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Abstract
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neurophysi ol ogi caad istt uwla elsd od!l IWawkL f or t he ob
oWMLI hul |y coamtdr oilmnaebrisdi wael envThosmehéesis ai
investigate the c-YRbanddEEG&Gei nft H&Dstudy of

A systematic review of WMLV R oammpda rail stoenrsn abt e tvwee
using neurophysi ol ogitchad urddD¥@fracas vfaoruinadb Iteh at
effedWMLonel at i vbea steod nseecrideretnuapr eeahi a¥hens
effect ondaMMendvarst-VEnc bBMDIi gur at ibbMiL and t as Kk
predomidiniadntnioyt di f fiem HWDHWadp d oiwfeirc avtRi on HMD
and EEG were succeascffulirey cecommitndd| atespomatee
toisually and auditoriWwgrkpregemémdr gyuasit bms
additi.anf oéapbwt he asrtiutdhymectointpar ed EEG data p
steps (hi gmmgalsoswpfa $lstiretrg rebyaesadt i f act removal)
mi ni mi sséRrteMDat ed arti facos.sAudpatompaniamggwi
bet weers pleicgH i ¢c aVtR cathedsl MD@ape dr t uapr eseahi atyi ons
during a | earningfamdcdr drdcaittica waer tastka and
frequency bdaindd naoctt idviiftfyer. Thet maen idd erpttiafyisench
i s tyhbaetr si ckness sympuroHhM@ViRmemeiatsieans i n the

arithmetical and s.pati al navigation tasks

Taking the readulitsshfaoorgimiegle f | c avtRwas HMD
successdmdilryed wi th e&EWE&Gnt or alcytued epot ent i al z
respomsegsspeci fi cavtRAomotHMDncr ease WML-r1rel ati ve
based virtual irtesal emntiian ensdd arbd H-wan d dr e al
applisation
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ChapterTHeg Utili satMoamtefd BDeasgpl ay
Virtual Real ity and El ectroencep

Me mor vy

1. HpaMdount ed Display Virtual Real ity a

Psychol ogi cal Resear ch
The term o6virtual realityd (VR) in psycholog
refeasmetohod of presegenegabedomput anl envir

parti dilpeslt @gmet hodoill pgy elso Isd gricwiaeisi r st
proposhehde 1L,860asvolfveld ¢ wweindes pardeogdoif on
comput er tiencehsneod noaly hig9 7 D8 JCo mp u-baesred r esear ch
of fered sever alt raaddviatme rodingeddsa medvaeprer st udi es
primarily mallllovaeaxumdoirgnu leisent arte o mna
measmeeComputers can al so abnlhhareda rexpaemi mearyts
di fficult for traditional met hodol ogi es, for
the experiment and providing [@adMtRomati c feedhb
met hodold etga ieesx manrddt hpobenefits of compwteris
all owhuusgef fwTwhitywWHIvBdch can present particip
scenarranogsi ng f-dayn ceweuryrences tpljTjasysi bl e ¢
usiongmputer sd&mRee¢mrs hatogl roggs eerst st i muli are ma
met hodol ogi es used i n paanydetharn dapaad @ | research
neur ophysi ol ogbotl guseuacbhredaeseed r oencephal ogr apt
[ 5,.7, 8]

Heamdounted di spl ay WiRjteu aelwsrada albil tey igloBgMD e

devi cesf achiilciht ate natwuralistic sensdodryi motor |
Oplil agser ssti et @@¥BpPLLHMBVYR al so referred to a
VRG1L,Dui l ds upon the advantages of MiEssing VR i
which daereabeesxtplcoarlddy 6a nwi ti mftoerr aecxtaendp | e t ur nir
head to visually explore tiwerVH, actt i mapl it ®a tc

a tps&8HMDBYR devices can also exclude external
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mi ni mcenfhgundi ng /[ @alnsdt rparcotdiugch snfge e | 6 pgesenced
[ 126] defined as the subjective feeling of oIt
[ 6, 9,10, 17]

Experi mental de¥Rgfmawii ltiht at e(dMDpar adi gms wi th
val i[dli8tjgs research can be conductevbrild envir
experiences, tphp&8Rs2&@pd arkaagmpehrech has been co
wit hin scilmwslsadaeadhsegr ni ng and s[oZl ,a2 Mprae cawdd rg,m
paradigms or scenarios that are difficult or
complexity, risk or costs i-iRollW can be co
experiments emul ating aJi 2,9]Jocrrto ssse cnugr irtoya desh ewc ki
oncoming traffi[c2]hainlds tt rdaivsetrrsacntged al ance be:
hi gh a[lz2Bfwelebeen conducted. l ndi vidual fact
VR VE which are diféakulitfeéocamnapsbabe caont
wind speed and directi ¢R,6ial laowiamdg senamsihs pe
experi menWhill ¢tr ixailsi.l ar paradigms can be con
HMBVR offers -afmecei ve-ehhdcspareesol ution tha
met hodol[l Q] es

HMBVRhas been used in rededr@B]swars eprtevee ntoOd
wi despread adoption by the hi glh2.&]oHsotwse vaesrs o C i
the 2013 release of-VRhdeWi Oty | b $ne RhedlnedddD KMPD

to a range of-VRf fdewvdalelse beMD mi ng accessi bl e.
avail abiéchiyolamgi clad g racdatalpye eidretder est i n t he 1
the WMDiIin psychological arnfd,RaMo2d0sHcMBeE nce r e s
VR devices are typically paired widadr daéendg eafna
freedom ( BoCaFs)e dheraodt ati ona-DOFr aoki hgonat tubk

3D space, allowing intuitive visual explorat
(i .e20A@89t systems such as theabODsoluscRufle C\
accel eromelilead attdamaeidomandhel d controllers
all ow physical movements and object interact

Object inmutteirlanestiinagn c @ah pro ®lvliadeesi | e feedback w
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pressai bgot osquéebei ognt molewiatcht t ma vihrot d&l obj
The sensory feedback can be addirtawio tolanish yt lea h
contrtool Isearmoluathé ng or U BiHogw eavineorwiémmecrts i o n

conf i guwiatthioounts mot i, o rs uaddindesrssd lnlgbust on on t he

the WMDdepla@ale! |l be | imited in the sensory f
|l ndependent of input meathatcd,o nopbdgne catd 9 naler act
feedback of the item moving or action being

movements beingyramrasa&indmrdiars @inhiemaMB,on bei ng
pl ayMadnny modeWR HMDIi ces are also compatible
peripher al i nput met hods ,[ 3fAdird dx a §BIRg sdti e&rsi

all owing for intuitive interaction with var:i

Figure 1.1: Image of the Oculus Rift CV1 DB-HMD-VR display device [33].
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1.1Tywpes oModemaed Display Virtual Real ity

HMBVR devices can be divided into sevasral su
determined by the perceptual facilitations a
Aspects such as higher reciolaeawi OCF®OF;r e@&ns, |
intuitive interaction methods, and quality o

i mmer si Des&kdaped -\HRMD(-IDBBVYRar e di spl aoyns t hat r
secondary devices suchpa9ocelsa kaVnbdpf fceampt thteer s
highest | evel sAsesf mi meess ngnoccurs within the
HMBVR can support VEs requiring higher techn
wi t h-skpiegh fi cation computers, proviédi ng mor e
HoweveiHMBDDB i s typically -Fremttedtbpgmbeement
host de&wi]ce

DBHMBVR can be further di wirdedcHKBtRye eanndc ons ul
advancedpéhbi §hc-dMDWOR)O MAHBSel s such as the HTC
(Figure-HHMBYR. dB8i ces have i mproved technical
hi gher resol utlierng dri spPOV4,y salwiotvhi ng for VEs t
clarity compar edliMBV&R sntoalred ar.d DB

Figure 1.2: Image of the HTC Vive Pro HS-HMD-VR display device [35].
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Unl i keMB/ERR, st andaVRneke BiMdDens as t he OFiud wrse Qu
1.8)e capable of presenting VEBhei phowuesidag
t he VWl iperedaremijfcaeci | i tati-dgplkagyment faeddl owe
overall] 3.¢lloswveser, due to the | i manhdal pnec &MDi
VRdevithbe, VEs presenbedralbk boDMmmkboweon

Figure 1.3: Image of the Oculus Quest standalone HMD-VR device [37].

Smart phon¥tRaHMPanmount ed adapters for smartphor
emul ating applications, such as the Google C
HMDBVR s a-etbettive solution as many modern st
capabillei]toy tbtemreeduicmmer duehoswpeci fications, |
positional tracking, and restrictive input n

27



Figure 1.4: Image of the Google Cardboard smartphone HMD-VR device [38].

1. 102h¥rrtual CRefaal guyati ons

Traditionally, O6VRO6 within psyRaoddgVicrattuales
Real i tWR)( $SB st ems, typibcaaslddy WRRI)(nypBohd 9 lgtua @t i
When usiVviRg DBhe VE is presented on a standarc
interactead wi kbybear o uand amopuuste ,srteatihloodr ed t o
the task presenVBdi sHowerseder PB3®$ diwe s mmer s i
noitnt uiftaicvdliyt ate sens,oriimMmotteoad pbreokemiyliibmg oug

a window into the VE.

Cave Automatic Virtual Eph#&0 a4 emdstemirCAVVEYDL sy
VR sys[tedisi ch utilise projected imagery onto
vi ewed through 3D glasses, produces a stereo
centred within the CAVE system, and the VE a
or come towapdsati{hefpactieely placing partic
retaining their own body. However, CAVE syst

VE, and cannot easily facilitateommparmuedltict.i
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HMBVR VEs. For exampl e, raising your hand to

di splay or introduce visual dispari[t42]lbet wee
Specialist peripheral i nput methods or equip
accurate interactions for specific-tasks, bu

consumé4ig

1. E)ectroencephaHegdMawprmtyeca n@di spl ay Vir
Real ity

HMBVR devices on the consumer mar kesti zaer e gen
fialsl 6, and use adjustable or el asticated st
Many modeVWVR HBDIi ces are also compatible with
straps,amwhaxphose different parts of the scal
Il n research applicaalilobnganddint etdalbleerdp@by si ol
recordi ng seucthi ppsemMeE@sed underneath the VR d
di fficult to acncoHWHp2,Gltacn dEEG sear chers somet |
HMBVR devices to better [f4a8di | i tate EEG headc

EEG i s-iamvmen ve neurophysiological measure of
the brain, captured though a serieg d4bf] el ect

First used to record human brain activity in
worl dwi damalmy Marntit hews itnhed 98Brde d &m®iGnarst neur o
met hod useddtctosgmgnly used in conjamdtihem wi't
physi omegsoaks in co@diBdBi] vweherne speraerscehnt ed wi t |
stimulus, the neuronal response in associate
voltage that can be measured by EEG. The el e
EEG results from the summed excipatemtyi ang o
the neurons underneath the recording site, w
vol tage changled.Qlespectively

The recordabl e electrical signal at the scal
the brain is eWéryasmalktl mst1t00ravel t hrough n
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before reaching thd¢ 454dTwor ac qqagu aeléietityt goeduerso | o g
data, modern EEG systems are comprised of a

both the recording of the data and the execu

The main component of the EEG system is the
sensitive to placediaghi ssgneahe scalp. EEG i
with a conductive gel or paste, which bridge
el ectrode to reduxCG]Etlleetirmpedasmnaeadat dceddon
|l ocations across the scalp, -epddhed headwvap,a
using the i Rr2tOe rsnyastEiieamuale 110 5) based on percert
bet ween ef eomr b Udceesnsfcda8 ,pS EEG al so uses ground
reference el ectrode4 @mtod sien aradd soe tThhee girgruald
necessary part of the amplifier and recordin
from internal and external dgstamesplraced. oR
near the head where brain activity is not ex
earl obes, to detect phpMmb]Swnbt red cetcitirg ctalH e sd agtnaa
the reference electrodesutesmexher E&IG wwauete
compromising the EEG signal
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Figure 1.5: Layout of a 19-channel EEG electrode configuration using the
international 10-20 system with 2 reference electrodes (Al and A2) [52]. The

capital |l etters in the electrode desi (
refers to electrodes over the frontal
| obe, 0C6 electrodes are over thhe cent
tempor al |l obe, O6P06 electrodes are ovel

occipital lobe. Odd numbered electrodes are over the left hemisphere, even

number s

The EEG
i nput f
nd a ¢

i gnal

- n o0 9

il teri

gnal

v v 9o

nal yse
recordi
speci al
system,

button

are over the right hemisphere,

el ectrodes/ headcap connect to the ac
or t hed heelaedcbtorxobd)e, s a(nt haerabil g if ti ®&Ir , c@amv emt

onnection to the recording device (Fi

ectr odrelsamaed by the amplifier, which incr

by a -1f0a0cQt@8 , 50 mpllOoiof0i cati on al so contr
ng of J[udSv,adn@ ke ddisfifgenrad st i al ampl i fiers

ctivity between the reference electrode and

undei glaegs tead a sfibginlal | owi ng r eéoobéded si

d in compatible digital formats. The
ng device, which can either be a spec
i sed software. The acquisition or rec
whi ch can mark i mportant events in t

press responses.
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. Experiment
Display C(I::J)mputer
Trigger
Delivery
System
¥
Wireless EEG
............... >
EEG »| Headbox ] Recording
Headcap Wired Device

Figure 1.6: A standard EEG configuration, including all major components used in a
standard EEG experiment.

Presentation devices are sometimes included
a VR device and supporting computer hardware
all ow researchers to present stimuli with mi
resear ch,s cfutchara s[ SPss]lyfhlro Ry mput ers control |
presentation device may additisceemdi i ggeesor d

the acquisition or recording device.

1. @pmbi HedMount ed Displ ay aviidrtual Re al
El ectroencepha¢eBgamapihy

Whil st the physicaVYR dmay gmast oifnhteiree HtMDy e x c |

usage with EEG, it can be difficult to physi
togef R@eJEEG i s sensitive to many sources of

example 50/ 60Hz I ine noise from the mains po
[ 45]1't is therefoiVR®, pwhsiclhhl eamhamcHMBbOe el ect
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screens in very close proximity to the recor
noise to the EEG recording. To address this
conducted examining the effectVRofdedi fcfesr emt
EEG s iqumdCattyt.an[] @¢mdnstrated t hteme whbEemi nor
the quality of EEG signals bel coWR.36Mar avdhveerr ,u
Hert weckb5@é$eadlftiempuency anal ysi-daMBWR fi nd t ha

Ocul us Ri-AMBVaRVd vESPr o introduced 50Hz | ine n
recording, and an additionaHM®B/®RHz Ln mies em owlsen
also commdédAMBVR EBG data and can be easily re
preprocessing us[imAg]mdingimti ali nfgi Ittheer iumgvant ed =
There are several analysis methods that <can

e

probe different aspects of the recorded sighn
reseddd&h 58pr exanipelleat eedv eprott ent i al s ( ERPs) e
the tommked amplitude and | atency of voltage
[ 5.9]A set amount of time surrounding each st
averaged over the collecséedmuitual shaagpechsaod
are compared against the -mveyargteataimpn i dadel io
theilbrahould be at rest. The averatgmogser oce
ratio by redusxeé ntgo rlasmawen tnlbpe t argeted respon
then be conducted between conditions or regi

responses to stimuld.

ERP met hods have seen -WR eanidn EEoGnbei xnpeedr i HiMDn t s
range oMR HsMDbcategories. ERP studies have be
moder R20plr3e NRDG6G63gnd smart pWV&Rheed HMWDIe-r n DB
HMBVR devices such asbddre WHSIe€d Viinwvweehmerrei ment
ERP responses, for exampl d 6bddjandganbéntriadbnsa
memo-bygsed [tGa@l&kseover, a singul-BBMDW¥R aipviee of

Pro being utilised in EBP]analysis could be
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Whereas ERPs are |l ocked to repeated events w

studies can involve |l onger durations as the
certain freqguency bands of activity over timn
bands,amplre etxhidz )a dmMd-18/lHZHha @3 e extracted an
averaged to find the pfg®®8dcompanellragaensty &a
examine relative]l] @hl]omrgevd siumldogwdmspected to
in certaintibf@éh@]s ctahndre i nf ercroegdnivihiavte apeocCces s«
represent ed biyn taobtaiskidingpes compari son between
behavioural findings.

As WHRPh studifese,quteinmeg measures have been use
sever al cat ey®r i afsrnmeegfueHMDy measures have bee
compare attention and memory in tMRKks presen
[ 16, 3BHPIBVR headsets such as the HTC V- ve hayv
frequenci esncs tsdduilggyss ,ng changes in frequency |

a physical spa[tdla]lTi met dtriegqmuetnazayk anal ysi s has
DBHMBVR experi mennegataimieai iygmpt oms of moti on
arise during VR usagle7.ZX]la¢d edacgbalrsockaessal
the-HHV®BVR Vive Pro beifm@gqueadyi EEG] B&p2e3]J ment

The exampl es | @gfo mdeudehMBWSRE faund EEG are promi sin
applicati-wR iod MHé&l®Pendmsh r atthhen gmetthhaotds ar e not
inherently incommpatdialsleev.ertd wegwers, i n knowl edc¢
combi ned/RHMDd EEG met hodol ogies can be ident
of HWB, part-HMBYR,r c&drSer ent-tr gpuerdented in the
for ERP Hytuund i&e[sl@& @snpl| ecHBMBVRHS ei ng used i n an
udy does novi dblinideetaysnigboi Itihtey of wusing such

(72}
—

search applications, rAroMDVRr bet hgrasedampl e
sks. Mor eoveédrmo tghueirdeanicse loint thhoew t o pr epr oc:
ptured VIR &x plNVDment . De gpiidf ebcetierveg riad e rEtEIGS
ri ngvRHMDx per[i3gnbsdedi cated exami ndtei on of

—
c 2 @ o
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artiffraemsadcagtuai r ed during otfh eHWDo mbdhé&& Gbeen
conducted.

