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͐. AbstŘact 

FoŘ th— ͖͐.͗% oċ p—opl— iĲ EĲČlaĲd aĲd Wal—s who aŘ— disabl—d, usiĲČ coĲv—ĲtioĲal ı—aĲs 
oċ coĲtŘolliĲČ t—chĲoloČƅ such as k—ƅboaŘds, ıic— aĲd touch scŘ——Ĳs ıaƅ b— dificult oŘ 
—v—Ĳ iıpossibl—. AccoııodatioĲs iĲ th— ċoŘı oċ alt—ŘĲativ— ı—aĲs oċ coĲtŘol —Ƅist, but 
th—ƅ oċt—Ĳ coı— with cav—ats. This calls ċoŘ a Ĳ—w accoııodatioĲ ċoŘ th—s— iĲdividuals, 
paŘticulaŘlƅ thos— with ıotoŘ iıpaiŘı—Ĳts.  

This studƅ —ƄploŘ—s th— us— oċ biosiČĲals, sp—ciicallƅ EEG, EOG aĲd EMG, as aĲ alt—ŘĲativ— 
ı—aĲs oċ coĲtŘolliĲČ t—chĲoloČƅ.  SiČĲals ċŘoı th— bŘaiĲ, —ƅ—s aĲd ċacial ıuscl—s aŘ— 
captuŘ—d aĲd ilt—Ř—d, aĲd us—ċul tiı— aĲd ċŘ—ŗu—Ĳcƅ doıaiĲ ċ—atuŘ—s aŘ— —ƄtŘact—d ċŘoı 
th— Řaw data. Th—s— ċ—atuŘ—s aŘ— us—d to tŘaiĲ a ŘaĲdoı ċoŘ—st ıachiĲ— l—aŘĲiĲČ ıod—l. Th— 
Ř—sultiĲČ classii—Ř is us—d to pŘ—dict a us—ŘЍs actioĲs iĲ Ř—al tiı—. Th— ıod—l is d—siČĲ—d to 
id—Ĳtiċƅ wh—Ĳ th— us—Ř is lookiĲČ up, dowĲ, l—ċt aĲd ŘiČht, cl—ĲchiĲČ th—iŘ jaw, aĲd 
Č—Ĳ—ŘatiĲČ alpha wav—s. Th— sƅst—ıЍs abilitƅ to pŘ—dict th— us—ŘЍs actioĲs is d—ıoĲstŘat—d 
thŘouČh th— sc—ĲaŘio oċ coĲtŘolliĲČ th— plaƅback oċ ıusicϢ th— p—ŘsoĲЍs actioĲs aŘ— ıapp—d 
to coĲtŘols.  

͔-Fold cŘoss-validatioĲ show—d that th— ML ıod—l has aĲ av—ŘaČ— accuŘacƅ oċ ͔͘.͖͐%. Th— 
sƅst—ı Ř—pŘ—s—Ĳts a pŘoıisiĲČ pŘooċ-oċ-coĲc—pt ċoŘ biosiČĲal-dŘiv—Ĳ assistiv— iĲt—Řċac—s, 
thouČh ċuŘth—Ř validatioĲ oĲ a bŘoad—Ř us—Ř bas— is Ř—ŗuiŘ—d. 
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͒. AcŘoĲƅıs 

IoT ϳ IĲt—ŘĲ—t oċ ThiĲČs 

ML ϳ MachiĲ— L—aŘĲiĲČ 

EEG ϳ El—ctŘo—Ĳc—phaloČŘaphƅ  

EMG ϳ El—ctŘoıƅoČŘaphƅ  

EOG ϳ El—ctŘooculoČŘaphƅ 

EƄG ϳ El—ctŘophƅsioloČƅ 

BCI ϳ BŘaiĲ-Coıput—Ř IĲt—Řċac— 

BLE ϳ Blu—tooth low —Ĳ—ŘČƅ 

CNN ϳ CoĲvolutioĲal N—uŘal N—twoŘks 

LSL ϳ Lab StŘ—aıiĲČ Laƅ—Ř 

SVM ϳ SuppoŘt V—ctoŘ MachiĲ—s 
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͓. IĲtŘoductioĲ 

͓.͐ MotivatioĲ 

AĲ —stiıat—d ͐ iĲ ͓͏͏ babi—s boŘĲ iĲ th— U9 hav— c—Ř—bŘal palsƅ ϼScop— ͑͏͓͑Ͻ. It is usuallƅ 
caus—d bƅ aĲ iĲjuŘƅ to th— bŘaiĲ, —ith—Ř b—ċoŘ— oŘ aċt—Ř biŘth, but it has Ĳo oĲ— caus—. It is a 
liċ—loĲČ, iĲcuŘabl— coĲditioĲ. Th— ͑͏͑͐ c—Ĳsus Ř—poŘts that ͖͐.͗% oċ p—opl— iĲ EĲČlaĲd aĲd 
Wal—s aŘ— disabl—d ϼOfic— ċoŘ NatioĲal Statistics ͑͏͑͐Ͻ.  

FoŘ thos— with disabiliti—s that liıit th—iŘ ıov—ı—Ĳt, lik— p—opl— with c—Ř—bŘal palsƅ, oŘ 
p—opl— with liıb dif—Ř—Ĳc—s, th—Ř— ıaƅ b— soı— dificultƅ iĲ coĲtŘolliĲČ d—vic—s usiĲČ 
coĲv—ĲtioĲal ı—thods. This iĲclud—s buttoĲs oĲ a scŘ——Ĳ, k—ƅboaŘds, ıic—, oŘ possiblƅ 
—v—Ĳ sp——ch coĲtŘol, d—p—ĲdiĲČ oĲ how s—v—Ř— th—iŘ disabilitƅ is. This has coĲtŘibut—d to 
th— ċact that disabl—d p—opl— aŘ— ov—Ř ͔͏% ıoŘ— lik—lƅ to ċac— baŘŘi—Řs to acc—ssiĲČ diČital 
aĲd oĲliĲ— s—Řvic—s thaĲ abl—-bodi—d p—opl— ϼWaŘd ͑͏͑͐Ͻ. 

To accoııodat— disabl—d p—opl— aĲd to ıak— t—chĲoloČƅ ıoŘ— acc—ssibl—, alt—ŘĲativ— 
ı—aĲs oċ coĲtŘolliĲČ d—vic—s hav— b——Ĳ d—v—lop—d, iĲcludiĲČ —ƅ— tŘack—Řs aĲd ıoŘ— 
acc—ssibl— k—ƅboaŘds. How—v—Ř, th—s— alt—ŘĲativ— solutioĲs coı— with th—iŘ owĲ 
dŘawbacks. FoŘ —Ƅaıpl—, soı— —ƅ— tŘack—Řs Ř—ŗuiŘ— th— us—ŘЍs —ƅ—s to b— visibl— to a 
caı—Řa, ıakiĲČ th—ı iıpossibl— to us— iĲ low liČht ϼMajaŘaĲta aĲd Räihä ͑͏͏͑Ͻ. Oth—Ř 
solutioĲs lik— th— x͒͏͏ sp—ll—Ř hav— hiČh lat—Ĳcƅ ϼFaŘw—ll aĲd DoĲchiĲ ͐͗͗͘Ͻ, wh—Ř—as this 
pŘoj—ct will ċocus oĲ a sƅst—ı that caĲ op—Řat— iĲ Ř—al tiı—. 

BŘaiĲ-coıput—Ř iĲt—Řċac—s ϼBCIsϽ aĲd biosiČĲal classiicatioĲ of—Ř a pot—Ĳtial pathwaƅ ċoŘ 
ıoŘ— acc—ssibl— t—chĲoloČƅ. EEG, EOG, aĲd EMG of—Ř ĲoĲ-iĲvasiv— waƅs to ı—asuŘ— bŘaiĲ 
aĲd ıusculaŘ activitƅ. Th—s— siČĲals caĲ b— Ř—liablƅ liĲk—d to voluĲtaŘƅ actioĲs such as 
bliĲkiĲČ, —ƅ— ıov—ı—Ĳt, aĲd ıuscl— t—ĲsioĲ, allowiĲČ sƅst—ıs to iĲċ—Ř us—Ř iĲt—Ĳt without 
Ř—ŗuiŘiĲČ sp——ch oŘ liıb coĲtŘol, ıakiĲČ th—ı attŘactiv— as alt—ŘĲativ— iĲput ı—thods 
ϼNicolas-AloĲso aĲd Goı—z-Gil ͑͏͐͑Ͻ. This studƅ att—ıpts to solv— th— issu— oċ 
acc—ssibilitƅ ċoŘ disabl—d p—opl— bƅ —ƄploŘiĲČ th— us— oċ biosiČĲals ċoŘ sƅst—ı coĲtŘol. IĲ 
this studƅ, th— BCI chos—Ĳ was th— Op—ĲBCI GaĲČlioĲ. 

͓.͑ Aiıs 

Th— aiıs oċ this pŘoj—ct aŘ— as ċollowsϡ 

͐. Coll—ct aĲd aĲĲotat— EEG, EOG aĲd EMG siČĲals. 
a. Us— aĲ Op—ĲBCI GaĲČlioĲ boaŘd to coll—ct th— siČĲals. 
b. D—v—lop a lab—lliĲČ tool to aĲĲotat— th— siČĲals. 

͑. xŘ—paŘ— coll—ct—d biosiČĲals. 



͗ 

 

a. Filt—Ř th— data. 
b. EƄtŘact tiı— aĲd ċŘ—ŗu—Ĳcƅ doıaiĲ ċ—atuŘ—s ċŘoı th— Řaw siČĲal. 

͒. TŘaiĲ a ŘaĲdoı ċoŘ—st classii—Ř to d—t—ct us—Ř actioĲs. 
͓. D—ıoĲstŘat— th— ŘaĲdoı ċoŘ—st classii—Ř bƅ iıpl—ı—ĲtiĲČ Ř—al-tiı— pŘ—dictioĲ. 

a. Us— th—s— pŘ—dictioĲs to coĲtŘol th— plaƅback oċ ıusic. 
b. xŘovid— a vid—o d—ıoĲstŘatioĲ oċ this applicatioĲ. 

͔. Evaluat— sƅst—ı accuŘacƅ. 
a. Us— cŘoss-validatioĲ to calculat— accuŘacƅ. 
b. G—Ĳ—Řat— a coĲċusioĲ ıatŘiƄ to ass—ss class p—ŘċoŘıaĲc—. 

Th— sƅst—ı will b— wŘitt—Ĳ iĲ xƅthoĲ, aĲd will us— th— Scikit-l—aŘĲ libŘaŘƅ ċoŘ ıachiĲ— 
l—aŘĲiĲČ. 

͓.͒ Scope 

Du— to tiı— coĲstŘaiĲts, soı— aŘ—as oċ studƅ aŘ— out oċ scop—. Th— ıajoŘitƅ oċ th— 
t—chĲoloČi—s us—d iĲ this pŘoj—ct, iĲcludiĲČ coll—ctiĲČ biosiČĲals, ilt—ŘiĲČ th— siČĲals, 
—ƄtŘactiĲČ us—ċul ċ—atuŘ—s ċŘoı Řaw data, —valuatiĲČ ıachiĲ— l—aŘĲiĲČ ıod—ls, aĲd to soı— 
—Ƅt—Ĳt tŘaiĲiĲČ th— ŘaĲdoı ċoŘ—st classii—Ř, w—Ř— Ĳot tauČht iĲ th— couŘs—. Du— to this, tiı— 
has b——Ĳ allocat—d to l—aŘĲiĲČ aĲd Ř—s—aŘchiĲČ th—s— topics. 

FiŘstlƅ, EEG, EOG aĲd EMG biosiČĲals will oĲlƅ b— coll—ct—d ċŘoı oĲ— paŘticipaĲt. This ıaƅ 
af—ct Č—Ĳ—Řalisabilitƅ. Th— sƅst—ı will b— t—st—d oĲlƅ oĲ th— saı— paŘticipaĲt. AdditioĲallƅ, 
thouČh th— pŘoj—ct is d—siČĲ—d to ıak— t—chĲoloČƅ ıoŘ— acc—ssibl— to disabl—d p—opl—, th— 
paŘticipaĲt is Ĳot disabl—d. FiĲdiĲČ disabl—d voluĲt——Ř paŘticipaĲts is out oċ scop— ċoŘ this 
pŘoj—ct. 

AdditioĲallƅ, thouČh it was coĲsid—Ř—d, d—ploƅiĲČ th— pŘoj—ct to a Raspb—ŘŘƅ xi is Ĳot iĲ 
scop— ċoŘ this pŘoj—ct du— to tiı— coĲstŘaiĲts, aĲd lack oċ BLE libŘaŘi—s oĲ th— Raspb—ŘŘƅ xi 
Z—Řo W us—d. 

Th— ċollowiĲČ s—ctioĲs will outliĲ— th— backČŘouĲd to this pŘoj—ct, th— sƅst—ı d—siČĲ aĲd 
—valuatioĲ.  
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͔. BackČŘouĲd 

͔.͐ BŘaiĲ-CoıputeŘ IĲteŘċaces 

BŘaiĲ-coıput—Ř iĲt—Řċac—s ϼBCIsϽ allow coııuĲicatioĲ b—tw——Ĳ a p—ŘsoĲЍs bŘaiĲ aĲd a 
d—vic—. Th—ƅ aŘ— oċt—Ĳ us—d iĲ h—althcaŘ— to Ř—paiŘ oŘ auČı—Ĳt coııuĲicatioĲ oŘ s—ĲsoŘƅ-
ıotoŘ ċuĲctioĲs aċt—Ř Ĳ—uŘoloČical daıaČ— ϼ9Řucof —t al. ͑͏͕͐Ͻ, thouČh th—ƅ caĲ also b— 
us—d as a huıaĲ-ıachiĲ— iĲt—Řċac—, allowiĲČ ċoŘ th— coĲtŘol oċ a d—vic— without ıoviĲČ a 
p—ŘsoĲЍs liıbs ϼWolpaw aĲd Wolpaw ͑͏͐͑Ͻ, as is th— cas— iĲ this pŘoj—ct.  

BCIs op—Řat— bƅ d—t—ctiĲČ siČĲals such as bŘaiĲ activitƅ, —ƅ— ıov—ı—Ĳts aĲd ıuscl— 
coĲtŘactioĲs ϼNicolas-AloĲso aĲd Goı—z-Gil ͑͏͐͑Ͻ. FoŘ —Ƅaıpl—, wh—Ĳ a p—ŘsoĲ ıov—s 
th—iŘ —ƅ—s, oŘ ıak—s aĲ —ƄpŘ—ssioĲ with th—iŘ ċac—, —l—ctŘical siČĲals aŘ— tŘaĲsıitt—d to th—iŘ 
ıuscl—s which caĲ b— d—t—ct—d bƅ BCIs aĲd pass—d oĲ to a coıput—Ř. Lik—wis—, a p—ŘsoĲЍs 
bŘaiĲ is coĲstaĲtlƅ —ıittiĲČ —l—ctŘical siČĲals, thouČh th— kiĲds oċ siČĲals it s—Ĳds d—p—Ĳds 
oĲ a p—ŘsoĲЍs ı—Ĳtal stat— ϼTŘ—jo —t al. ͑͏͔͐Ͻ. BCIs aŘ— Ř—l—vaĲt ċoŘ thos— with phƅsical 
disabiliti—s, who ıaƅ Ĳot b— abl— to us— coĲv—ĲtioĲal iĲput ı—thods such as k—ƅboaŘds 
aĲd ıic— ϼMak aĲd Wolpaw ͑͏͏͘Ͻ. Bƅ captuŘiĲČ bio—l—ctŘical siČĲals ċŘoı th— bŘaiĲ aĲd 
oth—Ř paŘts oċ th— bodƅ, BCIs of—Ř aĲ alt—ŘĲativ— ıod— oċ iĲt—ŘactioĲ with coıput—Řs. 

Th— BCI chos—Ĳ ċoŘ this pŘoj—ct was th— Op—ĲBCI GaĲČlioĲ Bios—ĲsiĲČ BoaŘd. This d—vic— 
coııuĲicat—s with a coıput—Ř via Blu—tooth low —Ĳ—ŘČƅ ϼBLE, a wiŘ—l—ss Ĳ—twoŘk 
t—chĲoloČƅ d—siČĲ—d ċoŘ low pow—Ř op—ŘatioĲsϽ, tŘaĲsıittiĲČ th— siČĲals it coll—cts usiĲČ 
th— —l—ctŘod—s attach—d to it ϼOp—ĲBCI ͑͏͓͑Ͻ. Th— boaŘd is capabl— oċ coll—ctiĲČ EEG, EOG, 
aĲd EMG siČĲals usiĲČ its ċouŘ chaĲĲ—ls. Th— siČĲals caĲ b— Ř—ad aĲd visualis—d iĲ Ř—al tiı— 
aĲd sav—d ċoŘ lat—Ř pŘoc—ssiĲČ via Op—ĲBCIЍs ČŘaphical us—Ř iĲt—Řċac— ϼOp—ĲBCI ͑͏͔͑Ͻ. This 
boaŘd was chos—Ĳ ov—Ř oth—Ř BCIs, such as th— ANT N—uŘo EEGO SpoŘts BCI cap ϼANT 
N—uŘo ͑͏͓͑Ͻ ċoŘ its ċast s—tup tiı—. AttachiĲČ th— —l—ctŘod—s aĲd pŘ—paŘiĲČ th— sƅst—ı 
tƅpicallƅ took Ĳo loĲČ—Ř thaĲ t—Ĳ ıiĲut—s. Th— ANT N—uŘo EEGO SpoŘts BCI cap sits oĲ th— 
scalp aĲd Ř—ŗuiŘ—s —l—ctŘod— Č—l, ı—aĲiĲČ that it would hav— lik—lƅ Ř—ŗuiŘ—d a s—coĲd 
p—ŘsoĲ to s—t up. Adh—siv— —l—ctŘod— pads aŘ— coıpatibl— with th— GaĲČlioĲ, which w—Ř— 
pŘ—ċ—ŘŘ—d Řath—Ř thaĲ usiĲČ —l—ctŘod— Č—l, as th—ƅ Ř—ŗuiŘ— Ĳo post-s—ssioĲ cl—aĲup aĲd aŘ— 
—asi—Ř to attach to oĲ—Ѝs s—lċ. This add—d allows ċoŘ ČŘ—at—Ř iĲd—p—Ĳd—Ĳc— ċoŘ disabl—d 
p—opl— iċ aĲ iĲdividual caĲ s—t th— sƅst—ı up th—ıs—lv—s. 



͐͏ 

 

 

FiČuŘe ͖ The OpeĲBCI GaĲČlioĲ used iĲ this pŘoject, with the laptop used to pŘocess the siČĲals collected behiĲd it. 

