas spéles un izteiksmigas spéles segmenti (neitrala,
nomakta, satraukta, nomakta, atslabinata), ka rezultata tika iegiitas kopuma 96 EEG datu
laika rindas (dati no Cetriem dalibniekiem, kuri katrs veica 12 ierakstus), kas sastav no tris
segmentiem katra rinda.

Lidzigi ka ieprieks iegiitajos rezultatos, augsta uzbudinajuma apstaklos visos
Cetros smadzenu laukos tika registrétas lielaka amplitida beta un gamma diapazona. Ari
alfa vilnu jauda abos apstaklos bija samazinata visos iesaistitajos smadzenu laukos. Tomér
ieprieks€jos rezultatos novérotas lielakas relativas amplitiidas delta un teta diapazona
augsta uzbudinajuma apstaklos, nebija sastopami $ajos rezultatos, iznemot kreiso parieto-
okcipitalo smadzenu lauku. Turklat, lai gan iepriek$€jos rezultatos zema uzbudinajuma
stavok]u relativa jauda nekad neparsniedza augsta uzbudinajuma stavoklu relativo jaudu,
jaunajos rezultatos tas tika noverots beta diapazona visos ¢etros smadzenu laukos.

Sis atskiribas iespgjams skaidrot ar to, ka BCMI sistéma fikséja augstu
uzbudinajumu zema uzbudinajuma apstaklos. Citiem vardiem sakot, augstaka relativa
jauda, kas noverota beta diapazona zema uzbudinajuma apstaklos, varétu bit atbildiga
par dazam svarstibam augsta uzbudinajuma diapazona. Lai gan turpmakaja gaita tas tika
atrisinats, augsta uzbudinajuma noteikSanas rezultatu samazinot par noteiktu procentualo
dalu, palielinato relativo beta jaudu dalgji var izskaidrot ar papildu uzmanibu, kas vérsta uz
BCMI atgriezeniskas saites kontroli.

B testam tika izmantota ta pati pieeja, kas A testam, tadgjadi aprekinot relativas
jaudas spektrus starp izteiksmigu spéli (grupéti izteiksmigas spéles apstaklos ar zemu un
augstu uzbudinajumu) un neitralajiem spéles segmentiem. Tomér, parbaudot datus, tika
konstatets, ka A testa elektroniskas miizikas izpilditaja dati tika noraiditi parak daudzu
trokSnu a rtefaktu dél. Peéc tam tika ieviesta vienkarSota prickSapstrades metode, kas
filtrgja tikai signalus, kas parsniedz 100 uV robezu. Ta bija atbilstosa filtrésanas funkcijai,
kas ieviesta transformacijas algoritma QC (11. att.). Tika konstatéts, ka vienkarSotas
priekSapstrades procediiras rezultata arT saksofonista dati tika noraiditi trokspa artefaktu
del.

Diskusija

Ka minéts ieprieks, respondenta pieredze, uzdevuma fokuss un instrumenta veids
ir mainigie lielumi, kas ietekm@ EEG signalus. Tomér uzdevuma fokuss palika nemainigs
visos trijos testos — modul@t starp izteiksmes nodomiem izpildes laika, tadgjadi kontrol&jot
BCMI datu izvadi.
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Ta ka visi EEG signali, kas parsniedz 100 pV robezu, netiek talak parraiditi,

kermena kustibas, kas nepieciesamas, lai spelétu dazadus miizikas instrumentus, ir svarigs
faktors, kuru janem véra noteikSanas sliek$na iestatijumu definésana BCMI sistéma: jo
vairak nepiecieSamas kermena kustibas, jo vairak japaaugstina noteikSanas slieksnis
augsta uzbudinajuma spélésanas apstaklos. Tomer kermena kustibu ietekme uz EEG ievadi
zem 100 uV nav precizi izskaidrojama. Parasti augsta uzbudinajuma spéles apstaklos ir
nepiecieSamas specigakas un noteiktakas kustibas, tacu dazi respondenti uzradija to, ka
spgj atskanot atras pasazas, vienlaikus saglabajot zemu uzbudinajuma pakapi, vai arT - I€nas
pasazas, vienlaikus saglabajot augstu uzbudinajuma izteiksmi. To spgja Cetri respondenti,
sasniedzot visaugstako kontroles precizitati un izmantojot BCMI sistémas iesp&jas virs
80%. Tas, no vienas puses, lauj secinat, ka atseviski individi var labak apzinaties savus
ick§€jos procesus un spéles laika var veikt neliclas korekcijas, piem&ram, modificét
mentalo uzbudingjumu vai fizisko spriedzi. V&l viena skaidrojums ir tads, ka BCMI
sistemas sakotngjie noteikSanas slieksni, kas aprékinati no promocijas darba analitiskas
fazes rezultatiem (1. tabula), ir lielaka méra saskanojami ar atseviskiem individiem, neka ar
visiem kopuma.
Personiga pieredze liecina, ka, macoties lietot BCMI sistému, Skietami pastav saistiba starp
kermena kustibu un BCMI kontroles atgriezenisko saiti, tacu ne vienmer ta médz biit tiesa
vai pastaviga. Drizak dazadi instrumentu veidi uzradija dazadus fizisko kustibu diapazonus,
kuros BCMI sistémas izvadi vargja kontrol&t ar noteiktu noltiku. Turklat, ja nespelé jebkadu
miizikas instrumentu, atgriezeniska saite médz bt nepreciza. Tas lick domat, ka kermena
kustibai vai vismaz motoriskajai aktivitatei smadzeng@s var biit noteicosa loma tam, ka EEG
signalus interpreteés BCMI sist€éma.

Veicot C testu, es personigi noveroju, ka vizuala izvade DMX gaismas joslu veida

bija noderiga, lai iemacttos vadit BCMI sistému. Ta ka objekti bija novietoti uz gridas
mana acu prieksa, es skaidri redzgju gaismas nokrasu pat ar aizveértam acim. Saglabajot
izpratni par gaismas krasu, man vairs nebija jaseko [idzi BCMI vadibas monitoram ar
zilo bumbinu un vidusliju. Tas |ava man pieverst uzmanibu citiem muzikas instrumentu
spelesanas aspektiem, pieméram, sintezatora un bungu masinas pogam vai gitaras grifam.
Gaismas nokrasa faktiski kluva par manu galveno atskaites punktu, lai BCMI sistéma var&tu
interpretét manus izteiksmes nodomus, un Iidz ar to kltt par visnoderigako BCMI izvadi,
uzraugot un saglabajot kontroli. Realos apstaklos var iztikt bez BCMI vadibas monitora,
iznemot kalibré$anas stadiju, kas sekmé sakotngjo noteikSanas sliek$na iestatfjumu izveidi.
Tomer pétijuma rezultati nedeva parliecibu, vai arf citi individi tikpat efektivi sp&tu pieverst
uzmanibu gaismas nokrasai — iesp&jams, ka citi kartetie parametri var biit svarigaki aspekti
tam, ka BCMI sistéma interpreté vinu izteiksmes nodomus.
Rezumgjot, BCMI sistémas lictoSanas apguves process, speléjot dazadus instrumentus uz
koncertskatuves, sniedza tieSu pieredzi, kas nodergja, lai labak izprastu faktorus, kas saistiti
ar aktivas kontroles sasniegSanu un uzturéSanu. Lai gan Skiet, ka izteiksme un kermena
kustibas izpildijuma laika ir ciesi saistitas, tas nebija viennozimigi konstatgjams dazadu
miizikas instrumentu spéles laika, jo butiski atSkiras instrumentu spéles fiziskas prasibas.
Palielinot izm&ginajumu skaitu, bija iesp&jams demonstret BCMI sistemas kontroli,
sisteémas audio/vizualo atgriezenisko saiti ar salidzinosi augstu precizitates pakapi.
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3.3. Secinajumi

Promocijas darba nosléguma ir ieklauti p&tijuma rezultati, pievérsoties petjjuma
sakuma izvirzitajiem jautajumiem, ka ar tiem BCMI sistémas izaicinajumiem, kas izklastiti
ievada. Saja sadala ietverts ari apraksts par ieguldijumu izvélétas dizaingsanas metodologijas
izmantos$ana, veidojot originalu EEG datu kopu BCMI sistéma.

Petijuma rezultati

levada pétfjuma jautajumi tiek izklastiti atkartoti, sniedzot 1su atbildi uz katru no
jautajumiem.

PJ1: Ka var izmantot EEG signalus, lai reallaika kontrolétu audio/vizualos parametrus
miizikas mijiedarbibas laika?

Ir dazadas metodes, ar kuram EEG signalus var izmantot audio/vizualo parametru kontrolei
reallaika mizikas mijiedarbibas laika, un promocijas darba tika pétitas un aprakstitas
vairakas no tam. PJ1 ir analiz&ts pirmas nodalas teorétiskaja pamatojuma, kur diskut&ts par
jédzieniem BCMI pétniecibas literatara. Talak tiek veikti vairaki izpétes soli, lai mekletu
atbilstoSsu BCI metodi (spektrala jauda un SSVEP Kklasifikacija) izvirzitajam sist€émas
lietoSanas mérkim ( 2.1. nodala). Atbildes uz PJ1 tiek rastas, izstradajot 3.1. apaksnodala
aprakstito BCMI sistemu, kura spektralas jaudas raksturlielumi tiek kartéti, lai kontrol&tu
MIDI, DMX un citus multimodalas izvades.

PJ2: Vai pastav lokali EEG modeli, kas raksturo konkrétus afektivus stavoklus vienkarsu
klavierspeles uzdevumu izpildes laika?

EEG spektralas jaudas raksturlielumi tika fikséti 10 pianistu datu kopa, kas
ieglita miziku uzstaSanas laika. Datu vakSanas protokolu atbilsto§i mérkim raksturot
EEG pazimes, kas saistitas ar izteiksmes nodomiem miizikas atskanoSanas laika, ka ar1
datu analizes procesu sagatavoja un vadija darba autors sadarbiba ar Vilpas Universitates
Biofizikas katedras specialistiem Lietuva. Rezultati aprakstiti 2.2. apaksnodala.

PJ3: vai BCMI dizains spgj precizi noteikt un kartét izteiksmes nodomus vienkarSu
klavierspéles uzdevumu izpildiSanas laika?

BCMI sistema tika izstradata, lai konstatétu un kartétu izteiksmes nodomus
klavieru atskanosSanas laika ar audio/vizualajiem parametriem. Sist€mas darbibas vidgja
precizitate 70,80% appméra tika noverota Cetriem individiem. Sakotngjo 10 akadémisko
pianistu EEG datu rezultati tika izmantoti, lai programmé&tu BCMI sistému, kas versta uz
diviem pretgjiem stavokliem: individa iedomats augsta vai zema uzbudinajuma stavoklis
uzstasanas laika. Ar A testu, kas aprakstits 3.2. apaksnodala, tika novertéta BCMI sistémas
precizitate, laika, kad to lietoja Eetru akadémisko pianistu grupa. ST grupa sakotngji atkartoja
pirmas grupas - 10 pianistu - sakotngjo uzdevumu, méginot kontrol&t vizualo atgriezenisko
saiti saistiba ar vinu izteiksmes nodomiem.
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PJ4: Vai BCMI kontroli var sasniegt vairaki individi, atskanojot dazada veida miziku ar
daudzveidigiem instrumentiem?

B tests, kas aprakstits 3.2. apaksnodala, novértgja BCMI sisteémas precizitati, kad to
izmantoja septinu instrumentalistu - ekspertu grupa, ar parstavétiem dazadiem instrumentu
tipiem. Attiecigajai grupai tika dots uzdevums improvizét, kontrolgjot BCMI sistemu,
vienlaikus izmantojot vizualo atgriezenisko saiti. Laikaposma - 5 stundas 23 minites un 34
sekundes grupa sasniedza vidgjo precizitati - 74,46%.

PJ5: Vai BCMI kontroli var panakt reala vide, izmantojot kopigus instrumentus?

3.2. apaksnodala aprakstitaja C testa tika noverteéta BCMI sistémas precizitate,
kad to izmantoja pétljuma autors, uzstajoties uz koncertskatuves ar bungu komplektu,
elektrisko gitaru un sintezatoru. Uzdevums bija izpildit pasa sacerétu materialu, vienlaikus
kontrol&jot BCMI sistému, izmantojot audio/vizualo atgriezenisko saiti. Vidgja precizitate
bija 84,22%, to sasniedzot 201 sekundes laika.

PJ6: Vai BCMI dizains var piedavat jaunas iespgjas individam - maksliniekiem, kas ikdiena
nodarbojas ar muizikas atskanosanu?

No savas personigas pieredzes, test€jot BCMI sisteému vairakas vidgs, es secindju,
ka sistema nodrosina jaunu kanalu izteiksmes signalu radiSanai saistiba ar muzikalajiem
nodomiem. Muzikalas skanas aspekti, piem&ram, tembrs un reverberacija, ka ar1 apkartgjas
vides aspekti, piemeram, skatuves gaismu nokrasa, parasti tiek kontroleti ar tieSakiem
lidzekliem, pieméram, klusinatajiem un pedalu slédziem. EEG sisteémas izmantoSana $o
aspektu kontrolei rada jaunu situaciju, kura tos var redzet un dzirdet ka tiesi saistitus ar
miizikas izpilditaja iek$gjiem apstrades procesiem. Tie tika izp&titi dazadas kombinacijas,
pirms tika izveidoti C testa iestatfjumi.

Testgjot BCMI sisteému uz koncertu skatuves, es novéroju, ka izeju kartesana,
lai kontroletu LED gaismas joslu nokrasu un projicétu vizualo att€lu, bija Joti efektiva.
Atgriezenisko saiti reallaika vargja iegiit pat ar aizveértam actm. Macoties izmantot sistému,
akttvi atskanojot muziku, cilvéks arT iemacas tada méra manipulét ar EEG fiksétiem
aktivitates signaliem un ta ir jauna pieeja mentalo stavoklu apzinasanai priekSnesuma laika.

Rezultati, kas risina BCMI problémas

Promocijas darba galvenais mérkis bija izstradat un novértet BCMI sistému, kas
lauj kontrolét audio/vizualos rezultatus, pamatojoties uz izteiksmi miizikas atskanoSanas
laika. Izmantojot sistematisku dizain&Sanas procesu, tika izstradati vairaki risinajumi, lai
risinatu jau citu autoru noraditas problémas BCMI joma.

1. Izteiktas reallaika kontroles sasniegSana, izmantojot BCMI sistému, ir bijusi loti sarezgita,
ja to lieto vairaki individi, pastav atskirigi laika periodi, vides un uzdevumu veidi.

2. Lai cilveki iemacTtos efektivi izmantot BCMI sistémas, biezi ir nepieciesams ilgs apguves
periods.
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3. BCMI sisteémas lietoSana ir individu kaitino$a un neuzticama ekologiskos apstaklos, ta
ietver ilgstosus un smalkus iestatfjumus, kas ir pak]auti trauc€jumiem un troksniem.