1. Woprking Memory and CognHéeaMoeu nLtoeadd TF
Di splay Virtual Real ity

1.4.1) The Multicomponent Model of Working N

It has previously been found that increasing
configuration, for exampl-¢R usdmgem, hagmebbemre
response ti mecampanrleawtonmecrysi on c¢ dn/fdi,gfrbrlat i on:
However, the specific -\aRl vlamdra geetsh eorf tuysp ensg aHfV
psychol ogical and neuroscience research goes
specificapriomhwcdsasdament al ly different exper
benefitsVRofi HMDsearchcandbaeapphdensiooad t hr ol

theories of working memory and cognitive | oa

Baddel ey amul tHidacmdadamdntwor ki ng memory is the
theory of how information is activel[yi6hel d a
79The multicomponentambdeverwuomals tulpenl i mita
At ki nson amd ksStha rfef rmennddbr8y0 | ma d ¢d xxud rmdilnyg upon
t hehoetreer m memory store | ocated Dbtedrwe eme seEmy or
(Figuadnlike Shermuimbideh ,apsomessi ng i s

independent of ,sdrheormulmaddcalmptoynten te xmpldail n ah d
di ffer enden sigmefyso ronfptriocrerwiseldi n wor ki agdmémar y

this flow of i nformation is controlled and c
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Sensory Short-Term Long-Term
— . Information Store Store

Figure 1.7: A simplified version of the multi-store model of memory demonstrating
how each store interconnects. Information from each sensory modality is processed
within the short term store, which can also encode information to and retrieve
information from the long term store. The returning arrow on the short term store
represents rehearsal.

The multicomponent model dbstribestfoonllgtd
subcomponents connected to sensory inputs an
The first two components explain how infor ma

from sensory 4sppuialtkB&evicttpad processes Vi s
infor matilenn; tae phonol ogi cal | oop processes
These compouttdeet pr ocessed information to the
integratesinpawtsbnsafpyr mati onteemr memedyfron
a unified representation. The fourth subcomp
acts as the overarching duma@watrhikeiony memproy e n
proce<€easerxaelc uftuinvcettinensude directing attenti ol
of information bet ween ttheer ns unbecnoonrpyo,n eonrtdse rai nnd
mani pul ation of i nfor majtainara kh enlgd dierc i wo roknisn @ &

the outcome of the j8&8Lprmation processing

Central Executive System

i Phonological | Episodic | | VisuoSpatial i
i Loop Buffer Sketchpad |!

A 4 h 4 A 4

Long Term Memory

Figure 1.8: A simplified version of the multicomponent model of working memory
displaying how each subcomponent interacts. The central executive system can also
direct the recall of memory and schema from the long term memory. Figure is
adapted from Baddeley [78].
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The ability to tdhsetpnguesbi bhbgtwéewi sual and
and describe hoWwetheserpmayenced wor kirsg memo
i mportant f ort huen dbeernsetfaintdsi nagMdV Ruisnaigteat i ons of
research andAsddPVR ciast inoont. onrelcyeisssuaarli leyx per i enc
with many VEs including auditory el ements su
to be able to understand how thesgsoer di fferent
di f flewmemdawtL Thphonol ogi cal | oop and visuospat
mul ti component model faciliththtdh et mitdorender s
modealnd ot her contemporary mode lesx &ofpvlaveadrsk i n g
embedgedcesses8&bddueglgest s that the contents

is the o0focus of attentioné within an activa
The individual i's only consciously aware of

i nforrmatmicomdi ng those damnbe einrstoagyr atnedi tasnd

whil st the remaining-tacm mamedypoemesobsoiinkto
available for processfinmgectsilomvahaern t i ckess pii tt éh tt
component] 8qgddlhe empbeodckesdes model does not

bet ween the sensory inMmBBtlsenhdethegsamel desgr @

current context.

Central Executive Processes

Long-Term Memory

Activated Long-Term

Brief Sensory Store

Focus of
Attention

oOT o

Figure 1.9: A simplified version of the embedded-processes model of working
memory. Sensory input a represents attended to stimuli in the environment. Sensory
input b represents habituated, unchanging stimuli in the environment. Sensory input
c represents novel stimuli in the environment. The focus of attention within long term
memory is controlled by the central executive. Figure is adapted from Cowan [89].
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Wor ki ng membirmi ted by the amount of infor mat
processed and mani pul ated aoampawri rtentilsy .l iWuo rtke
bet we®8ni dems or combined 6échunksdé of infor ma
the type of iamfdorimatiivimulad! di ffpo9enekps bet we

therefore possible to overload working memor

external factors, which can reduce perfor man
memory sy8$Memsover, distractions and disrupt
memory performance external to the task, par

not available to supdPitess theodghtthaetreduct
di stractiong with BkPaesoogt eabdonifetrbneast i aomd
presethd ealn partithpanWRMBbof fuesresr ,t he best chanc
benefitting experienced WML.

1.4.2) Cognitive Load Theory

The mul ticompdnewotr kmmndga pmleanioms how di fferent
i nf or matbiecoonmbalanee | nexeas ewanrclkidn g Inmearo;r y

however this is not a complete dessteatjon o
Swe [6l1§98Bogni tive Loa@9Bhebdygy ((EbLNH) Baddel ey a
concept of wotrok idnegs ¢meeinober rya midc sf fdefy pragw of st i m
and information can inter &tiwatroi gifda&lclty exper
formul ated to I mprove educational instructio
of the working, nie@irndcevyedtopmuowasddi 80 descri
how different | evels and types of experience
memory pro&eid9¥P$FCLT suggests t hWhLitsotaal expe

composite of the three subtypecmsad;f dndd: i nt
germane | oad.

Il ntrinsic |l oad is the inherent amount of <cog
information or complete a task, resul ting fr

t hat must be considered simulBanadaobdasHmdPr2] 6el e
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exampl e, i n arithmetic 2+2 is relatively weas
digits and required operations (such as <carr
completed to r &acmankee | damsdwerfers to the amc
required in cognitive systems dedicated to t

l otgrm memory, and is dependednlt, 9o/ i ndi vi dua

Extraneous | oaidr rreelfeewrasntt oditfafsikcul ty i ntroduc
substandard instructienmul dapegashfFongekhepts
i nf or matviiosnu ablodtyh ainmcrraeas e ortihggampopedeésoifng

without introduc|jbh@3ne&4)refoamadreadmhi mgtent i
el ements which distract from a task increase

suprepgs@eswWhen working memory resources are ¢

extraneous |l oad, it reduces the amount avail
hampering | earning[@ab04task performance

l't is through the reduction of 4Rtinaneous | o0
research and application relative to-other d

VR screens are often surrounded byldiegtract.

whican be reduced by isolating individuals w
VR. I n comparison to CAVE presentation, whil
to interact with VEs-VIRn mm anti unri asleiss toirc pwaewse,n tH
vi sual i dss partavelenand virtual el ements that <c

based AR]

1. 8. Me as uWersk iof g Meonaar y

As it | ssadpddfamtccadygr & o ntrinsic, extsy aWwkBbus a
is typically measured as a compb@T7]Jiba;eoe each
arangeofbehavi our al,, pdyaliaot dotgnec@rlol ogi cal me as u

in CLT r[elsOeBhlrch are often used together to p
readings of expé@®&iComumed Inead ures in psychol c

i nclowdeecti ve behavioural measures such as t .
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accuracy and | earning outcomes, with increas

perforodarmeese th0eBAlpopul ar subjective meas

report NASA Task -TbX)J fodemed@ddASANng experien
wor kl oad over s udemncar s h yodei ntaatdéesmp or al demand
evaluation of own performbhz,el13ffort, and f

Cogni tilhves lalasdo been cmoenp ®u re ebdby sengutbgyvse ol ogi c all
measureasnceywa i mgviehkhleyepllilalpsupil[ 1dashédt i on
gal

s
Y
such as EEG and-i hunatednapeotnosgeppuffeNI RS)
phys

anic skifj bl4 eGlhpjdncseeusyv e physi ol ogi cal recor

I ol ogi calwor B pgnme mo oofic cpurrorciemsgstedsiet b r ai n

For example, increased blood oxygen | evel de
indicate IinofeddMed lasvenesmsur ed ufsumcgt incentahlo ds
magnetic r esonfaviRfl & lo/findIgRk $198 ,(1 M®) eover, when
f MRI to measure BOLMDeseagmahemrespamslesgal i se

associated with wor ki mwhimdmarsy tpyrpoacead degs repoc

frontoparilet2ad] regi ons

Wor ki ng memory r essae arracnhg ea losfo EJELGOI8neshe®Vii B & n
tifhe equency anal ysed,heatoed ngaadipehtey it ame t al
commo@xagmi nedl| pivand desynch8lohHz)atd sbda ntdhet a
synchr on#4-3 ett)yoon c@pd gsenti ng hi ghleetl2¥pvel s of
Changes in the synchronisation of frequency bands can be examined individually

through event-related desynchronisation/synchronisation [ 1 2 @& jising a power

ratio between the frequencies[ 1R9 Beta activity is also targ
i ncr ecacsgendi t ibved nlgo ade p rieeate b tdeeds ybnyc hr oni sati on

[ 122,iln2 t]h e[ T 2a&8n)dt dalemporfal3 dldgwewnsr , It has Db
that both higher and | ower beta band activit
experieangreidt i[vie2 2l]]oad
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ERP studies using working memory tasks wil/|

through the presented stimuli, or will measu
are affected [b%5,aRdtthmemoniatskwgeki ng memory r
i's dm*E006 positive peak-4t0h0arts opcocsur ss th darhiveuesn o
amplitude of which is associated with change
[ 132]The hR30been associated with a range of ¢
the all ocatvieomesfbucacgni tiol] pB8Eantdeéd <swOinmelxit
wor king,memorny commonly found that the P300
amplitude when unde#d ndiuglredrl Pléeaieblddnidfart as k

modul ati on under increased WML has been foun
example the N170 response commonly associate
demonstrated to reduce i n ampll3i5t.uddeé ]when WML

l1.AHeaMount ed Di spl ay i Witrutdwaels WRe &li intgy Memor y

Wor king memory is |inked to a Iwgi7dmamynagfe of
which are the subject uocsfi thtdPpR.r i feem tex ammldal,c t
VR has been used to presdretardtl Bkdd (e]sa totf e retdiuacm
[ 141memoryl4wédami cl e [pPErapjooaedur afll kdh]Jowl edg
managemdadd ,14amnld spati[all4 6ndMR gaalsé eoinng uti |l i se
i n eduamd itorracinntiéngge 8 Jensen ahd4fKljonraadeen ew)
for extaommpdreease engagement whiflld®8]reducing d

There have also been several comparisons bet
bet weenVRHMDNnd alternative.pHeswentat i anfc metkao
HMBVR increases or decreases experi,emmead WML
what factorbBasmpattyehi.bdMamyr @edchédcese compar
the use-VRf beMERf i ts working memory processes,
i mmersive display reduces measures of WML. F
outcomes and skil-bagednlsdgent aisrk g rbelscecnkt ed usi
moder HMBPDBR was i ncreased c\WRnpanrd drfeteeolctomel i DB
[ 14RqdIl d8n[ &4c5oprip.ared performance i n a manager

moder n-VIRMB ne&/ RDB and found performance increa
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HMBVYR condition. Moreover, it has been found
using smar t-yRolnSaOnsiMdoder HMBBR[ 1 5 1njpr ov e

l earning out comevo ril albabtlaiesvedd utp@ edsreenatlat i ons US|
Power P®dwdr. al potenti al expl anattonwiVNiRavW®Dbe
increased working, memolrydipm® ctelses elsi gher | mme
easier informdtggomepi oaceemiseg atteandon fron
engageofentsi AVgR HIMD] ilcdely

There are also several &Rmpard adnerhat weeen dH
met hods that find the more i mmersive display
Ma kr ans Kk[yl 6eptu nadl .t hat , when presenti &R the sa

and -\DB, usi VR HMBreased neurophysiological m
task per fParmarmgc & IMASgland t hat, without additd.i
reinforce |l earning, VRedeseeabedt modarni HYD
outcomes compared -bhaos ed esall i pdreefdeadni taet d eotnisk. s e n
et [all5f2ojlund t WeRt iHhMnced higher | evel-¥Rof | oac
simulator for | aparoscopic surgery training.
increased WML r esus$itretdr dd ware-dR sy srédd®,i omh i ¢ h
increased extr aMeakoruasn d kjyd dehtB Baolo.n g & 1MaSy]e r

S uggest usefHMD-VRiieself is the source of distraction, through the

increasedper ceptual realism or distractitngud evel
increasing ex.tFraemneocu K flédepptanadled upon this, s
t hemmer si ve VEs contain higher |l evels of ele
expect to be able to interact with all the <c

rel evance.

As HMB i s an emer gimgydlreaclhagilogly amd neur oph
researelarcagl ati onship between the display me
processes i s culror edmatttldye uenkmaoaswvnbeen no system
comparing the amount e/fR WNMLa geev agkeende rbayl | MDD r
subcategoriviRs refl aHMd e t o ot heMopeemamy ati on

higmmer si eWhR HEMDnf i gur ati ohsl Pavueeseaeanwor ki ng
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paradifgms exaHAMDER HBodel s | i ke Ittha sViiviep oRrtaa n
gaps i n knawldgdkdedcs edreea t er under stvVaRhdi nt he use
psychol ogi cal research, as wusing a presentat

introduce unwanted confounding factors to ex

1. 9%9Virtual aRdaCybgrsickness

A potential problem when utilising pby3Form
Cybersickness, also called virtual54ee835]Jty i
VR siclkh®6&lsr simul §t1&r7Jissi cckhmeersasct eri sed by f
nausea, dizziness, disorientationjsabel heaaead
that cybersickness results from the O0sensory
receiving input indicating movement, whil st
i's remaini nfd bE% 9jeiverd asr vf cybersickness are t
using the simbihaste questwhinal@iprolf&esSQ)ot al c

and contains subscales of nausea, ¢dwBIOdmotor

Whil st the presence of cybersickness is detr
suggested that cybersickness whewnsnosg kKHWMMEBvale
devi[fcke®l]The exact increase in cyb#&mRsickness

experiments is inconsideaesenbé&t Weladh7ald s adi es

review). Some studies report <4% [ofgplarticip
whereabersasemany 4ol 55739 183f] participants
experismeatidhayr ge i ncreases i n symptoms.

t i s i mportant to take steps minimise the ne

VR restamr ohmiegati ve symetioesced bdyu rpianrgt iacni p a
experi mBasic steps that can be taken include
cali brated f orStearcrhne \p aAebtdojach dp atohrartect |y cal i br
interpupil ( bPdE) dtihset alnecreses i n the HMD system

cybersi ckneshA csaylmpbtroarsicoann pbreo ciendpulreement ed i nt
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experiments by including a clarity check at

having participants read a short passage pre

Cybersickness is parot iwoulka rigy sreeehtositymeln tes!l, as
increases |l evel s[bdpé5BRbbaADEO&sT4madt t er

OberhausgpB2pgyggasted that the incredR eadv &MML o
DBVR partially resul ttedi o rtohme rceyfbcerres iicrimeerstsa nt
measures of cybersickness, such 4R tfhe IO,
reasons. Firstly, to track symptoms that par
i mprovements that can bei madhesensympuobpesst 6d
increases in cybersickness can introduce a ¢
memory tagnedperifto wil | be i mportant to ident.

interpreting the results.

1. B)ms of this Thesis

The overal meahmdot bgBcahvestbgate the combin
HMBVR and EEG in the study of working memory

t hi s arheexspilsored over four studies

1)To undertake a systematic review of the pul
utility of -YBmandedewWM®Ophysiological met h o«
wor ki ng tnmestkosr yc o mp aHMDY Rt present ati on met hooc

2)To acquire evenctomplobataed spe¢tP800I;, alNl1a0, sl o
vi sual and auditory working memormyh arit hme:

speci fHMBVtRI camd EEG.

3)To compare the data analysis preprocessing
ERP responses wheiiwdpiencg fdeidddYMR noendt h EEG.
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4)To conpiageeci f HMBEBVIR on tVhR DuBsi ng bmdavumas al
of working ,BEBomgalsaviod i ofgy memacthgabaoads

of cyberisn cknemast i al navigation maze | earni
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Chapter A2yystematic Review of the
Combined Head Mounted Diaspl ay Vi
Neurophysi ol ogical Renc @ heiolbg uMe t
Cognitive Workload TastkesadCompar e

Mounted Display Virtual Real ity

2. Lptroducti on

Moder n-VIRMpr esents the opportunity to conduct

ecologically valid VEs, allowing researchers
auditory stimuli or scenarios[Wwhillstt3e20] udi
However, there are several #a&Rctior & hree ggaruddiyn g
working memory, both alone and in combinatio

which are currently underexplored or contest
must be exfduluyndear sttoand tmel wdii nigt y he potenti
and disadobastage/dRM® a research methodol ogy.

2.1ll.ddonsistent Wor ki ng Heaiboruyn tlLeoda dD i Dsuprlianyg
Virtual UReal ity

Amajor | imitation of ttheomplrekati bnsbrpthbhetew
HMBVR and experieoatedniVvdi st etbdr eCusrantkcpnse
onf usi-W®& HBMDuces or increases the amount o

compared to ot hedndicompay i menhesdsadi es with |
di spleacyhnol bgs edeaimtdu ¢ ihrag -VIRRM®iNnncr ease wor Ki ng
memopgrformadceeduce de&WMpceaompeanrceed t o alternatd.
di spmatyhdé&s 145, 1C0o0n, viesrasienleyr st udi e susree poofr t t h
hi gfhenmer si on WHRcan HNBicaeaedase measures of WM
other forms of[] VR, P2 s8Rt 466pn

4 6



Evidence fr on oemppaerriinbge tWwiMLe nVRHMEDNnd a | ower
i mmer si orusdingplsayni |kraveafradndg mepposing resul
evokddbdwer BYVMBRay &[ Dé&dnBar ong & 1IMesSyletr i s e

|l earning outcome t avsRkswittoh cao mipraardei tHMDhal <c | a:
contrasting rperseud @mst aotniroare unbehtendod n Tdh el ower WN
conflicting findi oegs tphlae awa gints wimrc erotganii nt iivfe |
benefit VRomslkdgemany of the psychol engoircladl p a
applications are based in worlklihg]i memsriympor
to identify -WR oiasdIdyetirfi nteMDX al t o -\ perienced
i nher entsleys IWMLr e | ative to other display met
technology in research and application.