͔.͑ BiosiČĲals 

Bio—l—ctŘical siČĲals aŘ— Č—Ĳ—Řat—d bƅ bŘaiĲ, ıuscl— activitƅ, aĲd —ƅ— ıov—ı—Ĳts, aĲd 
th—s— caĲ b— d—t—ct—d usiĲČ BCIs ϼ9awala-St—ŘĲiuk —t al. ͑͏͑͐Ͻ. Th—s— siČĲals caĲ b— 
ı—asuŘ—d, aĲd this tƅp— oċ studƅ is call—d —l—ctŘophƅsioloČƅ. Wh—Ĳ th—s— siČĲals aŘ— 
Ř—coŘd—d ċŘoı th— bŘaiĲ, th— pŘoc—ss is call—d —l—ctŘo—Ĳc—phaloČŘaphƅ ϼEEGϽ, ċŘoı th— 
—ƅ—s, —l—ctŘooculoČŘaphƅ ϼEOGϽ, aĲd ċŘoı sk—l—tal ıuscl—, —l—ctŘoıƅoČŘaphƅ ϼEMGϽ 
ϼSchoı—Ř aĲd Lop—s Da Silva ͑͏͖͐Ͻ. This studƅ ċocus—s oĲ usiĲČ bŘaiĲ wav—s, —ƅ— 
ıov—ı—Ĳts, aĲd ċacial ıov—ı—Ĳt to coĲtŘol th— plaƅback oċ ıusic, aĲd so EEG, EOG aĲd 
EMG aŘ— us—d.  



͐͐ 

 

͔.͑.͐ EEG 

 

FiČuŘe ͗ AĲ adhesive electŘode. 

EEG staĲds ċoŘ —l—ctŘo—Ĳc—phaloČŘaphƅ. This is a ı—thod to Ř—coŘd th— voltaČ— luctuatioĲs 
cŘ—at—d bƅ Ĳ—uŘoĲs iĲ th— bŘaiĲ, which caĲ Ř—pŘ—s—Ĳt bŘaiĲ activitƅ ϼAızica aĲd Lop—s Da 
Silva ͑͏͖͐Ͻ. Th—s— luctuatioĲs caĲ b— aĲalƅs—d to ıak— iĲċ—Ř—Ĳc—s about th— stat— oċ th— 
bŘaiĲϢ ċoŘ —Ƅaıpl—, th— voltaČ— luctuatioĲs cŘ—at—d wh—Ĳ a p—ŘsoĲ is tiŘ—d, v—Řsus wh—Ĳ 
th—ƅ aŘ— —Ƅcit—d, look v—Řƅ dif—Ř—Ĳt ϼTŘ—jo —t al. ͑͏͔͐Ͻ. Usuallƅ duŘiĲČ th—s— t—sts, 
—l—ctŘod—s aŘ— plac—d oĲ th— scalp accoŘdiĲČ to th— IĲt—ŘĲatioĲal ͐͏-͑͏ sƅst—ı ϼNuw—Ř —t 
al. ͐͗͘͘Ͻ, allowiĲČ a Ř—s—aŘch—Ř to s—— th— activitƅ oċ all aŘ—as oċ th— bŘaiĲ.  

IĲ this pŘoj—ct two —l—ctŘod—s w—Ř— plac—d oĲ opposit— sid—s oċ th— ċoŘ—h—ad, abov— th— 
—ƅ—bŘows. This plac—ı—Ĳt was chos—Ĳ du— to th— liıitatioĲs oċ th— adh—siv— —l—ctŘod—s 
us—d, th—ƅ aŘ— uĲŘ—liabl— wh—Ĳ appli—d to haiŘ-cov—Ř—d aŘ—as oċ th— scalp, th—ƅ Ř—ŗuiŘ— 
coĲtact with th— skiĲ. OĲ— oċ th— adh—siv— —l—ctŘod—s us—d caĲ b— s——Ĳ iĲ iČuŘ— ͑. Whil— 
this positioĲiĲČ liıits acc—ss to siČĲals ċŘoı post—ŘioŘ Ř—ČioĲs oċ th— bŘaiĲ, it do—s Ĳot 
hiĲd—Ř this pŘoj—ct, as th— oĲlƅ bŘaiĲ activitƅ b—iĲČ ı—asuŘ—d is th— pŘ—s—Ĳc— oċ alpha 
wav—s.  

Alpha wav—s aŘ— a tƅp— oċ bŘaiĲ wav— that caĲ b— d—t—ct—d via EEG. Th—ƅ aŘ— stŘoĲČ—st wh—Ĳ 
a p—ŘsoĲ is at Ř—st, aĲd so th—ƅ aŘ— thouČht to Ř—pŘ—s—Ĳt th— bŘaiĲ iĲ aĲ Њidl— stat—Ћ ϼMalik 



͐͑ 

 

aĲd AıiĲ ͑͏͐͗Ͻ. Th—ƅ aŘ— usuallƅ d—t—ct—d at th— back oċ th— scalp, wh—Ĳ ı—asuŘiĲČ 
siČĲals Č—Ĳ—Řat—d bƅ th— occipital lob—, how—v—Ř th—ƅ caĲ also b— d—t—ct—d at ċŘoĲtal sit—s, 
lik— oĲ th— ċoŘ—h—ad ϼT—plaĲ ͑͏͏͑Ͻ. IĲ this pŘoj—ct, tŘaiĲiĲČ data oċ alpha wav—s w—Ř— 
coll—ct—d wh—Ĳ th— paŘticipaĲt had th—iŘ —ƅ—s shut, d—lib—Řat—lƅ Ř—laƄ—d. AĲ —Ƅaıpl— oċ 
th—s— alpha wav—s caĲ b— ċouĲd iĲ iČuŘ— ͒. IĲ th— pŘopos—d ıusic coĲtŘolliĲČ sc—ĲaŘio, th— 
us—Ř would also clos— th—iŘ —ƅ—s whilst Ř—laƄiĲČ aĲd cl—Ĳch th—iŘ jaw to chaĲČ— th— plaƅlist 
oċ ıusic. 

A stŘ—ĲČth oċ usiĲČ biosiČĲals ċŘoı th— bŘaiĲ d—t—ct—d bƅ EEG is that bŘaiĲ activitƅ do—s Ĳot 
Ř—ŗuiŘ— th— us— oċ ıuscl—s. IĲ ċact, alpha wav—s aŘ— stŘoĲČ—st wh—Ĳ a p—ŘsoĲ is Ĳot ıoviĲČ 
th—iŘ bodƅ, with th—iŘ —ƅ—s shut. This has a us—ċul applicatioĲ iĲ allowiĲČ a disabl—d p—ŘsoĲ 
with liıit—d coĲtŘol ov—Ř th—iŘ ıotoŘ ċuĲctioĲs to coĲtŘol a d—vic— without usiĲČ th—iŘ liıbs. 
AĲ uĲċoŘtuĲat— w—akĲ—ss is that EEG siČĲals aŘ— ıoŘ— pŘoĲ— to Ĳois— thaĲ EOG aĲd EMG 
siČĲals ϼHu —t al. ͑͏͔͐Ͻ. Not— th— spik— aŘouĲd saıpl— ͔͒͏ iĲ iČuŘ— ͒Ϣ this could b— aĲ 
aŘtiċact ċŘoı —ƅ— ıov—ı—Ĳts. AdditioĲallƅ, alpha wav—s aŘ— haŘd—Ř to d—t—ct oĲ th— 
ċoŘ—h—ad thaĲ at th— back oċ th— scalp ϼBŘittoĲ —t al. ͑͏͕͐Ͻ, thouČh th— haŘdwaŘ— us—d iĲ 
this pŘoj—ct l—av—s Ĳo alt—ŘĲativ—.  

 

FiČuŘe ͘ Alpha waves. 

͔.͑.͑ EOG 

Th— ċŘoĲt oċ th— —ƅ— is —l—ctŘicallƅ positiv— coıpaŘ—d to th— back oċ th— —ƅ—. This ı—aĲs that 
aĲƅ ıov—ı—Ĳts oċ th— —ƅ— cŘ—at— a voltaČ— dif—Ř—Ĳc—, which caĲ b— d—t—ct—d usiĲČ EOG ϳ 
—l—ctŘooculoČŘaphƅ ϼBulliĲČ —t al. ͑͏͏͗Ͻ. El—ctŘod—s plac—d aŘouĲd th— —ƅ—s, lik— oĲ th— 
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t—ıpl— aĲd ċoŘ—h—ad, caĲ d—t—ct chaĲČ—s iĲ voltaČ— aĲd this caĲ b— us—d to iĲċ—Ř diŘ—ctioĲ 
oŘ bliĲkiĲČ. FiČuŘ— ͓ shows a bliĲk. IĲ th— pŘopos—d ıusic coĲtŘol sc—ĲaŘio, ıov—ı—Ĳt oċ 
th— —ƅ—s coŘŘ—spoĲd to ıultipl— dif—Ř—Ĳt coııaĲdsϢ wh—Ĳ a p—ŘsoĲ looks up, th— voluı— 
iĲcŘ—as—s, dowĲ, th— voluı— d—cŘ—as—s, l—ċt, th— tŘack chaĲČ—s to th— pŘ—vious soĲČ iĲ th— 
plaƅlist, ŘiČht, th— tŘack skips to th— Ĳ—Ƅt soĲČ iĲ th— plaƅlist.  

A k—ƅ advaĲtaČ— oċ usiĲČ biosiČĲals d—t—ct—d via EOG iĲ this pŘoj—ct is that th—s— siČĲals 
aŘ— v—Řƅ —asƅ to d—t—ctϢ th— siČĲals aŘ— stŘoĲČ aĲd distiĲct, allowiĲČ ċoŘ accuŘat— 
classiicatioĲ ϼShaŘıa —t al. ͑͏͑͏Ͻ. How—v—Ř, a liıitatioĲ is that —ƅ— ıov—ı—Ĳts caĲ 
happ—Ĳ accid—Ĳtallƅ, ċaŘ ıoŘ— oċt—Ĳ thaĲ oth—Ř coĲtŘol ı—aĲs lik— ċacial —ƄpŘ—ssioĲs. 
BliĲkiĲČ happ—Ĳs iĲvoluĲtaŘilƅ, aĲd so it is Ĳot us—d as a ı—aĲs oċ coĲtŘol iĲ th— pŘopos—d 
sc—ĲaŘio. Saıpl—s w—Ř— captuŘ—d oċ bliĲkiĲČ, aĲd th— ŘaĲdoı ċoŘ—st ıod—l was tŘaiĲ—d to 
d—t—ct th—ı, but this is to avoid ıisclassiicatioĲ oċ oth—Ř class—s. LookiĲČ l—ċt, ŘiČht, up 
aĲd dowĲ will b— d—t—ct—d bƅ th— classii—Ř Ř—ČaŘdl—ss oċ th— us—ŘЍs iĲt—Ĳt to pŘovid— aĲ 
iĲput to th— sƅst—ı, how—v—Ř ı—aĲiĲČ that th— sƅst—ı is iĲh—Ř—Ĳtlƅ s—Ĳsitiv— to uĲiĲt—Ĳd—d 
iĲputs wh—Ĳ Ř—lƅiĲČ oĲ EOG. 

 

FiČuŘe ͙ A bliĲk. 

͔.͑.͒ EMG 

Wh—Ĳ a ıuscl— is activat—d, its ibŘ—s Č—Ĳ—Řat— voltaČ— chaĲČ—s. El—ctŘoıƅoČŘaphƅ ϼEMGϽ 
caĲ d—t—ct th—s— sıall —l—ctŘical siČĲals wh—Ĳ aĲ —l—ctŘod— is plac—d oĲ th— skiĲ ov—Ř th— 
ıuscl— ϼRob—ŘtsoĲ ͑͏͓͐Ͻ. IĲ this pŘoj—ct, EMG is us—d to d—t—ct jaw cl—ĲchiĲČ, aĲd th— k—ƅ 
ıuscl— b—iĲČ ı—asuŘ—d h—Ř— is th— ıass—t—Ř, th— pŘiıaŘƅ ıuscl— us—d ċoŘ jaw cl—ĲchiĲČ 
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aĲd ch—wiĲČ. IĲ th— pŘopos—d ıusic coĲtŘol sc—ĲaŘio, wh—Ĳ a jaw cl—Ĳch is d—t—ct—d, th— 
ıusic paus—s oŘ Ř—suı—s plaƅiĲČ d—p—ĲdiĲČ oĲ its cuŘŘ—Ĳt stat—. 

A stŘ—ĲČth oċ usiĲČ biosiČĲals d—t—ct—d via EMG is that lik— EOG siČĲals, th—ƅ aŘ— —asƅ to 
d—t—ct aĲd —asilƅ distiĲČuishabl— ϼNazıi —t al. ͑͏͕͐Ͻ. FiČuŘ— ͔ cl—aŘlƅ shows a jaw cl—Ĳch 
wh—Ř— th—Ř— is a laŘČ— spik— oċ activitƅ. This ıak—s classiicatioĲ ċoŘ this —v—Ĳt ıoŘ— 
accuŘat—. How—v—Ř, cl—ĲchiĲČ th— jaw caĲ b—coı— tiŘiĲČ aċt—Ř Ř—p—at—d us—, —sp—ciallƅ ċoŘ a 
disabl—d p—ŘsoĲ who ıaƅ hav— ıuscl— ċatiČu—. AdditioĲallƅ, iĲ this pŘoj—ct, aĲ —l—ctŘod— is 
plac—d oĲ th— t—ıpl— to d—t—ct both EOG aĲd EMG siČĲals. This ı—aĲs that uĲiĲt—ĲtioĲal 
—ƅ— ıov—ı—Ĳt could caus— aŘtiċacts to app—aŘ iĲ th— siČĲal, ıakiĲČ class classiicatioĲ 
ıoŘ— dificult. IĲ iČuŘ— ͔, th— spik— aŘouĲd saıpl— ͔͒͏ could b— oĲ— oċ th—s— aŘtiċacts. 

 

FiČuŘe ͚ A jaw cleĲch. 

͔.͒ MachiĲe LeaŘĲiĲČ  
Th— ıachiĲ— l—aŘĲiĲČ alČoŘithı us—d iĲ this pŘoj—ct is ЌRaĲdoı FoŘ—stЍ ϼBŘ—iıaĲ ͑͏͏͐Ͻ. Th— 
ŘaĲdoı ċoŘ—st ıod—l is a sup—Řvis—d alČoŘithı, ı—aĲiĲČ it us—s lab—ll—d data to tŘaiĲ 
ıod—ls. Th— tŘaiĲiĲČ data is alŘ—adƅ ıaŘk—d with which class it b—loĲČs to, ċoŘ —Ƅaıpl— 
siČĲals Ř—pŘ—s—ĲtiĲČ a jaw cl—Ĳch aŘ— lab—ll—d as suchϢ this is doĲ— duŘiĲČ data coll—ctioĲ 
aĲd is —ƄplaiĲ—d ċuŘth—Ř iĲ s—ctioĲ ͕.͑.͐. IĲ coĲtŘast, uĲsup—Řvis—d l—aŘĲiĲČ —ƄploŘ—s 
uĲlab—ll—d data.  



͔͐ 

 

 

FiČuŘe ͛ A ŘaĲdoı ċoŘest classiieŘ. 

Th— ŘaĲdoı ċoŘ—st ıod—l is ıad— up oċ ıultipl— d—cisioĲ tŘ——s, which aŘ— aĲoth—Ř tƅp— oċ 
alČoŘithı. A d—pictioĲ oċ a ŘaĲdoı ċoŘ—st caĲ b— s——Ĳ iĲ iČuŘ— ͕. D—cisioĲ tŘ——s hav— a 
lowchaŘt-lik— tŘ—— stŘuctuŘ—, staŘtiĲČ with a Řoot Ĳod—, which ċ——ds iĲto iĲt—ŘĲal Ĳod—s 
call—d d—cisioĲ Ĳod—s. Th— l—av—s oċ th— tŘ—— Ř—pŘ—s—Ĳt class lab—ls. Th— ıod—l splits th— 
data at —ach Ĳod— bas—d oĲ a ċ—atuŘ—, aĲd wh—th—Ř that ċ—atuŘ— ı——ts th— thŘ—shold. Th— 
d—cisioĲ ıad— h—Ř— d—t—ŘıiĲ—s which d—cisioĲ Ĳod— is chos—Ĳ Ĳ—Ƅt, aĲd this Ř—p—ats uĲtil 
it Ř—ach—s a l—aċ Ĳod—. IĲ a ŘaĲdoı ċoŘ—st ıod—l, ıaĲƅ d—cisioĲ tŘ——s vot— toČ—th—Ř b—ċoŘ— 
ıakiĲČ a iĲal classiicatioĲ ϼRokach aĲd MaiıoĲ ͑͏͏͔Ͻ. Each tŘ—— is tŘaiĲ—d oĲ a ŘaĲdoı 
subs—t oċ th— data, usiĲČ th— saı— Ĳuıb—Ř oċ saıpl—s as iĲ th— oŘiČiĲal datas—t. This 
ı—aĲs that soı— saıpl—s aŘ— Ř—us—d, which is call—d tŘaiĲiĲČ with Ř—plac—ı—Ĳt. This 
t—chĲiŗu— is call—d baČČiĲČ, oŘ bootstŘap aČČŘ—ČatiĲČ. This Ř—duc—s ov—ŘittiĲČ bƅ iĲcŘ—asiĲČ 
div—Řsitƅ b—tw——Ĳ tŘ——s aĲd iĲcŘ—as—s ŘobustĲ—ss ϼBŘ—iıaĲ ͑͏͏͐Ͻ. Ov—ŘittiĲČ occuŘs wh—Ĳ 
th— ıod—l b—coı—s too sp—ciic to th— tŘaiĲiĲČ s—t Řath—Ř thaĲ l—aŘĲiĲČ Č—Ĳ—Řal patt—ŘĲs 
which caĲ b— appli—d to Ĳ—w data ϼH—atoĲ ͑͏͐͗Ͻ.  

Th— ŘaĲdoı ċoŘ—st classii—Ř was chos—Ĳ ċoŘ a vaŘi—tƅ oċ Ř—asoĲs. FiŘstlƅ, it woŘks w—ll with 
sıall datas—ts ϼHaĲ —t al. ͑͏͑͐Ͻ. Du— to th— shoŘt tiı—ċŘaı— oċ d—v—lopı—Ĳt, aĲd as a 
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pŘ—cautioĲ aČaiĲst a chaĲČ— iĲ plaĲĲ—d ı—thods, it was aĲticipat—d that a Ř—lativ—lƅ sıall 
aıouĲt oċ tŘaiĲiĲČ data would b— coll—ct—d. AppŘoƄiıat—lƅ two houŘs oċ usabl— Ř—coŘdiĲČs 
w—Ř— coll—ct—d bƅ th— —Ĳd oċ d—v—lopı—Ĳt, which is ıoŘ— thaĲ —ĲouČh ċoŘ th— ŘaĲdoı 
ċoŘ—st classii—Ř to b— Ř—asoĲablƅ accuŘat—. S—coĲdlƅ, ŘaĲdoı ċoŘ—sts suppoŘt ıulti-class 
classiicatioĲ w—llϢ th—ƅ aŘ— Ř—sistaĲt to ov—ŘittiĲČ ϼxŘiĲzi— aĲd VaĲ D—Ĳ xo—l ͑͏͏͗Ͻ. IĲ this 
pŘoj—ct, th—Ř— aŘ— t—Ĳ distiĲct class—s, which aŘ— —ƄploŘ—d ıoŘ— iĲ s—ctioĲ ͕.͑.͒. ThiŘdlƅ, 
ŘaĲdoı ċoŘ—sts aŘ— ċast to tŘaiĲ ϼYat—s aĲd Islaı ͑͏͑͐Ͻ. IĲ this pŘoj—ct, aċt—Ř pŘ—pŘoc—ssiĲČ 
th— tŘaiĲiĲČ data, tŘaiĲiĲČ th— ıod—l took oĲlƅ thiŘtƅ s—coĲds. Lastlƅ, ŘaĲdoı ċoŘ—sts haĲdl— 
coıpl—Ƅ, vaŘiabl—, ĲoĲliĲ—aŘ data such as biosiČĲals w—ll .  