Pirma izaicinajuma risinajums tika rasts vairakos posmos. Pirmkart, novéroSanas
faze tika izveleta vairak parbaudita BCI metode: EEG spektralas joslas jauda. Talak,
analitiskaja faze, tika identificétas lokalas spektralas joslas jaudas raksturlielumi, kas
iegliti no Cetriem smadzenu laukiem. Attiecigic smadzenu lauki ir saistiti ar Cetriem
kontrastgjosiem izteiksmes nodomiem klavierspéles uzdevuma laika. Radosaja faze So
spektralo raksturlielumu skaitliskie dati tika programméti ka reallaika noteikSanas mérki
BCMI sistemas dizaina. Visbeidzot, testéSanas faze, BCMI sistéma tika novertéta attieciba
uz reallaika kontroles precizitati dazadam personam, uzdevumu veidiem un vidém trTs
testos. Individi, kas, izmantojot BCMI sistému izpildija testus A, B un C, sasniedza vidgjo
precizitati attiecigi 70,80%, 74,46% un 84,22% apjoma.

ATl otra izaicindjuma risindjums tika rasts vairakos posmos. Pirmkart, radosaja
fazeé BCMI sistémas signalu transformacijas komponenta tika ieprogrammeétas funkcijas, lai
lautu pielagot noteikSanas sliekS$nus Cetriem kontrastgjosiem izteiksmes nodomiem (2. att.).
P&c tam, testesanas faze §Ts funkcijas tika uzlabotas, lai atri un efektivi pielagotu noteiksanas
slieksnus vairakiem individiem, uzdevumu veidiem un vidém, uzraugot relativo spektralo
jaudu notiekosaja EEG datu iegiiSana. TestéSanas faz€ iesaistitas personas veltija 15-30
miniites, macoties izmantot BCMI sistému pirms ieraksta uzsaksanas.

Vairakos posmos tika atrasts arT tresa izaicindjuma risinajums. Pirmkart,
novéerosSanas faze tika identificets Ipasi mobilitatei izstradats miniatiirs EEG pastiprinatajs un
elektrodu cepure ar sausajiem elektrodiem (Enobio 32), samazinot laiku, kas nepiecieSams
sistemas uzklasanai uz lietotaja galvas. Laika ietaupijums bija aptuveni 10-20 mintes.
Testesanas fazé BCMI sist€mas precizitate tika novertéta dazados kontekstos, sakot no
visvairak kontroléta (A tests) lidz ekologiski relevantam (C tests). Izmantojot signalu
pastiprinataju vizualiz€tam dizainam un BCMI sisteémas funkcijai filtrét signalus virs
100 pV, tika konstatets, ka vides troksnis mizikas izpildiSanas telpa un uz istas koncertu
skatuves ir praktiski identisks.

Promocijas darba mérkis jeb produkts ir BCMI dizains, kas integré visus
iepriekSmin&tos risindjumus, sasniedzot tadu precizitates [Tmeni, kas ir pietickams aktivai
reallaika kontrolei. Pie tam, sist€émas iestatiSana aiznem mazak neka 20 mindtes un ir
nepiecieSsamas aptuveni 30 minttes, lai iemacTtos sisteému lietot. Veicot p&tijumu vairakas
faz€s ar sistemisku pieeju, ir izdevies pieradit sistemas darbibas efektivitati ekologiskos
kontekstos. Nemot véra tendenecs BCMI pétnieciba, promocijas darba rezultati sniedz
butiskas teorétiskas un praktiskas atzinas turpmakaja BCMI pétniecibas joma.

leguldijums

Viens no §1 darba ieguldijumiem ir piedavata sistematiskas dizainé$anas metodika,
kuras pamata ir dubulta dimanta dizaingSanas process, kas ieviests BCMI izstrades gaita
(1. att.). Logisku solu virkne no izpétes, analizes, izstrades un visbeidzot lidz testéSanai
ir pieeja BCMI dizaingSana (6. att.), ko citi autori var atkartot un turpinat neatkarigi no
aparatliras un programmatiiras veida vai p&tniecibas jomas.

BCMI 11ki, kas iegiiti promocijas darba izstrades rezultata, ir dizaingSanas procesa
produkts. Metode ir aizglita no citam zinatnes jomam izmanto$anai miizikas zinatng.
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Miizikas izpilditajs So riku var uzskatit par instrumenta paplasinajumu muzikas izpildjjuma
konteksta. Neirozinatn€ to var izmantot, lai novérotu neirofiziologiskos procesus, kas ir
dazadu muzikalo uzdevumu rosinati. Pedagogija to var izmantot, lai apgiitu mijiedarbes
procesu un apzinati regulétu mentalos stavoklus, izmantojot audio/vizualu atgriezenisko
saiti. Ka konstatéts aptauju anketu rezultatos, iegito BCMI riku pasreizgja forma var
drosi izmantot gan muzikas izpilditaji, petnieki, gan - pedagogi, lai mijiedarbotos ar EEG
signaliem miizikas atskanoSanas laika.

Datortehnologijam strauji attistoties un pasreiz€jo tehnisko izaicinajumu
risinajumiem klustot vieglak pieejamiem, visticamak, ka dazi §1 darba rezultata izveidotie
BCMI sistemas komponenti jau drizuma novecos un biis jaaizstaj. Tomer galveno
komponentu funkcijas tiks saglabatas ilgaku laiku. Tadgjadi So komponentu aizvietosana ar
nakotnes tehnologijam bis viegli paveicama.

Jaatzist, ka petijuma bija ierobezots respondentu skaits. Blitu nepiecieSams vairak
testu, lai veiktu precizitates merjumu vai macisanas efektu kvantitativo statistisko analizi.
Tomér darba pieejamo resursu ietvaros tika pieradits, ka BCMI pamatsistéma uzticami
darbojas atskiriga vide, ko raksturo atskirigs individu, instrumentu, uzdevumu veidu,
uzdevumu secibu daudzums.

leteikumi turpmakajam izpetes darbam

Promocijas darbs koncentrgjas uz individuala izpilditaja iesaisti. Acimredzami
nakamais solis biitu divu izpilditaju muzikalas mijiedarbibas vai izpilditaja un klausitaja
para izpéte. Divu vai vairaku sinhronu EEG datu ierakstu veikSana ir pazistama ka
hiperskenésana. HiperskengSanas neirala atgriezeniska saite jau iepriek§ izmantota, lai
petitu un izmeritu sinhronizaciju individu paros dazados kontekstos, sakot no terapijas
lidz interaktivai makslai. Paredzams, ka situacija, kad divi cilveki vienlaikus var kontrol&t
BCMI izvades, sniegs iesp&ju pétit starpsmadzenu sinhronizaciju mizikas mijiedarbibas
laika. Sada pieeja laus sistematiskak salidzinat un novérot atikirigas EEG signala ipasibas
starp individiem vai miizikas uzdevumu veidiem, neka tas Sobrid notiek individualizeta
veida.

TieSas pieredzes iegiSana ar EEG signalu mérisanas un datu vaksanas metodém
ir loti svariga, lai izstradatu eksperimentalos protokolus, balstitus uz neirozinatnes
metodologiju. Loti svarigi ir atrast veidus, ka ierakstit muzikalus uzdevumus, ievérojot
iemiesotas miizikas mijiedarbibas principus. Pie tam, lai tie blitu saistiti un attiecinami uz
realam ikdienas situacijam. Manuprat, lai pilnveidotu BCMI sistému, ta biitu japarbauda
arpus laboratorijas apstakliem. BCMI pétnieciba péc savas biitibas ir multidisciplinara,
tadel butu jaapvieno vismaz neirozinatnes, datorzinatnes un mizikas zinatnes parstaviji.
Visbeidzot, tiem, kuru mérkis ir izmantot BCMI makslinieciskos noliikos, blitu nepiecieSams
izpétes darbu veikt starpdisciplinari. EEG iesp€jas nav [idz galam apzinatas, tadg] ir svarigi
nesasteigt apgalvojuma izteikSanu, ka ir atrasts stabils BCMI kontroles karté$anas modelis.
Lai giitu parliecibu, ir japarliecinas, kas sist€ma ir uzticami lietojama dazados apstak]|os.
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Introduction

Research challenges and objectives

Brain-Computer Music Interfacing (BMCI) is a relatively new research field which
has provided novel tools for music interaction through harnessing the electroencephalography
(EEQ) signal for musical purposes, but he current state-of-the-art faces major challenges if
such tools are to be useful for embodied music interaction applications.

One of the major issues is, the embodied music interaction paradigm holds that
corporeal involvement greatly determines music cognition, but BCMI systems rely on EEG
technology which is sensitive to body movement and so typically requires a user to remain
motionless. Since musical expression and perception are mediated by body movement, a
motionless performer’s intentions are much less intelligible to a listener. While this issue
has not hindered BCMI from enabling people with limited mobility to musically interact,
it has been an obstacle for its application in more ecological contexts such as in live music
performance. In present times, neuroimaging technology has advanced to a point where
more agile hardware allows for some body movement, providing an opportunity for BCMI
designers to address this issue.

Another major challenge is to determine exactly how a BCMI system may play a
role in embodied music interaction contexts. BCMI design involves mapping EEG signals
to musical signals, but it is up to the designer to develop and implement an appropriate
input-output mapping strategy. This challenge is similar to electronic music instrument
design, where any number of buttons, knobs or faders may be used to control any number of
musical parameters, or play back any type of musical sample. A BCMI’s mapping strategy
must therefore aim to be as explicit as possible in order to be perceived as linked to a user’s
ongoing musical intentions. It also must aim to enable a user to do something new or more
efficiently or intuitively than by manual or other means- in other words if it is easier to
pluck a string or press a button, a BCMI should not be given such a role. This may sound
daunting at first, but considering that we perceive musical intentions not only with what is
being played but more importantly how it is being played, it could be strategic for a BCMI
system to control parameters which are normally utilised in the production of expressive
cues, such as timbre or spatial aspects rather than pitch or temporal aspects.

A critical step in developing a BCMI mapping strategy is to identify which
EEG features to use as inputs, however EEG correlates of musical intentions are largely
unexplored by neuroscience. Most of the existing knowledge is limited to the physiological
and psychological response to music in a listener, and only a few studies have investigated
the music performer. A review of existing studies on the performer suggests that EEG activity
greatly depends on the task focus, the individual’s skill set and the situational context.
This implies that a BCMI mapping strategy that works for some tasks, individuals and
situations may not work for others. Indeed the majority of existing BCMI designs reported
in the literature are one-of-a-kind, built to enable specific individuals to do specific tasks.
Further, existing BCMI systems have all employed different combinations of hardware and
custom-made software to receive and process chosen EEG features as inputs, unlikely to be
reproducible using different components. Designers are thus challenged to demonstrate that
their solutions are flexible yet reliable enough to perform accurately despite these variables.
This implies that a necessary step for BCMI system designers is to collect and analyse an
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original EEG dataset upon which to base further development, which calls for neuroscience
expertise.

After identifying EEG features to be used as inputs, a BCMI designer faces
another highly technical challenge: determining a way to program software to detect these
features in real time, and map them to desired outputs. Feature detection is achieved using
mathematical algorithms to isolate and transform the incoming digitised EEG signal into
formats or numerical values suitable for initiating musical commands, but currently no
standard software solution is available for applying them. Existing BCMI systems almost
invariably rely on some custom-made software components to provide solutions that do not
currently exist, and this calls for computer programming expertise. Clearly, BCMI research
is a multidisciplinary endeavour and results are greatly determined by the discipline most
willing to lead it.

A final challenge is to test a BCMI system prototype in different embodied music
interaction contexts in order to evaluate its accuracy and potential for wider usage outside
the laboratory. While a standalone BCMI system is not yet on the horizon, this work is
aimed at developing solutions addressing these challenges using a comprehensive and
systematic design approach so that they may be taken further by others.

Research questions

In light of the main challenges described above, the research object is BCMI
system design and development, but the aim of the research is to develop strategies for
its application in embodied music interaction contexts. In view of this aim, the following
research questions (RQs) are set forth:

RQ1: How can EEG signals be used for real-time control over audio/visual parameters
during music interaction?

RQ2: Are there local EEG patterns which characterise specific affective intentions during
simple piano performance tasks?

RQ3: Can a BCMI design accurately detect and map expressive intentions during simple
piano performance tasks?

RQ4: Can BCMI control be achieved by different individuals playing different music on
different instruments?

RQ5: Can BCMI control be achieved in a realistic environment using common instruments?
RQ6: Can a BCMI design provide any novel utilities to an individual engaged in music
performance?

Under the umbrella of systematic musicology, BCMI is a subject area overlapping
neuromusicology and music computing, whose main output is the innovation of musical
tools, technology or interfaces which enable novel ways of human music interaction. BCMI
research is multidisciplinary thus mixed methods and research types are used to address the
main challenges and to arrive at a final solution. In order to address the research questions,
this thesis proposes to adopt an overarching systematic design methodology known as the
double-diamond design method to organise the main tasks and determine the types of
research used to approach them.

This design method has been used in technological applied research aimed at
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improving the efficiency of processes or machines related to a particular sector, in this case,
BCMI for embodied music interaction. To the author’s knowledge, this method has not been
formally applied in Systematic Musicology research in the past, and for this reason every
step is described in detail, such that the results may be reproduced and taken further by
others.

Problem

Problem Definition =olution

Use the EEG Ee GG Customisable BCMI
5'9': t09&"!:"‘&“ on expmser:e intent m? g’f dlﬂe:cr:l
emotion in music RESEARCH during music DESIGN nlnmu s, muma

malrng. performance. - =y

|
Observation Analysis Creative Testing

Explore Narrow down

BB o possible solutions that

problem down focus

solutions work

Observing the behaviour of Collecting and analysing Developing a BCMI Testing a BCMI system
the EEG signal during —p EEG data related to musical — system based on EEG ~ —p in realistic conditions.
music interaction. actions with intent to data analysis.

express mood.

Figure 1: Double-diamond systematic design method adopted in this study.
At the start of this design process, a general problem is posed followed by 4 phases of work:
The general problem: Harness the EEG signal to express a user’s musical intentions.

Phase 1. Observation: Gaining insight into the problem by observing various EEG signal
features during music interaction, in order to establish a design theory of which BCMI
technique would be most effective. This addresses RQ1.

Tasks:

1. Reviewing scientific and technical literature, identifying and procuring the
necessary hardware and software tools, training to use them.

2. Exploration of the problem by attempting to apply various BCI methods found
in the literature for music performance first-hand.

Methods: In general a top-down design method is used, with an end solution in mind,
working backwards and refining each step along the way towards the goal. This resembles
exploratory research, to establish a frame of reference and design hypothesis from which
further study can be developed.

Results: It was determined that characteristics of EEG spectral band power related to
expressing emotion during music performance would be most effective.
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Phase 2. Analysis: Data collection and analysis to define the EEG patterns related to
expressing emotion during music performance. This addresses RQ2.

Tasks:

1. Developing and implementing an experimental protocol for EEG data collection
from professional pianists repeatedly performing the same musical material with intent to
express 1 of 4 contrasting emotions on the dimensions of valence and arousal following a
preceding neutral condition per repetition.