2. 1P@Y) enkrioabll e ms When Headbiumit egd Di splay Vi rt.
Real ity and Neur ophysinol|Wogikdanlg Reecmorrdyi nRge s e a |

2. 11.)Rhe I ntroducti omecforNMaeidsy @ pthg stitod ogi cal S

As di scussed itnhesreec tairoen sle.vde.r4a,l neur ophysi ol
cabessed al ongWwRtdrer oM e an objective measur e
wor king me@er yhaciand@d nt ed neurophysiological r
such a$6BRG fNLIRS&SIn phauead er maantyb ns ugnea d e

HMDs wi #t kol intotdlif i cati apyramakicad themce for
However, there are concerns refy&Rr dainnlg t he ut

neurophysiologechhidgeedmedimgroduction of noi

neur ophyssiiognagpscratli ciLéawdy EESBmphkt eeeck5€@}l al

demonstrates hldMDbBVR dcearnn inB r oduce | ine noi se
due to the proxiandyr e@efhantte nbes@etesded i n EE
can diffedMBW&t weaehi gluriast iednesct ri cal noi se i s
anal ysing tleegudatea qual ity oafn dt hpeo treenctoirad eldy d :
rendering .it unusabl e

2. 1pP2Discomfort and Cybersickness
An dadi ti onal coaonba HMEBVGR oand neurophysiol ogical
met hads edrmpot ehobdriaslco,pfaott curesbuytihgtfrom
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wei ghprasdure placewbdennwéehei hgDtiBeodéor tedas
been | inked to expefrle®jwbdcbybansdckaeast fr
thusicrease ext[rlabnselloru ss d wardepraserst, pdar tciami pa
from compl eti ngort hoet heeweme@rtsiemeedty i mpact parti c
or recorded neurophysiological signal

Despite cybersickness bei WR arsiemparht d mtatf anc
i mpact the inter prpatpaetrisor fdfent e meduletxa,mi n e
experienced cTyhbeeEG iscthugisessenced whhi €Chapter 1
compared betWwReemdHRDIB N6, LOBhHhd results indicat
HMBVR had deworekaisnegd tmeesnko rpye r f oirmdaincaet i ng an i
WML Howeaeet her papercdepailt ed scomfort or me.
cybersickness nor suggestnedd negiptohteerntcicantlryi but
overl onkexpgl anation Moreower)y &s$ ndyhbgssickne
from several ataogot ® siummerasi &¢drOV and smoot h
[ 159He increased technical specifications an

HMBVR may counteract the potenti al di scomf or

2. 1ABmstbSyst enRaetviicew

Thadvent of moORlepmesHeMDt s exciting opportunit
resear ch,t hheorgsee viesti many questienassarresedriaol
met hodohogygymparison to est abhaersdredrfaiicglianyg n
fi ndregeartdiienguse-VRRf oiM2 xper irencagad VWML o ot her
met homds dui teeihyg umwbeatt ai® anywR ihoapact HMD
wor king memorMomaemcers,setshe | evel of -VYVRmersi o
di ffersHM®MReceanf i guwhi ¢ lomaisghi ftfuerment |l y ef f ect
experiWMIcegddIltsammportant to undWwR shtaasn db eheorw uHsMeDd
with neurophysiol og,twmali dreend 9 drye shoawf t WML met hc
been combidnethat compatibility issAes have be
neurophysiological recording methodol ogi es a
possi bil tVtRy ianft eHMER2r i ng with theudapthug i ng of

combined useTakemesegether, under st aW®i ng th
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Th
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Sp
co
me
ne
re
me
i n
i d
f a
t o

research will el uctihdeatdei s phiea geort ewmdri kail n gutm
search and application.

sy stemavi ew ex pridohtesd ut i -VWVRyasf awdMDloil ng n

morgsearch as both a method of presenting

eci fically whneenu rcoopnhbyisni eod owietchh h iPopgeserrsdi n g
mpar i A"WR HMDe s e nwoartkiionmng donfeesnkosr yt o ot her prese
thods, including otlhiefre feoqunsv alf e WtRs ,a nads r ree
urophysi ol ogechh,jwjdéderbdei mdyilsgt eenntaitfiiced and
viefweed first objgwhteitvhee riHMBYiRn ga fdieet ki IS n g
mopyocesses differently compared to other
vestigating i f i WMLThhcer eiansveess teixgpaktuiidoenn cweidl |
entwh gti ngMD ¢ o nhfaivgeu rbaeteino nuss edndimi € fleesciafricd ,

ctodarnrdMBYR configurati baverberperepnceed or
effect experienced |l oad. The second objec

HMBVR have been successBéutbrbphygsmbiimggdc wli t hec

me
be
of

2.

2.

2.

Th
Su
t a
me
w h
on

an

t hodo,| oagndde mafnyy compati bil ity iwhsiutehsy ebet we e
en i denfthief ireeds ekanrocwhl eerddgse, t hi s review i s be
iIts kind, and will offer suggestions to g
2) Met hods

2.1) Selection of Search Terms and Databas

2.1.1) Summon Review

e first 6Swamsmmondus iatdhgeh Uni ver ¢iUbWH)of Hul |
mmon system, which probes databases across
rgeted papepadM@iRcWwi t h anot her dviosg Kliany met

mory or cotgansikt iuvsei nfgpaad neur ophysi ol ogi cal |
ich were notSummdmatdabdlbsevweraehai | abl e el sewhe
l i gt ennal dat acd sedl® dwevihe r Teh @ ofsisn &ll esear ch

d parameters used were the product of =eigh
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Three key paper sVR ompeasd mtgatHMDn t o an al tern
whil st measurindalr & 0s kiylog@h eNiLa us g B;2 gan chl
Websfébhllformed the basis of the search ter ms
not necessauli éyhwysieol ogi cal] rlkeeyr dtolmgeranieas & o d
Ssui tadrmpeari sons and infVudedakeR€agBnmmgpolber
Loade final search was required to return t
indicate thatpapapdiopms aWeuvueophpsuokdgi cal re
terminol ogy was noturmisretde ndeircdnwtdal nfgr eevneyn t

met hodol ogi es.

The firs{hemdovatedndi splay) ANDu(togedtihe I
fundamental terms of the search, dividing th
measure. These terms are then expanded upon
revisiofhégmdseded di splay) AND ((cogoitive |
expand for alternatworek iwag dnmeesfkosryef erri ng to

The third revision compared using virtual re
results by the ésubject termsd function of t
AND (virtualtheaéentdydf t he -Rapaphertso cerx cd aupdee
focusing on AR, whilst revision 3.2 added th
filter in the summon system. Gboewehvaeurs e r3.et waa
[ 328hWebsf&@Bbh1l]t hus 3.1 was selected to reduce

papers being erroneously excluded.

RevisionOR dHdad mount ed dtios ptlhaey )V ROR t(aHMDM)e n-
expanded the number of returned papers from
OberhauspBapWelsi @abdlejspi te OR statements bei:
Revision 5 introduced quotation marks around

papers, but did not reintroduce the two excl
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Revision 6 was a series of 4 attempts to ref

papers were captured. This included attempts
wi iBi mull &t 4 niol annmmck r(s6i.v2e)o, and t he methodol ogy
ALearning Oa.tX)o mestoh i ndividual Ifyl nammedr siinv ecoo m

andLearning wWarneoumeesd in combination (6. 4),

ncluded.idSineulpadoenigdled no benefit and was no

ver sion.

Revision 7 provided the final search terms u
Al mme rwsa sv ecoh a mid endnetrsi ve VupboaleReaWwi hgot he

of fpaolssieti ve papers, reducing the number of

attempt to reduce the nuAMbRr( oNMeaswmemdrtby) i
search terms was tested, however this exclud
unused.

The final seairmcht teerSnsmmacre dbeg arkem i nt-o t hree
OR sections, connected by AND statements: Fi

conventions wer(e( "'l hmeodudnd eedd wWdismpd ay" ) OR (" heece
di splay”") OR ("HMD") OR ("denan@@m &t wegnivti irt a1 all o
OR ("workload") OR (Weéeeredi ng Q@uatpcd amees "me)as Ut
cognitiamedolrkd ch g ; mearh@ iyil ryt, uavlasr e amlcil tud@)d t o b

excl udeR npmaaper s. Thoen fuisneadl irne viihse summon sear
updated the inclusion criteria to only inclu
in English. The first search conducted was i

fol-lUpwsewas hconducied tH® @a@WIdE mi c usi Agr il
the same parameters andns earddh itoenranhs ,1 7c6a pptaupre
984 results.

2.2.1.2) EBSCOhost Review

Upon review of the papers collected during t

t hat waamk/i ng tmestkosr ywhi ch di d mrotgne x pdwiec il tolayd r
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wor k|l oaelx swlewucked from the search results. Thu
performed from relevant databases (Psychinfo
Compl ete, and MEDLI NE) wusing the EBSCOhost s
terms (revision 9) vehdmgidng gt{HeaCom@adn ivte " ) O
("Workload") OR ("task") OR ("par ahisgm”) OR
used to beworki ngctiesakdesruyr ophysi ol ogiecanls recor
i dentdiufriiendy t he SummomcSeardhe® Wwemeti i rrel e
usi(n@ behavioural ") OR ("neuroimaging") OR (
OR (RS"NI OR (" WMRI S)t) the first search only <c
papefffsMRhddbehavwewealiacl uded at the search e
recommendation. The inclusionwemrdad oeppiea afs t h
not al Inewtriolpihsyesd eocl corgteitnhgpbds. The search was
August 2020, with 196 papers being identifie

The EBSCOhost search was verified through <co
search. When using the updated search ter ms
education and mewiitchinre tdlad a®mammsnwayst emnd c
relevant papers captured i nChbeeElBBEECWdhIOst se
not reitruranedesmpche being present in Summonoés
EBSCOhost search was deemed appropriate for
the two Summon searches to provide a compreh
research, forming a 8t0otpalpeasmbiTrhed cloimptl edfe I
of both sets of searfTabl €ée2m$%. can be seen in
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Table 2.1: Breakdown of the evolution of the search terms used in this review. New additions
compared to the previous accepted version are highlighted in green. Any variation that was not
used is shaded in light grey.

Revision Search Terms | Search Search Engine Number of | Excluded Date
Engine Criteria Results Key Papers
1: Basic (headmounted | Summon 1) Outside Library | 1256 None May
search display) AND | (UoH) Results Included 2019
(cognitive load)
2) Peer Reviewed
2: Adding | (headmounted | Summon 1) Outside Library | 1781 None May
workload | display) AND | (UoH) Results Included 2019
((cognitive load)
OR (workload)) 2) Peer Reviewed
3.1 (headmounted | Summon 1) Outside Library | 898 None May
Specifying | display) AND | (UoH) Results Included 2019
VR ((cognitive load)
OR (workload)) 2) Peer Reviewed
AND (virtual
reality)
3.2 (headmounted | Summon 1) Outside Library | 329 Oberhauser | May
Specifying | display) AND | (UoH) Results Included etal. [32] 2019
VR ((cognitive load)
(Rejected) | OR (workload)) 2) Peer Reviewed Webster
[151]
3) Subjectrerms:
Virtual Reality
4. ((headmounted | Summon 1) Outside Library | 1176 Oberhauser | May
Expanding | display)OR (UoH) Results Included et al. [32] 2019
HMD (head mounted
display) OR 2) Peer Reviewed Webster
(FNIDY)AND [151]

((cognitive load)
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OR (workload))

AND (virtual

reality)
5: (Chead Summon 1) Outside Library | 518 Oberhauser | May
Tightening | mounted (UoH) Results Included et al. [32] 2019
the search | display) OR

(#head mounted 2) Peer Reviewed Webster

displaf) OR [151]

¢HMO!)) AND

(¢'cognitive

load’) OR

(fworkload'))

AND {virtual

realityl’)
6.1: (("head Summon 1) Outside Library | 1647 Webster May
Including | mounted (UoH) Results Included [151] 2019
the key display") OR
papeis: ("head mounted 2) Peer Reviewed
Simulator display”) OR
(Rejected) ("HMD")OR

("Simulator")

AND (("cognitive

load") OR

("workload"))

AND (“virtual

reality")
6.2: (("head Summon 1) Outside Library | 646 Oberhauser | May
Including | mounted (UoH) Results Included et al. [32] 2019
the key display") OR
papers: ("head mounted 2) Peer Reviewed Webster
Learning [151]

display") OR
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Outcomes | ("HMD")) AND
(Rejected) | (("cognitive
load") OR
("workload")OR
("Learning
Outcomes")
AND ("virtual
reality")
6.3: (("head Summon 1) Outside Library | 1291 Webster May
Including | mounted (UoH) Results Included [151] 2019
the key display") OR
papers: ("head mounted 2) Peer Reviewed
Immersive display”) OR
(Rejected) ("HMD")OR
("Immersive")
AND (("cognitive
load") OR
("workload"))
AND ("virtual
reality")
6.4: (("head Summon 1) OutsideLibrary | 1910 None May
Including | mounted (UoH) Results Included 2019
the key display") OR
papers: ("head mounted 2) Peer Reviewed
Immersive display") OR
and ("HMD")BR
Learning ("Immersive")
Outcomes

AND (("cognitive
load") OR
("workload")OR

("Learning
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Outcomes")

AND ("virtual

reality")
7.1: (("head Summon 1) Outside Library | 872 None May
Tightening | mounted (UoH) Results Included 2019
the search | display") OR
again: (*head mounted 2) Peer Reviewed
Immersive display") OR
VR ("HMD") OR

("Immersive

virtual reality"))

AND (("cognitive

load") OR

("workload") OR

("Learning

Outcomes"))

AND ("virtual

reality")
7.2: (("head Summon 1) Outside Library | 431 Oberhauser | May
Tightening | mounted (UoH) Results Included et al. [32] 2019
the search display") OR
again: ("head mounted 2) Peer Reviewed Webster
Immersive display”) OR [151]
VRand | «jvpmy oR
Measurem ("Immersive
ent virtual reality"))
(Rejected)

AND (("cognitive
load") OR
("workload") OR

("Learning

Outcomes"))
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AND
("Measurement
") AND (“virtual
reality")

8: Full text
available

online

(("head
mounted
display") OR
("head mounted
display") OR
("HMD") OR
("Immersive
virtual reality"))
AND (("cognitive
load") OR
("workload") OR
("Learning
Outcomes"))
AND ("virtual
reality")

Summon
(UoH)

1) Outside Library

Results Included

2) Peer Reviewed

3) Full Text Online

799

None

May
2019

9:
EBSCOho
st Search

(("head
mounted
display") OR
("headset") OR
(*headsets"OR
("head mounted
display") OR
("immersive
virtual reality")
OR ("HMD"))
AND ("virtual

reality") AND

EBSCOho
st (APA
PsychArticl
es, APA
Psyclnfo,
MEDLINE,
Education
Research

Complete)

None

196

N/A

Aug
2020
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2.2.2) Inclusion Criteria

The papers captured were accepted or rejecte
paper must cYRpapbpeaHMBl ternative presentatio
wor king imenmorcyompar abl e way. For example, ac
paradigms must present the same information
alternative display can eitheWwRolbe CaavV&tohremnm f o
ofaugment edorr eaa lbirteya,l |l ifed alternative such
t ask. I n instances where there are several ¢
compl et edl iifne aemweviad onment to t heé& Rs @amenutl ag k oin
of the sameorl aab odriaftfoerrye,nt e n vRertoenrnseofnt2)®edtn tailr.e |
only the most balanced comparison will be co
neur ophysmeoa sogiedllladf process associatedr with w
process associ &t ddatlyt Bxtegei bny behaviour al
must directl y orwoirnkdinrge anelonygy mnyd awser rego acdo mmo n
met hodol ogi es such as task performance, | ear
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Thir dleyx,peroinment papers such as reviews or b
exper i mebntg, | insohrn papers, duplicate results, o

i naccessible are excluded.

2.2.3) The Review Process

Each paper returned by the search terms abov
inclusion criteria to identi fsyt asguel tparboieleistsy. f
review apndcesbsequent analysis is based on c
revi ews which examined compiatrh soanfsoodsrwom kli e&
virtual real il 107t2dchnol ogi es

2.2.3.1) Step 1: Il nitial Abstract Scan

The purpose of the first stepwbircébearehiew
papers used avVR oimmrakfi nigMideongmiyt itvaes kl, o aadh d
remove any that do not. Each accessible pape
and the title and abstract were examined to
The body of the text was searched for key wo
0l mmewes6é, etc.), and the methods section was
utilised. Papers that-VRhvihauwsIny dindircat i wne
compar iwoornk ionfg , memoroyt her wi se did not meet th
criteria wer®apeclsuddat explicitly used thes
ambi guous on the methodol ogy, were permitted
unnecessarily rejecting potentially suitable
2.2.3.2) Step 2: Full Read and Data Extractd.i

Each paper that progressed to thewascond st a
subjected to the full inclusion criteria to
the criteSstiep dsedaniynpaper that did not perfo
HMBVR and an alternative diwoplkaygmantemody di d
cognititvaes kl,oad di d not neal og@gbyameoahspugrieo padfi at

working memory wrascognpietcitee .| Ad@adepted paper s
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factors extracted: the headset and iIinput met
compared against; sample sizes; the task; <co

conclusions and relevant contextual notes.