AĲoth—Ř ıachiĲ— l—aŘĲiĲČ alČoŘithı that was coĲsid—Ř—d at th— staŘt oċ d—v—lopı—Ĳt was 
coĲvolutioĲal Ĳ—uŘal Ĳ—twoŘks ϼCNNsϽ ϼL—cuĲ —t al. ͐͗͘͘Ͻ. Th—ƅ aŘ— coııoĲlƅ us—d iĲ 
biosiČĲal classiicatioĲ ϼCŘaik —t al. ͑͏͐͘ϽϢ how—v—Ř it was d—cid—d that th—ƅ w—Ř— Ĳot 
appŘopŘiat— ċoŘ this pŘoj—ct. FiŘstlƅ, ŘaĲdoı ċoŘ—sts pŘovid— iĲt—ŘpŘ—tabl— ċ—atuŘ— 
iıpoŘtaĲc— scoŘ—sϢ its d—cisioĲs aŘ— —asilƅ aĲd diŘ—ctlƅ —ƄplaiĲabl—. D——p l—aŘĲiĲČ ıod—ls 
such as CNNs caĲ iĲst—ad b— thouČht oċ as a Њblack boƄЋ, data Čo—s iĲ aĲd classiicatioĲs 
coı— out, but it caĲ b— haŘd—Ř to uĲd—ŘstaĲd which chaĲĲ—ls oŘ siČĲal ċ—atuŘ—s caĲ 
iĲlu—Ĳc— classiicatioĲ, which is iıpoŘtaĲt as it caĲ iĲċoŘı ċutuŘ— d—siČĲ aĲd Ř—iĲ—ı—Ĳt 
ϼSalahuddiĲ —t al. ͑͏͑͑Ͻ. MoŘ— iĲċoŘıatioĲ about which ċ—atuŘ—s aŘ— iıpoŘtaĲt iĲ this 
pŘoj—ct caĲ b— ċouĲd iĲ s—ctioĲ ͕.͒.  

S—coĲdlƅ, thouČh th— sƅst—ı cuŘŘ—Ĳtlƅ p—ŘċoŘıs oĲ a Č—Ĳ—Řal-puŘpos— laptop, ċutuŘ— 
it—ŘatioĲs ıaƅ b— d—ploƅ—d oĲ low-pow—Ř haŘdwaŘ— such as a Raspb—ŘŘƅ xi. RaĲdoı 
ċoŘ—sts aŘ— ıoŘ— suit—d to this Řath—Ř thaĲ CNNs du— to th—iŘ low ı—ıoŘƅ cost ϼBŘ—iıaĲ 
͑͏͏͐Ͻ. MoŘ— iĲċoŘıatioĲ about th— plaĲĲ—d d—ploƅı—Ĳt to a Raspb—ŘŘƅ xi caĲ b— ċouĲd iĲ 
s—ctioĲ ͖.͒. 
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͔.͓ xhƅsical Disabilities 

 

FiČuŘe ͜ A pie chaŘt showiĲČ the peŘceĲtaČe oċ people with disabilities iĲ the U3. 

AĲ —stiıat—d ͐ iĲ ͓͏͏ babi—s boŘĲ iĲ th— U9 hav— c—Ř—bŘal palsƅ ϼScop— ͑͏͓͑Ͻ. It is usuallƅ 
caus—d bƅ aĲ iĲjuŘƅ to th— bŘaiĲ, —ith—Ř b—ċoŘ— oŘ aċt—Ř biŘth, but it has Ĳo oĲ— caus—. It is a 
liċ—loĲČ, iĲcuŘabl— coĲditioĲ. ThouČh this pŘoj—ct ċocus—s oĲ thos— with c—Ř—bŘal palsƅ, 
th—Ř— aŘ— oth—Ř disabiliti—s which caĲ ıak— it ıoŘ— dificult to us t—chĲoloČƅ, aĲd so this 
studƅ will also aiı to pŘovid— aĲ acc—ssibl— ı—aĲs oċ coĲtŘol ċoŘ th— ͖͐.͗% oċ p—opl— iĲ 
EĲČlaĲd aĲd Wal—s with a disabilitƅ ϼOfic— ċoŘ NatioĲal Statistics ͑͏͑͐Ͻ. This Řatio oċ 
disabl—d to abl— bodi—d p—opl— caĲ b— s——Ĳ iĲ iČuŘ— ͖. 

C—Ř—bŘal palsƅ is a ČŘoup oċ iĲcuŘabl— coĲditioĲs that —f—ct ıov—ı—Ĳt aĲd cooŘdiĲatioĲ 
ϼRos—Ĳbauı ͑͏͏͖Ͻ. Sƅıptoıs caĲ iĲclud— w—ak liıbs, cluısƅ aĲd uĲcoĲtŘoll—d 
ıov—ı—Ĳts, aĲd a ċ——liĲČ oċ b—iĲČ too ЊstifЋ oŘ too ЊloppƅЋ. Th—s— sƅıptoıs caĲ ıak— 
coĲtŘolliĲČ t—chĲoloČƅ thŘouČh coĲv—ĲtioĲal ı—aĲs, such as usiĲČ a haĲd to pŘ—ss a 
buttoĲ, dificult, oŘ iĲ soı— cas—s iıpossibl— ϼSaav—dŘa —t al. ͑͏͏͘Ͻ. C—Ř—bŘal palsƅ caĲ 
also af—ct sp——ch, ı—aĲiĲČ that cuŘŘ—Ĳt accoııodatioĲs iĲ th— ċoŘı oċ sp——ch coĲtŘol 
ıaƅ Ĳot b— appŘopŘiat— ϼNHS ͑͏͑͒Ͻ. 

Th— actioĲs us—d as iĲputs iĲ this pŘoj—ct hav— b——Ĳ id—Ĳtii—d as possibl— ċoŘ a p—ŘsoĲ with 
c—Ř—bŘal palsƅ to caŘŘƅ out. IĲdividuals oċt—Ĳ hav— Čood —ƅ— ıov—ı—Ĳt coĲtŘol, —v—Ĳ iċ th—ƅ 
hav— iıpaiŘı—Ĳts with liıb ıov—ı—Ĳt oŘ sp——ch ϼSaav—dŘa —t al. ͑͏͏͘Ͻ. ThouČh th— 
coĲditioĲ caĲ af—ct th— jaw duŘiĲČ sp——ch, iĲdividuals with c—Ř—bŘal palsƅ aŘ— oċt—Ĳ 
capabl— oċ siıplƅ cl—ĲchiĲČ th—iŘ jaw, thouČh soı— with s—v—Ř— c—Ř—bŘal palsƅ ıaƅ iĲd this 
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taƄiĲČ . FiĲallƅ, pŘoduciĲČ stŘoĲČ alpha wav—s do—s Ĳot Ř—ŗuiŘ— th— us— oċ ıuscl—s at all 
ϼT—plaĲ ͑͏͏͑Ͻ. 

͔.͔ EƄistiĲČ SolutioĲs 

͔.͔.͐ CoĲv—ĲtioĲal Assistiv— T—chĲoloČi—s 

 

FiČuŘe ͝ A MaltŘoĲ eƄpaĲded keƅboaŘd ЂMaltŘoĲ ͕͙͗͗Ѓ. 

Coıı—Řcial assistiv— t—chĲoloČi—s —Ƅist to allow p—opl— with phƅsical iıpaiŘı—Ĳts to us— 
t—chĲoloČi—s. Th—s— iĲclud— scŘ——Ĳ Ř—ad—Řs, bŘaill— displaƅs aĲd scŘ——Ĳ ıaČĲii—Řs ċoŘ th— 
bliĲd oŘ visuallƅ iıpaiŘ—d, but also adaptiv— k—ƅboaŘds ċoŘ thos— with liıb dif—Ř—Ĳc—s oŘ 
dificulti—s with ıobilitƅ. FoŘ —Ƅaıpl—, as s——Ĳ iĲ iČuŘ— ͗, th— MaltŘoĲ —ƄpaĲd—d k—ƅboaŘd 
is d—siČĲ—d ċoŘ p—opl— with ıuscl— coĲtŘol pŘobl—ıs, lik— thos— with c—Ř—bŘal palsƅ 
ϼMaltŘoĲ ͑͏͓͑Ͻ. It iĲclud—s a Řais—d k—ƅ ČuaŘd to pŘ—v—Ĳt accid—Ĳtal k—ƅstŘok—s. Th— id—a oċ 
accid—Ĳtal iĲput pŘ—v—ĲtioĲ is also us—d iĲ this pŘoj—ct, —ach iĲput actioĲ is distiĲct.  

AdditioĲallƅ, —ƅ— ıov—ı—Ĳt tŘack—Řs caĲ b— us—d to plot wh—Ř— th— us—Ř is lookiĲČ oĲ a 
scŘ——Ĳ, which caĲ b— us—d to coĲtŘol a sƅst—ı. Th— sƅst—ı d—v—lop—d iĲ this pŘoj—ct 
siıilaŘlƅ us—s —ƅ— ıov—ı—Ĳts as iĲput, usiĲČ biosiČĲals Řath—Ř thaĲ visual tŘackiĲČ. Eƅ— 
ıov—ı—Ĳt tŘack—Řs ıaƅ b— dificult to us— iĲ th— daŘkϢ iċ th— us—ŘЍs —ƅ—s aŘ— Ĳot visibl— to 
th— caı—Řa, it caĲĲot tŘack th—ı ϼMajaŘaĲta aĲd Räihä ͑͏͏͑Ͻ. This pŘoj—ct caĲ b— us—d iĲ 
th— daŘk oŘ low liČht.  



͐͘ 

 

T—chĲoloČi—s —Ƅist to allow a us—Ř to coĲtŘol a d—vic— usiĲČ th—iŘ voic—, which has b——Ĳ 
us—d as aĲ accoııodatioĲ ċoŘ disabl—d p—opl— ϼViČouŘouƄ —t al. ͑͏͑͒Ͻ. UĲċoŘtuĲat—lƅ, 
p—opl— with c—Ř—bŘal palsƅ ıaƅ hav— tŘoubl— sp—akiĲČ, it has b——Ĳ —stiıat—d that ͔͏% oċ 
childŘ—Ĳ with c—Ř—bŘal palsƅ hav— ıotoŘ sp——ch disoŘd—Řs ϼdƅsaŘthŘiaϽ ϼx—ĲĲiĲČtoĲ ͑͏͐͑Ͻ. 
This ıak—s sp——ch coĲtŘol iıpŘactical ċoŘ ıaĲƅ iĲdividuals. 

͔.͔.͑ BiosiČĲal-bas—d Sƅst—ıs 

BŘaiĲ, —ƅ— aĲd ıuscl— biosiČĲals caĲ pŘovid— coĲtŘol ı—chaĲisıs ċoŘ thos— who caĲĲot 
us— tŘaditioĲal iĲputs. 

Du— to th— coıpl—Ƅitƅ aĲd vaŘiabilitƅ oċ biosiČĲals, ıachiĲ— l—aŘĲiĲČ t—chĲiŗu—s hav— b——Ĳ 
wid—lƅ appli—d to iıpŘov— classiicatioĲ p—ŘċoŘıaĲc— ϼCŘaik —t al. ͑͏͐͘Ͻ. SuppoŘt V—ctoŘ 
MachiĲ—s ϼSVMsϽ, RaĲdoı FoŘ—sts, aĲd N—uŘal N—twoŘks hav— all b——Ĳ us—d to classiċƅ 
EEG aĲd EMG siČĲals iĲ applicatioĲs such as —pil—psƅ d—t—ctioĲ, sl——p staČ— classiicatioĲ, 
aĲd Č—stuŘ— Ř—coČĲitioĲ. Th—s— studi—s d—ıoĲstŘat— that ıachiĲ— l—aŘĲiĲČ ıod—ls caĲ 
haĲdl— th— Ĳois— aĲd iĲdividual vaŘiabilitƅ iĲh—Ř—Ĳt iĲ biosiČĲal data.  

BiosiČĲal-bas—d sƅst—ıs hav— b——Ĳ —ƄploŘ—d iĲ a vaŘi—tƅ oċ applicatioĲs. EEG siČĲals hav— 
b——Ĳ us—d iĲ x͒͏͏ sp—ll—Řs, allowiĲČ us—Řs to s—l—ct l—tt—Řs bas—d oĲ ċocus—d att—ĲtioĲ 
patt—ŘĲs ϼFaŘw—ll aĲd DoĲchiĲ ͐͗͗͘Ͻ. Th—s— sƅst—ıs d—p—Ĳd oĲ us—Řs ıaiĲtaiĲiĲČ visual 
att—ĲtioĲ oĲ a ČŘid oċ lashiĲČ stiıuli. H—Ř—, a ČŘid oċ l—tt—Řs is showĲ to th— us—Ř, with th— 
coluıĲs lashiĲČ iĲ tuŘĲ. Wh—Ĳ th— us—Ř coĲc—ĲtŘat—s, th— cuŘŘ—Ĳtlƅ lashiĲČ coluıĲ is 
s—l—ct—d, ıakiĲČ th— Řows lash, so that th— us—Ř caĲ coĲc—ĲtŘat— aČaiĲ aĲd s—l—ct a l—tt—Ř. 
This t—chĲoloČƅ is uĲsuitabl— ċoŘ this pŘoj—ctЍs aiıs du— to its hiČh lat—ĲcƅϢ it caĲ tak— 
ıultipl— s—coĲds ċoŘ a us—Ř to s—l—ct aĲ iĲput, wh—Ř—as soı— applicatioĲs such as ıusic 
plaƅback coĲtŘol Ř—ŗuiŘ— Ř—al tiı— coĲtŘolϢ ċoŘ —Ƅaıpl—, iċ a p—ŘsoĲ waĲt—d to chaĲČ— th— 
cuŘŘ—Ĳtlƅ plaƅiĲČ tŘack to th— pŘ—vious oĲ— iĲ th— plaƅlist, but iĲ th— tiı— it tak—s ċoŘ a 
sƅst—ı to pŘoc—ss th— iĲput, th— cuŘŘ—Ĳt soĲČ —Ĳds aĲd th— Ĳ—Ƅt oĲ— b—ČiĲs, th— sƅst—ı will 
iĲcoŘŘ—ctlƅ chaĲČ— th— tŘack to th— oŘiČiĲal soĲČ. 

AĲoth—Ř biosiČĲal-bas—d sƅst—ı is EaŘabl—. EaŘabl— is a d—vic— woŘĲ b—hiĲd th— —aŘ, which 
siıilaŘlƅ to this pŘoj—ct coll—cts EEG, EOG aĲd EMG data to coĲtŘol a t—chĲoloČƅ. A photo 
oċ th— EaŘabl— d—vic— caĲ b— ċouĲd iĲ iČuŘ— ͘. D—siČĲ—d to ıoĲitoŘ Ĳ—uŘoloČical disoŘd—Řs, 
such as —pil—psƅ aĲd iĲsoıĲia ϼŘath—Ř thaĲ ıak— a d—vic— ıoŘ— acc—ssibl— to a disabl—d 
iĲdividualϽ, it has also b——Ĳ d—ıoĲstŘat—d to coĲtŘol IoT d—vic—s, ı—aĲiĲČ that it could b— 
us—d ċoŘ this puŘpos—. Th— EaŘabl— sƅst—ı has b——Ĳ us—d to coĲtŘol a dŘoĲ—Ѝs ıov—ı—Ĳts, 
usiĲČ a p—ŘsoĲЍs biosiČĲals as coĲtŘol iĲputsϢ —ƅ— ıov—ı—Ĳts aĲd ċacial ıuscl— 
coĲtŘactioĲs w—Ř— us—d to coĲtŘol th— dŘoĲ— to tak— of, laĲd, ıov— aĲd Řotat—. IĲ aĲoth—Ř 
d—ıoĲstŘatioĲ, a p—ŘsoĲЍs alpha wav— Řhƅthı was us—d to diı a liČht wh—Ĳ th— us—Ř tŘi—d 
to Ř—laƄ oŘ sl——p ϼxhaı —t al. ͑͏͐͘Ͻ.  



͑͏ 

 

 

FiČuŘe ͞ EaŘable Ђxhaı et al. ͕͖͗͞Ѓ. 

EaŘabl— shaŘ—s ıuch iĲ coııoĲ with this pŘoj—ct, usiĲČ siıilaŘ EEG, EOG aĲd EMG siČĲals 
to coĲtŘol a d—vic—. How—v—Ř, this pŘoj—ct will allow its us—Řs to coĲtŘol a d—vic— usiĲČ th—iŘ 
alpha wav—s iĲt—ĲtioĲallƅ, Řath—Ř thaĲ usiĲČ th— alpha wav—s passiv—lƅ. With th— sc—ĲaŘio oċ 
ıusic plaƅback coĲtŘol iĲ ıiĲd, th— us—Ř will b— abl— to coĲsciouslƅ Č—Ĳ—Řat— alpha wav—s 
aĲd us— th—ı to chaĲČ— th— plaƅlist us—d. AllowiĲČ a p—ŘsoĲ with s—v—Ř— ıotoŘ iıpaiŘı—Ĳt 
to coĲtŘol a d—vic— with th—iŘ bŘaiĲ wav—s as a d—lib—Řat— coĲtŘol iĲput is iıpoŘtaĲtϢ thouČh 
th—ƅ ıaƅ iĲd it dificult to us— th—iŘ liıbs, —Ĳt—ŘiĲČ a Ř—laƄ—d stat— do—s Ĳot Ř—ŗuiŘ— iĲ— 
ıotoŘ skills. 