2. Analysing the resulting EEG dataset for characteristics of spectral band power
related to each expressive condition.

Methods: The experimental protocol was guided by neuroscience experts within frames of
an international collaborative research project between three institutions. The experimental
design only controlled for some variables of the phenomenon under investigation, and
aimed to define its characteristics but does not necessarily attempt to investigate its causes.
As such the work during this phase resembles a descriptive, quasi-experimental research
type. The data obtained consisted of 2000 trials of EEG data from 10 subjects using 32
electrodes at a temporal resolution of 500Hz. Analysis provided numerical EEG spectral
power data characterising each expressive condition.

Results: The problem was narrowed down and defined: To develop a BCMI system which
detects EEG patterns related to each expressive condition and supports the user’s expressive
intentions during music performance with appropriate audio/visual outputs. EEG data
analysis provided numerical values plotted as relative spectral power taken from 4 general
brain regions (left and right frontal, and left and right parieto-occipital) between a neutral
condition and each expressive condition.

Phase 3. Creative: Exploring possible solutions for realising a BCMI system design based
on the EEG data analysis. This process aims to provide solutions that can address RQ®6.

Tasks:

1. Identifying software and developing custom solutions for EEG signal processing
and transformation of numerical data in order to determine an effective input-output BCMI
mapping strategy.

2. Evaluating the developed solutions and various BCMI mapping strategies by
running simulations using the original EEG dataset.

Methods: In general, a bottom-up design method is used, starting with a foundation
and attempting various solutions. This involved many attempts, each building upon the
knowledge gained from the previous attempts to find solutions that work and to refine them
for maximum efficiency.

Results: A working prototype BCMI system was developed and prepared for testing.
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Phase 4. Testing: Narrowing down solutions that work by testing the BCMI design in
various conditions and environments. This process aims at evaluating solutions that address
RQ6.

Tasks:

1. Design and run three tests (A, B and C) in which different musical tasks are
performed while using the BCMI system, starting with the most controlled conditions and
ending with the most realistic conditions. These tests are aimed at addressing RQs 3, 4 and
5 respectively.

2. Evaluate the accuracy of the BCMI system in each test and its potential for
application in embodied music interaction contexts.

Methods: New subjects were recruited for data collection in each test. In test A, the original
experimental protocol was repeated with a group of 4 pianists, while controlling the BCMI
system. In test B, 7 expert musicians playing different instruments were recruited to perform
free improvisations alternating between two expressive conditions- high and low arousal.
In test C, the author assumes the role of the subject, and performs prepared original music
on 3 different commonly used musical instruments in a realistic performance environment.
The data obtained from the 3 tests consisted of different amounts of EEG data, BCMI
accuracy data, MIDI data, survey response data as well as audio and video recordings. After
each test, the accuracy of the BCMI system was determined by the percentage of time its
outputs matched the user’s intentions over the total duration of their music performances.
Refinements were made to the BCMI design for each step in order to make adjustments
possible for different individuals, instruments and environments, and to reduce setup time.

Results: EEG data analysis revealed that as expected, different individuals, tasks and
situational contexts involved in each test produced different relative spectral power
characteristics. However a calculation of the BCMI system’s accuracy revealed that it
was able to accommodate a wide range of variables and performed according to user’s
intentions with an accuracy of 70.80% in test A, 74.46% in test B, and 84.22% in test C.
This illustrates the flexibility of the BCMI system design- it was able to accommodate for
these variables and subjects were able to learn to use the system within only about 30-40
minutes without prior experience.

Thesis structure

The structure of this dissertation is as follows: An introduction is followed by
Chapter 1, which provides a theoretical foundation. This is based on gathered information
about: 1) BCMI research spaces, paradigms, techniques, and control types, 2) Properties
of the EEG signal and how they may inform BCMI mapping strategies. 3) The embodied
music interaction paradigm, and its influence on an approach to BCMI design. 4) Known
neurophysiological responses and mechanisms supporting music interaction in both
listeners and performers. The knowledge presented in chapter 1 forms a methodological
basis for the design process to follow. Chapter 2 describes work done in the Observation
and Analysis phases of the design process. Chapter 3 describes work done in the Creative
and Testing phases and is followed by a conclusion, a list of references and an appendix.
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The dissertation also includes a total of 89 figures and tables, as well as 17 videos serving as
visual aids to certain steps in the design process, accessible at: https://jachinpousson.com/
research.

The series of logical steps from exploration, to analysis, to development and
finally to testing is an approach to BCMI design which can be reproduced and taken further
by others regardless of hardware and software types, or the research field leading the work.
The BCMI tools resulting from this work are products of this design process that borrowed
methods from several scientific disciplines, and may be used by performers, researchers or
educators for interacting with the EEG during music performance or within specific musical
frameworks or task foci. The EEG dataset collected in frames of this work provided the
basis for programming the BCMI system. This new dataset is one of very few with focus
on expressive intentions in music performance, and may be a valuable resource for further
investigation in systematic musicology or neurology research. Further, this dataset may be
analysed using different methods to reveal other potential online classifiers which may be
used for more robust BCMI control in the future.
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Chapter 1: Theoretical Foundation

Chapter 1 provides a theoretical foundation for the work to follow. It explains
the main terms, perspectives and approaches used in both BCMI and embodied music
interaction research fields, and discusses information found at their intersection relevant for
guiding the overarching design process.

1.1 Brain-Computer Music Interfacing

Background

BCMI research is a relatively new field, and borrows paradigms and techniques
from the Brain-Computer Interfacing (BCI) field from which it directly stems. While BCI
research is typically aimed at enabling those with limited mobility to control computers,
BCMI research aims to develop ways to use neuroimaging tools for musical creation or
interaction. This is typically done by placing electroencephalogram (EEG) electrodes upon
a user's scalp, and processing the signal with a computer, mapping features of this input to
audible output with musical structures or rules (Miranda and Castet 2014 p.3, Rosenboom
2014).

Historically, composer Alvin Lucier’s 1965 performance of Music for Solo
Performer is often considered the first example of a BCMI deployed in a music performance
context (Christopher et al. 2014, Miranda and Brouse 2005), but David Rosenboom is
often cited as the first to publish research in which he explores potentially useful features
in the EEG signal for music making (Rosenboom 1997 p.3, Viljamée et al. 2011). Since
then the BCMI research field has advanced in step with technological developments in
neuroscience, music computing and biomedical engineering, and has been able to make
more rapid progress especially during the past 10 years.

Outcomes from the BCMI research field have been new types of musical instruments,
interactions, performances and experiences which have captured the imaginations of many
artists and technologists (Miranda 2006, Hamano et al. 2013). A BCMI system generally
consists of hardware and software combined to fulfil the following functions: 1) Obtaining
EEG input from a user via electrodes placed on the scalp, 2) Processing and filtering the
digitised EEG signal to remove unwanted electrical noise, 3) Transforming the processed
EEG signal using mathematical algorithms into ranges and formats for initiating musical
commands, 4) Mapping and executing musical commands in software which outputs
audible or visual feedback in real-time. Though the above steps may be generally true of
all BCMI systems, different paradigms, techniques, mapping strategies and applications
areas, have been described and reviewed by leading authors in this field (Palaniappan 2014,
Miranda and Castet 2014, Hunt et al. 2000, Tan and Nijholt 2010). Thus a prospective BCMI
designer is tasked with identifying the most strategic techniques for the target application
area, and this is directly limited by the capacities of the hardware and software components
that make it up as well as the level of technical expertise in combining them effectively.

Summary
The EEG signal is rich with information, representing brainwave activity that can
be analysed to reveal mental processes, commands, states, as well as levels of arousal,

47



attention and emotion (Leslie and Mullen 2011, Maskeliunas et al. 2016). Within the context
of musical group behaviour, these dimensions can be conveniently observed. In other
words, the act of playing music together provides a framework within which dimensions of
the EEG can be understood and utilised to inform BCMI design. Insofar as musical group
behaviour has been considered a microcosm of human social interaction, BCMI provides a
novel way of observing and understanding human behaviour (Keller et al. 2014), as well as
a highly creative playing field for developing better BCIs in general. To summarise, BCMI
is a research space where paradigms of neuroscience, music computing and biomedical
engineering overlap in frames of systematic musicology research. The overarching goal of
this dissertation is to discover how and where BCMI tools may be designed to fulfil a role
in embodied music interaction contexts such as live performance.

1.2 Embodied Music Interaction

Embodied music interaction is made up of the terms embodiment, and music
interaction. It is an established term within the musicology research space referring to a
paradigm holding that corporeal involvement plays a central role in music cognition. The
term has been used to refer to an approach to music research which reasons that bodily
involvement is essential for music interaction and takes it into full account when investigating
major topics such as but not limited to music perception, expression, and affective response
(McGuiness and Overy 2011, Gill 2012, Leman and Maes 2014, Leman et.al. 2017, 2018).
The term has been used not only in reference to the entire research paradigm or approach
as a whole, but also to contexts in which it takes place. In this thesis the author considers
situations where two or more people are physically present and engaged in goal-oriented
musical actions to qualify as an embodied music interaction context.

Music interaction has been modeled in musicology literature with attention
to different focus areas. With regards to the response to music, both physiological and
psychological effects take place in the human body and brain. These include but are not
limited to levels of physiological alertness, cognitive attention, memory, perceptual coding,
as well as emotional responses (Miell et al. 2005). The majority of studies have focused on
the listener, but much less is known about the performer. For the performer, aspects such
as but not limited to the type of instrument, the size of the ensemble, the audience, skillset,
expressive intentions as well as measures of anxiety and motivation are factors influencing
music performance (Miell et al. 2005), and each of these aspects may well have different
psychophysiological impacts for different individuals. Performers use musical instruments
to extend the timbral, frequency, and as a result, the expressive range of the human voice or
naturally occurring sounds with certain associations, such as birdsong. With regards to how
performers communicate expressive intentions, it has been proposed that they primarily do
so using expressive cues, such as tempo, loudness, timbre, articulation and others (Sloboda
and Juslin 2010). These expressive cues may be differently weighted in the making of
the whole picture, and their intelligibility depends on an ongoing expression-recognition
process between the performer and the listener which is dependent on establishing and
maintaining a consistent and recognisable communication strategy.

Embodied music interaction is a research paradigm and approach which holds
that music interaction, and particularly the communication of musical intentions can be
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more comprehensively understood and explained through the bodily involvement within
the interaction context. With this view, musical intentionality between a performer and
a listener emerges as a result of two-way feedback in which corporeal articulations and
imitations are made towards musical goals (Leman 2008). Here, musical instruments
are considered mediators between the human mind and the physical environment, which
function to convert bio-mechanic energy into sonic, visual, as well as haptic energy.

BCMI design strategy

The knowledge presented so far has several implications for BCMI design aimed
at embodied music interaction applications. With respect to Leman’s (2008) perspective,
a BCMI system may serve as a musical instrument in a similar way, by converting
neurophysiological energy into audio, visual or haptic energy. However, for embodied
contexts such as music performance, the author proposes that it would be strategic fora BCMI
design not to replace bodily involvement, but rather to extend the range and opportunity
for producing expressive cues for communicating musical intentions. As for the type of
expressive cues a BCMI system may be designed to output, the author proposes that timbral
and spatial parameters may be most strategic, as opposed to tempo or articulation, which
are more effectively controlled manually. In such a design, the BCMI system may function
as a type of effects controller responsible for ongoing parameters such as bright versus dull
timbres, or amounts of reverb added to the sound of a music instrument being played by the
user. With these strategies in view, the user of the proposed BCMI system design takes the
role of a performer playing a musical instrument normally, but with specific aspects of their
neurophysiological state mapped to control certain parameters of the ongoing music.

For such a BCMI system to work, it is necessary to identify EEG patterns associated
with music performance tasks. However, due to the issue of body movement introducing
noise artefacts into the EEG signal, very few studies have attempted to record brain activity
while a subject is playing a musical instrument. Noted, neuroimaging technology has been
used to investigate the psychophysiological mechanisms underpinning music interaction
only during the last 30 years (Christopher et al. 2014, Jourdain 1997, Krumhansl 1997,
Miell et al. 2005, Molnar-Szakacs and Overy 2006, Steinberg et al. 1992).

Music improvisation in particular is a target interest area for neuroimaging studies
exploring creativity in process, and potentially important for BCMI designers, since all
forms of music performance involve some leeway for creative interpretation. Researchers
have used various neuroimaging methods to investigate activity modulation and functional
connectivity during creative musical tasks such as improvisation based on emotional cues
versus a pitch set (Pinho et al. 2016), improvisation with intent to communicate positive
versus negative emotions (McPherson et al. 2016), improvisation in experienced versus
amateur musicians (Dikaya and Skirtach 2015), and improvisation versus scale playing
(Sasaki et al. 2019).

In particular, several fMRI (Functional Magnetic Resonance Imaging) and EEG
studies have investigated activity modulation and functional connectivity in prefrontal and
premotor areas, particularly in the dorsolateral prefrontal cortex (DLPFC) (Pinho et al.
2014). However these studies reported contrasting or incomparable findings, and reviewers
point out that this is likely due to a lack of control for variables such as the background and
experience level of the subjects (Chen et. al. 2008, Dikaya and Skirtach 2015, Pinho et. al.
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2016), the use of culturally or personally biased music stimuli (Bigand et. al. 2014, Meyer
1956), the focus, sequence and timing of events involved in the task (Agostino et. al. 2008),
and the ecological validity of the situational context within which the task is performed
(Burgess et. al. 2006, Leman 2008). Further, each study used different neuroimaging
hardware systems as well as different offline processing pipelines for data analysis, which
are not technically straightforward to replicate in real-time, but necessary for a BCMI
system to function. As a result, not enough information can be gathered from the existing
research to classify EEG features associated with expressing musical intentions, nor does a
standard methodology exist for how to go about identifying them precisely so that they can
function as inputs for the proposed BCMI system.

Summary

To reflect and summarise, the embodied music interaction paradigm respects
that human encounters with music are complex, dynamic, social, and contextual, making
them challenging to measure using neuroimaging tools and tricky to infer about without an
established methodology. A more comprehensive, holistic, or multi-disciplinary approach is
often encouraged to raise the level of understanding between overlapping fields, and avoid
pitfalls that potentially undermine research outcomes. From the perspective of a BCMI
designer, it is not clear if any of the reported results can be replicated using different, or
more agile EEG hardware in more ecological contexts. However, these reports have been
essential for understanding how others have approached designing tasks for investigating
the performer’s brain in action, and may serve as a starting point and a guide for the BCMI
design process to follow.
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Chapter 2: BCMI Design Process - Observation and
Analytical phases

Chapter 2 describes the first two phases of the overarching BCMI design process -
observation and analytical. In the observation phase, several first hand attempts at sonifying
and visualising EEG data relevant to different types of music interaction are described. In
the analytical phase, an EEG data collection procedure was conducted to measure and
characterise localised EEG spectral power from pianists.