2.2.3.3) Step 3: Snowballing and List Combin

For each paper accepted during Step 2, two a
performed to identify papers with relevant t
search databases. Backwards snowballing was

referenceelpited efapacs, whilst forwards snowkt

—+

he 6cited byd function of Google Scholar. F
on relevant papers that were rejected in Ste
bet ween di spl ayW metcH awdd®e, nkewtr ogpihysi ol ogi cal r
|l oad. Titles were considered relevant i1 f the
awor king memory associated cognitive process
snowbal ling processes underwent the process

papers were incl tAddedd tiimntaHd gfair mdmlydio imd tec at e s

bet ween the Summon and EBSCOhost searches we

2.3) Results and Discussion

The present review systemanecabbhWwysoblegiedl
studies compnadruicnegd tViMLKk b¥Rwaed HMDernative d
met hods. The ai m of wahsios esxypsltoernea ttihce ruetviileiw y
combi ned/ RHMmDedur ophysi ol ogical woe&komdi mg moetyh
research, as divided bet ween wtswot oo bijdeecnttiivfeys .
usi ng-VRRMD nt roduces higher | evels of WML over
met hods, as measuopityscwkidch g metohadsng The secon
obj ewtaiswe i denti fy whatVR ahtaevgeo rb eeesn ocfo ntbMDn e d

neurophysiol omethbdseecandi wgat the shortcomi
technol ogies may be in the context of the ne

WML , and participant comfort.
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2.3.1) Included Papers

The combined Summon searches identified 984
identified 196 papers, producing an initial
151 Summon papers and 38 EBSCOhost papers pr
991 repapgersgd: 608 rdsdandliMbDgR pearst ai n an

appr oproimgptag i son; 285 were reviews or other wi
publications; 65 pwiptelmisn wte(m23 sliegi tctea t Tusmmo n
searches and 42 in the EBSCOhost search); 40

available; and 5 were not available in Engl:i

The second step accepted 7 Summon papers and
16. Of the rejected 173 papersconlit@aampamgers W
appropriate compar i saworokfi ndgi s$npelsodayr ymet hods,

neurophysiologethbdrefAor-dkmpgr omebBt npapers an
duplicate of a previously rewemrntdesd paepmrvewi.t

An additional 15 titles were identified thro
accepted for inclusion, as the remaining 14
di splay method compamiessom,physg il toignee htbalg le conr

All accepted papers were compiled into the ¢
duplicate entries. Two pabes$ we#® ndsapnbadr cofnees s w
copy of each was removed. The complete revie
Il n total, rles ipmacplewrdsedvei n t hi s revileebw,e wd.tzh. t
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‘Summeon’ Database Search
Initial list: n=984

v

Title/AbstractScreening

Accepted: 151

Rejected: 833

Mo HMD-VR or extractable comparison:
520

Cannotaccess: 18
Mot English: 3
Duplicates: 23

Mot an experiment: 269:

EBSCOhostDat
Initial list: n=196

v

Title/AbstractScreening

Accepted: 38

Rejected: 158

Mo HMD-VR or extractable comparison:
86

Cannotaccess: 12
Mot English: 2
Duplicates: 42

Mot an experiment: 16:

. Article/Review: 252 . Article/Review: 14
. Editorial: 5 . Book/Chapter2
. Technical paper: 8
. Book/Chapter 6
FullRead FullRead
‘Snowball’ Title-Based Paper Gathering
Accepted: 7 ~ Initiallist: n=15 < Accepted: 9
Rejected: 144 ; Rejected: 29
Mo HMD-VR, neurcimaging, or extractable Full Read No HMD-VR, neurcimaging, or extractable
comparison: 139 comparison: 27
Duplicates: 1 Accepted: 1 Mot an experiment: 2
. . . Article/Review: 2
Not an experiment: 4 Rejected: 14
. Article/Review: 3 Mo HMD-VR, neurcimaging, or
. Datasheet (no analysis): 1 extractable comparison: 14
v
ul| [Inter-listduplicatesidentified: n=2 -
Ll -

v

Included in Final Review
Accepted:n=15

Figure 2.1: A flow diagram of the complete review process of this systematic review,
including the number of accepted papers and reason for rejected papers for both
searches.
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Table 2.2: Information about each paper accepted by this systematic review,

including which HMD-VR device was used, what the comparison display is, what
type of working memory task was used, what type of neurophysiological measure
was used, and what results were reported.

Title and Headset Used | Comparison | Task and Neurophysiological | Behaviour
Authors Display Conditions Measure and Measures and
Results Results
Use of auditory | Non-Modern SB-VR Primary: EEG: ERP Mean N/A
event-related DB-HMD-VR: (Television) Video game | Amplitude
potentials to Silicon Micro to
measure Display manipulate P1, LN, Slow Wave
immersion ST1080-10V1 WML Deflection
during a head-mounted through Not significantly N/A
computer display (2012) difficulty different
game
Secondary:
Burns & Oddball task
Fairclough (vigilance)
[173]
Neurofeedback | Non-Modern SB-VR Continuous EEG: Power Spectra | Before and after
Training with DB-HMD-VR: (Computer performance intervention/
Virtual Reality Daeyang E&C | Monitor) task Cz Mean Beta Ratio | training
for Inattention (unidentified, sessions
and likely the Cy-
Impulsiveness | Visor DH- Performance
4400VP,
Cho et al. [169] | 2000/2001) Response time

"Perceptual
sensitivity"
(Time to

completion)

Omission and
commission

errors

HMD-VR induced a
higher Beta-Wave
Ratio

Higher task
performance in
HMD-VR
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Assess BA10 Development- | SB-VR Prospective | fNIRS: BOLD N/A

activity in Grade Modern | (Computer memory task | Response

slide-based DB-HMD-VR: Monitor/

and immersive | Oculus Rift Slides) Left BA10

virtual reality DK2 (2014) HMD-VR had Higher | N/A
prospective activation in

memory task prospective memory

using areas

functional

near-infrared

spectroscopy

(fFNIRS)

Dong et al.

[174]

Manipulating Development- | SB-VR Attention: EEG: ERP Peak Oddball task
bodily Grade Modern | (Computer Comparing Amplitudes (Primary)
presence DB-HMD-VR: Monitor) an unaltered

affects cross- Oculus Rift view with an | Midline P200, N200,

modal spatial DK2 (2014) HMD-VR P3

attention: A view (with Stronger P200 in the | N/A
virtual-reality- hands HMD-VR condition,

based ERP visible) all other comparisons

study no difference

Harjunen et al.

[167]

Embodiment is | Consumer- SB-VR BCI training EEG: Power Spectral | Neurofeedback
related to Grade Modern | (Computer task: Density performance
better DB-HMD-VR: Monitor) imagined

performance Oculus Rift motor activity | Central Alpha, Beta Completion time
on a braini CV1 (2016) and 8-24Hz

computer Successful trials
interface in Not significantly Not significantly
immersive different different

virtual reality:

A pilot study

Juliano et al.
[175]
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Rapid P300 Development- | SB-VR BCI: P300 EEG: ERP Mean BCI Accuracy
brain-computer | Grade Modern | (Computer speller task Amplitude
interface DB-HMD-VR: Monitor)
communicatio | Oculus Rift Comparison | VPP, LPP, N170,
n with a head- DK1 (2013) between P300
mounted whole screen | Not significantly Not significantly
display VR and SB- | different different
VR
Kéathner et al.
[176]
Enhanced Consumer- SB-VR Selective EEG: Power Spectra | Response Time
attention using | Grade Modern | (Computer attention
head-mounted | DB-HMD-VR: Monitor) task Beta/Theta Ratio Response
virtual reality HTC Vive (BTR) Accuracy
(2016)
Li et al. [177] ERSP: FZ Theta
ERP Peak Latency
P3a and P3b
HMD-VR had higher | Higher task
markers of attention performance in
HMD-VR
Higher BTR
Higher Theta
Shorter ERP latency
Adding Smartphone- SB-VR Learning EEG: Power Spectra | Learning
immersive HMD-VR: (Computer task Outcomes
virtual reality Samsung Monitor) Frontal-Central and
to a science GearVR with Central-Parietal
lab simulation Samsung S6
causes more (2015) 1-40Hz

presence but

less learning

Makransky et
al. [16]

Higher Cognitive
Load in HMD-VR
based on a workload

classifier

Lower learning
outcomes in
HMD-VR
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Effects of Development- | Real Life Visuomotor EEG: ERP Peak Balance and
virtual reality Grade Modern | Task task Latency within 500- number of
high heights DB-HMD-VR: Comparing 600ms crosses along
exposure Oculus Rift non- the beam
during beam- DK2 (2014) perturbed Focused on the
walking on HMD-VR to Anterior Cingulate Response time
physiological unaltered Cluster to an auditory
stress and (real life) cue
cognitive presentation | Reduced amplitude Lower task
loading and longer latency in | performance in
Secondary the HMD-VR HMD-VR
Peterson, et al. task: tone condition
[25] vigilance
task
Transient Developer- Real Life Visuomotor EEG: Power Spectra | Task
visual Grade Modern | Task Task: (Event Related performance
perturbations DB-HMD-VR: Comparing Spectral
boost short- Oculus Rift Non- Perturbation) How many times
term balance DK2 (2014) perturbed participants
learning in HMD-VR to Frontal Alpha, Beta, stepped off the
virtual reality Unaltered Gamma and Theta beam
by modulating (real life)
electrocortical presentation Pre-test and
activity post-test
performance
Peterson, et al. Found cortical Lower Task
[178] processing increased | Performance in
in alpha in HMD-VR HMD-VR
condition
No change in theta,
beta or gamma
EEG Consumer- SB-VR Vigilance EEG: ERP Amplitude | Task
Acquisition Grade Modern | (Computer task performance
During the VR DB-HMD-VR: Monitor) All Channels LPP
Administration | HTC Vive Response Time
of Resting (2016) Power Spectral
State, Analysis Response
Attention, and accuracy

Image

All Channels Alpha
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Recognition Not significantly Not significantly

Tasks: A different different

Feasibility

Study

Rupp et al. [66]

Embodied VR Consumer- SB-VR BCI: EEG: Power N/A

environment Grade Modern | (Computer imagined Spectra-Based

facilitates DB-HMD-VR: Monitor) motor activity | Classifier

motor imagery | Oculus Rift

braini CV1 (2016) Frontal-Central Mu

computer and Beta

interface

training Event Related
Desynchronisation:

Gkol a & 8-30Hz

Liarokapis HM-VR offered N/A

[179] significantly higher
BCI classifier
success
No difference in ERD

The effect of a | Smartphone Real Life Primary: EEG: ERP Peak Learning

virtual reality HMD-VR: Mi6 | Lecture learning task | Amplitude outcomes

learning phone with (Pre/Post-Test)

environment Google Secondary: N1 and P1

on | ear n| Cardboard oddball task | Overall: N1 and P2 Overall: No

spatial ability (2017) was higher in the real | difference
life lecture condition,

Sun et al. [180] suggesting a higher High-spatial
load ability: Lower

learning
High-Spatial Ability outcomes in
Participants: Not HMD-VR
Significantly Different
Low-spatial

Low-Spatial Ability ability: Higher
Participants: Lower learning
Cognitive Load in outcomes in
HMD-VR HMD-VR
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(better)

Studying the Consumer- SB-VR Visuomotor EEG: Power Spectra | Task
Effect of Grade Modern | (Television) gesturetask | i En g a g e me n | Performance
Display Type DB-HMD-VR: (Including Alpha,
and Viewing Oculus Rift beta and theta) Gesture
Perspective on | CV1 (2016) accuracy
User AF8/AF9 and
Experience in TPO/TP10 Exertion
Virtual Reality
Exergames NASA TLX

Not significantly Not significantly
Xu et al. [181] different different
Examining Consumer- Real Life - Creativity EEG: Power Spectra | Creativity, as
creativity Grade Modern | Task task related by a
through a DB-HMD-VR: Prefrontal/ Frontal series of experts
virtual reality HTC Vive OMedi t at i o[ andscales
support (2016) Rel axati on
system algorithm, Attention

algorithm
Yang et al.
[182] Attention: Not HMD-VR

Significantly Different

Meditation/
Relaxation:
Brainwave (EEG
device) algorithm
indicated that HMD-
VR had significantly
higher focus (Better)

Creations were
rated as "more

creative"

2. 3.Quality AsseRsmenof aBidas in t

Fi ve

potent.

category si

found

t Bmpapamdy 20

a

ze bi

paperpsa,peaedndist udy

as

or

Ssour ces

from

of bi

mor e

as
t he

he |

wer e

ncl

eval

sampl ewlandhgroup
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tdadparticipantwhipmse geomapreil ogv Hdd partici pant
group is therefore suggested that there is a
may | i mowet hred sulhtes doutnide standard included
participants i s(de ilnareEEdn pd)d | @asr & deer ,
recommended power calculation for number of
St u[dly8i4s] not ciomn dluocntdgedd ¥ | al

The inclusi omccreigptaepdd rasd ottt lad @eex | sted reabdi iagsfn

i Bpapewvhere only males parf{iléPbDpadndWsill@dti e recr
participants aged above BD6weflrd s®ynertagnee sage
of participants when reponteddewdspagebyudder
t he prsiomarcye of recruitment being from univer
chance of attrition bias however, as most pa
exiting the study. dlilkkrose® theerdydcémepsrionl| y
tot al p[e2r5 ,slt 7u8d]y

Regar dipnogt etnhtei al pr ocedur alnchlivadse,d dadnldy none rm
or counterbalance trials when multiple condi
[ 174whe Po wtelmdsoiindtke condition was pVRsented b
condition in all cased2bModeomvasr,d Rdeatecerosadrere
HMBVR condition, but al waysVRs epardiviteardantih,em w
there is a |l ow chancebbasesdpreséhntlclt e bhi si
papearlfol |l y reporaed teatelad ersaudrtsi magheg fi ndi
di scuosWhiobetvepraapler s di d wWetpddal seuissti @ons of
neur oi magisngt lpapaerigagher di d not platéethe pri

neur oi megiuo i suylnidmi ted significant results

Consider edt hteorgeetihsera mi xed i ndications of bi
of thi swhridwitewost sour chees |oofw bsiaansp | aer es ilzoews, at
presence of selection bias in several papers

generalise the results found.
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2. 3C@mparisons of Working Memtdoynteadd DBspwaeg
Virtual Real ity and Ot her Presentation Metho

To address this reviewos first objective, th
neurophysiologeaalbresgeirfidédMaoged WML perf or manc
bet ween tasks pre$Rnared arsialgt edrMDat i ve di spl
examined. For eachwacke migettheepop gr y p/&Rhef HMD
device, alternative diesxpleayi emectendo dVMLmeoa s WVFMLs
performaedanhde overall findings MTadporkxéedawer
features are then considered togYyRtihrefrl denuaead

experienced | oadHMIRh caodgdiercrsti vedry, and again

met hods. The interpretation of the ofnisnadifngs
the results, and discussion of the associate
neurophysiological response.

2. 3.ReunophysikPdsouwBecsawe en-Mderaad ed Di spl ay Virt
Real ity -dead NWMounted Display Presentations

To undehsw aid® compares to other dihepl ay met't
ovemalulr ophysrieoslwlgtisc aflor t ©eg e iomped inkeceand o f

di splay conditions is considered. Of the 15
used prefrontal exNleREWMEC@fidethBap &perr spaper s (¢
EEG and 1 fNIRS) foVMRdcbobhdttowvasahhdHMDgnNni f i
measures of VMLp.erLiesaneceerd WMIC eidn -VHRMWas f ound

over a cagget oofaes klsgagi: n@l lhdigrher meam beta r a
continuous pefflé®Om@aandenciresaksed BOLD response
memory areas during a plLddphect ince emcsmar WY 3t0Ds
evoked pdoureinntg aan afttéehlt noneadasas#t betal/theta |
ERSP response and a faster P3a/P3b ERP peak
ta$R77) ncreased classifier succelsrsaidruri ng a
computer BOGkagMadOd ncreased N1 and Pl peak a
learni pb80Rmsakl i ncreased atteaemtiadmgoas tdent eumii

task exploring creati&2Jjty in artistic creat.i
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Five EEG papers reported no significant diff
that found ncexdgiefrfi¥Merecddaes | uded P1 and LN mea
ERP during a seconda3jpowddbapéectarnak density
i magi ned motor [alcitSwentyeBCpogiatsikve potenti al

potenti al (LPP), N170 and P300 mean ERP ampl
[176]LPP ERP amplphtaugpewamdspectral analysis
[ 66 ]and usi ngctar g oevega gsepmeent index during a \
[ 181]

A total of 12 p/aRpdrngd ufceewdn c oM r abl e or decr e
rel atatvhperres ent at is,0 ni mteit chaotdi-\iR) g eéhmar aHHMDy do e s
increaper i WMIcerde!l ative to other display meth
resear ch. hidebeeQs epra,p etr s reagrotrit eidp #MEER i n t he

condition ekperfenaatdly higher WML compared
One paper reporting VRcuaadsedr WMhgi n aBMD whi ¢
experiWMIcewlas higheVNRi ocondasBWdMDbDdOHa Tl assifi
during a | [eh6 )nTihneg rteansaki nicrogn ttawon epda pveérssu o mot or
beam wal king tasks with workindememasygdr 600
ERP peak amplitude to a tong anéeéseheéeesecond
repordteicmgased fdwmitrad [wd3pklahg]

A tentativeheancbeaesdoawn fr om sthhaet -sHBWDv e 1 es u
does not inherently increase experienced WML
find t hVaRR eHMDher decreased or had no effect
suggestimgy tama ta piptr opri ate tool for working 1
necesqani liynmtroduce extrandowsyv ¢ mn,adt aire mnigs tue
papearepp o WMiLNn g ncdrdela HMPVRus age | ndd cchdepdrhat
examination is regberdgnbami-dBdes$ agidMbdnd
experiencednwWMby extension the wutility of +th

research
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2.3.2.1.1) Multiple Neurophysiological Me a s u
Singular Studies

Many of thdepapéred uitn |tisiesh ermauvoipehvplse ol ogi c al

measurexporfi WMlceacEBE@nal ysi s techniques, tar
and frequencies, orWtemptahe se@nsdparadti®@nanal y
independently of each other, they cYamgprovid

et [all82o0jund t hathewihiolp$ty srdoa sougriecsalo f

medi tation/rel axatR amcirredisceadthdice vébdi$D a n d
experiWMIcedeasur es adfs eaptrt eesnetxipoernm igWwWM ladea

not differ between displays. Nesewgrtde®Bl ess, t
VRbotimcr eaansdeescr eases mubadaedbselregy i s no evide
suggestVRHMIREgati vely i mpactbtihexpoeerahtedrleo:
that WML decrea¥Rdcomdi thicoGkMDSa n& |Lhidargolk api s
found that the success raftel bbwanigCttriad as B Qg f
HMBVR condition, demonstrating-ViRhé nnelhhreolrogi
|l earning task. Howevelretadt RDF rreegsypeomcsye sr amg e sh e
significantly di fVfRe ra n@eRSvecemdTthleeolndsMdx o f
signiERRafnitndi ngs does sniogtn idfeitcraanctt rfersoum ttsh eo f

and ulti m¥RewgpsHMPmonstrated to i mprove worKk

There are also instances whewet di hfwersshtudygr o
contr &utne &[tl 8a0bjmp ar esdp atoival abislpiaty adandbhi ghy
|l earners during a ment al rotation task, defi
mani pul at e s hwapreksi rogh IWinirelosiyth. t he over al | resu
HMBVR did decrease the amoamlWhledfsvpWNL ad x meri il a
group benefitted framdlidree alxlidgiti a@a toinald r asbh sluiatl y
found freao edchicfe between displaysVYVRI ai dsngrgned
group but not impairing thesawddgnictiiend prmoad g
t h HMBVR can be used i newe pukhcihlgs hmegnhdsridydhtet i n g

i mpdadatat i nddifviedcumamlc ¢éosnv eVMé d uH MBVQRuU s a.g e
Researcher s-VIRsisthhg uHMD tahwea reef oorfe tbhheese f actor s

designing experiments and selecting popul ati
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Harjunehl@&ill]sal HMBWRE i gni fi cadtxlpyerl @deEre d

compar edVR,0 hSoBvaver was whmery ¢ ommasualgly evoke
P2@nd was absent in the majolhiet wumbecompome
repodt etlerences between the components and c
di fferent times of recording (e.g. early and
paper finds no real difference between condi