AdditioĲallƅ, Ř—s—aŘch—Řs 9aĲuĲČo —t al hav— d—v—lop—d a ı—thod oċ usiĲČ st—adƅ-stat— 
visuallƅ —vok—d pot—Ĳtials ϼSSVExsϽ aĲd —ƅ— bliĲks to coĲtŘol a wh——lchaiŘ, iĲcŘ—asiĲČ 
acc—ssibilitƅ ċoŘ disabl—d p—opl—. IĲ th—iŘ sƅst—ı, us—Řs ċocus oĲ lashiĲČ stiıuli to iĲdicat— 
diŘ—ctioĲal coııaĲds, ıuch lik— th— x͒͏͏ sp—ll—Ř. A s—Ři—s oċ —ƅ— bliĲks s—Řv— as a stop 
siČĲal. It was d—cid—d that —ƅ— bliĲks would Ĳot b— us—d as a ı—aĲs oċ coĲtŘol ċoŘ this 
pŘoj—ct. ThouČh —ƅ— ıov—ı—Ĳts caĲ occuŘ accid—Ĳtallƅ, with —ĲouČh ċocus, th— us—Ř caĲ 
pŘ—v—Ĳt thisϢ how—v—Ř th— us—Ř will —v—Ĳtuallƅ hav— to bliĲk, which could b— wŘoĲČlƅ 
iĲt—ŘpŘ—t—d as aĲ iĲput. FuŘth—ŘıoŘ—, 9aĲuĲČo —t al.'s sƅst—ı Ř—poŘts aĲ av—ŘaČ— coııaĲd 
—Ƅ—cutioĲ tiı— oċ appŘoƄiıat—lƅ ċouŘ s—coĲds aĲd aĲ accuŘacƅ oċ ͖͗%. This pŘoj—ct aiıs to 
iıpŘov— upoĲ both lat—Ĳcƅ aĲd classiicatioĲ accuŘacƅ bƅ l—v—ŘaČiĲČ a ıachiĲ— l—aŘĲiĲČ-
bas—d, ıulti-siČĲal appŘoach ϼ9aĲuĲČo —t al. ͑͏͑͐Ͻ. 

Tabl— ͐ coıpaŘ—s th— d—scŘib—d —ƄistiĲČ solutioĲs. 
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AppŘoach D—scŘiptioĲ BiosiČĲals? CoĲs 

MaltŘoĲ k—ƅboaŘd 
ϼMaltŘoĲ ͑͏͓͑Ͻ 

A k—ƅboaŘd with a 
Řais—d k—ƅČuaŘd to 
pŘ—v—Ĳt accid—Ĳtal 
k—ƅstŘok—s. 

NoĲ— R—ŗuiŘ—s th— us— oċ 
haĲds ϳ this pŘoj—ct 
Ř—ŗuiŘ—s oĲlƅ —ƅ—s, 
jaw aĲd bŘaiĲ. 

Voic— Ř—coČĲitioĲ 
ϼViČouŘouƄ —t al. 
͑͏͑͒Ͻ 

Us—Řs coĲtŘol 
d—vic—s with spok—Ĳ 
coııaĲds. 

NoĲ— IĲdividuals with 
c—Ř—bŘal palsƅ aŘ— 
lik—lƅ to hav— 
dificulti—s with 
sp——ch ϼx—ĲĲiĲČtoĲ 
͑͏͐͑Ͻ. 

x͒͏͏ Sp—ll—Ř 
ϼFaŘw—ll aĲd 
DoĲchiĲ ͐͗͗͘Ͻ 

Allows us—Řs to 
s—l—ct l—tt—Řs ċŘoı a 
ČŘid bƅ ċocusiĲČ 
th—iŘ att—ĲtioĲ oĲ 
lashiĲČ taŘČ—ts. 

EEG HiČh lat—Ĳcƅ aĲd 
Ř—ŗuiŘ—s 
coĲc—ĲtŘatioĲ ϳ this 
pŘoj—ct aiıs to b— 
Ř—al-tiı—. 

EaŘabl— 

ϼxhaı —t al. ͑͏͐͘Ͻ 

A d—vic— which sits 
b—hiĲd th— —aŘ aĲd 
ıoĲitoŘs —ƅ— 
ıov—ı—Ĳts, bŘaiĲ 
wav—s aĲd ċacial 
coĲtŘactioĲs. 

EEG, EOG, EMG This pŘoj—ct aiıs to 
build upoĲ this id—a 
aĲd us— alpha 
wav—s as aĲ 
iĲt—ĲtioĲal ı—thod 
oċ coĲtŘol. 

Eƅ— ıov—ı—Ĳt 
tŘack—Řs ϼMajaŘaĲta 
aĲd Räihä ͑͏͏͑Ͻ 

D—t—cts wh—Ř— a 
p—ŘsoĲ is lookiĲČ to 
coĲtŘol a sƅst—ı. 

NoĲ—/ EOG Maƅ Ř—ŗuiŘ— th— us—Ř 
to sit soı—wh—Ř— 
th— caı—Řa caĲ s——. 

BCI coĲtŘoll—d 
wh——lchaiŘ 
ϼ9aĲuĲČo —t al. 
͑͏͑͐Ͻ 

Th— us—Ř coĲtŘols 
wh——lchaiŘ 
ıov—ı—Ĳt usiĲČ 
ċocus aĲd bliĲkiĲČ. 

EEG, EOG Us—s bliĲkiĲČ as 
coĲtŘols, low 
accuŘacƅ aĲd hiČh 
lat—Ĳcƅ. 

Table ͖ 6ist oċ eƄistiĲČ solutioĲs. 

 

 

 

 

 

 

 

 



͑͑ 

 

͕. MethodoloČƅ 

This pŘoj—ct aiı—d to cŘ—at— a sƅst—ı which could classiċƅ actioĲs such as —ƅ— 
ıov—ı—Ĳts, ċacial —ƄpŘ—ssioĲs aĲd th— bŘaiĲЍs alpha wav—s iĲ Ř—al tiı—, aĲd us— th—s— as 
iĲputs to coĲtŘol th— plaƅback oċ ıusic. Th— pŘoc—ss oċ cŘ—atiĲČ this sƅst—ı iĲclud—d 
coll—ctiĲČ tŘaiĲiĲČ data usiĲČ th— GaĲČlioĲ, ilt—ŘiĲČ aĲd pŘoc—ssiĲČ th— captuŘ—d bio-
siČĲals, tŘaiĲiĲČ a ıachiĲ— l—aŘĲiĲČ ıod—l usiĲČ th— Ř—sultiĲČ data, optiıisiĲČ aĲd 
iıpŘoviĲČ th— accuŘacƅ oċ th— ıod—l, aĲd d—v—lopiĲČ a pŘoČŘaı that us—s th— Ř—sults ċŘoı 
th— ıod—l to plaƅ ıusic. Th— pŘoj—ct was wŘitt—Ĳ —ĲtiŘ—lƅ iĲ xƅthoĲ, aĲd us—d libŘaŘi—s such 
as Scikit-l—aŘĲ aĲd xƅGaı— ċoŘ ıachiĲ— l—aŘĲiĲČ aĲd plaƅiĲČ ıusic Ř—sp—ctiv—lƅ ϼxƅGaı— 
͑͏͓͑Ͻ. 

͕.͐ Sƅsteı OveŘview 

 

 

FiČuŘe ͖͕ Sƅsteı oveŘview diaČŘaı. 

FiČuŘ— ͐͏ displaƅs a hiČh-l—v—l ov—Řvi—w oċ th— sƅst—ı aŘchit—ctuŘ— oċ this pŘoj—ct, ċŘoı 
siČĲal acŗuisitioĲ, thŘouČh data ilt—ŘiĲČ aĲd ċ—atuŘ— —ƄtŘactioĲ, to classiicatioĲ aĲd actioĲ 
—Ƅ—cutioĲ. B—ċoŘ— this pip—liĲ— caĲ b— caŘŘi—d out aĲd op—Řat— iĲ Ř—al tiı—, th— ıachiĲ— 
l—aŘĲiĲČ ıod—l ıust b— tŘaiĲ—d. Th— ċollowiĲČ s—ctioĲs will —ƄplaiĲ —ach staČ— iĲdividuallƅ, 
iĲcludiĲČ th— pŘoc—ss oċ coll—ctiĲČ tŘaiĲiĲČ data aĲd ıod—l tŘaiĲiĲČ duŘiĲČ d—v—lopı—Ĳt. 

͕.͑ SiČĲal AcŗuisitioĲ aĲd xŘepŘocessiĲČ 

B—ċoŘ— th— ŘaĲdoı ċoŘ—st ıod—l caĲ classiċƅ data, it iŘst Ĳ——ds to l—aŘĲ how to Ř—coČĲis— 
patt—ŘĲsϢ thus, th— ıod—l Ĳ——ds to b— tŘaiĲ—d. Two houŘs aĲd t—Ĳ ıiĲut—s oċ EMG, EEG aĲd 
EOG Ř—coŘdiĲČs w—Ř— us—d to tŘaiĲ th— ıod—l. This s—ctioĲ will —ƄplaiĲ th— pŘoc—ss oċ 
coll—ctiĲČ, ilt—ŘiĲČ aĲd pŘ—pŘoc—ssiĲČ th— tŘaiĲiĲČ data.  



͑͒ 

 

͕.͑.͐ Data Coll—ctioĲ 

As —ƄplaiĲ—d iĲ s—ctioĲ ͔.͑, —l—ctŘod—s w—Ř— plac—d oĲ th— ŘiČht t—ıpl—, abov— th— 
—ƅ—bŘows, aĲd oĲ th— ŘiČht ch——k ċoŘ data coll—ctioĲ. 

 

FiČuŘe ͖͖ The electŘode placeıeĲt oĲ the paŘticipaĲt, two oĲ the ċoŘehead, oĲe oĲ the cheek, oĲe oĲ the teıple aĲd two 
behiĲd the eaŘs. 

Th— data coll—ctioĲ phas— iĲvolv—d Ř—p—atiĲČ th— saı— actioĲ, Ř—coŘdiĲČ th— Ř—sultiĲČ 
biosiČĲals usiĲČ th— GaĲČlioĲ, aĲd ıaŘkiĲČ th— data wh—Ĳ —ach —v—Ĳt occuŘs. A xƅthoĲ 
scŘipt was d—v—lop—d to iĲt—Řċac— with th— Op—ĲBCI GUI aĲd aĲĲotat— Ř—coŘdiĲČs iĲ Ř—al 
tiı—. C—ŘtaiĲ buttoĲs oĲ th— k—ƅboaŘd would coŘŘ—spoĲd to c—ŘtaiĲ actioĲsϢ ċoŘ —Ƅaıpl—, 
th— ЌCЍ k—ƅ would coŘŘ—spoĲd to a jaw cl—Ĳch. Each tiı— aĲ actioĲ would occuŘ, th— buttoĲ 
was pŘ—ss—d, ıaŘkiĲČ th— data. What this look—d lik— oĲ th— t—ŘıiĲal caĲ b— s——Ĳ iĲ iČuŘ— 
͐͑. This was doĲ— ċoŘ all actioĲsϡ bliĲkiĲČ, lookiĲČ l—ċt, lookiĲČ ŘiČht, lookiĲČ up, lookiĲČ 
dowĲ, cl—ĲchiĲČ th— jaw, sıiliĲČ aĲd ċŘowĲiĲČ. AlthouČh bliĲkiĲČ did Ĳot coŘŘ—spoĲd to a 
coııaĲd ċoŘ coĲtŘolliĲČ th— plaƅback oċ ıusic, th— classii—Ř was tŘaiĲ—d to Ř—coČĲis— it so 
that aĲ accid—Ĳtal bliĲk would Ĳot b— coĲċus—d ċoŘ aĲoth—Ř actioĲ. FoŘ Ř—coŘdiĲČ alpha 
wav—s, th— Ř—coŘdiĲČ staŘt—d aċt—Ř th— —ƅ—s w—Ř— clos—d aĲd th— ıiĲd —Ĳt—Ř—d a Ř—laƄ—d 
stat—, aĲd —Ĳd—d b—ċoŘ— th— —ƅ—s op—Ĳ—d. Th— data was th—Ĳ ıaŘk—d aċt—Ř Ř—coŘdiĲČ. This is 
b—caus— th— actioĲ oċ pŘ—ssiĲČ th— buttoĲ to ıaŘk th— data could disŘupt th— Ř—stċul stat— 
aĲd Ř—duc— th— alpha wav—s. 



͓͑ 

 

 

FiČuŘe ͖͗ The ıaŘkeŘ scŘipt teŘıiĲal output. 

͕.͑.͑ Filt—ŘiĲČ 

Th— Ĳ—Ƅt staČ— was ilt—ŘiĲČ th— Ř—coŘd—d data. Bio—l—ctŘical siČĲals aŘ— v—Řƅ s—Ĳsitiv—, 
which ı—aĲs that Ř—coŘdiĲČ th—s— siČĲals caĲ Ř—sult iĲ captuŘiĲČ uĲwaĲt—d —l—ctŘical 
siČĲals, lik— pow—ŘliĲ— iĲt—Řċ—Ř—Ĳc—, oŘ aŘtiċacts iċ th— —l—ctŘod— cabl—s aŘ— tuČČ—d oĲ 
accid—Ĳtallƅ. As a Ř—sult, Řaw siČĲals caĲ soı—tiı—s coĲtaiĲ Ĳois— aĲd oth—Ř aŘtiċacts 
which caĲ obscuŘ— us—ċul ċ—atuŘ—s aĲd ıak— patt—ŘĲ Ř—coČĲitioĲ dificult. AdditioĲallƅ, 
Ќslow dŘiċtЍ caĲ occuŘ, which is wh—Ĳ th— bas—liĲ— oċ th— siČĲal ČŘaduallƅ chaĲČ—s ov—Ř tiı—. 
Filt—ŘiĲČ th— siČĲals Ř—duc—s th— Ĳois— aĲd Ř—ıov—s iŘŘ—l—vaĲt coıpoĲ—Ĳts iĲ th— Řaw data, 
aĲd coŘŘ—cts slow bas—liĲ— dŘiċt ϼT—plaĲ ͑͏͏͑Ͻ.  

ThŘ—— ilt—Řs w—Ř— us—d. Th— iŘst is a baĲdpass ilt—Ř. It ilt—Řs out ċŘ—ŗu—Ĳci—s b—low ͏.͔ Hz 
aĲd abov— ͒͏ Hz. This Ř—ıov—s v—Řƅ hiČh aĲd v—Řƅ low ċŘ—ŗu—Ĳci—s, wh—Ř— —l—ctŘical 
iĲt—Řċ—Ř—Ĳc— aĲd ıotioĲ aŘtiċacts t—Ĳd to app—aŘ, l—aviĲČ th— paŘt oċ th— siČĲal wh—Ř— 
Ř—l—vaĲt coĲt—Ĳt t—Ĳds to —Ƅist. Th— s—coĲd is a Ĳotch ilt—Ř. This is to Ř—ıov— pow—ŘliĲ— 
iĲt—Řċ—Ř—Ĳc—. IĲ Wal—s, wh—Ř— this pŘoj—ct was caŘŘi—d out, ıaiĲs —l—ctŘicitƅ ŘuĲs at ͔͏ Hz 
ϼU9 Gov—ŘĲı—Ĳt ͑͏͐͒Ͻ. Th— Ĳotch ilt—Ř Ř—ıov—s this iĲt—Řċ—Ř—Ĳc—. AlthouČh th— baĲdpass 



͔͑ 

 

ilt—Ř ilt—Řs this alŘ—adƅ, th— Ĳotch ilt—Ř is appli—d as a pŘ—cautioĲ, iĲ cas— th— siČĲal is 
paŘticulaŘlƅ stŘoĲČ aĲd af—cts th— siČĲal iĲ th— passbaĲd. Th— thiŘd ilt—Ř is a ŘolliĲČ ı—aĲ 
ilt—Ř. This tak—s a ıoviĲČ av—ŘaČ— oċ Ř—c—Ĳt valu—s oċ th— siČĲal, which is subtŘact—d ċŘoı 
th— siČĲal, Њlatt—ĲiĲČЋ th— bas—liĲ— aĲd Ř—ıoviĲČ bas—liĲ— shiċt ϼSöŘĲıo aĲd LaČuĲa 
͑͏͏͔Ͻ.  

EƄaıpl—s oċ a siČĲal b—ċoŘ— aĲd aċt—Ř ilt—ŘiĲČ caĲ b— ċouĲd iĲ iČuŘ—s ͐͒ aĲd ͓͐.  

 

FiČuŘe ͖͘ Alpha waves siČĲal beċoŘe ilteŘiĲČ, the Řaw siČĲal ċŘoı all ͙ chaĲĲels.  

 

FiČuŘe ͖͙ Alpha waves siČĲal aċteŘ ilteŘiĲČ, all ċouŘ chaĲĲels. 

͕.͑.͒ G—Ĳ—ŘatiĲČ Epochs 

OĲc— th— data is ilt—Ř—d, it is Ř—adƅ to b— us—d to tŘaiĲ th— ıachiĲ— l—aŘĲiĲČ ıod—l.  



͕͑ 

 

Th— ML classii—Ř Ĳ——ds to l—aŘĲ patt—ŘĲs ċŘoı th— iĲput —v—Ĳts, aĲd so th—s— —v—Ĳts Ĳ——d 
to b— isolat—d ċŘoı th— Ř—st oċ th— Ř—coŘd—d data. Each —v—Ĳt tak—s aŘouĲd two s—coĲds to 
caŘŘƅ out. Th— tŘaiĲiĲČ pip—liĲ— ıodul— s—aŘch—s thŘouČh th— tŘaiĲiĲČ data, lookiĲČ ċoŘ th— 
ıaŘk—Řs iĲs—Řt—d —aŘli—Ř which iĲdicat— aĲ —v—Ĳt has occuŘŘ—d. A s—Ři—s oċ siČĲal saıpl—s 
oĲ— s—coĲd b—ċoŘ— aĲd oĲ— s—coĲd aċt—Ř th— ıaŘk—d tiı—staıp is —ƄtŘact—d, which is 
call—d aĲ —poch. It should b— Ĳot—d that th— GaĲČlioĲ boaŘd coll—cts ͑͏͏ saıpl—s a 
s—coĲd, thus two s—coĲds oċ data aŘ— showĲ iĲ th— iČuŘ—s. DuŘiĲČ liv— classiicatioĲ, th— 
sƅst—ı classii—s a two s—coĲd wiĲdow, aĲd so th— tŘaiĲiĲČ —pochs ıust coĲsist—Ĳtlƅ 
ıatch this siz—. Th— ŘaĲdoı ċoŘ—st ıod—l Ĳ——ds —ach tŘaiĲiĲČ —Ƅaıpl— to b— ŘouČhlƅ th— 
saı— l—ĲČth oċ tiı—.  Th— —v—Ĳt —pochs ıaƅ ov—Řlap, thouČh —foŘt was tak—Ĳ duŘiĲČ 
Ř—coŘdiĲČ to Ĳot p—ŘċoŘı actioĲs too clos— toČ—th—Ř. Th—s— —pochs aŘ— assiČĲ—d valu—s 
coŘŘ—spoĲdiĲČ to th— actioĲ that cŘ—at—d th—ıϡ 

͐. BliĲkiĲČ 

 

FiČuŘe ͖͚ The siČĲals ČeĲeŘated bƅ a bliĲk. 