2.1 Observation Phase: Investigating BCI methods for embodied music interaction

In this phase of the design process, the main steps of the work involve observing
the behaviour of the EEG signal during embodied music interaction, in order to explore
ways to harness it to play a role or impact in this process. First, a technical background of
the EEG hardware and software used in this work are provided, followed by a description of
how they were used to investigate several BCMI techniques, paradigms and control types.

EEG hardware

After evaluating several EEG systems, a research-grade device, the Enobio 32!
was chosen for its reliability, resolution, functionality and relative low cost. It provided 32
channels of EEG data at a resolution of 500Hz, and features wireless or wired (via USB)
signal transmission, and provides options such as dry or gel-based electrodes which greatly
reduce setup time. The Enobio system is marketed as a research-grade device certified for
clinical use, and has been a candidate for a BCMI system reported in another study (Levican
et al. 2018). The wires from the electrodes are plugged into a miniature device called a
NECBOX attached to the back of the electrode cap that amplifies, digitises and transmits
the EEG signals to a native signal acquisition software called Neuroelectrics Instrument
Controller (NIC) v.2.0.11.1 running on a computer.

Grounding is achieved with Common Mode Sense (CMS) and Driven Right Leg
(DRL) connections to the right earlobe. Within NIC, the online EEG can be viewed raw or
transformed into spectral band power components and signal quality can be monitored via
a quality index consisting of line noise, main noise, offset and drift. Raw EEG or spectral
band components from all 32 electrodes can also be streamed out of NIC as a numerical
data structure via a Transmission Control Protocol (TCP) network to be received by other
softwares for further signal transformation. This feature was a major advantage because
numerical data can be received in real-time via TCP ports by many software platforms due
to the fact it is such a widely used communication standard.

Software components

Computers used in this study all ran on the latest MacOSX operating systems,
capable of simulating Windows environments if necessary, between 2019-2022. After
evaluating several open-source softwares for receiving, mathematically transforming, and
mapping EEG data streaming from NIC into audio or visual control outputs, a node-based

1 https://www.neuroelectrics.com/solutions/enobio/32 (Retrieved Dec 2022)
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visual programming platform was chosen called Quartz Composer® (QC). QC is a part of
the macOS Xcode development environment and is used for processing data and rendering
graphics. The work environment takes place in an editor window representing a macro
patch in which to define inputs and outputs. A viewer window displays a visual output
resulting from operations taking place in the editor window. A library of objects or patches
with specific functions are available for linking together with virtual cables to generate
an visual output based on input data. QC is also capable of transmitting transformed data
in a variety of formats such as MIDI®, OSC* and DMX?® which can be received by music
production software or stage lighting systems.

Through consultation with an expert, a user-made patch called v002 TCP Socket
Client within a group of patches with related networking functions named v002-Network®
was successfully tested for receiving EEG data in real-time via the TCP network. The raw
EEG data from NIC was received as sample values in units of nano volts ranging from
-400,000,000 to +400,000,000 nV and could be unpacked and displayed as indexed data
streams from individual electrodes at the speed of 500 samples per second, but updating
visually at the speed of the frame rate of the computer screen. The EEG frequency band data
could also be streamed on a separate network port and unpacked as 5 frequency bands per
electrode, resulting in 160 simultaneous incoming strings of numbers in units of microvolts
squared nV2 which could be then grouped and mathematically transformed as desired. The
data streaming link between NIC and QC was stable and reliable when working with both
online and offline EEG data, and did not suffer from latency or jitter even when dozens of
simultaneous mathematical transformations were applied upon them before rendering out
graphical representations on the viewer window or mapping them to output control data
such as MIDI, OSC or DMX. These advantages led to the choice to use QC as the main
platform for developing a transformation algorithm component of a BCMI system. It should
be noted that towards the end of this research work, QC became deprecated with the release
of macOS Catalina (v10.15), but remains present for compatibility.

Investigating spectral band power for BCMI control

Having established the hardware and software components for the EEG input,
signal processing and transformation algorithm steps of a BCMI system, several attempts
were made at harnessing spectral band power as a means for controlling audio output
through a musical engine, or a Digital Audio Workstation (DAW), in our case, Logic Pro X’
(v10.4.2).

These included directly mapping the amplitudes of spectral frequency bands (delta:
0-4Hz, theta: 4-8Hz, alpha: 8-13Hz, beta: 13-30Hz, gamma: 30-50Hz) to corresponding
musical tones, mapping artefacts from facial muscles to corresponding timbral and spatial
effects, as well as several methods for visualising and musifying synchronisation events
taking place in real-time between different brain regions during musical tasks.

These explorative steps were crucial for learning how to mathematically transform

2 https://developer.apple.com/documentation/quartz/quartz_composer (Retrieved Dec 2022)
3 MIDI: Musical Instrument Digital Interface

4 OSC: Open Sound Control

5 DMX: Digital Multiplex

6 https://github.com/v002/v002-Network#readme (Retrieved Dec 2022)

7 https://www.apple.com/logic-pro/ (Retrieved Dec 2022)
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and interact with EEG spectral band power using the chosen hardware and software, but
fell short of achieving an explicit real-time level of control. It became clear that a method of
filtering out extraneous noise from the muscles was needed before seeking to identify EEG
features originating from the brain for mapping and that if spectral band power is to be used
as a means for active BCMI control, systematic data collection and analysis is required to
identify patterns to target.

Investigating SSVEP for BCMI control

In effort to achieve more explicit real-time control, another well-known BCMI
paradigm called Steady-State Visual Evoked Potentials (SSVEPs) was tested. This involves
gazing at a rhythmic flashing visual stimulus that entrains the EEG signal measured at the
visual cortex to match its frequency (Wang et al. 2006). By presenting multiple stimuli
sources flashing at different frequencies, a user may make selections by fixating eye gaze
on a specific source. It was thus conceivable that a BCMI system could take the form of a
graphical interface that presents various choices for manipulating music parameters in real
time.

The author reached out to a collaborating research team from the department of
Neuroergonomics at Sun Yat-Sen University in Kaoshiong Taiwan for expertise in realising
an SSVEP-based BCMI system for multiple users. Using existing scripts executed within
the mathematics software MATLAB?, the SSVEP signals from 4 users were simultaneously
decoded as selections. These selections were then encoded as OSC messages and mapped
to initiate the playback (or stop) 1 of 3 music loop samples per subject. Each user’s music
samples were voiced by a specific music instrument (piano, bass, drum, organ), sounded well
in all combinations with each other, and were characterised by mood represented by three
icons (sun: active, moon: moderate, rain: relaxing). As a result, four users could interact
in a kind of music loop station jam session by making playback selections and choosing
their entrance and exit timings together in real-time. The author provided a musical engine
component programmed in QC to manage incoming selections received as OSC messages
and display them on a shared video monitor as icons. User selections are simultaneously
mapped to initiate or stop playback of the prepared musical samples in the widely-used
DAW Ableton Live® (v.10.1.43).

Within the final report submitted in connection with our collaborative project, the
research team at Sun Yat-Sen University described the resulting prototype BCMI system
to have achieved an overall average accuracy of 69.69%. This figure was derived from 80
trials for each of the 4 SSVEP stimulus frequencies for each of the 4 subjects, resulting in a
total of 1,280 trials.

However, due to inherent latency and the involvement of motionless users this
particular system fell short of supporting explicit real-time control over music within a
realistic embodied music interaction context and no further exploration of the SSVEP
paradigm was planned. Nevertheless, valuable knowledge was gained in programming a
new transformation algorithm and musical engine within QC to visualise selections and
to control playback of predefined musical phrases arranged as samples in a DAW’s loop
station.

8 https://www.mathworks.com/products/matlab.html (Retrieved Dec 2022)
9 https://www.ableton.com/en/
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Chosen BCI method

Spectral band power was chosen as the main BCI technique for the BCMI system
design in this study. This decision was made for several reasons. First, to connect it to
the literature in the EEG field, which typically reports localised spectral power correlates
to describe brain activity. Second, because the mathematical Fast Fourier Transformation
(FFT) of the raw EEG signal into frequency bands can be performed and streamed in real-
time, making it ideal as a BCI method for music interaction. Third, the chosen hardware
was capable of streaming spectral band power data to external devices via a Transmission
Control Protocol (TCP) network, making it accessible for mapping to control audio-visual
feedback.

In the observation phase, several attempts were made to use spectral band power
and SSVEPs for BCMI control. While some useful clues were uncovered, each prototype
fell short of providing all the desired solutions for the proposed BCMI design, which include
providing explicit real-time control over ongoing music parameters, allowing for natural
bodily involvement, and extending the range and opportunity for producing expressive cues
for the communication of musical intentions.

2.2 Analytical Phase: EEG data collection and analysis

The next step in the design process was to narrow down precisely which EEG
characteristics to target for BCMI control mapping. Since our hardware and software
components, as well as target application areas are different from those used in reported
studies, it was necessary to collect our own EEG dataset for analysis. The data collection
procedure was designed and conducted within the frames of a Taiwan-Latvia-Lithuania
Joint Cooperation project aimed at BCMI development which took place during 2019-2021.

The design hypothesis the data analysis should address is that localised EEG
spectral power related to expressive intentions can be used as a reliable and accurate BCMI
method. In order to put this theory to the test, our research team aimed to measure and
characterise the EEG spectral activity of musicians tasked with performing a piano score
while modulating their manner of play to express contrasting affective states. Considering
that individual variabilities are reported in the literature, this experiment explores the
possibility of deriving stable activation patterns from different subjects across different
days. We predicted that if subjects could accurately control a form of audio-visual feedback
while performing simple piano music, that this BCI method may be extended to other forms
of embodied music interaction contexts such as performance, training, education or forms
of therapy.

Materials and methods

Working in collaboration with an international team, the experimental design took
several methodological aspects into consideration in order to present findings that could be
interpreted by the EEG research field, and practically applied to BCMI design under the
umbrella of the Systematic Musicology research field.

Participants
Ten healthy pianists, 2 males, 8 females, aged 19-40 years, all right handed and each
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with a minimum of 5 years of formal academic piano studies were recruited for this study
through coordination with JVLMA’s teaching staff. Each participant was scheduled for 4
recording sessions taking place on different days. The study was approved by Riga Stradins
University Research Ethics Committee (N1.6-1/01/59), and all participants provided their
written consent.

Model of Affect

The EEG method has been used in many studies (AlZoubi et. al. 2009, Chanel et.
al. 2006, Khalili and Moradi 2008, Horlings et. al. 2008) to measure neurophysiological
responses during exposure to audio or visual stimuli chosen to elicit basic emotional
responses, assumed to temporarily modulate a subject’s affective state. This study adopted
a two dimensional circumplex model of affect (Russell 1980 p.1164) to design experimental
tasks, choosing to use 4 descriptors, one for each quadrant of the two dimensional affective
space, namely Excited, Relaxed, Depressed and Distressed, appearing in clockwise order
(Fig. 2). It is acknowledged that evoked and felt emotion in the act of music performance
can be different (Gabrielsson and Juslin 1996, Juslin 1997, Van Zijl and Sloboda 2010),
and that these may not be accurately describable using basic emotion labels. This in view,
we carefully briefed participants on this issue, asking them to attend to the main affect they
intend to evoke in a hypothetical listener in each performance rather than how they actually
felt in the moment.

Arousal
9
Distressed * Excited

1 » o Valence

Depressed Relaxed

Figure 2: Two dimensional model of affect adopted by this study.

Environment

EEG recordings typically take place in environments such as clinics or hospitals,
but music recordings take place in studios or concert halls. In order to create a recording
environment which is closer to a musician’s natural habitat, a common practice room at
JVLMA was specially prepared for EEG recording. The room was acoustically treated to
minimise internal reverberation and external sounds. Equipment was arranged such that a
subject could sit comfortably at an upright piano while wearing an electrode cap, facing a
laptop screen showing instructions and the music score.
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Musical Material

The music score provided to the subjects to perform was self-composed specially
for this experiment (Fig. 3). An original score was used rather than a familiar one to avoid
external associations. In order to maximise the number of trials, the score was limited to a 1
minute duration, and laid out over 2 pages lasting 30 seconds each. The first page featured
two repeated phrases over the first 8 bars, followed by four repeated phrases over the next
8 bars at a tempo of 120 beats per minute. The second page was a repeat of the material
on the first page, but free of time signature, tempo, rhythm, dynamics and articulation.
The performer is tasked on the second page to variate upon the established theme in a
manner that best communicates one of the four basic emotion labels instructed, and to
repeat if time allows, until 30 seconds have elapsed. The music itself was written so as to be
simple enough for an experienced piano player to easily learn and create variations upon. In
common time, it featured a single bass note per bar in the left hand, and a moderately paced
rising and falling melody in the right hand. Since the same theme was to be used to express
intentionally contrasting emotions, the musical phrases themselves were written using an
extended pentatonic scale in order to control for the tendency in Western Classical music
to create affective associations via dissonance and resolution using functional harmony
(Bigand et. al. 2014), and to find more common ground with the sound of musical systems
used across different cultures historically and today (Khe 1977, Stockmann 1983).

Neutral J = 120 Expressive + = free
17
J = )
& e e A oo S e = Ol e = S —— = =
Piano Pro.
o o o o
nf Free dynamics, articulation, embellishment.
s 21
s o — 9
ey e e N e f .
o e v o e v 4w e R e e
Pno. Pno.
P (2 6
% &
? 25
) I . . ) . .
s P s PR PR 2 . .
FEESSE Se e e pE— &3 - - - -
o = 7 7 9
Pn Pno.
é . . >
o o - £
(GRS = o
13
) —_ »
{CRRE P P P N e TN, " i = . s
Bl = = - f - (6 - =S - - - = -
o hd bd - -
Pro. oo
S o o o _— . . -
2 B

Repeat if time allows, until timer ends.

Figure 3: Music score designed for this study.

Experimental design and procedure
Participants were briefed on the sequence of the recording protocol in a meeting
before their first session, and provided with the musical score to familiarise themselves with
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it. At their first session, each participant was given time to test run the recording protocol
to ensure the sequence of tasks was fully understood. Then the 32 channel electrode cap
was applied with conductive gel and adjustments were made in order to acquire a quality
signal. A laptop running a stimulus presentation software called Psychopy controlled the
recording procedure, displaying instructions and the music score to participants while
sending markers to the EEG data at the onset of each event of each trial.

During each trial, participants were tasked with performing the music score once
through (Fig. 4). First, the presentation software displayed the target emotion descriptor for
20 seconds. Then, a fixation cross was displayed for 15 seconds to record a resting state.
This was followed by the first page of the music score, with a countdown timer of 3 seconds
to begin playing. Participants performed the first page neutrally for 30 seconds without
expression followed by the second page for 30 seconds, with intent to express the target
emotion. Next, an evaluation step was displayed where subjects were asked to self-rate their
own performances for valence from negative to positive and arousal from low to high on
scales from 1-9, with 5 representing neutral on both scales. This self-evaluation step was
taken to control for the possibility that some variations or techniques introduced during the
performance of the expressive second page were more clearly or fluently expressed than
others. Trials were recorded in sets of 5, hereafter called runs, in which one of each of the
four basic emotions and neutral was instructed to be played, in random order. When neutral
playing was instructed, instead of being shown the 2nd page of the score, the participants
were required to simply repeat the first page of the music score exactly. Each of the 10
participants recorded 10 runs at each of the 4 sessions, resulting in an overall total of 2000
trials collected consisting of 400 trials per emotion descriptor.