The | east charitabhg EgMiS&dpr etla8BRmn ao f&
LiarokhAp9Jathadr j une[nl @&iojudld. be that there is no
evidence to -$RgrgedaixcpsedD WMIloercer t he compari so
di splay, and thus these papers do not demons
interpretation of the papers does not <change
the outcomes of these -YRpienmscr saggeWhk pdrait e Mdv
compared to the compari soncrdiitsopd msymf ftMioa ieervter
evidence suggesting anexipnecrridddceeado rb a elce vealslee
towapapers reporttixp@gri WMceias edWB eMDdi ti on.
BotPret er son2&jftBetler so[nl #88ncdluded a range of ac
comparisons that found no diff e&keordae & et ween
Liarokhp9k he power spectralPeadaealyml ®8daehduct

found differwacesadctni awiltph,a but reported no d

or gamma rangeldMBVeR wwietnh otuhte pert ur bat-liiofnes an:
conditions. FERPhamanloy ®i,s Peerd sofnhe @®8njl ry |

found significant differences in the anterio
remaining 7 clusters including over the fron

si mi IHamr jtumehle&T] al

Whenhe strict armaepepripoeedeat densi foetdypaperagul
paper findaeardefhiyrsmaoil koayrn coafeeaxspeedr | WMIC e d

whewnsi ng-VBRRMDWi t h 14 of t he }\bR peaiptelresr fd encdri enags
had no eefxfpeecrti Wddicietd i1 s sugges/tRed otelsatholiMDegat
i mpact wor king memomopsriki age sneen®ry tasks and

The purpose afs tnhits toectaildnt he preliminary
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guestibn,dbmbnstrate how a stricter interpre
change the relati omRs hingl kktpwe el el Mdlh aWNle. i n
perspective of t hehlkaen pea pteres awtesometr eached
anal,ysamd the majority of evVEeinckekedewres!| pwot

i ncr eeaxspedar | WMIc edompared to alternative displ e

2.3)2Working Memor yHé adau nftaessk sDii apl ay Virtua
Compar eSdc rte@ansed Virtual Real ity

Buil ding uponVR ethoeHrlMEBWV RHM® mpari sons, it ois i
identify which d#VsRp Ihabye eme tchoondtsr aHsMDed agai nst
wor ki ng tnmestkosr yhave Odedrmheusléod pdpertshicditevieew
papeaerosnpar eevRHMB®Dr ms -WoROfSB lpeaplelr s c dHAiviPERi ng
ta forSBVYBf 5 papers conYRudendit thied @M&@vwoked a
WML, 5 reported no significant differences b
HMDBVR ncr eeaxspeedr i WMIc.e dOf t he 5 papbahMDbVtRhat rep
condietviokad b wexper i WMIcetdhe tasks wused includec
performage@prospectfiiedmemenygiloal ecti ve atten
[ 17a7nf]d a BClI task | ooking[ a79Timeagipaeer ot bat
reported no difference utilised a $d4dd8nhdary
t wo BCI tasks (i mddi7abdd da mP3 00 s(pgledigvea yt ask
vigilanfgoédl]aadka vi suomg¢tld@ih]ey epsa puerre tthasstk f oun
VR to be detrimental to experienfc®&@] |l oad was

Theasmbjority of phBRBedsed i mae xHMDC ir ¥vils e d
compar edVRaondSB ihado ef ffeoawtndord eex parsiedMIc e d

rel at iBWRstu@p®rting the cmRcl $s igormeistaimattea tH MDn
met howof &fr ng rnmesteavpcrhe.oeveper | WMIcewdlas f ound no
increaseVR nadHMsrsg®oob ki ng tmegrkodd g mongsthreati ng
breadwdr loif ng prmearoe sysgar adidg msa wdeieanh successf ul
studied using-VcRommedone s p ¥ bgeitchaoldoTbhgi es.
findings al seovisdueggngcees tf rtohnmtst udi es usibmeg eith
considered and c,onapsartehde rteo giest hneort an i nher enf
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extraneous |l oad intYRdibedetbreughhteMBemonst
HMBVR is not tdoetWWlonersaheasas t he ewgya nfdeerd iutssa g e

in wider working memory research and applica

2.3.2.3) Working MeheaMolwrmntaald TRiskp!l aynw Virtua

Compared to Real Life Presentation

Of the 15 papers captured VR tthoiVR ome eirew®, 4
wor ki ng armedno2 yvi suomot orwotraksi knsg erepbsoaywesg The
fiwet ki ng tmesrkocroynduSud e de[tdlyBadlg.mpr i sed of a | eal
outcome compari s&mRahet wePowelMBotiynlte |percetsuernet a i
Neur al response to a simultaneous unattended
experiWMIcedl t was f oaxpglenihMldedz eeakbkd i n the
HMBVR condition basedwionhltdsiepeaB B G bruebsgurlbtusp,y i n
particul ar bend4fRi priesgentmogpdMDabebbrbupy
did not benefR thofweovre rHMDvi t he xnpe rdiiWMleea ke nces i
detectedelby ophe smeotl hoogdi sc.al Mohmiegglpat j at habil ity
behaviour al r e s uel xtpse rsi WiMdceesdtaes d i nlcate-¥ Red i n HN
relati weR.t o&Wh®B the results are considered tc
towar dsVRHNMDwering experi encleidfi ewWMLe areriang,v eb u
results do introduce the additéeonoas benweder
partmtcs pwhen dwar kginn g0 gnteundoyr yiVIiR . HMD

Yang ¢et8ampared measur es ofe xcpreeraitwwucietdy al on.
using a design task. Participants weina@a provi
t he -lIriefad c,onodri ta o3nD vi rtual mannequiinn tthlag cc
HMBVR condiltti omas f oVWRdi mpraa v ¢daMDé eak anhigsen (i
| ower |l oad), but found no differences betwee
The behaviour al measures weVR cdrsdi tiincr,e avsietd
wor k beingoretédraatived by expeVYRsusageggest

i nduced ex pledc wwMlIc.ed
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The remaining two paper s b owhhe reempplaoryteidc ivpiasnuto
wal knecr oss bal ance beams in a real | ife | abot
recreation of t h-¥R[l235]onr afteeoelidi vaen| MOr at ory t h
amHMBmount ed Wwdi@d&83dve as werxege rad WMlcierdc | udi ng

responses to awseegeonlduded tdbwnmrei,ng t he wal king
that MRMDvas detri mental to ERPr g@geuwe&knaaynpmea asuur
oexperiWMIcedand reduceerbheomhaaincer aled atfieve t o

condition.

2. 34)Qamparison of BeNeawioguryasli Pd sodlitcsa l

Whil st this review focuses on neurophysiolog
neurophysiological results with behaviour al
di splays not apparent using neurophysiologic
recor ded alehraesvs wlutrs typically used multiple
measures of WML t hr ouglh6 ,hlde@afr]ntiansgk opuetrcfoomensa n C ¢
[ 25, 16P7875841]1 subjective measTubkk8aluch as t
6creativityd a¢$ l1l82dged by experts

Of the 15 papers collected, 11 papers report
papers, 4 reported behavioural results sugge
exper i WMIc eidn-VIRMRZ ondi ti ons, 3 reported signif
experiWMIcedand 5 reported no significant dif
reporting behdwifoutrhad praepseurlst sr,eported behavi
corroborated the neurophysiological findings

t hat partially devidrtaewn fbhyonm hHerepamperrc.l usi on

Incongoiuesnt weehavi our al and neurwgd yrse pd rotge ¢ 2

bySun ¢g[tl 80lwhoound a di fference bet veeern itaHe f i

abilityspatdibhl ghbility subgroups. The behavi
results -opatihal | @abvi | ity | earWViRrcsondnptrioored i n
indicati agmoanWMlpédrocesshuwuty sphathiaghabil ity | e
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had significantly | ower | earnipgocethea@dmgs su
no difference between neur op/lRyciomldodii oal. mMask
together, the neurophysiolagpiecaWMicedor di ngs

decreasedVR,n bHUMD tgheemreerladsr geo i n behavioural f

Overall, the discrepancy between subgroups d
reached, but does highlight the i mportance o
di fferences between participants when interp

2. 35)ReaMount ed Display Virtual Real ity Does |
Wor king Memory Load

The results to this poi-WR dhoaevse nsoutig giensheearseentthla
exper i WMIceidn the majority of working memory
3 papers find that WML waR pmhri gghenrt avthieman ume tnhy
i ndicatingreihtaiernt hiemset anVYRsi wtexpe#dd@nced
WML relative to another display, or a second
of the present ateixopne riitwividcliefdtihsac e Benpwed ant t o

examine the instHNMBWR iwshefroeunudsitnog i ncrease e
or inhibjet thedenbngy MR siks mMdiD sui tabl e for,
considerations ftihtadMBY&®ubdr bdneginst

Makr a

S

matched environments contrasts tVWR aontdheSB con
n
e

=)

kylédpmpbadsson of declarative | earning

VR, findVRgewHMDed signifi cexnpgdryi Wvilgdarrr olsesv e |
both neurological measures and reduced | earn
for this i si mher stisen osHhMDéRp hawhé ch may have
any text difduecubty t owr gla32e]dHo warmaoleut iadn

[ 180l ]so used a sii#HMDBDER oconadi tpahrameingn taadk and
HMBVR outperf olrimead eaquievad!| eMak rl eems kjiyil Bejt taals.k .
specul ate that a potent i aelx peexrpil\®dicaetidnon hfeor t
HMBVR condition is the input method used in
headdetected cursor and a tactile button on

mouse clicknoumhedhdad ton i s both nowel and
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compared against the more commonly wused keyb
SBVR, l i kely required additional wor king mem
the input met hodVRuseddi hi bhedbMbot represen

actionsanadddngi onal step between the intent
additional cognitive resources to resolve. T
exacerbated as the participant was al so acti

remi

e

introducing extTlhe epaiserl ohoes however serve
nder to noVYRéooasiadesi o¢gifMDar entity, but
0

component I-VhR tchoen fHMDur ati on coexperbiuarecsed o t

Of the compat+i $§enpreeenealki on;VR ionfc rtehaes edd f o
measur es Tolfe WMdl.ati vely even split between c
duri ngvVRiMDol irfe@al presentation suggests that t|
main consi der atViRore xdperriimpe nHMD design. Cogni t
those conB8untetl8Ohlang ¢tL8albetma@effitom the use
HMBVR, whil st visuomotor tasks had increased
[ 25,.17BhHe findiirgexctdoy mowmtnt est the visuomotor
VR tevWREB81lwhich reported no differences bet\
However, it iPsetseurgsgognd thdlqadblyt he resul ts may i
from the technicalahdmstppooniusgfdh & iDeevePKE e

being cl agwidfeDBHMBYR aevice, the DK2 is on tl
technical specifications. degpaetsi ¢ OVaandt h e
30Hz refresh rate of the wédbocamodt itlhies®@d Hzwh
recommen@ed!| by YR8HAAE t hus risks i nc,reiassi ng

identified as a potenti al reason for the red
and smooth visual flow (i.e. no noticeabl e d
mai nt aiimsipgitgaypand tryeduci ng [cly®ee  Nd8ec]lkdnddsr ence
bet ween i omamBr bée oseeomtwhaesn exXdu aed alianidto

successfully uspeécisfeidcathieomi QGEMDBPWR i faa CV1

vi suomotor task without the same negative re
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2. 36)128leaMdount ed Di s pReaglIViiyttabbdle f or Research
Compared -HoaMbount ed Piresleaat ati on Met hods?

Taken together, the FrVeRs udlotess innodti cianthee rtehnattl yH M
hi gher elxepveerli \Bfilc edo mpared to alternative pres

instead typically producing equivalent or 1| o
wor ki ng tnestkosr.y When hexympenri Wl eidns tedfB HMD

condition are found, potential explanations
tangential toVRheaondaenofeectitbt of tNV& use of
headset itself.révi ew twtWRBhdMDaopmp Itihciast i on 1 n

wor ki ng rnmesmoaryc h.

Ini ti al iof diwchaatti dms ks benefViRR ptrhees eonatsattbi éorno m
gl eamed broader cogniftoiumeapr papesesreporitsng
based tasks, such as [chehds@aluecuatsi pe r[&dlo/r7ehmanic @ n
and vigilance dur[ag3f ypecandyr yWitRpek f orm ir
conditions, presumably where the retdhetion i
most Si mil arR yyasHMDe monstrated to, awldi ohh oslpea
requires high [&avBCkE odhisdasntoetntdiiofnf er bet ween
unl ess multivariate pattern analysis was use
bet ween [HgL13%p|] ayWhelrvm 9i]sol ated to eVoRpgVED | sons
VR didnooéeasweheMMLcompari ng a yiasweanmditdark gest
demonstrating how display method and/ or subc

The papers captured by this review -¥Rso high
can be applied in research and application.
el ements to compensate for real-VRofhadilimat a
the easitemge of a mannequin by Yarmngi@dd&ag] unl i
MoreovefrR wWdB pbkeseenhd informanhhawoe ki agway t
memopyocesdiomwgatvf absabsl|l i pyoviding additiona
information tbghi suppoptedes[slih@HMBR i nf or mat
presented VEs also have simi Patecoegn2%Jtivalre

found fear responses to walkingiaerobss!| deams
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t hdei ¢dcondi ti on, demonstrating how VR can en

evoking realistic respon®recvitd ndhecpmeisceart &t
given to the diffleirfeemmcedM®R bgMBveemt aeRdins , HMD
still deemed to be suitable in these researc

This review cautions against co#wd®R Udadicnd itthd te
bhetdcegnitive processinyR hor wogdiveoaotas kHME
there are too many factors to make such spec
t hreangfe positive results, explanations for n
HMBVR does not differ from,icloimparewioaawdfiispda
promising ou«#lRoals faot oldMDi n psychol ogical st

2.3.3) CdeklMoumged Displ ay aviidrt ual Real ity
Neurophysiol ogical Recording Met hods

The second objective of this review was to e
bet weenVRHMDNd neurophysiol olggatahemetdhpdper ©f
papers used EEG in combiviRat-p6 fe3 wmobdhe romoder n H
HMBVR, and s nbMBRVRholnhee r emausedgf plaR&r i n

combination wi-VR. mBdehnpBMBr demonstrated su

combinat iHOMBV&f andeneurophysi ol ogi cal recordi

The successful c Wb iamalt IEEMG afc r HWE&H yhe@ardtsaernts |
for reskareds-VRMWDas not anticipated to direc
BOLD signal c apdiufrfeedr &R OHHMIRE es have been pr
demonstrated to introduce noise to EEG recor
components to the [ ®6]pDedsipnigtaee |tehci¢gnlo@E]s a l

found t HWaRt ctOoMRIi ti ons had fewer EEG epochs r ¢
the-VRB control Li Mé[tle7armlHarr j unenl @siucalessful |y
reported midline electrode results, despite
positioning of th¥eR chdviings odfsdadchei HMDheir ex
used | owpass fil te[rls6 , obf@®,510Mu]t serimedfaltledveew t o t h«
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| ocal maif Mot9g ovveccessfully remove electrical
findi @Gatst @am[ RG]whlo. demonstrated that signals
smart pthMBV&R di d not interfere withhnBEG si gnal
Hert weckb5,fwhad .f ound the noi se-HMBDY Rdeed/u cceecs by
did not interfere with the recorded EEG sign
many modaBHSMDBDVYR and combinations of smartphon
HMBVR adapters not reepmtsemnucecy, inarted earmpd eson:

still be provided when selecting which equip

A potential source of noise is the pressure
VR amedur ophysi ol odeuvatdeeacdarndgi tgo feelings of
participant. Perceived discomfort has been |
[ 168which in turn can confound results or pr
coupled with the fawR hasatprtehwi awsssel yofbedaviD f o
cybersickness|[l6lpaaetidecitpamtasd di scomfort froc
mounted equi pment may worsen the symptoms. W

combi ne/RHMDd neurophysi ol ogi calVRleaxrmea dfimrg r

cybersickness rates, two papers reported con
bet weenVRIMDNnd the alternati del paege@ilaali on m
reported no signiXu cafnl &fld]iuifdeVtRMidcred u cheud hi gh
|l evel s of nauksaerg.u nvednrlegole] gavlr .t ed t hat 1 of 12
reported feeling WVWRusoeouws tiimnt he hldeMQBh no scas
is unclear 1 f the | ow number of studies repo
concerns dr,eominifmat represents an oversight
future studies. However, cybersickness did n
whil st this review cannotVRdraanvd ccoyrbeelruss ickkmse sa
does not appear-VRaondb inneeud olpNMBy si ol ogi c al met h ¢
cyber sitcok ntehses te xp reandt inltb ii hssadg e .

It i s also found that physical movement , i n

tasks did not prevent succesWR ulsaEgeG acqui si
[ 25, 17.8,Als8V WMDi s a presentation method that f
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movememte abil ity -worlrkepddtciadres reerad navi gati o

full advantage of the display.