H—Ř— iĲ iČuŘ— ͔͐, th—Ř— is a spik— oċ activitƅ iĲ chaĲĲ—l ͐, coŘŘ—spoĲdiĲČ to th— —l—ctŘod— 
d—t—ctiĲČ EOG siČĲals oĲ th— ŘiČht —ƅ—bŘow. 

 

 

 

 

 

 



͖͑ 

 

͑. LookiĲČ l—ċt 

 

FiČuŘe ͖͛ The siČĲals ČeĲeŘated bƅ lookiĲČ leċt. 

͒. LookiĲČ ŘiČht 

 

FiČuŘe ͖͜ The siČĲals ČeĲeŘated bƅ lookiĲČ ŘiČht. 

It caĲ b— s——Ĳ iĲ iČuŘ—s ͕͐ aĲd ͖͐, wh—Ĳ lookiĲČ l—ċt aĲd ŘiČht th—Ř— is activitƅ iĲ chaĲĲ—l ͏, 
coŘŘ—spoĲdiĲČ to th— —l—ctŘod— oĲ th— ŘiČht t—ıpl—, d—t—ctiĲČ EOG siČĲals. Th— two siČĲals 
hav— th— opposit— polaŘitƅ, ċoŘ opposit— diŘ—ctioĲs oċ lookiĲČ.  

 

 

 



͑͗ 

 

͓. Cl—ĲchiĲČ th— jaw 

 

FiČuŘe ͖͝ The siČĲals ČeĲeŘated bƅ cleĲchiĲČ the jaw. 

IĲ iČuŘ— ͐͗ a laŘČ— spik— oċ activitƅ caĲ b— s——Ĳ iĲ chaĲĲ—l ͒, which coŘŘ—spoĲds to th— 
—l—ctŘod— that sits oĲ th— ch——k, Ĳ—aŘ th— ıouth. This —l—ctŘod— d—t—cts EMG siČĲals. 

͔. LookiĲČ up 

 

FiČuŘe ͖͞ The siČĲals ČeĲeŘated bƅ lookiĲČ up. 

 

 

 

 



͑͘ 

 

͕. LookiĲČ dowĲ 

 

FiČuŘe ͕͗ The siČĲals ČeĲeŘated bƅ lookiĲČ dowĲ. 

IĲ iČuŘ—s ͐͘ aĲd ͑͏, wh—Ĳ lookiĲČ up aĲd dowĲ spik—s oċ activitƅ caĲ b— s——Ĳ iĲ chaĲĲ—ls ͐ 
aĲd ͏. IĲ chaĲĲ—l ͏, th— two actioĲs hav— opposit— polaŘiti—s coŘŘ—spoĲdiĲČ to th— diŘ—ctioĲ 
th— paŘticipaĲt is lookiĲČ.  

͖. SıiliĲČ  

 

FiČuŘe ͖͗ The siČĲals ČeĲeŘated bƅ sıiliĲČ. 

IĲ iČuŘ— ͑͐, wh—Ĳ sıiliĲČ a v—Řƅ laŘČ— spik— oċ activitƅ caĲ b— s——Ĳ iĲ chaĲĲ—l ͒, 
coŘŘ—spoĲdiĲČ to th— —l—ctŘod— d—t—ctiĲČ EMG activitƅ Ĳ—aŘ th— ıouth.  

 

 



͒͏ 

 

͗. FŘowĲiĲČ  

 

FiČuŘe ͗͗ The siČĲals ČeĲeŘated bƅ ċŘowĲiĲČ. 

IĲ iČuŘ— ͑͑, wh—Ĳ ċŘowĲiĲČ a laŘČ— spik— oċ activitƅ caĲ b— s——Ĳ iĲ chaĲĲ—l ͒, coŘŘ—spoĲdiĲČ 
to th— —l—ctŘod— d—t—ctiĲČ EMG activitƅ Ĳ—aŘ th— ıouth.  

͘. Alpha wav—s 

 

FiČuŘe ͗͘ The siČĲals ČeĲeŘated bƅ ČeĲeŘatiĲČ alpha waves. 

IĲ iČuŘ— ͑͒, wh—Ĳ Č—Ĳ—ŘatiĲČ alpha wav—s, wav—s caĲ b— s——Ĳ iĲ chaĲĲ—l ͐, coŘŘ—spoĲdiĲČ 
to th— —l—ctŘod— oĲ th— l—ċt —ƅ—bŘow, which coll—cts EEG siČĲals. Alpha wav—s caĲ b— 
d—t—ct—d iĲ this aŘ—a, aĲd th—s— wav—s aŘ— what aŘ— d—pict—d iĲ th— iČuŘ—s. Oth—Ř spik—s 
could coŘŘ—spoĲd to aŘtiċacts cŘ—at—d bƅ uĲiĲt—ĲtioĲal —ƅ— ıov—ı—Ĳts. 



͒͐ 

 

Th— ML classii—Ř also Ĳ——ds to b— abl— to kĲow wh—Ĳ Ĳo actioĲ is happ—ĲiĲČ ϳ wh—Ĳ th— 
us—Ř is idl—. AdditioĲallƅ, th— pŘoČŘaı scaĲs th— Ř—coŘdiĲČ ċoŘ wiĲdows oċ tiı— wh—Ř— Ĳo 
—v—Ĳt occuŘs. It looks ċoŘ a siČĲal with Ĳo ıaŘk—Ř to siČĲiċƅ that aĲ —v—Ĳt occuŘŘ—d. It th—Ĳ 
ch—cks to s—— iċ th—Ř— is aĲƅ ov—Řlap at all with aĲ —v—Ĳt. Iċ it caĲ b— said that Ĳo —v—Ĳt 
occuŘŘ—d iĲ a two s—coĲd wiĲdow, it ıaŘks th— wiĲdow as Њidl—Ћ. This —ĲsuŘ—s that th— 
ıod—l Ĳot oĲlƅ l—aŘĲs to Ř—coČĲis— sp—ciic actioĲs, but also l—aŘĲs to distiĲČuish th—ı 
ċŘoı p—Řiods oċ Ĳo activitƅ. 

͕.͒ FeatuŘe EƄtŘactioĲ 

Raw EEG, EMG aĲd EOG siČĲals aŘ— coıpl—Ƅ, aĲd dificult to aĲalƅs—. Th— ŘaĲdoı ċoŘ—st 
classii—Ř t—Ĳds to p—ŘċoŘı pooŘlƅ wh—Ĳ Řaw tiı— s—Ři—s data has b——Ĳ us—d to tŘaiĲ it 
ϼBŘ—iıaĲ ͑͏͏͐Ͻ. IĲst—ad, oĲlƅ th— ıost Ř—l—vaĲt iĲċoŘıatioĲ should b— us—d to tŘaiĲ th— 
ıod—l. F—atuŘ— —ƄtŘactioĲ aiıs to Ř—duc— data coıpl—Ƅitƅ, oth—Řwis— kĲowĲ as data 
diı—ĲsioĲalitƅ ϼSubasi ͑͏͐͘Ͻ. Id—ĲtiċƅiĲČ which iĲċoŘıatioĲ is iıpoŘtaĲt aĲd ıost 
discŘiıiĲatiĲČ allows th— ıod—l to Ř—coČĲis— patt—ŘĲs ıoŘ— —asilƅ, l—adiĲČ to ıoŘ— 
accuŘat— classiicatioĲ. Th— ċ—atuŘ—s —ƄtŘact—d iĲclud— th— shap—, vaŘiabilitƅ aĲd ċŘ—ŗu—Ĳcƅ 
coĲt—Ĳt oċ th— siČĲal iĲ aĲ —poch. 

F—atuŘ—s that captuŘ— how a siČĲal chaĲČ—s ov—Ř tiı— d—scŘib— th— tiı— doıaiĲ, whil— 
thos— that captuŘ— which ċŘ—ŗu—Ĳci—s a siČĲal coĲtaiĲs aĲd how pow—Řċul th—ƅ aŘ— d—scŘib— 
th— ċŘ—ŗu—Ĳcƅ doıaiĲ.  

Feature DescriptioĲ DoıaiĲ Forıula ϼIf applicableϽ 
M—aĲ Av—ŘaČ— 

aıplitud— oċ 
th— siČĲal ϼp—Ř 
chaĲĲ—lϽ 

Tiı— 
DoıaiĲ 

 
VaŘiaĲc— M—asuŘ— oċ 

siČĲal vaŘiabilitƅ 

Tiı— 
DoıaiĲ 

 
Sk—wĲ—ss Asƅıı—tŘƅ oċ 

th— siČĲal 
distŘibutioĲ 

Tiı— 
DoıaiĲ 
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9uŘtosis ЊTail—dĲ—ssЋ oċ 
th— siČĲal 
distŘibutioĲ 

Tiı— 
DoıaiĲ 

 
RMS Root M—aĲ 

SŗuaŘ—, Čiv—s 
aĲ id—a oċ siČĲal 
pow—Ř 

Tiı— 
DoıaiĲ 

 
EĲtŘopƅ SiČĲal 

uĲpŘ—dictabilitƅ, 
us—ċul ċoŘ 
distiĲČuishiĲČ 
idl— 

Tiı— 
DoıaiĲ 

 

Z—Řo CŘossiĲČ 
Rat— 

Rat— oċ siČĲ 
chaĲČ—s, 
iĲdicat—s siČĲal 
ċŘ—ŗu—Ĳcƅ 
chaŘact—Řistics 

Tiı— 
DoıaiĲ 

 

RolliĲČ Std D—v StaĲdaŘd 
d—viatioĲ oċ 
ŘolliĲČ ı—aĲ, 
iĲdicat—s 
iĲstabilitƅ 

Tiı— 
DoıaiĲ  

Mobilitƅ HjoŘth 
paŘaı—t—Řϡ 
siČĲal activitƅ 
Ř—lativ— to 
vaŘiaĲc— 

Tiı— 
DoıaiĲ 
ϼHjoŘthϽ 

 
Coıpl—Ƅitƅ HjoŘth 

paŘaı—t—Řϡ 
chaĲČ— iĲ 
ċŘ—ŗu—Ĳcƅ, 
siČĲal 
iŘŘ—ČulaŘitƅ 

Tiı— 
DoıaiĲ 
ϼHjoŘthϽ 

 

x—ak-to-x—ak Aıplitud— 
ŘaĲČ— oċ th— 
siČĲal 

Tiı— 
DoıaiĲ 
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EĲ—ŘČƅ Total siČĲal 
—Ĳ—ŘČƅ ϼsuı oċ 
sŗuaŘ—sϽ 

Tiı— 
DoıaiĲ 

 
D—lta BaĲd xow—Ř xow—Ř iĲ ͏.͔ϳ͓ 

Hz, Ř—lat—d to 
d——p Ř—laƄatioĲ 

FŘ—ŗu—Ĳcƅ 
DoıaiĲ 

 
Th—ta BaĲd xow—Ř xow—Ř iĲ ͓ϳ͗ 

Hz, Ř—lat—d to 
dŘowsiĲ—ss 

FŘ—ŗu—Ĳcƅ 
DoıaiĲ 

 
Alpha BaĲd 
xow—Ř 

xow—Ř iĲ ͗ϳ͐ ͒ 
Hz, associat—d 
with Ř—laƄatioĲ 

FŘ—ŗu—Ĳcƅ 
DoıaiĲ 

 
B—ta BaĲd xow—Ř xow—Ř iĲ ͐͒ϳ͒͏ 

Hz, associat—d 
with al—ŘtĲ—ss 

FŘ—ŗu—Ĳcƅ 
DoıaiĲ 

 
Table ͗ EƄtŘacted FeatuŘes 

Tabl— ͑ d—scŘib—s which ċ—atuŘ—s w—Ř— —ƄtŘact—d ċŘoı th— Č—Ĳ—Řat—d —pochs, aĲd which 
doıaiĲ th—ƅ b—loĲČ to.  

 

FiČuŘe ͙͗ FeatuŘe iıpoŘtaĲce baŘ ČŘaph. 
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Scikit-l—aŘĲ suppoŘts displaƅiĲČ which ċ—atuŘ—s aŘ— ıost iıpoŘtaĲt to th— ıod—l iĲ 
coĲtŘibutiĲČ to its d—cisioĲ ıakiĲČ. FiČuŘ— ͓͑ ŘaĲks ċ—atuŘ—s bƅ th—iŘ iıpoŘtaĲc— to th— 
ŘaĲdoı ċoŘ—stЍs d—cisioĲ ıakiĲČ. AĲalƅsis show—d that th— ıost iıpoŘtaĲt ċ—atuŘ— 
—ƄtŘact—d was chaĲĲ—l ͐Ѝs d—lta baĲd pow—Ř. ChaĲĲ—l ͐ coŘŘ—spoĲd—d to th— siČĲals 
Čath—Ř—d bƅ th— —l—ctŘod— at th— ŘiČht t—ıpl—.  

AdditioĲallƅ, w— l—aŘĲ that th— top —iČht ıost iıpoŘtaĲt ċ—atuŘ—s w—Ř— —ƄtŘact—d ċŘoı 
chaĲĲ—l ͐. This iĲdicat—s that th— —l—ctŘod— at th— ŘiČht t—ıpl— coĲsist—Ĳtlƅ captuŘ—d th— 
ıost discŘiıiĲativ— siČĲal patt—ŘĲs acŘoss th— dif—Ř—Ĳt actioĲs. This is —Ƅp—ct—d Čiv—Ĳ that 
th— plac—ı—Ĳt allows d—t—ctioĲ oċ EMG ċŘoı jaw cl—ĲchiĲČ aĲd also EOG ċŘoı —ƅ— 
ıov—ı—Ĳts. This could cŘ—at— aĲ issu— wh—Ř— EOG aĲd EMG siČĲals Č—t coĲċus—d, iċ ċoŘ 
—Ƅaıpl— a us—Ř ıov—d th—iŘ —ƅ— aĲd cl—Ĳch—d th—iŘ jaw siıultaĲ—ouslƅ. This could iĲt—Řċ—Ř— 
with accuŘat— classiicatioĲ aĲd so this should b— —ƄploŘ—d iĲ ċutuŘ— woŘk. It ıaƅ also 
iĲdicat— that th— oth—Ř —l—ctŘod— plac—ı—Ĳts w—Ř— suboptiıal, aĲd th— sƅst—ı could hav— 
b—Ĳ—it—d ċŘoı alt—ŘĲativ— plac—ı—Ĳts. 

͕.͓ Model TŘaiĲiĲČ 

Th— ŘaĲdoı ċoŘ—st ıod—l was tŘaiĲ—d oĲ ċ—atuŘ—s —ƄtŘact—d ċŘoı two s—coĲd —pochs oċ 
lab—ll—d biosiČĲal data. Aċt—Ř —ƄtŘactioĲ, th— data was split iĲto tŘaiĲiĲČ aĲd t—st s—ts. Aċt—Ř 
tŘaiĲiĲČ, p—ŘċoŘıaĲc— was —valuat—d usiĲČ 9-Fold cŘoss validatioĲ ϼ9ohavi ͔͐͘͘Ͻ. 

͕.͓.͐ xŘ—pŘoc—ssiĲČ 

Aċt—Ř data coll—ctioĲ, th—Ř— was aĲ iıbalaĲc— iĲ class distŘibutioĲ. Most siČĲiicaĲtlƅ, th—Ř— 
w—Ř— a laŘČ— Ĳuıb—Ř oċ ЌbliĲkЍ saıpl—s. This is b—caus— bliĲks occuŘ accid—Ĳtallƅ aĲd 
iĲvoluĲtaŘilƅ. To avoid th— ıod—l b—iĲČ bias—d towaŘds class—s with ıoŘ— —Ƅaıpl—s, th— 
data was balaĲc—d usiĲČ ŘaĲdoı uĲd—ŘsaıpliĲČ. This is a ı—thod which d—cŘ—as—s th— 
siz— oċ th— ıajoŘitƅ class iĲ th— datas—t whilst k——piĲČ th— data iĲ th— ıiĲoŘitƅ class. Th— 
IıbalaĲc—d-l—aŘĲ xƅthoĲ libŘaŘƅ pŘovid—s a ı—thod ċoŘ uĲd—ŘsaıpliĲČ which was us—d iĲ 
this pŘoj—ct ϼL—ıaıtŘ— aĲd NoČu—iŘa ͑͏͖͐Ͻ. This Ř—duc—d th— Ĳuıb—Ř oċ —pochs us—d ċŘoı 
͓͐͑͑͑ to ͓͕͑͘, a ıuch low—Ř Ĳuıb—Ř du— to th— low Ĳuıb—Ř oċ th— l—ast Ř—pŘ—s—Ĳt—d class.  

AdditioĲallƅ, a scal—Ř was us—d to staĲdaŘdis— th— ŘaĲČ— oċ th— ċ—atuŘ— valu—s. This scal—Ř 
was sav—d aĲd Ř—us—d ċoŘ Ř—al-tiı— pŘ—dictioĲ. Th— scal—Ř us—d was th— RobustScal—Ř 
pŘovid—d bƅ th— Scikit-l—aŘĲ xƅthoĲ libŘaŘƅ ϼx—dŘ—Čosa ͑͏͐͐Ͻ. This c—ĲtŘ—s th— data bƅ 
subtŘactiĲČ th— ı—diaĲ aĲd scal—s th— data bƅ usiĲČ th— iĲt—ŘŗuaŘtil— ŘaĲČ—. BiosiČĲals caĲ 
hav— occasioĲal spik—s, lik— a jaw cl—Ĳch oŘ a bliĲk, aĲd scaliĲČ th— data this waƅ h—lps 
ıaiĲtaiĲ siČĲal coĲsist—Ĳcƅ without b—iĲČ too iĲlu—Ĳc—d bƅ th—s— spik—s. 
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͕.͓.͑ TŘaiĲ/T—st split 

Aċt—Ř pŘ—pŘoc—ssiĲČ, th— datas—t was ŘaĲdoılƅ split. ͗͏% oċ th— saıpl—s w—Ř— us—d ċoŘ 
tŘaiĲiĲČ, aĲd ͑͏% w—Ř— us—d ċoŘ t—stiĲČ th— ıod—l aċt—Ř tŘaiĲiĲČ. It is iıpoŘtaĲt that th— t—st 
s—t is Ĳot us—d ċoŘ tŘaiĲiĲČ, so that Č—Ĳ—ŘalisatioĲ p—ŘċoŘıaĲc— oĲ uĲs——Ĳ data caĲ b— 
—valuat—d, ČiviĲČ a ıoŘ— Ř—alistic —stiıat— oċ Ř—al-woŘld p—ŘċoŘıaĲc—.  

Th— tŘaiĲ-t—st split is visualis—d iĲ iČuŘ— ͔͑. Ov—Řall, ͕͐͘͘ saıpl—s w—Ř— us—d ċoŘ tŘaiĲiĲČ, 
aĲd ͔͏͏ w—Ř— us—d ċoŘ t—stiĲČ. 

 

FiČuŘe ͚͗ TŘaiĲ test split baŘ chaŘt. 