Sequence of a single trial

Instructions . 3 : Evaluation
Resting State Prepare | Playing v
Emotion > > ) i ¢ Music score Arousal/Valence
X Fixation Cross Music score (Neutral) | —> / X
Descriptor 15 sec : (Emotional) Manikins
20 sec 3sec 30sec i 30sec 20 sec

EEG Analysis

Figure 4: Sequence of a single trial with instructions delivered by stimulation

EEG acquisition, pre-processing and analysis

The aim of the experiment described in this chapter was to address RQ2. The
following steps were taken to identify and describe these patterns in terms of relative
spectral power. EEG signals were recorded at S00Hz with a 50 Hz notch filter applied
to remove power line noise using the 32-channel Enobio system, with electrodes placed
according to the International 10-20 system.
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Collected data was organised and delivered to collaborating research team members
at Vilnius University’s department of Biophysics for analysis. The data pre-processing was
executed with custom written scripts implementing cleaning functions available in MNE-
Python, an open-source software package for analysing neurophysiological data. A band-
pass filter (FIR, 1-45 Hz) was applied to the raw EEG data and it was re-referenced to the
average reference. Eye movement artefacts were corrected using Independent Component
Analysis (ICA). Then the data was segmented into 2 second epochs with a 50% overlap
beginning at 5 seconds after the start of each expressive playing task on the second page, and
ending 5 seconds before its conclusion. Next, a fully automated approach was implemented
for further data cleaning using default settings of an algorithm for unified rejection and
repair of poorly recorded trials in EEG signals called Autoreject (version 0.1). Segments
containing artefacts and sensors identified to have poor signal quality were rejected,
resulting in 10% of the total data discarded. The EEG channels which were removed were
reconstructed using a technique called spherical spline interpolation, which is a mapping
method for interpolating scalp potentials and approximating scalp current densities.

Further analysis was performed using functions available in an open source
software for electrophysiological data called FieldTrip. A Hanning taper was applied to
segmented data to control frequency smoothing, then the average power spectra for each
individual and condition was computed based on the Fast Fourier Transformation (FFT).
Spectral power was calculated in frequency bands, delta (1-4 Hz), theta (4-8 Hz), alpha
(8-12 Hz), beta (12-30 Hz) and gamma (30-45 Hz). Then the average power during the
expressive performance segments was divided by the average power of the preceding
neutral performance segments to derive the relative power. Measures were combined for
each individual across all four recording sessions. Then, non-parametric permutation tests
with cluster-based correction for multiple comparisons were employed (5000 permutations,
p < 0.05, two sided) on all channels, in order to test for statistical differences between the
segments related to contrasting emotion targets.

Results

The results of the EEG data analysis are presented as follows. First, the T values of
electrode clusters where significant differences were obtained were plotted topographically,
(as reported in Pousson et. al. 2021) and the mean values and standard deviation measures
of each cluster are reported. The clusters consist of electrodes which are grouped by the left
and right hemispheres as well as the front (frontal) and back (parieto-occipital) regions of
the brain for the sake of descriptive clarity. A number of significant differences in spectral
power were found when segments of EEG data related to contrasting emotion targets were
compared at these four locations.

Delta and theta activity were reduced in the neutral playing condition compared
with the distressed playing condition in both left and right parieto-occipital regions (delta:
neutral 1.07 (0.25) vs. distressed 3.55 (2.52), theta: neutral 1.08 (0.15) vs. distressed 2.54
(1.79)). Similarly, delta and theta activity in the left parieto-occipital region was reduced
in neutral playing compared with excited playing conditions (delta: neutral 1.06 (0.30) vs.
excited 3.61 (1.99), theta: neutral 1.08 (0.15) vs. excited 2.89 (1.49)).

Beta and gamma activity in all frontal and parieto-occipital regions were also
reduced in neutral playing compared with excited playing (beta: neutral 1.14 (0.11) vs.
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excited 2.54 (1.79), gamma: neutral 1.15 (0.11) vs. excited 2.95 (1.96)). Similarly, gamma
activity in both parieto-occipital regions was reduced in neutral playing compared with
distressed playing (gamma: neutral 1.16 (0.15) vs. excited 2.78 (2.53)).

Delta activity in the left frontal and right parieto-occipital regions was increased
during distressed playing when compared to depressed playing (delta: distressed 2.84 (1.67)
vs depressed 1.30 (0.46)). Comparing the same two playing conditions, alpha activity was
also observed to be increased in the left frontal region (alpha: distressed 1.49 (0.57) vs.
depressed 0.92 (0.35)).

Increased delta and alpha activity in the right frontal and left parieto-occipital
regions was also observed in excited playing when compared to relaxed playing (delta:
excited 3.56 (2.19) vs. relaxed 1.37 (0.63), alpha: excited 1.83 (0.99) vs. relaxed 1.03
(0.29)). Additionally, increased beta activity was observed in both frontal regions when
the same two playing conditions were compared (beta: excited 2.24 (1.47) vs. relaxed 1.18
(0.33)).

Increased theta activity was observed in both parieto-occipital regions when
distressed playing was compared to relaxed playing (theta: distressed 2.54 (1.79) vs.
relaxed 1.19 (0.45), while delta activity was observed to increase just in the right parieto-
occipital region (delta: distressed 3.31 (2.37) vs relaxed 1.32 (0.54)). Alpha activity was
also observed to be increased in both frontal regions when comparing the same two playing
conditions (alpha: distressed 1.44 (0.50) vs. relaxed 0.94 (0.17)).

Increased theta and alpha activity was observed in the left parieto-occipital region
in excited playing compared with relaxed playing (theta: excited 2.89 (1.49) vs relaxed 1.23
(0.58), alpha: excited 2.31 (1.68) vs. relaxed 1.12 (0.44)), as well as in depressed playing
(theta: excited 2.89 (1.49) vs. relaxed 1.29 (0.56), alpha: excited 0.92 (0.35) vs. relaxed 1.49
(0.57)).

Finally, increased gamma activity was observed in both frontal regions in excited
playing compared to depressed playing (gamma: excited 2.95 (1.96) vs. depressed 1.22
(0.32)), as well as in both parieto-occipital regions when compared to relaxed playing
(gamma: excited 3.09 (2.20) vs. relaxed 1.51 (0.84)).

Next, to aid visualisation, the relative spectral power derived from comparing
expressive and neutral playing segments were divided into four clusters made up of three
electrodes each. These clusters are located at the left frontal (AF3, F3, Fp1), right frontal
(AF4, F4, Fp2), left parieto-occipital (O1, P3, PO3), and right parieto-occipital (02, P4,
PO4) regions of the brain (Fig. 5). The mean values and standard deviation measures of
relative spectral power for each frequency band across all four emotion targets and neutral
playing (Fig. 6) are adopted from Pousson et. al. 2021.

The numerical values used to plot Figure 6 represent localised EEG patterns
characterising relative spectral power related to contrasting affective intentions during
simple piano performance tasks. These numerical values are presented in Table 1. This
result provided the key to answering RQ2 (are there any patterns?), and laid the groundwork
for addressing RQ3 (can a BCMI accurately detect and map these patterns?).

59



Figure 5: Locations of electrode clusters in four groups- left frontal (blue), right frontal (green), left parieto-
occipital (orange), right parieto-occipital (yellow) on a standard 32 channel montage.

Leftfrontal  Neutral 115 051 44113 031 27 120 032 26 116 0.19 16 113 017 15
Fp1, AF3, F3
Depressed | 1.34 059 44104 o4t 35 095 038 40 102 028 | 27 115 036 31
Relaxed 120 047 39 1.06 025 23 094 I 14143 026 2 144 082 i 8
Distressed 261 135 51 221 .I.IJ | 51 1.59 0.63 39 191 121 | 63 2.39 1.68 70
Excited 376 | 332 88 271 | 171 [ 63 | 176 | 1.10 | 62 | 210 1.35 | 64 272 1.65 60
Right frontal  Neutral 109 |o.47 ; 431,06 |o.za | 24 113 |o.zs | zslms 0.14 : 12 115 1(;.14 ; 2
Fp2, AF4, F4
Depressed 1.39 0.65 46 120 053 44 097 0.37 38 1.06 0.35 33 131 068 51
Relaxed 123 039 31 1.06 027 25 096 023 23 115 031 | 26 151 076 50
Distressed | 3.07 194 63 2.10 113 53 143 054 a7 17 116 | 67 254 238 2
Excited 3.00 228 74 222 [12s | 55 152 067 4194 120 61 302 248 82
Left parieto-  Neutral 102 lo.m I 17,108 lo.nz ! 11115 015 13 1.5 o1 9 116 012 10
occipital
01,P03, P3
Depressed 161 | 0.94 | 0.42 | 37 | 115 28‘ 126 0.39 30
Relaxed 154 108 038 34 124 40 149 084 56
Distressed | 3.67 294 134 72 218 9 272 259 | %
Excited a1 220 144 69 257 : 8 322 263 81
I
Right parieto- Neutral 108 |u.2n I 0.18 15 112 0.16 14 114 016 14
02,P04, P4
Depressed | 1.32 0.44 33116 032 27 097 026 26 1.10 025 | 2 127 034 2
Relaxed 129 051 3 112 NER 26 097 020 20 1.15 034 | 29 139 062 a4
Distressed |3.19 (225 70 238 s 75 168 120 73 206 194 | 9 261 236 %
Excited 450 >4.57 101 3.06 .2.55 | u. 193 | 145 | 75‘2.13 1.69 | 78 268 192 kal

Table 1: Mean relative power, standard deviation and relative standard deviation values per electrode
cluster, EEG frequency band and expressive condition.
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Figure 6: Plots of relative power spectrums obtained for left frontal (A), right frontal (B), left parieto-
occipital (C), right parieto-occipital (D) regions, and means and standard deviations for each frequency
band: delta (1-4 Hz), theta (4-8 Hz), alpha (4-8 Hz), beta (12-30 Hz) and gamma (30-45 Hz). Coloured lines
correspond to expressive conditions: neutral (blue), distressed (red), excited (green), depressed (pink), and
relaxed (black).

EEG findings from other studies

As previously mentioned, there is a limited amount of research assessing EEG
activity during expressive music performance. A more detailed comparison to related
findings in the wider EEG research sphere on music evoked emotion are discussed in an
article published as a result of this experiment (Pousson et. al. 2021), but these details are
beyond the scope of this thesis. The following paragraphs summarise the most relevant
EEG findings in studies on creative processes during music performance.

61



A study by Sasaki et. al. (2019) indicates that improvisation involves coordinated
movement in response to what is happening in the ongoing external environment, in relation
to internal goals. They measured the EEG activity of guitarists performing two contrasting
conditions, namely improvisation and scale playing, and found increased theta, alpha and
beta activity in the frontal, temporal, motor and parietal regions. These authors propose that
improvisation may be mediated by processes involved in planned sequences of movement
through feedback of sensory states, in context of musical material unfolding over time.

Astudy by Rosenet. al. (2020) investigated jazz guitarists, and looked for differences
in EEG activation patterns recorded during high versus low quality improvisations. Initially
they found increased activity in beta and gamma frequency bands during high quality
versus low quality improvisations. However, after controlling for performer experience,
they found clusters of increased theta, alpha and high-beta activity in the frontal right region
of the brain in performers with a high level of experience. The study discusses the theory
that the EEG activation pattern may depend on whether a study defines creativity by the
kind of cognitive processes involved, or by the quality of the resulting product.

An carlier EEG study by Dikaya and Skirtach (2015) investigated differences
between professional and amateur musicians during three types of internal music activity,
namely perception, mental reproduction and mental improvisation. During the improvisation
task, professional musicians had increased delta activity in both frontal and occipital
regions, but theta activity only in the left hemisphere. Additionally, a functional connection
between the front right and the back left regions (Fp2-O1) in the high-beta band was found
in professional musicians during the improvisation task.

These different findings suggest that experience, task focus and situational context
are all likely to introduce variability in the EEG signal during forms of embodied music
interaction. Considering these variables, at this stage of the work it was unclear if the
relative spectral power differences we found in our study would be extendable to other
types of music improvisation, variation or interpretation tasks, and if it would extend to
other types of music instruments, music pieces and situational contexts (as put forth by RQ4
and RQ5). Although our study had a limited sample size, we recorded a large number of
trials over multiple sessions in a well-controlled experimental environment, followed by a
clear process of data analysis.

Therefore the next logical step was to design BCMI components capable of
assessing the ongoing EEG for patterns that match the spectral properties found in our
original data collection. This process is reported in the next chapter, and is aimed at
preparation for addressing RQ3: Can a BCMI design accurately detect and map affective
intentions during simple piano performance tasks?
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Chapter 3: BCMI Design Process - Creative and
Testing phases

3.1 Creative Phase: Development of a BCMI system

Objectives and design approach

The main objective of the envisioned BCMI system design is to give users
control over light and sound parameters in real-time while playing a musical instrument.
As previously stated, there are many forms of embodied music interaction but from a
systematic musicology perspective, it involves the transfer of musical signals through
corporeal action in a goal-oriented situational context (Leman et. al. 2017 p.1-10). This
study considered the act of playing a piano with intent to communicate affect in a simulated
recording environment to qualify as a suitable example of embodied music interaction. The
objective of this part of the work was thus to program a software patch to detect a pianist’s
expressive intentions and represent the result as audio-visual feedback in real-time. In order
to do this, EEG data recorded during the analytical phase was played back within NIC
and streamed into QC for signal processing, transformation and mapping to media outputs.
Markers in the EEG data indicating the onsets, endings and the specific emotion descriptor
of each trial were used for testing if the functions developed in QC accurately decoded the
subject’s expressive intentions.

BCMI software components and functions

The software chosen for signal processing, transformation and mapping, Quartz
Composer (QC), is a node-based visual programming environment for rendering graphical
data, and included as part of the macOS Xcode development environment. Programming
takes place in an editor window with access to a library of patches with various mathematical
functions. These patches have inputs and outputs which can be connected to each other in
sequence via virtual cables in order to output a desired result. Outputs can be printed or
visualised graphically within a viewer window, as well as forwarded to external software in
various formats in real-time. Thus the function of the first input patch deployed in QC was
to receive streaming EEG frequency band data from NIC.

The format of this data stream is a string of values separated by spaces representing
the spectral power measured per frequency band per electrode, in the unit of microvolts
squared uV2. This structure thus is made up of 160 indexed members (32 channels x 5
frequency bands), each streaming power values. The next patch in sequence receives this
data structure and divides it into 4 clusters corresponding to the 4 regions reported in the
results of the analytical phase (Fig. 6). These were calculated based on 3 electrodes at each
location, left frontal (AF3, F3, Fpl), right frontal (AF4, F4, Fp2), left parieto-occipital
(01, P3, PO3), and right parieto-occipital (02, P4, PO4) (Fig. 3). In order to eliminate
interference from noisy electrodes in real time, the next patch in QC calculates the average
power of each electrode over a 1 second window, and deactivates it from transmitting
forward if it exceeds 100uV. This amplitude threshold and time window was made to be
adjustable, as it was an estimate derived from the power of eye blinks directly observable in
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the raw EEG. Next, the average power of each frequency band from active electrodes within
each cluster are calculated and streamed forward to patches which apply detection rules.