This r evmiemwi ifradnidcsat i o-N Rt had-mekMBd e d
neurophysiologethbdseaoedhnyg compatible with
examined. There are many successful-VBxampl es
bei ng commmienuerdo pvhiytsh ol ogbethbdokogrdsnwithout

—

e successful captur«Rofi ndatcead NMobeower Kk nldle

i cipants did not prevent the successful

-

ult i n the excludhenubifquiat @auslauwestiteod hoh s a&
rophysiological recor@ingsmebhbds i s expe
rophysi ol ogethbBdeédc asmaifymM@Rlechni cally wor Kk
comihidlnéad8tONey are unexpected to become p

©

o o ® ® ® 9 = d X O =
-
—

o o < O ©c < O
=)

ement and prevenVRHawd wheirust idloiessi nngo tHMDnp | vy
no compatibilitWRismd-eaeeddbedeeoephibMDol ogi

¥ 3 T S5 S

orddeivnigc eass f ailed combinations would I|i kel
articles, and thus would be unlikely to be <c
compatibility issues mayhstctceésafrulseconthi gur
HMBVYR and neurophysiological recording metho

are possible, presenting af pdWBMDtrievsee aoructh .o o k

2.3.4) Shortcomings of the Current Literatur

Forward

Despite the positive inddRcanioeseafchhesevil
shortcomings of the current | iterature becan
Based on the captured papers, these probl ems

recommendati onsaigm vefn iwnpgrhowvwihreg t he-VRt andard

research.
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2.3.4.1) Techni cal HDa &Moeurnetnecde sDabBsept| vdaeyetn t i on al
Considerations

This review cVWRcilauders &dHMDropriate tool for p
basedioomdi ngs acrmecderamrMdPBRR,e -mdder AHMDB R

andgdmart pthMBV&R conf i gSuormeet idoenvsi ces have compar a
specifications despite being different model
Vive uydati anpl @bnjdal .e[tl 7a7ej]s peclhutvedfyf er higher
i mmer si on-mbldamnnAVRMD usywWr ns & FalFZJhodgh

smar t pthMBV&R ( ubsydalk r ans k[yl)ee]t al. t heref ore poss

di fferences in i mmeisicoracent t o b3E eppappoenrtse.lde i

Eacphaper repoVYR iwnmga@HeMD ncr eas e duseexd eeiitemecre da \
smart pthMBV&R[ 16F a démoder nd -HMBY Ruzd5 DK2ABHDB st

t he -ilnoower ssmar b pthMBV&KR has been di scussed, the
categorised asHMDVBmddegrln®et ®Bt dated by curren
possessing inferior resolution, FOV, tlmtency

the newer CV1 HMDs. The factors contributing

specification, specifically F®etaemnrdomeferte aah
[ 17t80] contribute toprndeesd miciHdgH De@ch dWMIh t heir
Moreover, the difference in I mmersion betwee

comparison boPpunpgpcgeldavlho found that QGVadsk perf
presented VEs out penafrd phe@vdeak2 ranmdut i ng t he |

to the differences i.n technical specificatio

Despite the -tmmerds iodhRI KhMEards et s i ncreasing ex
WML, there have been sever al examples of WML
smar t pHhMBV&[ 1 8 0 Jnnoond er n-VHRMD6 9 ]and d e vgerl aodpeme n't

DKZ2 167 ,clo/m4fli gurations. Thus, whilst the HMD

WML , it cannot be the only factor. The most
VR configuration which contribute to | mmersi
specificatiosel 6f heghatibipbyi WMIcedThe effect
these additional aspects may directly influe

8 3



|l oad through task difficulty, or indirectly
di sorientationt hEounermanpriteevcte bHMNMDMa hkr asas dy

et [all6.pes not support sensorimotor percepti ol
by requiring participants to | earn to use th
Peterson2ttetaaked participant motion using a
camera which was used to represent movement
Il i mi t fdst,o i30 was speculated that the small ¢
representation would be noticeable by partic
webcam mounted thyeher DE[RL @8ledlli spl avprt e r ec

was also |Iimited to 30fps, increasing discon
and reflection in the VE, thus | owering i mme
Considering the number oHMBWR tporress emhti ecch \WEosn,t

n
review r

(¢

commends standardising the reportin

itself and supporting software and hardware
about the HMD wused including adniyngmotdhief i cati o
manufacturer, model, modifications, and supp
computers is important for comparison and r e

information must ismu@lpwdd iddgt aialrd waanmr et mend VE

' imitations in these areas can potentially n
designs, or otherwise e»xpl aietr £wh e ncde r tFaoirn n
exampl-endt éiMDs | i mpiatre dc obnyp ustuebr s coul d suffer
rates/ |l atency, reducing i mmersion [dBd]potent

Not onflwl Iwirldporting of |teeacdh ntioc aal gsrpeeactiefri cuantd
of how di f-YRreeti HeMD compar e i n mpmamndr vifvenes
wor ki ng preaoweg,sys eshoul d in turn | ead to resea

choices when designing experimental paradign

Moreover, there needs to be a greater unders
|l evel s of i mmer sMRnd ebveitcweese.n WMO st t his revi
agai nstsmas i pdMBV& ori mmew si esViR HMD r esear ch, t

enough evidence to suggest that i mmersion do

8 4



Whi |l sts mari tnpthMBV&R | nst e-BtMBDWR IDSB sometiangs rep.
a potential shortcdnmijérjgpapaear ahwsm zdtd 8dbnemat t

di scuss how usi rsgnalrdg pkhMBVilRnemmasyi vienf | uence r es
relative to more i mmersive models. This <can
HMBVR to those unclear on the differences be
overgeneralisation or misattributliodve®d, resu
considerat itdhre HNeRDweoednel s available, a second
di stinction bet weR nd edbvmocdeesr nbée ctoMibe s appar ent .
di fferences-HMBMRveaenneH BHB8 R hav ef dovamadt hi n t he

Omoder nWRHMDiIi stingui shingrbdewaegebofgbaomeéer on
HMBVR devices. However, there is a clear dis
of fered betwgemdeo®Wsumars CV1 and ghadearl i er
Ocul usd IBDMMOR devices which may | ead to differe
whemsiwmg the devices. Ther eh b s edfehvgesligospgneenotr wa r
DBHMDBVR devices will be used to refer to ear/|
comparatively | ower specifications than the
Vive, to highlight the dRfdevieane®subielt i weed it
Hawever, it is also anticipated that this exrg
where instead eibtabed a dgeamdKRciadcn genege ati on
i s generati omay2,0fetca.t)egorriaing i mmer si on ma

di stinguishing between future development s.

2.3.4.2) Individual Di fferences

Anot her factor which afUWRe catnsd tehxep edryineannti ecds VoM
individual differences between participants.
demonstrated to influence-ViRasak epeordfftemmarrem® gw
for e xaagnepll9e0 J[gelxX 1Jaenxdper i enceadaiji a he HtMDt echnol o
[ 190]The cl earest effect of individual di ffer

compatroifsoesypati abnHb@lpiaty abr ab pSbuint pe[t1 8a0l].

who f bhfeodr mer group benwR iwvhteerde afsr otnh eHMDat t er
Whithts example can be-V&RY Bd rad wmiedld chtsi ¢ hael HMD
suppor tl otsup att h & | a,bitlhet yf ignrdoiunpg demonstrates
may initially be overlooked can -VRfldsaegpee ex
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This however is a very broad topic with many
considerations must be given will be | argely

The relative -\nRP vfedrt ya ogarHtMDci pant was i dent.
a potential f acetxopre rtihdivilc endsy gagfefseatng t hat nev
experience increased exclilt8eOnfendowandsassasapgeths
VE[ 167]Thi s excitement i s sapetcewnltactoegdn athod veen h a n
procegsshiucssg reducing thevheXpdereasceaed WBMBArning
and omehaesrurteaslofperf or maMaler. a Ho k{yel \Baptm ,tael s.t s
this interpretation by suggesting that excit
increase |l oad. Regatrlladtesmsovelhtey imas can i eifsec
which do not consiidreal Waikm@ n & kK[pleGehiBeca e ,s 0 n
et [a2l5.]may unintentionally introduce confound
with input methods, particularly those that
demographics outside ofi nt g vadairceh exwhiathetou,s d
participants | earn 1t6o]Thee eff loe eequit pmesnt ecomn
suffifament ari sati on perVRpd £ swinttaendb o/ttthp uth e HN
met hod used, sudbhliasetifa@s.e psedi ded.

|l ndi vidual differences affecting exp/&Rri enced
VE, such as experienced pPp92sencexampkeeampodhaeae
experienced presence has b€emronhlelSApwhect of
reported-MRhautsaHgvD i ncreases the feeling of 0
particlitpamas .been suggesased phatence results
focus and red(ycle/dbhhei spfaca@tciiopppant s who are su:
feeling ofaypreexspeenrciecemce | ower | eveVR of WML
devi ces. Conversely, whilst pregemdce veah omas
processés Eel@Mpkr ansk[ylbeptpoaalt.edgative rel at.
bet ween presesmnudda saviRdh HMDdi ng t hat whil st pr e
bot hcohpeitiexepelroaedhced and the | earning out cc
SBVR condition.
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Il ndi vidual differences can also influence ex
reported cybersickness in this review differ
symptoms increa¥Rdcomidil iepviiMDst ot hers repor
di fference between [prexsjleagatdlioas snet hlods di f f

experiments, coupled with participants being
demonstrates how individual differences inf/l
[ 194, lodse]lver, it is unclear i f theR,e tslyempt o m:
supporting hardware not beinfqd 9%yofrf isconeent , an
combi naft itobneiseg t he cause. olft tihe poysitmims t hi
di fference can be minimised witthr ackweeartche i d
hi ghest risk whevR caoadibr 0o p h g sriebtDhoogdi sc,aland mak
appropriate accommodations. For example, if
|l evel s ofl 7n8ajtuasleiang steps to increase this th
or more efficient programming wil| be i mport
met hods employed in VR experiences that are

experienced sicknetsishasad hmawe merd te paomrd avi gne
l ocomptlQdéft can be employed to ease particiocg
dependant on the paradigm used.

Despite the evidence inft eirmcitVvindgR avi st ahgrebfivedr e n ¢
positive results come fr om ,stluaauwesnlgehaatt hdoow n
i mportant Hbwevare the presemeteweodn dgfi8dodps ng
demonstrates that i1t is an important factor
reseahch. rt€lvareenf or e rsd awammenodish @ wrlt & paanrdt

relevant individudR dieskaremcé® ipmoMMDODe addi
results. mAttmisismbhould include VR experience
pr-and axpPteri ment cybersickness scales thougt

research i s conducted.

2. 3.4UnBgl anced tasks

A recurring trend within the reviewed papers
HMBVR and comparison conditions. Whilst the
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measured between display conditions, there a
task Iis presented or completed that may intr
experiment orWhinlt et prlee ¢ i ®«thudi es warrant in

for demonstrating the r&Rearindc¢hiaspplmpoatiannst

their Iimitations and how thiFer mayamplfectt it &
l earning mat er3uan se[td 8akjrvee rperdesiennt ed i n a Pow
presentation in real |l ife, opposed to the in
specifically to aid understanding the mater:

examining the Curiogciouy dMdbres pResemt ewWhiash a 3

opposed to a 2D image, allowing mo#v& detaile
condition. Such differences could potential/l
processes, either from processeéengati moprercon
potentially having access to more informatio
what extent the HMD itself is responsible fo
However, steps mian mbheeeatea kdeinf fteor ences ot hobdbugh
t he s,tismuuclhi as ensuring the same information
ti meframe identically beSuweeeitl8a®n.di ti ons, as

Yang ¢etl8mpared st-amdapdr penawi ng i mpl ement :
|l ife condition to designing mannequins in 3ELC
HMBVR condition, providing completely differ
i nteracting witt honteh ec atna scko.n e¥lRuidlescti h att aiMB cr
from the resultsVRteepernnimpnex maes it nearl
determine how mUBhdeVi tbei HM®I f was responsi
of | oadd howlmedh frreosnu .t hTeh evrEe fussreed, whi | st ap
this review as a broa/dR amder ¢ iraeesdeiaorgccho, f iHMD
i mportant to view these comparisons critical
findingsVR oustaMl2e al one.

Unbal anced coaldsoi pmesemretr ein th&Rcompari sons
exampbegt [all7u4s]led asbltaeked slide based prosp
task i AVR hceonsdB ti on where participants must

8 8



depending on the numbebrass epdr etsaesnkt ewda s Tchoempsd ri ed
the WMDcondition consisted of a shopping tas:c
which was navigated using a controller with
r e adtghreumber s al oud and moving their heads tc
compari son betVReenxpardmiddb éoéarstead t ask extends
beyond a simple compari s ®on@ge tfale/ddole sii spl ays.

demonstrate an a-pfpRli therenief alAMBrgument t ha
two tasks |Iinked only by cognitive process,
into the effect of the headset iIitself on sai

portrayed clearly ia@ent hmi patott niclhatiomg dofo tphe

solely resultant from the display method sel

|l ndeed, this criticism extends to all/l papers
conditiond without acknowlesd diengveteme tth&ang® na
Secondary aspects of a paradigm can also unb
Makr ansk[ylbetti tahif.ul | y /®Rneeavi e dnam&®RB btuoe HMD

adapted t-haseduiseputmotuon ttehde bsuitdeon on t he HMI
such, theexper eWMledrdeportedVRncohdi HMOn i s

suggested to be in part due the adweel and un
di sparity bet weheing hilnipguhtt smettwoo dismport ant cons
researchers: participant familiarity with in

met hods represent an action.mibdeatl|l yp pdenhtrc

which accurately represent the physical acti
conditions. However, balanced motion control
motion controls on detached 2D screens is fu
movements accurately represented i-viRfawddy 1 mi
howepeevent participants seeing physical key
result in participants misaligning their han
i ncreasedpiMMden tainddlelry upting the experiment. O
compromi se I s using gamepads with si,miduwmtr co
t hweul d not facilitate many visuomotor tasks
VROs capabilities. Whilst there is no clear

selected should be appropriate for the task
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bet ween conditions. The participant shoul d a
to the experiment to |l earn how to use the <co

increasing WML duringl@lhe experiment itself

2. 3.UneAdXpl ored Comparisons

Whil st this review succeeVWRBR ticn dtrlbpeard | d/i <colngpya
no capnteuurreodp hy sp aop eorgiccoamip&Re $ oHEBY&Ement ed

rea( ARy. The |l ack of CAVE and AR representat
|l iterature, as both offer an aVR eamdhtirifeaeel 0 mi
currently only explored usbhemg thre haaflvdigo8urta lalme
anbHal abi[ 1.eX9]JaThe | ack of comparisons with CA

considering tati ph &chtoiweavie rl iinmi twoul d all ow V|
whil st maintaining onedbds physical body as op
overlays virtual el ements onto theowuweg&ald worl

HMDs (liygeaak pEROa@nWderr r | i h2Qelt] aarl .onscreen usir
devices with bcydmangs[feAQualedhere i s an ar gumen
be madeéetlkeasonl @&8)lidli sed a form of AR, as t he
present edhoweveuraltlhyi s does not necessarily f
overlaying virtual el ements of thePerteearls owor |
et [all7i8] considered VR the sameowayea peescsedt
withi WVRHMDB .

No comparisoHMBD/VRI amdH&nNn alternative display

findings suggest that | evel of 1 mmersion has
however devices that offer the highest | evel
current | iseratanei mpbrtant ofviertsgtidgyuts efi sr t w
currentl yhown krhcewrhi ghest | evel of 1 mmersion i

wor ki ng pmeaonmweasyses compared to alternative di
potentially 4HMBVRaite ndhtats HiISt abl e for EEG r e
been combi ndMDWR,t hanldlS f ound to have | imited |
freqguenclyb,®dlehmdvever there may be pra<tical [
HMBVR being dwerdliyreg presrmneodiygms. Addi tional re
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focusi n¢f MOWR Hi&mr ki ng preernmeodiygms i s t herefore r
especially consideri &R ttree hmatl ® gyt i vhiadh akhME

Al | but one experiment WMRebHaEEBeeanduwhebsftu
mbi ned with met ho2dds3 Jlsiutcthl eesc daMNIReS dr awn ab
sponses changes inVRhes&gainl duirs ngh&M&f or
view did not captViRr @ ndxea mpelra lsnego tfw i sipiiDynsoi nc a |
ur ophysrieocloorgdicnrags, or potentially missed a

sponse not detectable with EEG. Thus, ther

_‘
® ® ® d @d O

garding combined methodol ogies that wil/l b

4) Comnscl usi on

his review systematically -\6Raamded combined
rophysi ol ogmethbdopekogydiwogrtkhien gs tnuednyo royf

cesses.waAr kangetneshkosr yi ncl udi ng attenti on,
epresented in theR cand emhEG cloimba matdu rHeM.D
i ewed indicat e-VtRth a énsott h b e urseeag atfyi \HeMDy i nf | u

eri enaead eaWMLangeg nif taiskas s tfeitanddi ng no di ffer

—
—

- T < O O c
-

o O
5 @ X O

ween displays or WMLweprenafigecldnlsd amea&su wdck r e
reased WML iwmad hreaeRHMDRtreddo i dnbe beyxpl ai ned
ondar pffahttoVR confThyai rfaitn dinmg uskewWlggest s

s e
VR technology is suitable for wider use in p
and potewbrhd appbreatveon. it swes tfpcthdBice t hat
VR, -moder HMBBR, deveboptenmoddMMbDViR DBand
consugneade mod&RnhHMB been successfully comb
met hodol ogi es t o acgluimeea snugraardo ipanfy sh®mo@mgy .c a
exampl e of combi ned -gmoaddeer -WHRMIDe md | b hpMBRBt was al
found, demonst rVaRt iinsg breawmw gHMDX ami ned using ot |
neurophysi ol ogethbdokogrdsngHowever, current
moder n-VlRMD s a rel atively novel frVeR dt,0 and r ¢

alternative di spl ayswoarckrionsgs pmeeaoerdys e st apget ot
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usi ngHMP8R devices, iIis required to understand
best applied in research and application.
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ChapterEBg-ReEl at ed Pmt Rretsipdlas e
Ari t hmetrike ng Memory Tamsaki Bhesent
Speci f iHeaatdoamt ed D/iiggluay Real it

VirtEBinavli r onment

3.1) Introduction

3. 1. 1)Sphkeicgf icclhacptiverdq I WY Rt Gial Reality in Ne
Research

The systematic review conducted in Chapter 2
successfully nesuadpthoy smed sougdecsalof experi enced
combination wit«~Radeanlge sIWIT-freMRt ed ERPs have
been acquired usi ngm&otogHiMBYRaZ2 Phbldavedl-opment
grade Oculus DHKIMDERds DK[Rle@DB, 176 ah@d&dd®dMmisermer
grade HTC-HWDWR 6B Combi n¥B BMBD EEG has furthe
reported in published researchudu®@agtitdeen odt t h
al[.6d4%ismgar t pthMBVER i n BCP3Q@Aksawnde2tOusali ng a
consugreade HTC Vbaekinask. NThe use of the <co
HMBVR extends past WakLolr Zz[se@bGeppllo.r t wintgh success
ERP acquiastHMbBbVoRn eixrper i ment studying response:
using thegcadsuf@eul us CV1.