͕.͓.͒ Mod—l CoĲiČuŘatioĲ aĲd CalibŘatioĲ 

Hƅp—ŘpaŘaı—t—Řs aŘ— coĲiČuŘatioĲ valu—s which coĲtŘol th— b—haviouŘ oċ th— ŘaĲdoı 
ċoŘ—st classii—Ř. TuĲiĲČ th—s— paŘaı—t—Řs h—lps optiıis— th— ıod—lЍs p—ŘċoŘıaĲc—. A ČŘid 
s—aŘch was p—ŘċoŘı—d usiĲČ Scikit-l—aŘĲЍs GŘidS—aŘchCV ı—thod ϼx—dŘ—Čosa ͑͏͐͐Ͻ. A ČŘid 
s—aŘch is a ı—thod ċoŘ iĲdiĲČ th— b—st coıbiĲatioĲ oċ hƅp—ŘpaŘaı—t—Řs ċoŘ a ıod—l 
ϼOČuĲsaĲƅa —t al. ͑͏͑͒Ͻ. A s—t oċ possibl— valu—s ċoŘ —ach hƅp—ŘpaŘaı—t—Ř is chos—Ĳ, aĲd 
th— alČoŘithı tŘi—s —v—Řƅ possibl— coıbiĲatioĲ oċ th—s— valu—s. Th— ıod—l cŘ—at—d bƅ —ach 
coıbiĲatioĲ oċ valu—s is —valuat—d via cŘoss-validatioĲ, aĲd th— ıod—l with th— b—st 
p—ŘċoŘıaĲc— is s—l—ct—d, Ř—tuŘĲiĲČ th— b—st possibl— s—t oċ hƅp—ŘpaŘaı—t—Řs. Th— ČŘid iĲ 
this pŘoj—ct t—st—d ͒ valu—s ċoŘ th— Ĳuıb—Ř oċ d—cisioĲ tŘ——s, ċouŘ valu—s ċoŘ th— ıaƄiıuı 
d—pth oċ —ach d—cisioĲ tŘ——, iv— valu—s ċoŘ th— ıiĲiıuı Ĳuıb—Ř oċ saıpl—s Ř—ŗuiŘ—d to 
cŘ—at— a Ĳ—w bŘaĲch iĲ th— tŘ——, ċouŘ valu—s ċoŘ th— Ĳuıb—Ř oċ saıpl—s which ıust b— 
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pŘ—s—Ĳt iĲ a l—aċ Ĳod—, aĲd two valu—s ċoŘ wh—th—Ř bootstŘap saıpl—s oŘ th— ċull datas—t 
should b— us—d. This Ř—sult—d iĲ ͓͗͏ coıbiĲatioĲs oċ hƅp—ŘpaŘaı—t—Řs, —ach tŘaiĲ—d aĲd 
—valuat—d. Th— b—st possibl— coıbiĲatioĲ was th—Ĳ us—d to tŘaiĲ th— ıod—l. Tabl— ͒ 
—ƄplaiĲs —ach hƅp—ŘpaŘaı—t—Ř aĲd its valu— ϼScikit-l—aŘĲ ͑͏͓͑Ͻ. 

Hƅp—ŘpaŘaı—t—Ř M—aĲiĲČ Ef—ct Valu— 

ıiĲ_saıpl—s_l—aċ Th— ıiĲiıuı 
Ĳuıb—Ř oċ saıpl—s 
Ř—ŗuiŘ—d to b— iĲ a 
l—aċ Ĳod—. 

Sıall—Ř l—av—s l—ad 
to coıpl—Ƅ tŘ——s but 
Řisk ov—ŘittiĲČ, laŘČ—Ř 
valu—s caĲ sıooth 
th— ıod—l but ıaƅ 
uĲd—Řit. 

͐ 

Ĳ_—stiıatoŘs Th— Ĳuıb—Ř oċ tŘ——s 
iĲ th— ċoŘ—st. 

MoŘ— tŘ——s iıpŘov— 
accuŘacƅ but 
iĲcŘ—as— tŘaiĲiĲČ 
tiı— aĲd ı—ıoŘƅ 
usaČ— 

͔͏͏ 

ıaƄ_ċ—atuŘ—s Th— Ĳuıb—Ř oċ 
ċ—atuŘ—s to coĲsid—Ř 
wh—Ĳ lookiĲČ ċoŘ th— 
b—st split at a Ĳod—. 

Sıall—Ř subs—ts 
Ř—duc— coŘŘ—latioĲ 
b—tw——Ĳ tŘ——s, but 
too ċ—w caĲ liıit tŘ—— 
ŗualitƅ 

LoČ͑ 

ıaƄ_d—pth Th— ıaƄiıuı d—pth 
oċ —ach tŘ——. 

D——p tŘ——s caĲ 
ov—Řit, shallow tŘ——s 
caĲ uĲd—Řit. 

NoĲ— 

ıiĲ_saıpl—s_split Th— ıiĲiıuı 
Ĳuıb—Ř oċ saıpl—s 
Ĳ——d—d to split a 
Ĳod—. 

Sıall valu—s captuŘ— 
ıoŘ— d—tail but ıaƅ 
ov—Řit, hiČh—Ř valu—s 
ıaƅ pŘoduc— 
shallow—Ř tŘ—ss aĲd 
ıaƅ uĲd—Řit. 

͑ 

Table ͘ HƅpeŘpaŘaıeteŘs. 

AdditioĲallƅ, xlatt scaliĲČ was us—d to calibŘat— th— classii—Ř ϼxlatt ͐͘͘͘Ͻ. This ı—thod 
tak—s th— outputs ċŘoı a ıod—l lik— a ŘaĲdoı ċoŘ—st aĲd appli—s a loČistic Ř—ČŘ—ssioĲ ıod—l 
to ıap th—ı to b—tt—Ř calibŘat—d pŘobabiliti—s, adjustiĲČ th— coĲid—Ĳc— scoŘ—s oċ a class 
to ıak— th—ı ıoŘ— Ř—alistic. This is iıpoŘtaĲt, as duŘiĲČ Ř—al tiı— classiicatioĲ, d—cisioĲs 
aŘ— ıad— bas—d oĲ how coĲid—Ĳt th— ıod—l is that a c—ŘtaiĲ actioĲ has occuŘŘ—dϢ ċoŘ 
—Ƅaıpl— —v—Ĳ iċ th— classii—Ř Ř—tuŘĲs that a jaw cl—Ĳch actioĲ has occuŘŘ—d, th— sƅst—ı 
oĲlƅ —Ƅ—cut—s th— appŘopŘiat— ı—thod iċ th— coĲid—Ĳc— valu— is abov— a c—ŘtaiĲ thŘ—shold.  
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͕.͓.͓ T—stiĲČ 

Aċt—Ř tŘaiĲiĲČ, th— ıod—l was —valuat—d usiĲČ th— ͑͏% oċ data Ř—s—Řv—d ċoŘ t—stiĲČ. This 
ı—thod Č—Ĳ—Řat—d th— pŘ—cisioĲ, Ř—call, aĲd ċ͐-scoŘ— oċ th— ıod—l. AdditioĲallƅ, 9-ċold 
cŘoss-validatioĲ was us—d to —stiıat— th— accuŘacƅ oċ th— ıod—l ϼ9ohavi ͔͐͘͘Ͻ. 9-ċold 
cŘoss-validatioĲ iĲvolv—s splittiĲČ th— datas—t iĲto ЌkЍ subs—ts, oŘ ċolds, iĲ this cas— ͔, 
it—Řativ—lƅ tŘaiĲiĲČ th— ıod—l oĲ k-͐  ċolds aĲd validatiĲČ it oĲ th— Ř—ıaiĲiĲČ ċold. This is 
Ř—p—at—d k tiı—s, —ĲsuŘiĲČ —ach ċold is us—d as a validatioĲ s—t oĲc—. Th— iĲal Ř—sults aŘ— 
discuss—d ċuŘth—Ř iĲ s—ctioĲ ͖. 

͕.͔ Real-Tiıe ClassiicatioĲ xipeliĲe 

Th— Ř—al-tiı— classiicatioĲ sƅst—ı, wŘitt—Ĳ iĲ xƅthoĲ, op—Řat—s iĲ thŘ—— da—ıoĲ thŘ—adsϡ 
data acŗuisitioĲ, siČĲal classiicatioĲ, aĲd ıusic coĲtŘol. Each thŘ—ad coııuĲicat—s via 
thŘ—ad-saċ— ŗu—u—s. This stŘuctuŘ— is iıpoŘtaĲt b—caus— it —ĲsuŘ—s that th— sƅst—ı caĲ 
acŗuiŘ— ıoŘ— data ċŘoı th— GaĲČlioĲ boaŘd whilst siıultaĲ—ouslƅ classiċƅiĲČ data it has 
alŘ—adƅ Ř—c—iv—d, —ĲsuŘiĲČ low lat—Ĳcƅ aĲd allowiĲČ th— sƅst—ı to woŘk iĲ Ř—al tiı—. Th— 
Op—ĲBCI GUI iĲt—Řċac—s with th— GaĲČlioĲ boaŘd, aĲd stŘ—aıs data to th— classiicatioĲ 
scŘipt via th— Lab StŘ—aıiĲČ Laƅ—Ř ϼLSLϽ pŘotocol ϼ9oth— ͑͏͐͘Ͻ. Th— LSL pŘotocol was 
chos—Ĳ ċoŘ its buf—ŘϢ it will stoŘ— aĲ aıouĲt oċ data iċ th—Ř— is soı— lat—Ĳcƅ iĲ sƅst—ı 
pŘoc—ssiĲČ.  

͕.͔.͐ Data AcŗuisitioĲ  
Data is stŘ—aı—d ċŘoı th— Op—ĲBCI GaĲČlioĲ boaŘd usiĲČ LSL aĲd Ř—c—iv—d bƅ a d—dicat—d 
thŘ—ad. SiĲc— th— ŘaĲdoı ċoŘ—st ıod—l was tŘaiĲ—d oĲ ċ—atuŘ—s —ƄtŘact—d ċŘoı two s—coĲd 
—pochs, th— buf—Ř holds th— ıost Ř—c—Ĳt two s—coĲds oċ EƄG data. To avoid ıissiĲČ —v—Ĳts 
that ıiČht occuŘ too lat— iĲ th— captuŘ—d wiĲdow, —ach wiĲdow ov—Řlaps with th— Ĳ—ƄtϢ th— 
buf—Ř updat—s —v—Řƅ ͏.͓͔ s—coĲds, Ř—ıoviĲČ th— old—st ͘͏ saıpl—s aĲd allowiĲČ ͘͏ Ĳ—w—Ř 
saıpl—s to populat— th— buf—Ř. This updat— Řat— was chos—Ĳ as th— ċast—st achi—vabl— 
without iĲtŘoduciĲČ Ĳotic—abl— lat—Ĳcƅ.   
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͕.͔.͑ SiČĲal ClassiicatioĲ 

 

FiČuŘe ͗͛ Flow oċ data duŘiĲČ siČĲal classiicatioĲ 
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OĲc— th— buf—Ř is ċull, it is pass—d to th— siČĲal classiicatioĲ thŘ—ad. Th— data is pass—d to 
th— saı— ilt—ŘiĲČ pip—liĲ— us—d wh—Ĳ tŘaiĲiĲČ th— ıod—l. Th—Ĳ, ċ—atuŘ—s aŘ— —ƄtŘact—d ċŘoı 
th— ilt—Ř—d data iĲ th— saı— ċoŘıat. Th— RobustScal—Ř us—d aĲd sav—d —aŘli—Ř is also 
appli—d to th— data, to ıatch tŘaiĲiĲČ coĲditioĲs. Th— ilt—Řs aĲd scal—Ř aŘ— discuss—d iĲ 
d—tail iĲ s—ctioĲ ͕.͑.  

Th— scal—d ċ—atuŘ—s aŘ— th—Ĳ pass—d to th— tŘaiĲ—d ŘaĲdoı ċoŘ—st ıod—l. Th— ıod—l 
pŘ—dicts th— pŘobabiliti—s oċ th— ͑ s—coĲd wiĲdow coĲtaiĲiĲČ aĲƅ oċ th— —v—Ĳts. Th— sƅst—ı 
ch—cks iċ th— ıaƄiıuı pŘobabilitƅ —Ƅc——ds a class sp—ciic thŘ—shold. Iċ it do—s, it is 
d—cid—d that th— classii—Ř is coĲid—Ĳt —ĲouČh that aĲ actioĲ has occuŘŘ—d iĲ th— two 
s—coĲd wiĲdow. Iċ Ĳot, th— pŘ—dictioĲ is discaŘd—d. 

To Ř—duc— ċals— positiv—s, bliĲks aŘ— iČĲoŘ—d as actioĲabl— coııaĲds. AdditioĲallƅ, du— to 
th— ĲatuŘ— oċ th— ŘolliĲČ wiĲdow, two coĲs—cutiv— pŘ—dictioĲs could b— ċoŘ th— saı— oĲ— 
actioĲ. To avoid Ř—p—at—d coııaĲds, pŘ—dictioĲs oĲlƅ tŘiČČ—Ř actioĲs ċoŘ ıusic coĲtŘol iċ 
Ĳo actioĲ had occuŘŘ—d withiĲ th— past ͑.͑ s—coĲds, oŘ iċ th— cuŘŘ—Ĳt pŘ—dictioĲ dif—Řs ċŘoı 
th— last aĲd Ĳo actioĲ had occuŘŘ—d iĲ th— past ͐ s—coĲd. 

AdditioĲallƅ, thouČh th— classii—Ř —stiıat—s th— pŘobabilitƅ oċ th— us—Ř Č—Ĳ—ŘatiĲČ alpha 
wav—s, this aloĲ— do—s Ĳot tŘiČČ—Ř coĲtŘol. IĲst—ad, alpha wav— activitƅ oĲlƅ —Ĳabl—s coĲtŘol 
iċ th— classii—Ř also d—t—cts a jaw cl—Ĳch, aĲd th— alpha pŘobabilitƅ —Ƅc——ds a pŘ—d—iĲ—d 
thŘ—shold. This is doĲ— to avoid aĲƅ accid—Ĳtal coĲtŘol oċ th— sƅst—ı usiĲČ alpha wav—s, as 
th— us—Ř has l—ss voluĲtaŘƅ coĲtŘol ov—Ř th—iŘ bŘaiĲ wav—s coıpaŘ—d to th—iŘ ċacial 
—ƄpŘ—ssioĲs. 

͕.͔.͒ ApplicatioĲ 

Th— tŘaiĲ—d classii—Ř caĲ b— us—d ċoŘ a ıultitud— oċ applicatioĲs. It has b——Ĳ chos—Ĳ that 
this pŘoj—ctЍs us—ċulĲ—ss will b— d—ıoĲstŘat—d bƅ coĲtŘolliĲČ th— plaƅback oċ ıusic usiĲČ 
biosiČĲals.  

OĲc— a coĲid—Ĳt —ĲouČh pŘ—dictioĲ is ıad—, th— associat—d coııaĲd is pass—d to th— 
ıusic coĲtŘol thŘ—ad. H—Ř—, ıusic is coĲtŘoll—d via a custoı class cŘ—at—d usiĲČ th— 
xƅGaı— libŘaŘƅ. Th— actioĲs p—ŘċoŘı—d bƅ th— us—Ř coĲtŘol th— ıusic iĲ th— ċollowiĲČ waƅ iĲ 
tabl— ͓. 
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Th— ıusic us—d iĲ this pŘoj—ct was souŘc—d ċŘoı th— YouTub— Studio Audio libŘaŘƅ, which is 
a libŘaŘƅ oċ Řoƅaltƅ ċŘ—— ıusic. 

͕.͕ Ethical CoĲsideŘatioĲs 

This studƅ iĲvolv—d oĲlƅ oĲ— paŘticipaĲt, th— authoŘ, who pŘovid—d th—iŘ iĲċoŘı—d coĲs—Ĳt. 
Data coll—ctioĲ aĲd t—stiĲČ was coĲduct—d sol—lƅ with th— authoŘ. No p—ŘsoĲal oŘ ı—dical 
iĲċoŘıatioĲ was shaŘ—d —Ƅt—ŘĲallƅ.  

Data coll—ctioĲ was ĲoĲ-iĲvasiv— aĲd pos—d Ĳo Řisk to th— paŘticipaĲt. EEG us— has b——Ĳ 
associat—d with a sıall Řisk oċ causiĲČ s—izuŘ—s iĲ p—opl— who aŘ— pŘ—dispos—d to haviĲČ 
th—ı, such as thos— who suf—Ř with —pil—psƅ, but th— paŘticipaĲt had Ĳo kĲowĲ 
Ĳ—uŘoloČical coĲditioĲs.  

This studƅ had th— Čoal oċ cŘ—atiĲČ aĲ acc—ssibl— iĲt—Řċac— ċoŘ p—opl— liviĲČ with disabiliti—s, 
but th— oĲlƅ paŘticipaĲt had Ĳo disabiliti—s. ThouČh it was d—cid—d that ČaiĲiĲČ —thical 
appŘoval aĲd iĲdiĲČ disabl—d paŘticipaĲts was Ĳot ċ—asibl— coĲsid—ŘiĲČ th— pŘoj—ctЍs shoŘt 
tiı—ċŘaı—, this is ĲoĲ—th—l—ss a liıitatioĲ iĲ th— studƅ, aĲd is discuss—d ċuŘth—Ř iĲ s—ctioĲs 
͖ aĲd ͗. 

 

 

 

 

ActioĲ Result 

LookiĲČ l—ċt TŘack is chaĲČ—d to th— pŘ—vious soĲČ iĲ 
th— plaƅlist. 

LookiĲČ ŘiČht TŘack is chaĲČ—d to th— Ĳ—Ƅt soĲČ iĲ th— 
plaƅlist. 

LookiĲČ up Voluı— iĲcŘ—as—s ϼbƅ ͏.͐, to a ıaƄiıuı 
valu— oċ ͐Ͻ. 

LookiĲČ dowĲ Voluı— d—cŘ—as—s ϼbƅ ͏.͐, to a ıiĲiıuı 
valu— oċ ͏Ͻ. 

7aw is cl—Ĳch—d Th— plaƅback paus—s iċ a soĲČ is plaƅiĲČ, 
oŘ Ř—suı—s iċ th— soĲČ has b——Ĳ paus—d. 

7aw is cl—Ĳch—d whil— alpha wav—s aŘ— 
d—t—ct—d 

Th— plaƅlist switch—s b—tw——Ĳ —ith—Ř aĲ 
upb—at s—l—ctioĲ oċ soĲČs, oŘ a sadd—Ř 
s—l—ctioĲ oċ soĲČs.   

Table ͙ ActioĲs aĲd plaƅback Řesult. 
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͖. Results aĲd EvaluatioĲ 

This s—ctioĲ will cov—Ř th— accuŘacƅ oċ th— pŘoj—ct, as w—ll as its pŘacticalitƅ as aĲ 
accoııodatioĲ ċoŘ disabl—d p—opl—, aĲd its liıitatioĲs. 