Applying rules for detecting and visualising expressive conditions

The next QC patch in sequence applies rules to the incoming data. It is important
to clarify that the numerical values calculated during the original data analysis represent
relative spectral power- that is, spectral power of expressive conditions divided by
preceding neutral conditions. However, the data stream received within QC represents the
ongoing spectral power per frequency band over a 1 second window. A solution was needed
to apply relative spectral power values to ongoing spectral power values. Here, a patch
was deployed which defined each mean value (average relative spectral power related to
each expressive playing condition per brain region) as a detection target and each standard
deviation measure as a threshold (Table 1). The mean values defining detection targets
were made to be adjustable for each of the 4 expressive playing conditions, but applied
globally to all frequency bands and all four brain regions. This provided a key function
for this design - the ability to adjust the detection targets into different ranges for different
individuals, musical tasks and environments. The patch then calculates how closely the
ongoing spectral power resembles the targets, and outputs a percentage for each condition.
These percentages were then printed on the screen as numbers and visually represented as
coloured bars in the monitor (QC viewer window) in real-time (Fig. 7).

Distressed Excited Depressed Relaxed

40 35

25 25
17.80 24.44 34.69 31.17
150.79 206.93 293.77 263.94

Figure 7: Video still of affective condition detection on a monitor, returning numeric values representing
how closely the ongoing EEG resembles target expressive conditions as a percentage at the current moment
(now), as an average (mean) or a total over a given time window. Coloured bars represent Distressed (red),

excited (yellow), depressed (blue) and relaxed (green) (own screenshot).

It was observed that depressed and relaxed playing conditions were difficult to distinguish
from neutral or from each other. While excited and distressed playing conditions were easy
to distinguish from neutral, the detection rules similarly had difficulty telling the two apart.
While this was in line with the relative spectral power results from the original data analysis
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(Fig. 6), it meant that these rules would not reliably serve to distinguish between negative
and positively valenced expressive playing conditions. Thus focus was turned to detecting
and mapping the arousal dimension, and a new type of feedback was required to visualise
this.

A new visualisation was created within QC, using a blue ball and a horizontal
white line representing neutral. The vertical (y axis) position of the blue ball in relation
to the horizontal white line was used to reflect whether a high (above the line) or low
(below the line) arousal condition was detected in real-time (Fig. 8). The y-position of the
blue ball is calculated by comparing the percentages detected for distressed and excited
(high arousal) conditions averaged together and percentages detected for the depressed and
relaxed (low arousal) conditions averaged together. When the percentages are nearly equal,
the blue ball hovers around the horizontal line, but when the high arousal detection exceeds
the low arousal detection the ball ascends above the horizontal line. When the opposite
occurs, (low arousal detection exceeds high arousal), the ball descends below the line. This
representation serves as visual feedback on a monitor facing a subject, where the distance
above or below the line indicates levels of high or low arousal detected respectively.

High Arousal

Low Arousal

Figure 8: Visual control feedback in the form of a blue ball and a horizontal midline. The ball’s vertical
position rising above the line represents levels of detected high arousal expressive conditions, while

descending below it indicates low arousal expressive conditions (own screenshot).

The numerical values represented by the y-position of the blue ball (ranged from
-1 to +1) could then be mapped to control audio and visual parameters in other softwares,
or used as a fader controller between two states. When expressive playing segments of EEG
data were streamed through this visualisation it was observed that increasing the detection
target values for high arousal conditions (distressed and excited) by 5-15uV normally placed
them in the right ranges for accurate detection. Low arousal conditions were more difficult
to maintain over time as musical variation demands physical changes. Sometimes, high
arousal patterns fluctuated within low arousal segments, and were expected to be related to
these demands. In order to address this, another function was added to simply attenuate the
ongoing average high arousal detection percentage by a given amount, thus bringing said
fluctuations under control.
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Audio parameter mapping

BCMI systems designed in the past typically involve a library of preset sounds, or
musical notes or phrases, which are triggered to playback during mapped EEG states. The
main idea behind such systems is usually to generate music corresponding to some aspect of
the ongoing EEG while physically doing nothing. This usually results in a novel experience
for the user, but it is unclear to an observer what the relationship between the music and the
user is. On the other hand, in an embodied context there is a direct relationship between the
physical act of playing a musical instrument and the resulting sound. Thus the main idea
behind this BCMI system was not to generate sound while a user remains motionless, but to
give a user the ability to control parameters of the sound of their ongoing performance.

A QC patch was implemented to map the y-position of the blue ball (arousal
dimension) to MIDI values (ranged from 1-127). This was then output as MIDI signals
through Inter-Application Driver (IAC Driver), the default macOS virtual MIDI device,
which can be received as an input in the chosen DAW software (Logic Pro X). Sound
parameters such as reverb and hi-cut/low-cut filters (frequency roll-off) were initially
tested, as these were expected to be easy to hear and map to high and low arousal expressive
conditions. For maximum clarity of BCMI control, a semi-weighted MIDI keyboard was
used to provide the piano sound, output through the DAW. The distance the blue ball moves
below the horizontal line (low arousal) was mapped to the amount of reverb added to the
sound of this MIDI piano. Further, it was mapped to the frequency of the low and high cut
filters such that when in high arousal the high frequencies are audible, but when in low
arousal, the low frequencies are audible (Fig. 9).

B all midi recordings - Session 1 - Tracks

Figure 9: Visual control feedback (A) mapped to EQ filter, reverb and tremolo parameters of a MIDI
keyboard instrument (B) and recorded automation levels for each (C) (own screenshot).
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At this stage it was possible to stream pre-recorded segments of EEG data from
the original data collection through the BCMI system to evaluate its output. After raising
the detection thresholds for high arousal states into the power ranges being detected in
high arousal EEG segments, the data was streamed through the QC patches into the DAW
where the mapped audio parameters were latched (record enabled). It was then confirmed
that the y-position of the blue ball, the levels of reverb, and the shifting of high and low cut
filters corresponded as expected to high versus low arousal playing segments marked in the
ongoing EEG stream. It was also possible to play the MIDI keyboard and record automation
curves for those parameters within the DAW while streaming either pre-recorded or live
EEG data from NIC. In the process of testing, some latency was observed at transitions
between playing conditions which were often noisier. While the blue ball only had a
maximum latency of 1 second, the EEG patterns often take a few seconds to stabilise after a
transition between playing conditions. However, in the process of testing, this delay was not
perceived to be in conflict with the user’s actions. For example, it may even be perceived
to be more natural if audio parameters such as reverb smoothly fade to the intended amount
over a few seconds during a transition rather than instantly like flipping a switch.

To summarise this step, modulation between high and low arousal playing
conditions were mapped to control representative audio parameters of a MIDI piano
instrument. After making detection threshold adjustments for individuals, the system was
able to perform detection mapped to audio parameter control on pre-recorded EEG data sets
accurately and within expectations of speed.

Visual parameter mapping

Some BCI systems visualise rather than sonify or musify the EEG. At this stage of
the work, several visual representations of the high to low arousal dimension were explored.
Using QC patches, it is possible to define the RGB colour values of any visual output,
whether it be a vector graphic, a particle system or a DMX lighting system. In this way,
the arousal dimension (y-position of the blue ball) could be mapped to control colour hue,
where the intensity of warm hues (red and yellow) represent high arousal and cold hues
(green and blue) represent low arousal.

Since QC receives the EEG via a TCP network, it is possible to receive it on
another computer on the same network. With the QC viewer in full screen mode on this
machine, it was therefore possible to project this image onto the surface of a wall or onto
physical objects in the room. After some experimentation, a particle system was created
in which sparks of warm or cool colours were emitted from a moving point replacing the
blue ball. The intensity of the particle system was mapped to audio input, but the colour
of the particles was mapped to high (warm) or low (cool) arousal playing conditions.
The appearance of sound-activated coloured sparks that move above or below the same
horizontal midline served as a visual output at this stage of the work, and could be displayed
on a separate monitor or projected onto a wall (Fig. 10).
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Figure 10: Visualisation in the form of a particle system emitting coloured sparks in warm hues during high
arousal (left) a mixture of hues in transition (centre) and cool hues during low arousal (right). The vertical
position of the visual in relation to the horizontal line mirrors the visual control feedback (blue ball) (own
screenshot).

Discussion and observations

In the process of designing the BCMI system’s components, several approaches
were undertaken in attempt to map EEG band power to audio-visual parameters during
expressive music performance. The method finally chosen relied on a function to adjust the
detection thresholds initially defined by relative spectral power (expressive playing relative
to neutral playing) mean values taken from the results of the original data analysis. This
adjustment was done by incrementally raising the threshold of high arousal detection targets
globally across all brain regions and frequency bands, until they occur in the range where
high arousal EEG segments are accurately detected. The threshold adjustment procedure
was derived by streaming pre-recorded EEG data from the original data collection through
patches in the QC environment, where detection target values can be edited.

At this stage of the work, several setups were tested to verify the system’s
performance using the online EEG, in preparation to evaluate its accuracy with a new group
of subjects. While wearing the electrode cap with dry electrodes, I first attempted to tune
the detection thresholds for myself, and then control the vertical position of the blue ball
while playing the MIDI piano keyboard. Control over audio and visual parameters were
enabled to get an impression of the interaction between expressive playing and its real-time
representation as feedback outputs.

When testing the system, I attempted to control and record the feedback output
while improvising on the MIDI keyboard. It was observed that body and head movement
resulted in more electrodes being filtered out. When this occurs, the detection is based only
on the remaining electrodes. Since a cluster of 3 electrodes are used for each of the 4 brain
regions, when all 12 are deactivated due to body movement exceeding the set 100uV limit
the detection freezes, as there is no incoming data to calculate.

At first, it seemed like the blue ball moves into the high arousal range as a response
to the detection of additional body movement related to instrumental play, but with more
body movement, less signal is actually being passed forward to apply detection rules. This
sometimes resulted in the feedback freezing, or falling into the low arousal range when only
a few electrodes remained active.
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An electrode montage visualisation was created within QC, which indicated
electrodes sending signals exceeding the 1001V limit in red. When positioned on a monitor
(QC viewer) together with the blue ball, it was possible to see when electrodes were
deactivated in real-time (Fig. 11). By this means it was possible to correct one’s posture for
more efficient playing with less body movement while performing high arousal conditions,
thereby maintaining sufficient signals from the 12 electrodes receiving data. In order to
move the blue ball into the low arousal range and maintain it there, I tried closing my eyes
momentarily, slowing my breathing, then proceeding with care not to portray any signs of
high arousal while playing.

Figure 11: Monitoring the electrode montage together with the visual control feedback at the same time

allows the user to adjust in real time if the signals become too noisy.

In general, it seemed that despite filtering out electrodes with signals exceeding the
100pV threshold, the feedback output was still at least partially related to body movement
but the exact relationship was unknown. It is possible that EEG signals related to the motor
activity itself are partially responsible since high arousal instrumental playing typically
requires faster or more energetic physical actions. However, with some practice, I also
found it possible to play fast passages on the piano while maintaining a low arousal state,
and slow passages while maintaining a high arousal state myself. In such cases, articulation
and note velocity were used instead of speed as cues to convey expressive intent.

In process of playing various types of music and improvising while using the
system, detection thresholds were occasionally readjusted as needed. It was thus expected
that when applied to a real-world situation, detection threshold settings could be configured
beforehand for a specific individual, playing a specific program in a specific environment,
and fine tuned just before use.

3.2 Testing Phase: Evaluating BCMI system accuracy

At this stage of the work, the BCMI system was prepared to be evaluated for
accuracy by new subjects. Three tests (A, B, C) were devised in which the BCMI system
was evaluated. Test A recruited a new group of 4 academic musicians to perform 12 trials (3
recording runs consisting of 4 trials each) of the same piano playing task as in the analytical
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phase (Fig. 3), with the additional task of intentionally controlling the BCMI system
feedback (Fig. 9-11). An additional 4 subjects, also musicians, were recruited as listeners
- one for each performer. Both performers and listeners were tasked with recording their
observations using a questionnaire (Fig. 12) in test A.

Test Brecruited 7 expert instrumentalists to perform improvisation tasks, alternating
between high arousal and low arousal expressive playing conditions with variable durations
- approximately 30-60 seconds per trial - on their main instruments (Piano, Saxophone,
Drums, Guitar, Electronics, and Cello (x2)) while using the BCMI system. Each subject
recorded 2-4 runs consisting of 12-26 trials each. They were also tasked with recording their
observations on the 2nd page of the survey (Fig. 12).

In test C, I assumed the role of the subject myself, and documented a demonstration
of the BCMI system which was extended to control DMX stage lighting and head-tracked
visual projections in a realistic concert hall environment, while playing 3 runs of self-
prepared music, alternating between 20-30 second trials of high and low arousal expressive
playing conditions (low to high, then back to low), using commonly accessible instruments
(Drums, Guitar, Synthesiser).

The objective of this testing phase was to determine how accurately the BCMI
system detects and outputs audio/visual feedback according to the user’s intent in different
conditions ranging from controlled to realistic. Test A aimed to address RQ3: Can a BCMI
design accurately detect and map expressive intentions during simple piano performance
tasks? Test B aimed to address RQ4: Can BCMI control be achieved by different individuals
playing different music on different instruments? Test C aimed to address RQ5: Can BCMI
control be achieved in a realistic environment using common instruments?

The accuracy of the BCMI system for tests A and B were determined in two ways.
Firstly, through the subject’s questionnaire responses from the 2nd page, which evaluated
the perceived accuracy of the BCMI system on 9-point Likert scales (Fig. 12). The first page
of the questionnaire was used only in test A, where listeners were tasked with estimating
which emotion descriptor the performer was instructed for each trial, in order to compare
the human perception against the BCMI system’s detection rules. Secondly, the amount
of time during which the control feedback matched each user’s intentions was calculated
as a percentage of the total duration of their recorded performances. This was done by
playing back recorded EEG data from each trial and timing how long the control feedback
(y-position of the blue ball) matched the user’s intentions, as indicated by markers at the
onsets and endings of each trial (Fig. 13). Since the author assumed the role of the subject
in test C, the questionnaire was not used, to avoid personal bias. A total of 11 questionnaires
were gathered.

The same 32 channel EEG hardware and signal acquisition software was used
as in the analytical phase, with the exception that dry electrodes were used instead of wet
electrodes, in order to cut down setup time. The EEG signals were analysed for the same
measures of relative spectral power between neutral and expressive playing conditions, in
order to relate results back to the results from the analytical phase (Fig. 6), and in order to
observe any differences that may have arisen as a result of the different variables introduced
in tests A, B and C, which may in turn provide clues for refining the process of tuning the
BCMI system for different individuals, musical tasks and environmental contexts.