Al t hough the successf-WUR armdnbEB@td eman otf r dHtMD
suitability of wusing both togiemmenrsi oon ndMDD s
may contribute to unwanted extraneous | oad i
factors i n exeasmepalrec,h.i tForas been demonstrated
of -l mmer si on HMDs makesaWE smoalel ydinfadviicgudtti,n g ¢
| ower | earning outcpéps |emdiemmgg & e merrctr eased
sympt oms r el aitnmmsdr otho dfeix®E¢gSrecondary as-pects
i mmer si eVWhR HEMDnf i gur at i owo rckainn ga Ipneeonfoamymiamicte , f
example iVRtheéi HMBes unintuitivégléiHacweVfars,i n
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no paper c apstywsrteednavy etwh eu tHMIBV R ed e HiSc es such &
the HTC Vive Pro despite offering the highes

maj or gap in the current | iterature.

Many -ilnomer si on devel opment HMDs have been di
hi gseecification model sgr asldieeh Vaidveet A8 2¢ ons ume
Ocul us[ ICNVIA,.,R8I1dti ve t o t-dircadlevieMDP methhie consu
grade devices offer |l arger resolution displa
ot her i mprovements making them an attractive
Moreover, thgsadeoHMDmemaser pas-dAVRY HS
devices which offer the hisghseascidpalienvienlgs ionft eirn
for use in neurjo23@C83kloweveesedhehwi de -range o
VR devices introduces a -VYRdgeanileairmtiyes eaam
example, thegdadel Opméns DK2 is a very diffe
to kipehlci fication Vive Pocont&imgura KSi.dgul a&heb
screen with a combined ,10-86g01680f pekdl|l of egbe
i ntegr ataendaiuglhiong 440g. The straps are el as
titghtened around the head, which guide the dz¢
of sdhael gn comparison, the Vive Pro has two 9
1440x1600 pixels per eye-dsegrreeeen fwietlhd a fc ovmbei
a clearer, higher resolution presentation of
compared to tihwe DKr2a ushees Wher at gheening meth
the HMD to the head, being held in place fro
cushioned padtae tkbadback ocbmbination with a
mi dline strap. Unli ke the DK2, the side stra
The Vive Pro trails the power and data cabl e
However, the 1 mprovemeinnmcr das d&dc et Ve vwee iPg ot atl

over the DK2.
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(a) Front

View
(b) Slde Interaction g = ﬁ Had plestic
> — .
- Button e = Strep
View :

Elasticated ¥ 4 .
Strap ¥, NP> ” | Rear Tightening

4 ] \ \ 'k " Ratchet Knob
Re:r Tlgf;tl.ednmg Lens Distance & . l;tehgrated ; !
trap-Slide Adjust Button o eadphones an |
Volume Control

(C) Top - Back-of-Head ‘
L - _ N s Cushion

View

14 i - \ Left Data Cable | ,
Figure 3.1: Annotated side-by-side images of an Oculus DK2 (left) and HTC Vive Pro
(right) from the front (a), side (b) and top (c). The similar sizes of the main units are
seen in all 3 images. The interpupillary distance and lens distance calibrations for the
Vive Pro are highlighted in images (a) and (b). The integrated hard plastic straps and
cushions on the Vive Pro and elastic straps and face cushion of the DK2 are
highlighted in images (b) and (c). The data trailing wires in the centre strap of the
Oculus DK2 and on the left side (when worn) are highlighted in orange image (c).
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Whil st mo s t

HMDBV R

-VnR® dddewni H&MD f aci |l i tate some form

devices are capable of &ftiletiegwtbivysaoam

presentatiogrwdéehabdgphery hardware to facildi

Vi ve
devic
exter
headp
to us
whi ch
i ui |l
The i

Pro mad-emwsthie@adphones which are integreé

e, al |

owing directional sound to be del

nall noi se. Il n comparison, -@adre Ocul us RiI

hones

whi ch dlo mmits &;l otctke ekkET@ r\Wiave has

e external headphones, but therefore re

can potentially obstruct a participant

t audi

ncr eas

HSHMBVR has

ot her

The t
to pr
desig
scree
recor
ori gi
i dent
techn
EEG r
[ 210,
l eft
of th

Wi se e

echnic
omot e
n that
n and
ding d
nating
i fiabl
i ques,
ecordi

O integratispra&rd sr®olri extem nad mph u
ed i mmersion from the combined vi
i mplications for experimental par

mul ate real world[&200B@ations by i

al advancements of the Vive Pro o
WML[ gploemfeovreman her e are several asftg
could potentially inhibit EEG da
components could introduce increa
ue to cl oseelpagomtxriadasy. tWhitlhset reelce
from the power cable (50/60Hz) o
e usdtnigonf raemd eenlciymierxatread by st and
l ower freq@Qidncyampe smawiphewnente
ngs of frequency bands commonly u

28BEklcondlknyountheed Ipeofwer cabl e may introdu

hemi sp

e head

here bias. Thirdly, the design of

, may Dbl ock or otherwise move the

tightwepmomrgss. Tahligso aonaey uncomp ar t iabil pamtos usi.t

headc

Ther e
EEG.

aps wi

have

th protruding electrode hol der s,

been examidMBVSR,o fs pceocmmbfiincead I|H/S t he

For Hrtmpé eck5@xamilned the noise produce

Pro usi-ingequenrecy EEG analysis, and reported
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recor di
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demonstrated by the systematic revi

o

f WML, thusHMBVRI 9 si mpanptaann tb |teh ami tH

met hod for the methodds application

e

| evad swiotHhMDW BH8 s duhder expl ored i n

, rendering it relatively unknown
|l evel s of eBepkoirencedcaoabe Thdeers
adv-¥yRt agereseBdMbBPh, it must be conf

ation HMD devices can -cbhaep uBSSEe& i n con

g

equi pment during an ERP recording.

Figure 3.2: Image of a modified Vive Pro with the Looxid Link Mask and EEG
recording system, as used by Costa et al. [212]. This configuration uses dry AF3,
AF4, AF7, AF8, Fpl, Fp2 electrodes, and uses FPz as the reference.
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Mor eover, audi tory tgmpdcamdbyakdsi nmol a aregul
experidemHMVR research, presenting a unified
However, there is little if any research inv
separately in tWR icondteadd ewMlwidMDand auditory
presentodt itdires s amewiidndfpoarrmateikgwnitsheospati al

sketchpad and paommpdodowegmn tnsullotfi ctohnreponent wor ki
memory gystpemnn[ta wsdjliyxh coultdurrresul t in differe
experienced WML dedpirtmatti loen DEeddd, Pt bldesded
studies comparing the presentati o#diM®NR VI sual
compare-ownwi yuakresentationegi soakpmbdnaeolnlayjudi b o
presenftali8toni s therefore difficul tVRt cauidsol at

hardware has on the EEG recording.

A comparison of ERP EEG werlbirng nmgesstkt mk en dur
presented-HMBYR gwHBI d build upon the outcomes
revi ew. Firstly, recording ERP EEG-HMDBgnal s d

VR would examine if the techniques can be co
t he combimpead tusse hie el ectrophysiol ogical rec
acquisition. Secondly, it would f«Rthusmagexpl
and | evels of experi erneretd |l eovaedl sb yo ftytRid a s i wigt
presentation, opposed to the singular | evels
studies identified by the systematic review.

3.1.2) Mental Arithmetic

There are many WML paradigms that could take
perceptual exVpRTrfiaeniclei tHiMtDes, such as | earnin
virtual |[albéofr gotearfioarsmance i n r edl3i2s)Hoewevehi cl
ment al arithmetic tasks provide a versatile
WML currently uYRtiriéssesadchn M&MDt al arithmet.i
complex cognitive processes |linked ta the ce

and phonol wgr Eahglommpmpanfeht S, 2 E@djch equation

sol vedwwr khng aoneemorsyever al stages: the equat
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the appropriate operation (addition, multipl

memory,; each intermediate step is calcul ated
provi@da® Arithmetic paradigms in research ar ¢
tasks, where the answer must be calcul ated a

where potenti@malesaeastwedisheargartici pant must d
any are correct. Veri &gicrmgli @ np dtaesndtsi cahla yissplr ets
i dentiddrerdecats qr oirnomurlrtda tl e whi ch must be c¢ch
Arithmetic paradigms can also differ on how
di splaying operands (the numbers) and operat
[ 204,221, 222]

Ment al arithmetic tasks off-éR seveanthmasgiong
WML paradi gms. Primarily, the same or equi Vva
presented visua223¥labrowudgtborl giff-¢Rent asp
experience andwdrhkei e wengaainneat t o be examine
vi sual and audi tworryk ipnrge sneesnkosrtyhanw eobeen wused
wor ki ng prerneodjyg thd ,t202 5p]r obe t he visuospatial s
phonol ogb€talthkomplticompomoewnt mevsedkd tnigvel vy,

however the control over task difficulty off
of load to be manipul ated across modalities
even i f visual and auditory arinthmeadaafd]quest
it will allow exploration of how -VRe visual
experience are processed differently within
processes are effected by dif fley etnhe |arvietl smeo
guestion needs to be presented, simple VEs ¢
di stracting or confusing elements used i n mo

A mental arithmetic paradi-gamsed exigladr dtoironm h
HMBVR for the | evel of control it offers ove
it has been | ong understood that increasing
an arithmetic task) of an equation through i

overs positively <cor[r2e2l6alitrecdi avattihng@rhiogitse malde
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Moreover, the problem size of addition quest
categorisedvasiued trpe 2o agtuircen 3.3). This cal
accounts for the steps taken to cowveesct!| pyso
summi ng the | ogarithms of each pair of digit
with units, tens with et ednisg,i test ci.n) awigti hv etnh ep ot:
equation. Each step of solving 4dr2ilt9jammedt iict q u

has been found that increasing the number of
ove[rd28Jincreases experienced |l oad. Arithmet:
i nt o dodiratcikréeavti | ues, al l owing questions to be

rangi ng dbeaswelEnt o [&Rt2:0d di fficultod

abo & 1i|g & o &

bbow w 1T 0o ® @ pm @O W pT
cl W Ww 0w Do ® ®©

ST 0 o pm e & opm TG ® O O o o O

Figure 3.3: The Q-Value Equations. These equations reproduced from Spliler et
al. [227] are the calculations used to determine the difficulty of various addition
eguations. Equation (a) is used for single-digit plus single-digit equations with no
carry overs, (b) is used for single-digit plus single-digit equations including carry
overs, and (c) for multi-digit plus multi-digit equations including a single carry over.
These equations can be expanded as required to accommodate sums with
multiple digits.

Mor eover, current research il lustrates how d

paradigms or problems can[RhP| aBacPBeepampeée

it has been found that | imiting presentation
calculation increas228poywpeovencetdoWMLhe ques
presented affects the experienced | oad, for

are found to induce higher WML [t2hanWivti hsiuma |l | y
vi sual pr Bl amkbeetrlig8f2ojlund presenting the infor
numeri cal format (e.g. O02+4PBaseddprcesent aowe

(6two plus fourd), which can be attributed t
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words to numbers. Conversely, increased WML

guestion itself results iIin|[@8&¢8iFeoas etkmmpilteh me
et [a2l3fdolund t hat participants utilised inferi
probl ems when under increased WML. Based on
design a paradigm that avoids introducing ex

presentati oMDWRtWYEN the H

3.1.3) MentalEVAantt hReelt d tceRde sReoatrecrht i a |

Ment al arithmetic tasks are commonly empl oye
typically examine ERP responses to equation
solution presentation in verification tasks.
l'iteratR3@0isef pE2A3s/fel] and can be detected acrc
response to afi2t3teorfientei cP 3s0t0i nmualsi been | i nked 1t
processes associated with different aspects
including thaea prescsessiendg aoi 2Ome t2i12Q2 e@RBa qutaitd ro |

of task difficulty dpeBbngueatrigen predeent atr
solutions in ypeBviRdgpionltsgska [ arger ampl.

as

u
ociated with a | ower WML in arithmetic co
pres

e nstf 2t0i4dq2 23 , Th28 | 22 At i on of the ldsgest P.
modul ated by the difficulty of the arithmeti
[ 131but arrepgmpti@at hg pafrd ®4,ad J6,dhya®ns r al

el ectf204s228 hemi sphere the | argest P300 r
constant, with studies reporting the | arge
mi s p[h2e3r7er i ght Hemalgep hteme mi dl | A3 ek @& sode
sults from the specific arithhiechkcsomp&r ati

W o O O»

ﬂ
® ®© @d S

der meizéefmonstrated responses were | arger i

isually presented and easyghtueparpbpestal ahdbe

O < M

uditory and hard questions.

Il n addition to the P300, earlier N170 compon
arithmetlfiz4d sINLMmMOQEi are more commonly associ at

faclezx42jand have been demonstrated to be sens
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withi-pefaeeti[oln3Sdewkesv er , N170 components ha
be sensitive to the problem sizMoofeaett hmet
[ 24alnjHe ef 24Bojjund that more difficult arithme
response in the | eft hemisphere over the rig
originate from the parietal | obe and fusifor
are specul at edd twi tbhe tahses oecnicactdei ng [02f4 1t,h2ed4 3ar i
howevies has currently only been reported in

presence in production tasks is unknown.

PosPt300 whow components (SWCs) have al so pr e\
arithmetic paradigms, typically manifesting
pari et al positive response, o#750msmbraageon o
[ 131,.2A4)Jthmetic SWC are |inked to several c
the paradigm employed. For example, arithmet
oBbrule violations6 i n arpirtehsneentdirecdecd r irfeispatnisa
(I oWt havi ngersmaedsilpompges einhealrrect (hegphenses
WML]) 223, 22U, 7245 production tasks, the arithr
t he ment al calcu3d b,r2em8u]i preadceé®s arri ve at the
commonly, SWCs are characterised by the posi
[ 240 ,a2n4d4 ]p acreirettraad | [ 22hroadsi s sometimes referr
positive SWC or the | ate positive component
SWCs are reported across hemispheres, being
i n t h-Bemi gp[h2e2r3e, 2ed=]r i et a[l 2 Felgi omi n t he mi dl i
el ectfrd8éepr independen[t2400f]T menya m@ltietriade & yof
have beetnad i ncrease with WML within arithmet
[ 223, 240,t246a]lve al so been reported in respon:
increasingly difficult arithmetic questions
g uest[i204n8s]

3.1.4) Aims of the Present Study

The technical spe/Ri fdiewvatciedsnmevafi d sdddiDeen den and

research have increased dVYRstievcviateéy Beoame mo
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accesssipoecei,f iwi av/tRi camr giNIRIi ng t he great e
ion through the | arge resolution scree
r-s péadigfhi cati on devices such as the HTC
ed i witbmEkEEGat ech fbiagleals nierurWMIci ence s

3

3

(¢

. -
nu o0 n <

~+

i's curr elMDbDVWR wWreowa rcteasi c ainf bHS successf L

d

guiring ERP responses. This study aims to
sponsewof kb mgamemtoalyedrn ict i as kv ipsrueaslel nyt eadn d
d

i tusr inlgyMPB Rc o mbi ned wiThhe EE€GI t hmeti c task
Il es of addition quedsitgiotn sedc¢ ghiopur bnsemb g r af t &

< ®© € ®d® O S
-~

ke distinct | evels of WML within particip
ually or audi®&®r VEyYy natniddippaa nthe wiMDI be pr

0
s
ch variation of presentation moidial ity and
h

O 0o < O uOu O

il eved through i1 dentifyingoERPmMeaspbnaesth
stimuli presented uwHMBYGR adre vuncneo d iafnide d eSO r d e
standard EEG headcap. The ERP responses with
windows will then be compared based on diffi

hemiesmpihc | ocation using a repeated measures

3.2) Met hods

3.2.1) Participants

This study recruite@dM@anuAge eNBEIOE olaadent s
ol,drangé&@: ye8rsl1dl @ie2N0. 9 yearrsam@d: yea&r s

oldhd 10 {&M28IN0s 7 yearrsam@d: yea&r swiott k)nor mal
t@eorrected vision through opportunity sampl.
University of THer humbrepuods pamtiitchiiparetEsG r ecr
studiyepsicah dpeet weednlai® averages arou&d 20 (se.
Carbida&3nadl aysor 269 1ahus the number of parti
within EEG/ ERRorpaetrchphrard wermaleftl fema
based on nesmomoaels fi ed version of the Edinbu
[ 250Every participabasedompéaked quespieonnair
any wi-d»xi trieng condi tions or who are taking

cognitivel hfeurextciluswenpe edietf e miea by t he reseal
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included neurol ogi cal conditions such as epi
stimulator (such as a pacemaker) which may i
Fourteen participants had-VRo ©Ofi ttheeB8pa&ahioe he
experience, 5 had | ess than-10 hoursobfexpesu

participant was excluded from data analysis

due toickhess. The study was conducted in co
Hel si2ak1Jreceived | ocal ethical approval fron
Et hics CoRmmerteee( 1303), and al l participant

consent befgrteh é& egx merriinment .

3.2.2) Materials and Apparatus

3.2.2.1) Hardware and Software

The experimental stimuli were con§$bblicted an
which also captured the behavioural data. Th
using Pg6anpdn t he GdeId ee[cdeSg3tjlugi n, whi ch wer e
converted from .MP3 to .o0gg file formats usi

[ 25t40] be compati BlTehewifidhsttP§ L SPaps al so constru
in PsychoPy and presented within the VE for
before taking off the HMD.