͖.͐ AccuŘacƅ 

 PRECISION RECALL F͐-SCORE SUPPORT 

IDLE ϼ-͐ .͏Ͻ ͏.͑͘ ͏.͔͘ ͏.͒͘ ͔͘ 

BLINK ϼ͐.͏Ͻ ͏.͗͘ ͏.͓͘ ͏.͕͘ ͕͕ 

LOOK LEFT 
ϼ͑.͏Ͻ 

͏.͗͘ ͏.͓͘ ͏.͕͘ ͔͓ 

LOOK RIGHT 
ϼ͒.͏Ͻ 

͏.͗͘ ͏.͗͘ ͏.͗͘ ͔͔ 

CLENCH JAW 
ϼ͓.͏Ͻ 

͏.͖͘ ͏.͖͘ ͏.͖͘ ͖͓ 

LOOK UP ϼ͔.͏Ͻ ͏.͖͘ ͏.͘͘ ͏.͗͘ ͖͏ 

LOOK DOWN 
ϼ͕.͏Ͻ 

͏.͘͘ ͐.͏ ͏.͘͘ ͕͕ 

ALPHA WAVES 
ϼ9.͏Ͻ 

͏.͗͘ ͐.͏ ͏.͘͘ ͔͕ 

     

ACCURACY   ͏.͖͘ ͔͏͏ 

MACRO 
AVERAGE 

͏.͖͘ ͏.͖͘ ͏.͖͘ ͔͏͏ 

WEIGHTED 
AVERAGE 

͏.͖͘ ͏.͖͘ ͏.͖͘ ͔͏͏ 

Table ͚ Model classiicatioĲ ŘepoŘt 

Th— sƅst—ı was —valuat—d usiĲČ a vaŘi—tƅ oċ ı—aĲs. FiŘstlƅ, a classiicatioĲ Ř—poŘt was 
Č—Ĳ—Řat—d usiĲČ Scikit-l—aŘĲ. This pŘovid—d a d—tail—d Ř—poŘt oĲ how accuŘat— th— ıod—l 
was at pŘ—dictiĲČ —ach class. This Ř—poŘt caĲ b— ċouĲd iĲ tabl— ͔. 

Class -͐ .͏ is Њidl—Ћ, wh—Ř— th— us—Ř has p—ŘċoŘı—d Ĳo actioĲ. ͐.͏ is bliĲkiĲČ. ͑.͏ is lookiĲČ 
l—ċt. ͒.͏ is lookiĲČ ŘiČht. ͓.͏ is cl—ĲchiĲČ th— jaw. ͔.͏ is lookiĲČ up. ͕.͏ is lookiĲČ dowĲ. ͘.͏ is 
wh—Ř— th— us—Ř has tŘi—d to Č—Ĳ—Řat— alpha wav—s.  

OĲ— oċ th— aiıs oċ this pŘoj—ct was to —valuat— how accuŘat— th— sƅst—ı is. xŘ—cisioĲ 
ı—asuŘ—s how ıaĲƅ oċ th— ıod—lЍs pŘ—dictioĲs ċoŘ a Čiv—Ĳ class w—Ř— actuallƅ coŘŘ—ct. A 
hiČh pŘ—cisioĲ scoŘ— ı—aĲs ċ—w ċals— positiv—s, iĲdicatiĲČ that th— pŘ—dictioĲ ċoŘ that class 
is Ř—liabl—. Th— Ř—call valu— ı—asuŘ—s what p—Řc—ĲtaČ— oċ —ach class was coŘŘ—ctlƅ 
pŘ—dict—d. A hiČh Ř—call scoŘ— ı—aĲs ċ—w ċals— Ĳ—Čativ—s, aĲd it iĲdicat—s how coıpl—t— th— 
ıod—l is ċoŘ a paŘticulaŘ class. Th— ċ͐-scoŘ— is th— haŘıoĲic ı—aĲ oċ pŘ—cisioĲ aĲd Ř—call, 
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balaĲciĲČ ċals— positiv—s aĲd ċals— Ĳ—Čativ—s, ČiviĲČ a suııaŘƅ oċ ov—Řall class 
p—ŘċoŘıaĲc—.  

FŘoı this, w— caĲ s—— that th— ıod—l stŘuČČl—d to classiċƅ class -͐ .͏, oŘ Њidl—Ћ. This ıaƅ b— 
attŘibut—d to th— Ř—duc—d Ĳuıb—Ř oċ iĲċoŘıativ— ċ—atuŘ—s iĲ idl—-stat— siČĲals. Th— ıod—l 
p—ŘċoŘı—d b—st ċoŘ class—s ͕.͏ aĲd ͘.͏ ϼlookiĲČ dowĲ aĲd Č—Ĳ—ŘatiĲČ alpha wav—sϽ. This 
ıaƅ b— b—caus— th—s— actioĲs pŘoduc— distiĲct biosiČĲal patt—ŘĲs. Eƅ— ıov—ı—Ĳts cŘ—at— 
v—Řƅ stŘoĲČ siČĲals, aĲd alpha wav—s aŘ— a w—ll-d—iĲ—d ċŘ—ŗu—Ĳcƅ baĲd, a ċ—atuŘ— that is 
—ƄtŘact—d sp—ciicallƅ ċŘoı th— siČĲal. AdditioĲallƅ, ͔-ċold cŘoss-validatioĲ was us—d to 
cŘ—at— aĲ ov—Řall accuŘacƅ scoŘ— oċ th— ıod—l. Th— d—tails oċ how this pŘoc—ss woŘks caĲ 
b— ċouĲd iĲ s—ctioĲ ͕.͓.͓. This Ř—sult—d iĲ aĲ av—ŘaČ— accuŘacƅ scoŘ— oċ ͔͘.͖͐%, with a 
staĲdaŘd d—viatioĲ oċ ±͏.͖͘%, iĲdicatiĲČ stabl— p—ŘċoŘıaĲc— acŘoss dif—Ř—Ĳt ċolds aĲd 
stŘoĲČ classiicatioĲ accuŘacƅ. HiČh accuŘacƅ iıpli—s that th— ŗualitƅ oċ th— Ř—coŘd—d 
biosiČĲal data is Čood ϼL—— —t al. ͑͏͓͑Ͻ. Th— ıod—lЍs accuŘacƅ is hiČh—Ř thaĲ soı— oth—Ř 
biosiČĲal-bas—d solutioĲsϢ ċoŘ —Ƅaıpl—, th— BCI coĲtŘoll—d wh——lchaiŘ d—scŘib—d iĲ ͔.͔.͑ 
had aĲ accuŘacƅ oċ oĲlƅ ͖͗% ϼ9aĲuĲČo —t al. ͑͏͑͐Ͻ.

 

FiČuŘe ͗͜ Model coĲċusioĲ ıatŘiƄ 
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AdditioĲallƅ, iČuŘ— ͖͑ shows th— coĲċusioĲ ıatŘiƄ cŘ—at—d usiĲČ Scikit-l—aŘĲ. Most valu—s 
li— oĲ th— diaČoĲal, ı—aĲiĲČ that th— ıod—l is accuŘat—lƅ pŘ—dictiĲČ —ach class, aĲd Ĳo oĲ— 
class was coııoĲlƅ ıistak—Ĳ ċoŘ aĲoth—Ř.  

͖.͑ xŘacticalitƅ 

S—ttiĲČ up th— sƅst—ı ċoŘ liv— classiicatioĲ took ċ—w—Ř thaĲ t—Ĳ ıiĲut—s. Th— sƅst—ı was 
s—t up iĲd—p—Ĳd—Ĳtlƅ bƅ th— paŘticipaĲt without assistaĲc—, thouČh it is iıpoŘtaĲt to Ĳot— 
that th— paŘticipaĲt was Ĳot disabl—d. A p—ŘsoĲ with c—Ř—bŘal palsƅ oŘ oth—Ř disabiliti—s ıaƅ 
iĲd it chall—ĲČiĲČ to s—t up oĲ th—iŘ owĲϢ du— to th— sp—ciic plac—ı—Ĳt oċ th— —l—ctŘod—s, 
th—ƅ Ř—ŗuiŘ— iĲ— ıotoŘ skills aĲd th— us— oċ a p—ŘsoĲЍs haĲds to applƅ.  

Th— tŘaiĲ—d ŘaĲdoı ċoŘ—st ıod—l occupi—s appŘoƄiıat—lƅ ͔͐͒ MB wh—Ĳ s—Řializ—d. Whil— 
this is suitabl— ċoŘ —Ƅ—cutioĲ oĲ a Č—Ĳ—Řal-puŘpos— laptop such as th— oĲ— us—d ċoŘ 
d—v—lopı—Ĳt, it ıaƅ cuŘŘ—Ĳtlƅ b— too laŘČ— ċoŘ us— oĲ sıall—Ř —ıb—dd—d sƅst—ıs such as 
AŘduiĲos without ıodiicatioĲ. It is lik—lƅ sıall —ĲouČh ċoŘ us— oĲ a ıicŘocoıput—Ř such 
as a Raspb—ŘŘƅ xi. FutuŘ— woŘk could iĲvolv— Ř—duciĲČ ıod—l siz— bƅ liıitiĲČ tŘ—— d—pth oŘ 
Ř—duciĲČ th— Ĳuıb—Ř oċ —stiıatoŘs. 

Th— sƅst—ı achi—v—s its obj—ctiv—sϡ it allows a us—Ř to coĲtŘol th— plaƅback oċ ıusic usiĲČ 
th—iŘ —ƅ—s, bŘaiĲ aĲd ċacial ıuscl—s. A d—ıoĲstŘatioĲ oċ this was Ř—coŘd—d aĲd subıitt—d 
aloĲČ with this Ř—poŘt1 ϼCoĲtŘolliĲČ IoT devices with ouŘ bŘaiĲ, eƅes aĲd ċacial eƄpŘessioĲs 
͑͏͔͑Ͻ. Th— d—ıoĲstŘatioĲ vid—o shows low lat—Ĳcƅ, th— tiı— b—tw——Ĳ th— paŘticipaĲt 
p—ŘċoŘıiĲČ aĲ actioĲ aĲd th— coŘŘ—spoĲdiĲČ coııaĲd b—iĲČ caŘŘi—d out is aŘouĲd a 
s—coĲd. 

͖.͒ LiıitatioĲs 

ThouČh th— sƅst—ı ı——ts its obj—ctiv—, it do—s Ĳot do this without liıitatioĲs. As 
ı—ĲtioĲ—d iĲ s—ctioĲ ͕.͕, this studƅ had oĲlƅ oĲ— paŘticipaĲt. This ıak—s it dificult to 
Č—Ĳ—Řalis— Ř—sultsϢ it is possibl— that th— sƅst—ı ıaƅ Ĳot p—ŘċoŘı as w—ll oĲ oth—Ř 
iĲdividuals. AdditioĲallƅ, th—Ř— was a lack oċ t—stiĲČ with taŘČ—t us—Řs. ThouČh th— sƅst—ı 
was d—siČĲ—d with iıpŘoviĲČ acc—ssibilitƅ ċoŘ p—opl— with disabiliti—s, th— paŘticipaĲt did 
Ĳot hav— a disabilitƅ, aĲd so th— sƅst—ıЍs Ř—al-woŘld —f—ctiv—Ĳ—ss is uĲv—Řii—d.  

El—ctŘod— plac—ı—Ĳt also Ř—ŗuiŘ—s iĲ— ıotoŘ coĲtŘol, which th— taŘČ—t us—Ř ıiČht Ĳot hav—, 
ı—aĲiĲČ that th— us—Ř would hav— to Ř—lƅ oĲ aĲoth—Ř iĲdividual to h—lp th—ı. This do—s Ĳot 
iĲcŘ—as— iĲd—p—Ĳd—Ĳc— th— waƅ th— studƅ hop—d.  

 
1 httpsϡ//ƅoutu.b—/WC͖͏dQBcv—c  

https://youtu.be/WC70dQBcvec
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Th— studƅ oŘiČiĲallƅ plaĲĲ—d to us— th— ANT N—uŘo EEGO SpoŘts BCI cap Řath—Ř thaĲ th— 
Op—ĲBCI GaĲČlioĲ BoaŘd ϼANT N—uŘo ͑͏͓͑Ϣ Op—ĲBCI ͑͏͓͑Ͻ. How—v—Ř, it was d——ı—d that 
usiĲČ th— cap would b— iıpŘacticalϢ thouČh it would hav— ıad— d—t—ctiĲČ EEG siČĲals 
—asi—Ř, s—ttiĲČ up th— cap tak—s ıuch loĲČ—Ř thaĲ s—ttiĲČ up th— GaĲČlioĲ. Th— cap Ř—ŗuiŘ—s 
two p—opl— to s—t up, aĲd Ř—ŗuiŘ—s —l—ctŘod— Č—l, which is uĲpl—asaĲt ċoŘ th— paŘticipaĲt 
aĲd ıust b— cl—aĲ—d of th— —l—ctŘod—s aċt—Ř us—. Th— GaĲČlioĲ boaŘd caĲ b— s—t up bƅ th— 
us—Ř, aĲd th— adh—siv— —l—ctŘod—s aŘ— siıpl— to applƅ aĲd Ř—ıov—.  

AdditioĲallƅ, it was ċouĲd iĲ t—stiĲČ that th— us—Ř ıust Ř—ıaiĲ v—Řƅ still whilst usiĲČ th— 
sƅst—ı. Iċ th— wiŘ—s attachiĲČ th— —l—ctŘod—s to th— GaĲČlioĲ boaŘd aŘ— ıov—d, th— boaŘd 
iĲt—ŘpŘ—ts this as a siČĲal, coĲċusiĲČ th— sƅst—ı. IĲ th— d—ıoĲstŘatioĲ vid—o, th— 
paŘticipaĲt is showĲ holdiĲČ th—s— wiŘ—s to pŘ—v—Ĳt this ċŘoı happ—ĲiĲČ. This ıaƅ b— 
iıpŘactical ċoŘ us—Řs who hav— littl— coĲtŘol ov—Ř th—iŘ ıov—ı—Ĳts, oŘ ċoŘ us—Řs who waĲt to 
ıov— aŘouĲd whilst list—ĲiĲČ to ıusic. How—v—Ř, th— sƅst—ı ıaƅ still b— pŘactical ċoŘ us—Řs 
with soı— oth—Ř disabiliti—s, lik— thos— who aŘ— paŘalƅs—d b—low th— Ĳ—ck. Had th— ANT 
N—uŘo EEGO SpoŘts BCI cap b——Ĳ chos—Ĳ ċoŘ this pŘoj—ct iĲst—ad oċ th— Op—ĲBCI GaĲČlioĲ 
boaŘd, this pŘobl—ı would hav— b——Ĳ ıitiČat—d, as th— cap sits oĲ th— h—ad aĲd thus do—s 
Ĳot hav— tŘailiĲČ wiŘ—s which caĲ b— ıov—d. FutuŘ— woŘk could —ƄploŘ— how alt—ŘĲativ— BCIs 
could iƄ this pŘobl—ı. 

Soı— oċ th— actioĲs us—d as iĲputs iĲ this pŘoj—ct aŘ— —asƅ to do accid—Ĳtallƅ. TŘacks aŘ— 
chaĲČ—d bƅ lookiĲČ l—ċt oŘ ŘiČht, which us—Řs will waĲt to do —v—Ĳ iċ th—ƅ doĲЍt waĲt to 
chaĲČ— th— ıusic. This caĲ b— ıitiČat—d bƅ cŘ—atiĲČ a ı—thod ċoŘ pŘ—paŘiĲČ th— sƅst—ı to 
Ř—c—iv— aĲ iĲput, such as sŗu——ziĲČ a ist whilst lookiĲČ l—ċt oŘ ŘiČht, but this has Ĳot ƅ—t 
b——Ĳ iıpl—ı—Ĳt—d.  

Th— studƅ oŘiČiĲallƅ plaĲĲ—d to d—ploƅ th— sƅst—ı bƅ stŘ—aıiĲČ biosiČĲals ċŘoı th— 
GaĲČlioĲ boaŘd diŘ—ctlƅ to a Raspb—ŘŘƅ xi Z—Řo W, Řath—Ř thaĲ usiĲČ th— Op—ĲBCI GUI oĲ a 
laptop. A scŘipt was d—v—lop—d ċoŘ this puŘpos—Ϣ how—v—Ř, th— Ĳ—c—ssaŘƅ libŘaŘi—s ċoŘ th— 
Raspb—ŘŘƅ xi to coĲĲ—ct to th— GaĲČlioĲ via Blu—tooth Low EĲ—ŘČƅ ϼBLEϽ could Ĳot b— ċouĲd 
oŘ coĲiČuŘ—d withiĲ th— pŘoj—ctЍs tiı—ċŘaı—. As a Ř—sult, th— sƅst—ı was d—v—lop—d aĲd 
t—st—d oĲ a laptop coıput—Ř iĲst—ad. 
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͗. CoĲclusioĲs aĲd FutuŘe WoŘk 

Th— aiıs oċ this pŘoj—ct w—Ř— as ċollowsϡ 

͐. Coll—ct aĲd aĲĲotat— EEG, EOG aĲd EMG siČĲals. 

As showĲ iĲ s—ctioĲ ͕.͑, this aiı has b——Ĳ achi—v—d. UsiĲČ th— Op—ĲBCI GaĲČlioĲ boaŘd, 
EEG siČĲals iĲ th— ċoŘı oċ alpha wav—s, EOG siČĲals iĲ th— ċoŘı oċ lookiĲČ up, dowĲ, l—ċt, 
ŘiČht, aĲd bliĲkiĲČ, aĲd EMG siČĲals iĲ th— ċoŘı oċ jaw cl—ĲchiĲČ. As s——Ĳ iĲ iČuŘ— ͐͑, a 
xƅthoĲ scŘipt was d—v—lop—d to aĲĲotat— th—s— siČĲals duŘiĲČ data coll—ctioĲ. 

͑. xŘ—paŘ— coll—ct—d biosiČĲals. 

As showĲ iĲ s—ctioĲs ͕.͑.͑ aĲd ͕.͑.͒, th— captuŘ—d biosiČĲals w—Ř— succ—ssċullƅ ilt—Ř—d 
aĲd s—Čı—Ĳt—d iĲto two s—coĲd —pochs. FollowiĲČ that, tiı— aĲd ċŘ—ŗu—Ĳcƅ doıaiĲ 
ċ—atuŘ—s w—Ř— —ƄtŘact—d ċŘoı th— Řaw siČĲals, as discuss—d iĲ s—ctioĲ ͕.͒. 

͒. TŘaiĲ a ŘaĲdoı ċoŘ—st classii—Ř to d—t—ct us—Ř actioĲs. 

S—ctioĲ ͕.͓ cov—Řs how th— ŘaĲdoı ċoŘ—st classii—Ř was tŘaiĲ—d to d—t—ct us—Ř actioĲs, 
iĲcludiĲČ how saıpl— ċ—atuŘ—s w—Ř— s—paŘat—d to tŘaiĲ aĲd t—st th— classii—Ř.  