70



Protocol:

Evaluation of the impact of the EEG on the music performance.
‘The performer wil first play through the music with neutral emotion for 30 seconds, and subsequently
attempt to play through the same music while expressing one of 4 emotions: Distressed, Excited,

Depressed or Relaxed for 30 seconds. The listener will guess which emotion is expressed, and rate the a) How much control do you observe the performer achieved over the BCMI output?
arousal and valence of the performance.

1 2 3 4 5 6 7 8 9
of the i ion of the music -
o convol tne ony passive
atal oo
Arousal
o aov 9 o aovs b) Did the tool support the performer’s expressive intentions or distract you from
Distressed Excited performance?
8
; 1 2 3 4 5 6 7 8 9
6 aatn
perormanco
Mogawo 23 4 51 6 7 8 9, pu  Valence
4 ) Did you perceive a relationship between the performer’s mental state and the EEG-
related audio/visual output?
3
1 2 3 4 5 6 7 8 9
2 I
Depressed Relaxed T
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d) Which EEG-related audio/visual output do you feel supported the performer’s
expressive intentions best? Explain how and why.

Guess the emotion, and rate the Arousal and Valence of each expressive performance
from low (1) to high (9). Rate a neutral performance as (5).

Tial Emotion Arousal Valence  Tral Emotion Arousal Valence  Trial Emotion Arousal Valence
rating  rating rating ratin

&) Do you think it realistic to use such a tool outside the laboratory? Such as a method of
recording, performing, training, therapy or jamming? Explain why yes or no.

N

1 1
2 2
3 3
4 4

Figure 12: Questionnaire prepared for collecting performer/listener feedback during BCMI system testing
procedures.

Seconds in

high arousal: 1.1 8960 .-
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lowarousal: 28.1666...

Figure 13: Timer function added to visual control feedback monitor to measure seconds in each expressive

condition over a given duration (own screenshot).

Survey Results

Listeners in test A were tasked with guessing which of the 4 emotional descriptors
were intended by the performer in each trial, and recording their responses on the 1st page
of the questionnaire. Overall, listeners guessed 66.67 trials correctly. Where misimpressions
were recorded, it was observed that it was usually the same pair of emotional descriptors
which were mistaken for each other, illustrating how the encoding-decoding of expressive
cues may vary between performers and listeners in this setting.
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Responses regarding the perceived BCMI accuracy were recorded by both
performers and listeners in test A, and only by the 7 performers in test B, on the 2nd page
of the questionnaire. Overall, performers in test A rated their ability to control the BCMI
output higher than when compared to listener’s perceptions. However both groups rated
control levels positively on the given 9-point scale. Combined, all participants rated control
over feedback at an average of 7.045 on a 9 point scale, which if expressed as a percentage
comes to 78.2%._Support of the performer’s intentions and perceived relationship to the
performer’s mental state were both rated at an average of 6.454 on the 9-point scale,
amounting to 71.7%.

Out of 11 total responses, 8 indicated the visual output to be the most supportive
of the performer’s intentions, while 3 preferred the audio output. In response to the question
of what might be a feasible application of the system outside the laboratory, 7 indicated
training, 6 indicated performance, and 4 indicated education.

Control feedback accuracy results

The accuracy of the BCMI control in each test was determined as the percentage of
time it successfully reflected each user’s intentions over the total duration of their recorded
trials. In line with the design of the visual control feedback (blue ball and midline), high
arousal (distressed and excited) and low arousal (depressed and relaxed) were grouped
together. Then, the average accuracy per run (group of trials) was calculated per subject
and expressive playing condition in order to observe any learning effects over the course
of sequential runs. Finally, the average accuracy achieved by all subjects in each test was
calculated as a percentage of the total duration of their performances combined.

In test A, three out of four subjects all demonstrated improved control during their
second run of trials, whereas the opposite was true for one of them. When their respective
runs were averaged together, the first subject achieved 66.50% accuracy, the second
achieved 89.41%, the third achieved 39.91% and the fourth achieved 87.41%. Averaged
together, the subjects in test A achieved 70.80% accuracy using the system for the first time,
over a total of 20 minutes of recorded data, across 48 trials.

In test B, six subjects demonstrated control over the system relatively well. The
pianist achieved 84.99% over 55 mins, the saxophonist achieved 84.13% over 51 minutes,
the guitarist achieved 80.04% over 48 minutes, the 2nd cellist achieved 76.29% over 29
minutes, and the electronic musician achieved 78.70% over 54 minutes .However the 2nd
cellist was an exception, achieving intentional control only 48.63% of the total duration
of the performances (18 minutes). Observing the electrode montage for signal quality
showed that this could be partially due to excessive muscle tension resulting in the data
from most electrodes to be filtered out, leaving behind only what resembled low arousal.
Each instrument created a unique challenge for tuning the system, as different corporeal
articulations are needed for different instrument construction types. Averaged together, the
subjects in test B achieved 74.46% accuracy, over a total of 5 hours, 23 minutes and 34
seconds.

In test C, the author tested the BCMI system, assuming the role of the subject
myself. This decision was partly practical, due to the time commitment required by the
subject to prepare original material, and partly motivated by the good opportunity to
observe and report about the system with first-hand experience. Drums, electric guitar and
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an analogue synthesiser were setup on an academic concert hall stage at JVLMA. BCMI
control feedback was mapped to control the colour hue of DMX lights (red for high arousal,
blue for low arousal), as well as a head-tracked visual projection of a dynamic pool of
liquid light (warm for high arousal, cool for low arousal). It was also mapped to control
MIDI control parameters for the guitar (distortion for high arousal, reverb for low arousal),
and the synthesiser (arpeggiator octave and latch activation for high arousal, reverb for low
arousal). Three runs were recorded per instrument, consisting of 3 trials each. The author
achieved 90.00% accuracy on drums over 68 seconds, 82.66% accuracy on electric guitar
over 63 seconds, and 80.00% accuracy on synthesiser over 70 seconds. Averaged together,
the author achieved 84.22% accuracy over 3 minutes 21 seconds.

EEG spectral analysis results

EEG data was compiled and delivered to colleagues at Vilnius University’s
department of Biophysics for analysis. EEG analysis was performed with the aim to
compare the results of dataset s from tests A, B and C to the results reported in the analytical
phase (Fig. 6). It was expected that the introduction of the BCMI feedback may result in
some differences between these datasets which potentially could be used to improve the
default detection thresholds deployed within the BCMI system. As such, the same electrode
clusters were chosen for analysis as in the original dataset: left frontal (AF3, F3, Fpl), right
frontal (AF4, F4, Fp2), left parieto-occipital (O1, P3, PO3), and right parieto-occipital (02,
P4, PO4) regions of the brain.

For test A, an automated Preprocessing Pipeline script in the MATLAB software
was used, implementing several functions available in the EEGLAB toolbox (Delorme
2004). First, Automated Artefact Rejection was applied to the raw EEG, discarding channels
with over 20% data loss. Next, a zero-phase bandpass FIR filter was applied between 0.5-
45 Hz and referenced to the average of channels T7 and T8. Next, Independent Component
Analysis (ICA) and the ICLabel plugin available in EEGLAB were implemented to remove
artefacts such as muscle activity, eye blinks, eye movement and electrical activity from the
heart embedded in the signals.

The 30 second segments of neutral playing and expressive playing conditions
(neutral, distressed, excited, depressed, relaxed) were extracted resulting in a total of 96
EEG time series (data from 4 participants performing 12 trials each), made up of 3 segments
per expressive playing condition as well as 12 segments of preceding neutral playing
conditions per participant.

Similar to the previous results, higher amplitudes were recorded in the beta and
gamma ranges during high arousal conditions in all four brain regions. Also similar to the
previous results, alpha power during both conditions was decreased across all regions.
However, the higher relative amplitudes of high arousal conditions observed in the delta-
theta range in the previous results were not mirrored in the new results except in the left
parieto-occipital region. Additionally, while the relative power of low arousal conditions
never exceeded that of the high arousal conditions in the previous results, they were
observed to do so in the beta range in all four brain regions in the new results.

These differences may have been partially responsible for the BCMI system
detecting high arousal during low arousal conditions. In other words, higher relative power
observed in the beta range during low arousal conditions may be responsible for some of the
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fluctuations into the high arousal range when in fact low arousal was intended. While this
was resolved in practice by simply attenuating the high arousal detection result by a given
percentage, the increased relative beta power may be partially due to the additional attention
dedicated to controlling the BCMI feedback. It could also be partially due to the relative
inexperience of the new group of subjects on piano— possibly in line with previous studies,
the cognitive load involved in problem solving during the process of creating expressive
variations was higher (McPherson et. al. 2016).

For test B the same methods were used as for test A to calculate the relative power
spectrums between expressive playing (grouped into low and high arousal expressive
playing conditions) and neutral playing segments. However, when the data was examined,
it was found that the strict preprocessing pipeline used for test A resulted in the electronic
musician’s data being rejected due to too many noise artefacts. Then, a lighter method
of preprocessing was implemented that only filtered out signals above a 100uV limit,
matching the filtering function implemented within our transformation algorithm in QC
(Fig.11). However, this lighter preprocessing procedure resulted in the saxophonist’s data
being rejected, similarly due to noise artefacts. Nevertheless, by implementing two different
preprocessing pipelines, our colleagues were able to plot results which could be compared
and described in the following paragraph.

Test B did not include a neutral playing condition preceding every expressive
playing condition as in previous steps, but only one neutral playing condition at the
beginning of each recording run. As such, the relative power of each expressive playing
condition segment could only be calculated relative to this single neutral trial. Possibly as a
result, the range of relative power per subject was found to be up to 8 times higher in test B
than test A. It was speculated that as a result of no breaks being taken between expressive
playing conditions in test B as well as inherent variables such as differences in physical
demands for playing different types of musical instruments, relative power to this initial
condition may have greatly increased constantly or during some particular run during the
recordings. Nevertheless these observations yielded valuable clues as to what to expect
when tuning the BCMI system to individuals playing improvised music for longer durations
in semi-controlled conditions.

Comparing EEG data results from two different preprocessing pipelines also
provided potentially useful information. Firstly, the data from the 1st cellist, who struggled
to control the visual feedback (blue ball) during expressive playing conditions can be seen
evidenced by the fact that through light preprocessing their relative spectral power during
low arousal playing conditions was higher than that of high arousal conditions. Notably, this
was not visible when their data was preprocessed using stricter methods. This may explain
why the BCMI system (which employed the same light filtering method) consistently
detected the opposite of their expressive intentions during test B. In every other case, both
strictly and lightly preprocessed results showed the relative power of high arousal playing
conditions exceeding low arousal playing conditions. This is in line with the observation
that in all other subjects, detection thresholds could be adjusted such that they could control
the system as intended.

Secondly, the upper limit of relative power ranges from 20 to 40 in the results
from test B as compared to the upper limit of 5 in the analytical phase (Fig.6), and an
upper limit of 6 in test A. This may be a result of greatly differing physical demands from
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different muscle groups involved in articulated body movement while playing different
musical instruments, or partially due to the fact that only one neutral playing condition was
available for calculating relative power across all trials.

Thirdly, differences in relative power between high and low arousal playing
conditions were overall observed to be greater using the strict preprocessing pipeline. In
some subjects such as the pianist and the 2nd cellist the threshold between low and high
arousal playing conditions based on the light preprocessing pipeline was seen to be relatively
small. However, in both subjects a greater difference could be seen between high and low
arousal playing conditions in the left parieto-occipital region in the delta- alpha range (4-
12Hz) using the light preprocessing method. This implies that the process of determining
the detection thresholds for these subjects may benefit from finer tuning functions for each
electrode cluster as opposed to the current function which applies adjustments to all 4
electrode clusters equally.

For test C, each of the 3 recording runs consisted of 2 low arousal trials with 1 high
arousal trial between them, resulting in 6 low arousal trials and 3 high arousal trials. For
consistency, preprocessing and analysis was only performed on the 1st and 2nd trial of each
run, ignoring the 3rd trial. EEG signals were preprocessed using the same lighter pipeline
as in test B, filtering out only signals exceeding a 100uV limit. It was expected that there
would be differences between musical instruments used, but since the detection threshold
settings remained the same for all three instruments, similarities could also be expected. In
tests A and B, relative power was calculated by dividing high and low playing segments with
preceding neutral playing segments, however in test C no neutral playing segments were
recorded so the average power of the first pair of low and high arousal playing conditions in
each run was used as a value representing neutral to calculate the relative power spectrums.

The magnitude of the relative power resembled test B, approximately 4-6 times
higher than was found in test A. This was expected, as in both cases the musical material was
improvised and similar instruments were used (drums, guitar and electronic instruments).
Relative power in test B was calculated based on only a single neutral condition for all
subsequent trials, and relative power in test C was calculated based on the average of the first
pair of high and low arousal trials. While this methodical difference certainly may influence
the resulting plots for test C, some general observations can be made in comparison to tests
A and B.

First, in test A a characteristic dip in relative power could be observed in the alpha
frequency band (8-12 Hz) similar to the results of the original dataset (Fig. 6), but this
was not always the case in tests B and C. In contrast, data from several subjects showed
increased relative alpha power, such as in the frontal regions of both cellists in test B using
the strict pre-processing pipeline. Using the light preprocessing pipeline, increased alpha
could be observed in nearly every brain region of every subject in test B, in contrast with
results using the strict preprocessing method, including those from test A and the original
data collection.

Only the light preprocessing pipeline was used for the EEG data from test C.
Increased relative alpha power could be seen in most frontal and right hemispheric regions,
but a dip in alpha could be seen in the left parieto-occipital regions. These differences could
be due to the fact that from test B onwards, the written score was no longer presented as the
task, but subjects were tasked with improvising or playing from memory instead. Thus the
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focus previously devoted to reading and interpreting the score was no longer needed, and
more focus could be devoted to imagination and memory.

Second, in test A, a characteristic presence of higher relative beta power (12-30
Hz) in the low arousal condition could not be found in tests B and C. Previously it was
speculated that this beta presence may have been related to additional attention required to
focus on both the written score and the visual control feedback (blue ball) at the same time
in test A. This characteristic is not observable in the results of tests B and C, which seems to
be in line with the fact that the written score was not used in these tests, and subjects could
focus on the visual control feedback alone.

Third, all the relative power plots calculated for test C show a wide separation
between high and low arousal trials in all four electrode cluster locations with the exception
of low frequency (delta and theta 0-8 Hz) in the right frontal region while playing the guitar.
The difference in relative power between high and low arousal conditions was observed to
be much larger than in test B (using the light preprocessing pipeline), which was generally
in line with the higher accuracy achieved in test C. This clear separation between high and
low arousal conditions was also in line with the finding that no adjustments to detection
threshold settings for different instruments were necessary during test C. No immediate
similarities could be observed when comparing the plots from the drum kit, the electric
guitar and the synthesiser playing in test C with the plots from the drummer, guitarist and
electronic musician in test B (light preprocessing pipeline). This may serve to illustrate the
range of individual differences in EEG signals which the BCMI system’s transformation
algorithm was capable of tuning in order to make it work for subjects of various backgrounds
playing different music on different instruments.

Discussion

As previously discussed, the subject’s experience, the task focus and the instrument
type are variables factoring into EEG activations in different individuals. However the task
focus remained the same in all three tests- to modulate between expressive intentions while
performing in order to control the BCMI output.

Since all EEG signals above the 100pV limit are not passed forward, the amount
of body movement required to play different musical instrument types is an important
factor in determining the detection threshold settings in the BCMI system- the more body
movement required, the more the detection thresholds for high arousal playing conditions
must be raised to be accurately detected. However, the influence of body movement on
the EEG input below 100uV is not clear. Typically high arousal playing conditions do
require stronger and denser movements, but some subjects demonstrated they were able
to play fast passages while maintaining a low arousal expressive intent or slow passages
while maintaining a high arousal expressive intent. Those who were able to do so were the
4 subjects who achieved the highest control accuracy when using the BCMI system, all
above 80%. This suggests on one hand that some individuals may be more keenly aware
of internal processes and are able to make subtle adjustments such as modulating mental
arousal or physical tension while playing. Another possibility is that the BCMI system’s
original detection thresholds calculated from the results of the analytical phase of this work
(Table 1) are simply more in tune with some individuals than others.

In my own experience learning to use the BCMI system, there certainly seemed to
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be a relationship between body movement and the BCMI’s control feedback, but it was not
direct or constant. Rather, different instrument types presented different ranges of physical
movement within which the BCMI system’s output could be controlled with intent. Further,
when not playing a musical instrument at all, the feedback output tends to wander. This
suggests that body movement or at least motor activity within the brain may play a role in
how the EEG signal is interpreted by the BCMI system.

While in the act of performing the runs for test C, I personally observed that the
visual output in the form of the DMX light bars were very helpful for learning to control
the BCMI system with intent. Since they were placed on the floor in front of me, I could
see the hue of the lights clearly even with eyes closed. By simply maintaining awareness
of the colour of the light, I no longer needed to keep an eye on the BCMI control monitor
with the blue ball and midline. This freed my eyes to attend to other aspects of playing the
musical instruments such as the knobs and buttons on the synthesiser and drum machine,
or the guitar fretboard. The hue of the lights effectively became my main reference for the
BCMI system’s interpretation of my expressive intentions, and thus the most useful BCMI
output for monitoring and maintaining control. It would seem plausible that in realistic
conditions, the BCMI control monitor may not be necessary except at the calibration stage
to help determine the initial detection threshold settings. However it is not certain if other
individuals would similarly attend to the light hue as effectively - other mapped parameters
may be more obvious indications of the BCMI system’s interpretation of their expressive
intentions to them.

In summary, the process of learning to use the BCMI system while playing
different instruments on a concert stage provided first-hand experience useful for better
understanding the factors involved in achieving and maintaining active control. While
expressive intent and the body movement required to communicate it through performance
seems to be closely linked, it was not consistent across different musical instruments with
different physical demands. Nevertheless, with limited time and number of trials, it was
possible to demonstrate control over the BCMI system’s audio/visual feedback with a
relatively high degree of accuracy compared to subjects in tests A and B.

3.3 Conclusion

The conclusion of this work includes research outcomes which address the original
research questions and current BCMI challenges set forth in the introduction. It also includes
a description of the contributions of the proposed design methodology applied to BCMI,
the collection of an original EEG dataset, and a projection of future work.

Research outcomes

The research questions set forth in the introduction are repeated here with a description of
findings addressing each one.

RQ1: How can EEG signals be used for real-time control over audio/visual parameters
during music interaction?
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There are various methods by which EEG signals can be used for real-time
control over audio/visual parameters during music interaction, and several were explored
and described in this work. RQ1 is addressed in the theoretical foundation in chapter 1,
with concepts described resourced from the BCMI research literature. Next, several
exploratory steps are taken in search of a working BCI method (spectral power and SSVEP
classification) for the target application area in chapter 2.1. RQ1 is further addressed through
the development of a BCMI system described in subchapter 3.1, in which characteristics of
spectral power are mapped to control MIDI, DMX and other multi-modal outputs.

RQ2: Are there local EEG patterns which characterise specific affective intentions during
simple piano performance tasks?

Characteristics of local EEG spectral power were found in a dataset of 10 academic
pianists collected during performance in frames of a collaborative research project. A
data collection protocol in line with the objective to characterise EEG features related to
expressive intentions during music performance, as well as a data analysis process was
prepared and led by the Department of Biophysics at Vilnius University, Lithuania, and is
described in subchapter 2.2.

RQ3: Can a BCMI design accurately detect and map expressive intentions during simple
piano performance tasks?

A BCMI system was designed to detect and map expressive intentions during
piano performance to audio/visual parameters, and it performed with an average accuracy
of 70.80% over 4 subjects. The EEG data results of the original 10 academic pianists were
used to program a BCMI system targeting two opposite states: high versus low arousal
expressive intentions during performance. Test A described in subchapter 3.2. evaluated the
accuracy of the BCMI system when used by a new group of 4 academic pianists repeating
the original task of the first 10 pianists while attempting to control visual feedback related
to their expressive intentions.

RQ4: Can BCMI control be achieved by different individuals playing different music on
different instruments?

Test B described in subchapter 3.2 evaluated the accuracy of the BCMI system
when used by a group of 7 expert instrumentalists representing different instrument types.
They were tasked with improvising while controlling the BCMI system via visual feedback,
and achieved an average accuracy of 74.46% over a total duration of 5 hours 23 minutes and
34 seconds of performance.

RQ5: Can BCMI control be achieved in a realistic environment using common instruments?

Test C described in subchapter 3.2 evaluated the accuracy of the BCMI system
when used by a single subject (myself) while performing on drum kit, electric guitar, and
synthesiser on the stage of an academic concert hall. The task was to perform original
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prepared material while controlling the BCMI system via audio/visual feedback and an
average accuracy of 84.22% was achieved over a total duration of 201 seconds.

RQ6: Can a BCMI design provide any novel utilities to an individual engaged in music
performance?

From my personal experience testing the BCMI system in several environments,
I understood that it provides a novel channel for making expressive cues in relation to
musical intentions. Aspects of musical sound like timbre and reverb, as well as aspects of
the ambient environment such as the hue of stage lights are normally controlled by more
direct means, such as faders and pedal switches. Harnessing the EEG to control these
aspects creates a novel situation where they can be seen and heard as directly related to
inner processes of the musical performer. These were explored in various combinations
before arriving at a setup for test C.

Further, in the course of testing the BCMI system on the concert stage, I observed
that mapping the outputs to control the hue of LED light bars and projected visuals were
highly effective, where even with eyes closed, one could be receiving real-time feedback.
Through the process of learning use the system while actively playing music, one also
learns how to manipulate one’s own EEG to an extent, which is a novel way of becoming
aware of one’s own mental states during performance.

Outcomes addressing BCMI challenges

The main objective of this work was to design and evaluate a BCMI system
which enables control over audio/visual outputs based on expressive intent during music
performance. Through a systematic design process, several solutions were developed for
addressing persistent challenges in the BCMI field.

1. Achieving explicit real-time control using a BCMI system has been notoriously
difficult across different individuals, timeframes, environments and task types.

2. A lengthy training period is often needed for individuals to learn to use BCMI
systems effectively.

3. ABCMI system is intrusive and unreliable in ecologically valid contexts,
involving lengthy and delicate setups prone to interference and noise.

The solution to the 1st challenge was found in several parts. First, in the observation
phase, the most plausible BCI method was chosen: EEG spectral band power. Next, in the
analytical phase, characteristics of local spectral band power from 4 brain regions related to
4 contrasting expressive intentions during a piano-playing task were identified. Following
this, in the creative phase, numerical data of these spectral characteristics were programmed
to be real-time detection targets in a BCMI system design. Finally, in the testing phase, the
BCMI system was evaluated for accuracy of real-time control across different individuals,
task types and environments in 3 tests. Subjects from tests A, B and C using the BCMI
system achieved an average accuracy of 70.80%, 74.46% and 84.22% respectively.

The solution to the 2nd challenge was also found by putting together several
parts. First, in the creative phase, functions were programmed into the BCMI system’s
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signal transformation component to enable adjustment of the detection thresholds for the 4
contrasting expressive intentions (Fig. 2). Next, in the testing phase these functions were
improved to quickly and efficiently tune the detection thresholds for different individuals,
task types and environments by monitoring relative spectral power in the ongoing EEG. The
subjects involved in the testing phase all spent only 15-30 minutes learning to use the BCMI
system before recording commenced.

The solution to the 3rd challenge was similarly found in several parts. First, in
the observation phase, a miniature EEG amplifier and electrode cap with dry electrodes
(Enobio 32) designed especially for mobility was identified, reducing the time necessary for
applying on a user’s head to approximately 10-20 minutes. Then, in the testing phase, the
BCMI system’s accuracy was evaluated in various contexts ranging from most controlled
(test A) to most ecologically valid (test C). Due to the amplifier’s internally shielded design
and the BCMI system’s function to filter out signals above 100pV, the environmental noise
in a music practice room and on a real concert stage was found to be practically negligible.

The final product of this work is a BCMI design that integrates these solutions
to achieve a level of accuracy sufficient for active real-time control, that takes under 20
minutes to set up and under 30 minutes to learn to use, and that has been demonstrated to
work in ecologically valid contexts. In view of the current state-of-the-art, it is hoped that
these outcomes may contribute theoretical and practical knowledge useful to the BCMI
research field.

Contributions

One contribution of this work is the proposed systematic design methodology based
on the double diamond design process implemented in the course of developing a working
BCMI (Fig. 1). The series of logical steps from exploration, to analysis, to development and
finally to testing is an approach to BCMI design which can be reproduced and taken further
by others regardless of hardware and software types, or the research field leading the work.

The BCMI tools resulting from this work are a product of a design process that
borrowed methods from several scientific disciplines for application in the arts. In the hands
of a musical artist, these tools may be seen as an extension to ordinary instruments in
the context of musical performance. In the hands of a neuroscientist, they may be used to
observe neurophysiological processes underpinning different musical tasks. In the hands of
an educator, they may be used to teach others how to interact with and intentionally regulate
mental states with audio/visual feedback. As found in the results of survey questionnaires,
the resulting BCMI tool as it exists in its current form may be plausibly used by performers,
researchers or educators for interacting with the EEG during music performance or within
specific musical frameworks or task foci.

As computer technology advances and solutions to current technical challenges
become more easily accessible, it is likely that certain components of the BCMI system
resulting from this work will become obsolete and will need to be replaced. However the
functions of its core components are solutions resulting from original work using widely
available softwares which are likely to perpetuate or be easily replaceable.

Admittedly the number of subjects for each data collection step in this work was
limited, and more testing would be necessary for making quantitative statistical analysis of
accuracy measures or learning effects. However, within the resources available for this work,
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the core BCMI system was demonstrated to work reliably across individuals, instruments,
tasks types, task sequences and environments, and may be potentially expanded upon for
investigating, training, or aesthetically utilising the EEG during embodied music interaction
contexts.

In the analytical phase, numerical data gained from EEG spectral band power
analysis provided the basis for programming the BCMI system’s detection targets (Table
1). This original dataset is unique, representing one of only a handful of studies with focus
on intentional affective expression during active music performance. In this view, it may
continue to be a valuable resource for further investigation into EEG activity related to
music performance in systematic musicology or neurology research. Further, this dataset
may be analysed using different methods to reveal other potential online classifiers for the
4 contrasting affective targets which may be used for BCMI control mapping in the future.

As previously discussed at the end of the analytical phase, other EEG studies
with similar experimental designs have shown that task focus (Dikaya and Skirtach 2015,
Sasaki et. al. 2019), individual experience level (Rosen et. al 2020), and situational context
(Sasaki et. al. 2019) are variables likely to produce different EEG activations during the
act of embodied music interaction. These variables are found at the root of the persistent
challenges in the BCMI field, and often result in one of two compromises. One attempts to
design a BCMI that works for everyone, and as such often results in a system that enables
only a passive, ambiguous level of control. The other attempts to design a BCMI for a
specific individual to enable a specific ability, and as such cannot be used by anyone else.
Since findings reported in the literature concerning EEG activity related to embodied music
interaction were limited for the purposes of this work, it was necessary to collect an original
EEG dataset of the relevant activity to use as a basis for BCMI design using widely available
hardware and software such that it could be reproduced by others.

Recommendations for future work

This work focused on the solitary performer, and an obvious next step will be to
study musical interaction between two performers, or a performer-listener pair. Making
two or more synchronous EEG data recordings is known as hyperscanning. Hyperscanning
neurofeedback has been used in the past to study and measure interpersonal synchrony
between pairs of humans in various contexts from therapy to interactive art. A situation
where two people may control BCMI outputs simultaneously is predicted to provide an
opportunity to study inter-brain synchronisation during music interaction. In such a scenario,
different characteristics in the EEG signal between individuals or musical task types may be
more systematically compared and observed than in isolation.

A number of recommendations can be made for those with similar research goals.
First, gaining first-hand experience with EEG signal measurement and collection methods is
vital for designing experimental protocols that respect methodology from the neuroscience
field, and that can begin to be useful for BCMI development. Second, it is crucial to
find creative ways to record musical tasks with respect to principles of embodied music
interaction, such that they may be relatable and extended to real-world everyday situations.
In my personal opinion, validating a BCMI system requires taking it outside the laboratory.
Third, BCMI research is inherently interdisciplinary, and is thus inherently limited unless
representatives from the fields of neuroscience, computer science, and musicology form a
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committed and communicative team. Finally, to those with an aim to use BCMI for artistic
purposes, a project will only go as far as any of the involved disciplines are willing to lead
it. It cannot be done meaningfully without precision, patience, collaboration and a lot of
curiosity. There’s much more to the EEG than meets the eye, and it is important to be careful
not to be hasty in claiming to have found a stable pattern for BCMI control mapping before
making sure it is reliable in different circumstances, individuals and timeframes.

As a concluding thought, the mind is ceaselessly awash with bioelectrical rhythms,
and some of these are responsible for the human ability to imagine, create and enjoy music,
and to resonate with each other in the shared experience of musical time. BCMI provides
a way to dig into some of the mysteries of the human experience of music using methods
adopted from neuroscience and design with an ultimate aim to create art. BCI tools for
multi-user virtual and augmented reality is already on the horizon, and BCMI may provide
a unique platform for developing interactive situations within musical frameworks. BCMI
has already served to unlock the ability to create and interact musically for those with
disabilities, and this is an area in great need of expansion. While any given BCMI may
not enable a healthy person to do something that they could not do manually before, it
would certainly enable a person who suffers from reduced motor control. As neuroimaging
techniques become leaner and more mobile and as music computing continues to bridge
gaps for signal processing and transformation, systematic musicologists may play a part in
ensuring that technology serves to better the human experience of music, and that music
serves to better human lives.
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