͓. D—ıoĲstŘat— th— ŘaĲdoı ċoŘ—st classii—Ř bƅ iıpl—ı—ĲtiĲČ Ř—al-tiı— pŘ—dictioĲ. 

As s——Ĳ iĲ th— d—ıoĲstŘatioĲ vid—o 2, th— ŘaĲdoı ċoŘ—st classii—Ř succ—ssċullƅ pŘ—dicts 
us—Ř iĲput iĲ Ř—al tiı—. IĲ th— sc—ĲaŘio discuss—d iĲ s—ctioĲ ͕.͔.͒, th— pŘ—dictioĲs hav— 
b——Ĳ showĲ to coĲtŘol th— plaƅback oċ ıusic.  

͔. Evaluat— sƅst—ı accuŘacƅ. 

As discuss—d iĲ s—ctioĲ ͖.͐, th— accuŘacƅ oċ th— ŘaĲdoı ċoŘ—st classii—Ř was ċouĲd usiĲČ ͔-
ċold cŘoss-validatioĲ to b— ͔͘.͖͐%, with a staĲdaŘd d—viatioĲ oċ ±͏.͖͘%, iĲdicatiĲČ stabl— 
p—ŘċoŘıaĲc— acŘoss dif—Ř—Ĳt ċolds aĲd stŘoĲČ classiicatioĲ accuŘacƅ. Th— coĲċusioĲ 
ıatŘiƄ ċouĲd iĲ iČuŘ— ͖͑ also shows that th— ıod—l accuŘat—lƅ pŘ—dicts —ach class. 

B—caus— oċ th—s— Ř—asoĲs, it caĲ b— said that this pŘoj—ct has ı—t its aiıs.  

Th— pŘoj—ct was liıit—d iĲ that th— studƅ was t—st—d usiĲČ oĲlƅ oĲ— paŘticipaĲt, who did Ĳot 
hav— a disabilitƅ, ıakiĲČ Č—Ĳ—ŘalisatioĲ dificult. Iċ this pŘoj—ct w—Ř— to coĲtiĲu—, t—stiĲČ 
with a bŘoad—Ř paŘticipaĲt ČŘoup, iĲcludiĲČ with p—opl— who hav— disabiliti—s, would b— 
Ĳ—c—ssaŘƅ. FuŘth—ŘıoŘ—, ċutuŘ— woŘk could iĲclud— d—ploƅiĲČ th— sƅst—ı oĲ a Raspb—ŘŘƅ xi 
oŘ siıilaŘ siĲČl—-boaŘd coıput—Ř, ıakiĲČ th— sƅst—ı ıoŘ— pŘactical ċoŘ —v—Řƅdaƅ us—. 
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AdditioĲallƅ, ċutuŘ— woŘk could —ƄploŘ— usiĲČ oth—Ř BCIs, such as th— ANT N—uŘo EEGO 
SpoŘts BCI cap. 

ThouČh th— pŘoj—ct d—ıoĲstŘat—d th— us— oċ usiĲČ biosiČĲals to coĲtŘol a d—vic— bƅ usiĲČ 
th— siČĲals as iĲputs ċoŘ coĲtŘolliĲČ th— plaƅback oċ ıusic, th—Ř— aŘ— ıaĲƅ oth—Ř possibl— 
us— cas—s ċoŘ such a t—chĲoloČƅ. FoŘ —Ƅaıpl—, coĲtŘolliĲČ a ЌsıaŘt hoı—Ѝ usiĲČ th— bŘaiĲ, 
—ƅ—s aĲd ċacial —ƄpŘ—ssioĲs could b— v—Řƅ us—ċul iĲ ıakiĲČ a disabl—d p—ŘsoĲЍs liviĲČ spac— 
ıoŘ— acc—ssibl—. A p—ŘsoĲ who Ř—ŗuiŘ—s th— us— oċ a wh——lchaiŘ ıiČht iĲd it taƄiĲČ to tŘav—l 
to a liČht switch, iċ th—ƅ aŘ— alŘ—adƅ iĲ b—d ċoŘ —Ƅaıpl—, but this t—chĲoloČƅ could allow 
th—ı to tuŘĲ th—iŘ liČht of bƅ cl—ĲchiĲČ th—iŘ jaw oŘ bliĲkiĲČ. It could allow a p—ŘsoĲ with 
c—Ř—bŘal palsƅ to tuŘĲ oĲ a cof—— ıachiĲ— without ıoviĲČ th—iŘ liıbs, th—ƅ could look l—ċt 
oŘ ŘiČht a ċ—w tiı—s to activat— it. SiıilaŘlƅ to how th— EaŘabl— t—chĲoloČƅ has b——Ĳ 
d—ıoĲstŘat—d ϼxhaı —t al. ͑͏͐͘Ͻ, a p—ŘsoĲЍs alpha wav—s could b— d—t—ct—d aĲd us—d to 
coĲtŘol a Ќdiıı—ŘЍ switch iĲ a p—ŘsoĲЍs b—dŘooı wh—Ĳ th—ƅ ċ——l tiŘ—d oŘ Ř—laƄ—d. 

Alt—ŘĲativ—lƅ, th— t—chĲoloČƅ could b— us—d to coĲtŘol a wh——lchaiŘ oŘ siıilaŘ ıobilitƅ aid, 
siıilaŘ to th— appŘoach d—scŘib—d iĲ s—ctioĲ ͔.͔.͑ ϼ9aĲuĲČo —t al. ͑͏͑͐Ͻ. Th— pŘoj—ct as it is 
Ĳow suppoŘts ċouŘ diŘ—ctioĲs coĲtŘoll—d bƅ —ƅ— ıov—ı—Ĳts ϳ up, dowĲ, l—ċt aĲd ŘiČht, which 
could coŘŘ—spoĲd to th— diŘ—ctioĲ th— wh——lchaiŘ us—Ř waĲts to ıov—.  

Th— bŘaiĲ, —ƅ—s aĲd ċacial —ƄpŘ—ssioĲs could also b— us—d to coĲtŘol oth—Ř kiĲds oċ diČital 
applicatioĲs. This could iĲclud— coĲtŘolliĲČ a ıobil— phoĲ—, as soı— disabl—d iĲdividuals 
ıaƅ iĲd usiĲČ th—iŘ iĲČ—Řs to coĲtŘol th— scŘ——Ĳ dificult oŘ —v—Ĳ iıpossibl—. This could 
allow th—ı to ıak— calls, us— social ı—dia oŘ bŘows— th— iĲt—ŘĲ—t without usiĲČ voic— 
coııaĲds.  

IĲ coĲclusioĲ, th— pŘoj—ct has b——Ĳ d—ıoĲstŘat—d to show pŘoıis— as a possibl— 
accoııodatioĲ ċoŘ disabl—d p—opl—. Th— bios—ĲsiĲČ aĲd ıachiĲ— l—aŘĲiĲČ t—chĲoloČi—s 
—ƄploŘ—d aĲd d—v—lop—d could —volv— iĲto aĲƅ Ĳuıb—Ř oċ accoııodatioĲs ċoŘ disabl—d 
p—opl— iĲ ċutuŘ—, with ıusic plaƅback coĲtŘol b—iĲČ just oĲ— possibl— us—. 
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͘. RelectioĲ oĲ LeaŘĲiĲČ 

This s—ctioĲ Ř—l—cts oĲ th— t—chĲical aĲd p—ŘsoĲal l—aŘĲiĲČ outcoı—s oċ th— pŘoj—ct, 
iĲcludiĲČ iĲsiČhts ČaiĲ—d iĲ ıachiĲ— l—aŘĲiĲČ, bŘaiĲ-coıput—Ř iĲt—ŘċaciĲČ, aĲd ıƅ bŘoad—Ř 
d—v—lopı—Ĳt as a coıput—Ř sci—Ĳtist. 

DuŘiĲČ ıƅ tiı— at uĲiv—Řsitƅ, I hav— uĲd—Řtak—Ĳ oĲlƅ oĲ— ıodul— that ċocus—d oĲ ıachiĲ— 
l—aŘĲiĲČ, IĲċoŘıatics. As paŘt oċ th— couŘs—woŘk, I cŘ—at—d a siıpl— iıaČ— classii—Ř usiĲČ 
th— appŘoach—s tauČht iĲ l—ctuŘ—s, as w—ll as aĲalƅsiĲČ a classii—Ř Čiv—Ĳ ċoŘ bias—s. Oċ all 
th— couŘs—s I —ĲŘoll—d iĲ ov—Ř th— thŘ—— ƅ—aŘs, this was oĲ— oċ ıƅ ċavouŘit—s, which 
iĲlu—Ĳc—d ı— to choos— to woŘk oĲ this pŘoj—ct. I aı pl—as—d that this pŘoj—ct has Čiv—Ĳ 
ı— th— oppoŘtuĲitƅ to l—aŘĲ ıoŘ— about ıachiĲ— l—aŘĲiĲČ, I Ĳow uĲd—ŘstaĲd additioĲal 
appŘoach—s, such as th— ŘaĲdoı ċoŘ—st appŘoach us—d iĲ this pŘoj—ct as w—ll as oth—Ř 
appŘoach—s I coĲsid—Ř—d duŘiĲČ —aŘlƅ d—v—lopı—Ĳt. How—v—Ř, th— appŘoach—s tauČht iĲ th— 
IĲċoŘıatics ıodul— as w—ll as th— ŘaĲdoı ċoŘ—st appŘoach aŘ— sup—Řvis—d. I hav— 
kĲowl—dČ— oċ how uĲsup—Řvis—d l—aŘĲiĲČ woŘks, but uĲċoŘtuĲat—lƅ Ĳo —Ƅp—Ři—Ĳc— iĲ usiĲČ it. 
I could hav— iıpl—ı—Ĳt—d aĲ uĲsup—Řvis—d appŘoach to coĲsolidat— ıƅ l—aŘĲiĲČ, as 
ı—ĲtioĲ—d iĲ s—ctioĲ ͔.͒, but I d—cid—d that this was th— wŘoĲČ choic— ċoŘ th— pŘoj—ct. 
R—ČaŘdl—ss, I aı Člad that I Ĳow hav— —Ƅp—Ři—Ĳc— with th— xƅthoĲ libŘaŘƅ Scikit-l—aŘĲ, which 
I ċ——l will b— iĲvaluabl— iĲ ıƅ ċutuŘ— caŘ——Ř. 

ThouČh I kĲ—w b—ċoŘ— choosiĲČ th— topic ċoŘ this pŘoj—ct that I waĲt—d to —ƄpaĲd ıƅ 
kĲowl—dČ— about ıachiĲ— l—aŘĲiĲČ, b—ċoŘ— d—v—lopı—Ĳt, I had Ĳo —Ƅp—Ři—Ĳc— iĲ woŘkiĲČ 
with bŘaiĲ-coıput—Ř iĲt—Řċac—s. I had oŘiČiĲallƅ thouČht that biosiČĲals w—Ř— dificult to 
classiċƅϢ that th—ƅ ıiČht Ĳot hav— a us— outsid— oċ ı—diciĲ— du— to pŘ—coĲc—iv—d id—as 
st—ııiĲČ ċŘoı th— ċact that th—Ř— aŘ— Ĳot ıaĲƅ coıı—Řcial us—s ċoŘ th—ı cuŘŘ—Ĳtlƅ. I 
l—aŘĲ—d that this is Ĳot th— cas—, aĲd I aı Ĳow —Ƅcit—d to s—— wh—Ř— th— studƅ oċ this topic 
will Čo iĲ ċutuŘ—, aĲd wh—th—Ř iĲ th— Ĳ—aŘ ċutuŘ—, p—opl— will b— coĲtŘolliĲČ th—iŘ hoı—s with 
th—iŘ ċacial —ƄpŘ—ssioĲs aĲd thouČhts. L—aŘĲiĲČ ıoŘ— about this topic has bŘoad—Ĳ—d th— 
hoŘizoĲs oċ ıƅ l—aŘĲiĲČ, aĲd I aı ČŘat—ċul that I was abl— to l—aŘĲ about soı—thiĲČ that I 
ıiČht oth—Řwis— Ĳ—v—Ř hav— b——Ĳ abl— to studƅ. ThouČh I do Ĳot ċ——l that woŘkiĲČ with th—s— 
t—chĲoloČi—s is Ĳ—c—ssaŘilƅ soı—thiĲČ that I would s——k to do iĲ ıƅ ċutuŘ— caŘ——Ř, I Ř—ıaiĲ 
op—Ĳ to th— possibilitƅ. 

OĲ— oċ th— ıost chall—ĲČiĲČ asp—cts oċ d—v—lopı—Ĳt was diaČĲosiĲČ issu—s with 
classiicatioĲ. At th— staŘt oċ d—v—lopı—Ĳt, th— ıod—l was Ĳo ıoŘ— thaĲ ͕͏% accuŘat—. This 
ı—aĲt that usiĲČ it to classiċƅ siČĲals would hav— b——Ĳ oĲlƅ ıaŘČiĲallƅ b—tt—Ř thaĲ chaĲc—. 
I l—aŘĲ—d to d—buČ it—Řativ—lƅ, t—stiĲČ aĲd isolatiĲČ coıpoĲ—Ĳts oĲ— bƅ oĲ—. I ċouĲd that th— 
tŘaiĲiĲČ data I had b——Ĳ usiĲČ was soı—tiı—s low ŗualitƅ, aĲd I l—aŘĲ—d that this was 
b—caus— ıƅ ıobil— phoĲ— was s—ĲdiĲČ Blu—tooth siČĲals which w—Ř— iĲt—Řċ—ŘiĲČ with th— 
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Op—ĲBCI GaĲČlioĲ. AdditioĲallƅ, I t—st—d th— classiicatioĲ oċ —ach actioĲ oĲ— bƅ oĲ— aĲd 
ċouĲd that th— classii—Ř ċouĲd it dificult to t—ll ŘiČht aĲd l—ċt —ƅ— ıov—ı—Ĳts apaŘt, aĲd so I 
us—d HjoŘth paŘaı—t—Řs to —ƄtŘact ċ—atuŘ—s which would allow th— classii—Ř to b—tt—Ř 
dif—Ř—Ĳtiat— b—tw——Ĳ th— two. As paŘt oċ uĲiv—Řsitƅ ıodul—s, I l—aŘĲ—d Čood pŘoČŘaııiĲČ 
t—chĲiŗu—s, paŘticulaŘlƅ ıodulaŘisatioĲ. I aı ČŘat—ċul ċoŘ this, as it tauČht ı— to split —ach 
st—p oċ pŘ—pŘoc—ssiĲČ, such as ilt—ŘiĲČ oŘ ċ—atuŘ— —ƄtŘactioĲ, iĲto its owĲ ıodul—, ıakiĲČ 
d—buČČiĲČ ıuch —asi—Ř.   

ThŘouČhout ıƅ acad—ıic caŘ——Ř, iĲcludiĲČ duŘiĲČ ıƅ plac—ı—Ĳt iĲ iĲdustŘƅ, I hav— 
stŘuČČl—d with ıƅ tiı— ıaĲaČ—ı—Ĳt skills. 9ĲowiĲČ that this was a w—akĲ—ss oċ ıiĲ—, I 
d—cid—d that I would hav— to ċocus oĲ ı——tiĲČ s—lċ-iıpos—d d—adliĲ—s aĲd stickiĲČ to a 
tiı—liĲ— oċ tasks aĲd ıil—stoĲ—s. At th— b—ČiĲĲiĲČ oċ d—v—lopı—Ĳt, I cŘ—at—d a w——klƅ plaĲ 
outliĲiĲČ which tasks, d—liv—Řabl—s aĲd ıil—stoĲ—s Ĳ——d—d to hav— b——Ĳ coıpl—t—d aĲd bƅ 
wh—Ĳ. I hav— laŘČ—lƅ stuck to this plaĲ thŘouČhout d—v—lopı—Ĳt. I ċouĲd that plaĲĲiĲČ 
sp—ciicallƅ what I Ĳ——d—d to achi—v— aĲd wh—Ĳ iıpŘov—d ıƅ tiı— ıaĲaČ—ı—Ĳt skills 
ČŘ—atlƅ. Wh—Ĳ I ċouĲd that I had coıpl—t—d c—ŘtaiĲ tasks ah—ad oċ sch—dul—, I d—cid—d that I 
would att—ıpt to d—ploƅ th— pŘoj—ct oĲ a Raspb—ŘŘƅ xi. How—v—Ř, I ċouĲd that I had Ĳot s—t 
asid— —ĲouČh tiı— to do so, as it was Ĳot a paŘt oċ th— oŘiČiĲal plaĲ. I was uĲabl— to iĲish 
d—ploƅı—Ĳt oĲc— uĲ—Ƅp—ct—d Řoadblocks app—aŘ—d, Ĳaı—lƅ that th— Raspb—ŘŘƅ xi Z—Řo W 
did Ĳot hav— th— BLE libŘaŘi—s Ř—ŗuiŘ—d to coııuĲicat— with th— Op—ĲBCI GaĲČlioĲ. I had 
to ıak— th— d—cisioĲ that woŘkiĲČ oĲ d—ploƅı—Ĳt aĲƅ loĲČ—Ř would Ĳ—Čativ—lƅ af—ct ıƅ 
Ř—poŘt wŘitiĲČ, aĲd so I chos— to stop. IĲ ċutuŘ—, I would cŘ—at— ıoŘ— thaĲ oĲ— plaĲ at th— 
staŘt oċ d—v—lopı—Ĳt, oĲ— optiıistic aĲd oĲ— ıoŘ— coĲs—Řvativ—.  

Ov—Řall, coıpl—tiĲČ this pŘoj—ct has siČĲiicaĲtlƅ d—v—lop—d ıƅ t—chĲical aĲd p—ŘsoĲal 
skills. I hav— iıpŘov—d upoĲ ıƅ kĲowl—dČ— oċ ıachiĲ— l—aŘĲiĲČ, Ĳow to th— poiĲt that I aı 
coĲsid—ŘiĲČ a caŘ——Ř usiĲČ it. Mƅ uĲd—ŘstaĲdiĲČ oċ biosiČĲal pŘoc—ssiĲČ has stŘ—ĲČth—Ĳ—d, 
as w—ll as ıƅ abilitƅ to plaĲ aĲd ıaĲaČ— a loĲČ-t—Řı pŘoj—ct iĲd—p—Ĳd—Ĳtlƅ. Whil— I 
—ĲcouĲt—Ř—d liıitatioĲs iĲ scop—, I Ĳow hav— a cl—aŘ—Ř uĲd—ŘstaĲdiĲČ oċ how to stŘuctuŘ— 
it—Řativ— d—v—lopı—Ĳt, d—buČ coıpl—Ƅ pip—liĲ—s, aĲd ıaĲaČ— uĲc—ŘtaiĲtƅ iĲ s—lċ-diŘ—ct—d 
woŘk. IĲ ċutuŘ— woŘk, I will b—ČiĲ —valuatioĲ t—stiĲČ —v—Ĳ —aŘli—Ř to —ĲsuŘ— th— Ř—sults caĲ 
shap— d—v—lopı—Ĳt d—cisioĲs. 
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