The stimul. presentation, virtual environmen
managed by a desktop2d0fthpptecessbngaad NBi di
GPU, and presented using an HTC Vive Pro hea
to the compuwtidredwad®e hi nd the participant to i
input. The Vive Pro has integrated headphone
adjustable stMThps NVi@®rhaodwarde .was managed by
soft wehree HMD was c alcihbmpatred cfi prang by adj ust.i
straps, the FOV adjuster and | PD knob to ens

for each participant.
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The Vive Pro presentedpithel ViEes ol @t i1édddd 0 &and 6
rendered osBtgleimemaual screen within the VE
t he BigScreen Beta applicati on.t efhheer ed itshteanc e
partiwepentwceahed the VE was keptposonsiont et
the participants before the onset of the exp
the participants view when facing forwards.
t hroug/h vtehevand controllers, whiochywer dameaeppr ¢

within the VE. These wands emul ated a mouse
and clicks were emulated through pulling the
emittedpai h&asedbon the | ocation and orientat
participants to accurately input responses.

tracked by two Vive O6Lighthoused sensors pl a
provide complete conertralgeat@adf h@eidlxipedg r act ab
gui des were employed to relieve downwards pr

the WWMDdata cable connecting to the control

Cei haifrfg x
wire gui

Experi mente

and

| i o/ Rec

Phone pd

Figure 3.4: Annotated images showing the configuration of the laboratory during
the experimental procedure facing the participant (a), and from behind the
participant (b). The major components of the VR setup are shown in image a,
whilst the EEG recording device is shown in image b. The virtual screen was
configured to appear in front of the participant based on the position of the chair.
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3.

2. Rl.egtroencepRatogdapbpy

El ectroencephal ography signals were recorded
Fz, FA4, F8, T3, C3, Cz, C4, T4el @bt r 8¢ 8Bpes
Medi ca S| eepcap2s0 cuosnifnigg utmhdety islodciardké ayd a

reference. When required, an additional head

t

c

(0]

(0]

w a

d
t

- 4 w
N O 9 T

®» S5 N — O

—
c O 9 o O

e

(0]

i mprove the connection between the electr
nected to an [[25BrecBEGi dgvatea 250Hz san
S then trankitnda taredAsvsusa AMnphone 6 mobile p

5

vi celoaBi bhelevice was al so connected to the ¢

receive EEG event triggers.

. 2.2.3) Mental Arithmetic Task

e mental arithmetic paradigm used in this
sk with the simultbheeesitphengegddtct ahi paxoépt
|l ut imamged on the studies[ Zdon|dascitrsdkiby& MOCwoc
37]and Dickson [ahzh3nde delampe ie®Rf predlddDt ati on.
mul taneous presentation of tperoentiese equa
turalité#titcaway hmeti ¢ quetshhd olnesaramrien g rerswinrt
d to pr egvesntti nidlais htibnat may i ntroduce vVvisua
sk was sel ected as -biats eadl Icoowe d ofl dverrtsh eo f mat thie
nfiguoabeootilised in a natwuralistic way f
mber pad (the sequentialasppepesedgt of senluéd ¢t

ngul ar options or responding verbally when

Participants were presented arithmetic quest

HMBVR environment. Two distinct difficulties
based owal i®29nd cat egorCGheisn Ues2e2dxdmp r i si ng of
easyodisgingl gddugi $i maldeiodgiatr dpbi ¢ svtot o est i ons.
easyo0 questions were selected bydigeginter ati ng
uestions, then selecting 60 of tihe @&8voiaded a

2 9 o O O

mi gt ee bvalsuesds wWwhich were centred around

estions were selected to remain consistent
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[ 256 NowaQue i n etxlhciesedgrdow®p ( min=0.602, max=1.7

SD=0.269), consistent with ®bhRiSep ¢Olecarf @7 dfalf.f i c
an@hin [e22%For the Oharddi guesquesntsi, o84 Wwevoe
using the =RANDBETWEEN(10, 99) funzttwoon in M
digit numbers for each potential question. T
resul vahge® from | owest to highest, and the
t han 2. 3r avetreed,exdnsuring there was a Qap in
Oeasyod gquestio@ damar d & eq heslteiset ne x Nowe Qed 4 ( mi
max=3. 352, mean=2.914, SD=0.317) , which is d
categori eSp alserd Hgnj&@hi n [e2 2 &

These questions were randomly assigned to 12
prevent clust-enlng qiestoseasQ Due to the | in
combinati oqs goft wigu@lte ons and to ensure congc
bl oc ksr ewpeeraet ed bet ween visual and auditory p
across 4 conditions: OEasy Visual 6; O6Hard Vi
The order of these amldoeonk s wvdh pheudos der of t
randomi sedfitd@deént mopievent two bl ocks of the
presented successively. The order of the Dblo
t hough the exact order of the questions with
participant.

The edges of the virtual screen within the V
background of the paradigm as solid black an
in BigScreen (Figure 3.5), which consists of
vi sual or auditory el ements. This gives the
that the stimuld.i ora g eisfp otnlsery i anrpeau t fsl aagptpiemg |
participant.
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(a) (b)

© (d)

Please rate the difficulty of the
question:

Figure 3.5: The 4 major screens of the experiment presented using the HMD-VR
BigScreen program: The fixation cross (a), an example of a visual question (b), the
response input screen (c), and the subjective difficulty rating (d). The fixation cross is
also used when auditory questions are delivered to the participant.

3.2.2.4) Behavioural Measures and Participan
Prior to the onset of the arithmeMRc task, t
experience were collected in th¥® .prEalcihmi nary

participant reported pVR oan exmee ra fe nfciev eu stiinnge
ANevero; A< 1 Hour o; Al Hour to 10 Hourso; A
Handedness was capthibdiendbwi @h aHlamwe rfl tRadré\yg

Participant Eedspbusght damilednessaoktndenct at g

hand they used tacoinmpuwtl le2rswdrog, baags h hands

prevent technical I ssues.

Three behaviour al measures were recorded for
response accuracy; and subjective ratings of
automatically captured from t hee notoesue tt oonf itsh e
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pressed. Response accuracy and distance fron
automatically recorded when the fAentero butt
correctness of the participantbés response. A
asked to OPldedde crudttegy tofHet he question: & usir
rating scale. The subjective difficulty scal
coll egagb2@s9] specificall-ppi modinextngmehyg @éasy.
Aextremely dififAyxruf 2aalrj]scdalmetused askR.f oA use
conti nuoius sicrmdleat ed -WR t\WE nb yt hiepidlivipt a ss5@0 e,

which facilitates respVYRseotnpat cohénoltuseng
any point in the scale to be selected. The n
scale is markedndVenyYeHgr @&asyeéspectively, an

subategories were presented to prevent Vvisua

screen Space.

The-itéem SSQ (Appwpesdpxesented at thetoend of t
measugslyenpt oms associ ated Wiatrh icylpamgisc kvree £s g i
choice to completevVR hMB omd tghsime g hwe rHaViDo n . Pa
who ceased the experiment early were only gi
asked to remember how they felt prior to ren

3.2.3) Experimental Design

TrRrexper idresnutgred i n thecoumpre stwse ddadvgt-di n

subj2evaty comphet wems arithmetiwi tghuiens tp roens edn tfd
modal.i tHqgeusat i on di fficulty s gmadapklastyed by
doulliggit (6hardé) additi on quveasltuieo nrsa nwgheisc h f
(defined in section 3.2.2.3). Comparisons ar
auditory present Omicoenemobatil omi medalotthyeri s vi
presentatt yni sngalubduitt oroy compari sons between g

modal i ties are conducted.
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3.49. Experiment al Procedures

Upon arriving in the EEG | aboratory, partici
sheet (APpeaendi an informed cdé)ns elhptonf orrena d(iAnpgp e

signing the consent form, participants were
5 and the preliminary questionnaire to comp
explained to the participant, followed by a
wands.

When ready, the researchers put the EEG head
Pro was placed over the EEG cap (Figure 3.6)
interpupillary distance and focus within the
wasonfirmed by having the participant read a

explaining the experiment. TheWaatddorcepaht w
hand, and instructed to use whichever they f
ensur ebothmalbhands were represented in the vir
proprioception disconnect. As only one contr
virtual screen at a time, participants were
prefeankgyuh!| ing the trigger, nmwhuiscehdcaldirscok H el nc
virtual screen. Controller activatioen was co

pointer style beam originating from the cont

withimk.tWhiVst it is possible to 6Gaancti vateo
addiattiroingger pull, doing so 6deactivatesd t h.
were instructed to avoid doing so during the
presses, participant confusion, and potenti a
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Figure 3.6: A view of the combined HMD-VR (Vive Pro) and EEG headcap on a
participant from the front (a) and side (b) views. The chinstrap kept the EEG cap in
place. The majority of the EEG electrodes do not make contact with the HMD-VR
device. The FP1, FP2, F7, and F8 electrodes (Orange) make contact with the
frontal face cushion. The Fz, Cz, Pz, and ground electrodes (Green) make contact
with the central Velcro head strap. The O1 and O2 electrodes (blue) make contact
with the head cushion at the back of the HMD.

Next, the parti ctqpeenstt ivomderrvae mti nag 1sCessi on C
and 5 auditory arithmetic questions to fami/|

controls, and ensure the volume was at a con
selected from the pool of unuWpmpan qguempli etnison
the training phase, the participant was gi ve

and reminded to answer each arithmetic quest
possible. The |l ights were di mmed i,n arhce tlhd
EEG recormdemged.om

Each tri al began with a 1000ms fixation cros
stimulus presentation (Figure 3.7b). In the
screen for the 5000ms period, with the fixat
aditory condition, the fixation cross remain
file played. Participants were instructed to

during question presentatsf.axTthh eo paavrotiidc inpopavretme
presented wiptald g Fnuwmlbreer 3. 7¢c) to which they j

controller at to iIinput their responses. Each
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A

6enter® button submitting the response, and
the event a mistake was made. Upon submittin
di fficulty rating for the question was prese
proeddwith unlimited time for these inputs.

presented to the participant. Event | abel s f
on condition and participant accuracy.

Fixation Cross
| 1000ms
]

Question Presentation

Equation Response
Until Response

Subjective Difficulty Rating
| Until Response

Figure 3.7: Example of a visually presented addition question trial and block. This

diagram shows the process of each trial presenting an arithmetic question. a:

Fixation Cross: A fixation cross is presented for 1000ms in the centre of the screen

to direct participantodés attention. b-: Quest:i
visual condition. In the auditory condition, the fixation cross remains as with Figure

3.7a, and the equation is read aloud. This stage lasts 5000ms and includes an ERP

trigger at the start of the stimuli presentation (represented by the dashed vertical red

line on the diagram). c: Response Input/Equation Response: A number pad is

presented which is interacted with by pointing the controller at the number to select

the response, with no time limit and the ability to delete mistaken inputs. d:

Subijective Difficulty Rating: The 500-poi nt | i near scale from 6Vel
Hardd6é. The blue arrow represents the current

Upon completion of the EEG/arithmetic study,

SSQ. When compl et e, peraoccvhi dpoeadr ta cd eoRapnpte fwdansg 6 p

and given the opportunity to discuss the exp
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total, each participant spent approxi mately
mi nutes of this eosmpltemeng.the main

3.9. DRracessing anAln&ltyadiisti cal

3.21F)l ectroencepbatagPapbgssing

The EEG processing for this study was conduc
t oo l[b2o6klojr MA[T2Z6MB]t h t he ERPRAB[Thleudginst pr oce
stage was the basic processing, which began
usable by EEGLAB from biowav to the standard
el ectrode |Tohceatdatna dwwasa.aut omatically refere
physilcian-dayds r edleeg etncseed @ sd u IEIE@Gge ctohred i h.gh Hz

Butt erhwaorhtgha d 4 er was applied to counter sl ow
50Hz notch filter was applied tloowpolwteerl i ne
was applied to aid with the identification o

was then execud4d ®&Hz ofni Itther edb ndat a.

The purpose of the second stage is to acquir

(I CA) weightcommpanernyted,l ianlkl owi ng eyeblinks t

from the EEG data. However, isolatingi egebl i
rejection criteria than are otherwise used i
unwantedly affect the data. Therefore, only
stage for | ater application, and the dataset

anakbkysi@héeéaset produced from stage 1 has a 4¢C
hidlhequency noise. The dad@d tc I10hEaAmeppicheac
a frame drop caused by rounding) based on th
The epochs arlel yt hreenv i neawneuda, a n de yaenbyl icnokn traeil naitne
noi se or perturbations are rejected, | eaving
ar t isf.aclthe | CA process was then conducted on
identify the eyeblandssavehthbdel EEGwediaglati ng
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ed by stage 200asoefdd®@OHdend ,f maoach t he | CA
2 were applied. Components were identi
on f riofny tchoempéoGleanstss using | CALabel 6 mei
ents that were | abelled as originating
I f they conform with typical eyeblink
ively removed indnatdoal untahdai so¢acih
d the eyeblinks with mwasméa.lb uldhdes rdugptta o
n dretr iwfeeridé cat i on by vi sual l nspection to
ed ERPs for each condition were calcul
eraged channfeolrs samd icsandeiatli camsal ysi s wi
annel and bin operation functions, res
ed into a grand average, where the mea

argeted ERP componemnd HBmBeEeG/eERKtamealtydi.s
ne is shown in Figure 3.8. As no | owpa
t, a 30Hz filtered version of the comp

roduced for presentation purposes.
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Import the Data
v
" Flip the Channels
E- 2
@ | Crop the Channels
< v
o
¥ | Import Location Data
[ma]
5 v
o Apply a 0.5Hz Highpass Filter
g v
Apply a 50Hz Notch Filter » Apply a 40Hz Lowpass Filter
v v
Interpolate the Identified Channels Identify Channels to Interpolate
Y *
< | Apply a 40Hz Lowpass Filter Epoch the Data
S 2 2 ”
(1] —t
o | Epoch the Data Apply the ICA Weights ]
o 2 Y i
2 Remove Unnecessary Events Remove the Eyeblink Components m
3 Reject Noisy (Non-eyeblink) Epochs Reject Noisy Epochs 3
oo v v o
2 2!
“ | Runthe ICA Compute the Individual Average o
; 3
Compute the Grand Average
v
Output Data

Figure 3.8: EEG analysis chart showing all 3 stages of preprocessing procedure.
Solid black lines show where the entire dataset is used in the next stage. The dotted

grey | ine connecting the o6l dentify Channel s
Channelso in stage 1 represents i nfiothemat i on
|l atter, but no actual data. The solid grey I
AApply the I CA Weightso in stage 3 represent

ICA weights calculated) being applied to the latter.

3.2.2vent Rel at eld nReo tW mtdioaM Sel ecti on

As this study is a novel-VRnaredtmgrmttalo na reixtahnm
ti me windows for each component were visual/l
was conducted to ensure the responses were f
usear fthe analysis of each targeted ERP comp

investigations to identify an appropriate r a

115



reporteMadil|l aefdolr a r evi v £2drai npaRr2idijgy. u h
[ 1313dsi nski[] 28VMQocle [e24 lajJdbnidc kson & Fee8ig mei er

Speci fically, the time windows used were bet
250ms and 500ms for the P300, and 400ms and
wi ndows were considered the initial upper an
common tocataskmetiThese windows were applied
a presentation modality for each participant

|l atency of the respective polarity extracted
final stagé, theehmghesod and | owest | atency v
l ength was selected to encompass all peaks w

adjustments were made to round the window to

The visual and audidiofrfyerte mte dw en dtoowvwsd iafrfeer en
processes, but also the disparity between th
50ms of silence at the start of each audio f
the time windows 115ms fdrRbmse fNXI70 heo RBOdMWe @
components within the auditory conditions. \Y
fixed |l ower |imit of riZ2@msxdduatead aitdcohei n

being present (Figure 3.9).

Grand Average of All Correct ERPs recorded

Posi ti ve\b.ﬂ\

— — —— — T

i \ S T . — Iy
4 \ \“\ —_— T —

\ —
- Negati ve

Averagélot

Figure 3.9: Example of the trigger artifact: This ERP trace (-50 to 150ms) from the
Fz electrode is extracted from the grand average of all correct trials regardless of
condition or difficulty. This demonstrates the presence of a negative peak in the
10-20ms range and a positive peak within the 105-115ms (highlighted with arrows)
range regardless of the stimuli or difficulties utilized. Because this artifact persists
until the 115ms point, the lower limit of any time window used for analysis was
selected as 120ms.
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The final ti me windows are as follows: The N
wi ndoemtatedl60ms in the visual condition and
the P300 time windowen tsamad32000mss iwi ndoew vi sual
and 425ms in the auditory concdcietnitate;dé6 08 ;ms SWC

in the visual condition, and 725ms in the au

3.23) Statistical Analysis

Statistical analysis for behavioural and el e
SPSS [2&a4n]ld Mi crofadabb]Fexcelhe behaviour al resu
response time of correctly answered question
rating, and the number of correct responses
each condiethiaovni.meTahsell rbes wer e i ndividually an:
oftdsts comparing between difficulties withi
l ncorsponsese were excluded from the response
outliers resulting from immedi ate Opassod res
i mmedi ately without attempting to answer the
data. The reppemxspeesr ithee nttheSSQ are grouped bac
subscales of nausea, ocul omotor di[sit@O]bance,

whi chamaleysed usampit estonagalinesa] zer o

There was a |l ow number of incorrect trials i
of responses being incorrect for each partic
conditions, in all but 3 participastdg$ofror th

the hard audiTthemry foaredi ttiheemr.e was not enough
comparison within the incorrect responses no
[ 205, 2d4hkese trials were therefore removed fr
and ERpsamsal

Three types of ERP analysis are utilised: me
| atency. Each ERP analysis was conducted on
individually for correct responses only, but
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were conducted petrow@aald iyaagrso snse tahlold , ERP anal vy
ANOVA consi$tnaedoof rap&ated measur(dsftiesubtny
[easy,]xha&dedctrofde ondadti edxtheari, epfrate,ri emiadld!| e,
riphesi gn. Mauchlyds test of sphericity was

effects and interactions violated the spheri
violated, the degrees of freedom of the effe
Greenh@Gaeises ert icoonr rmehcen t h-&GeGseenh&psel on i s |

0.75, and-FteHadtHwynmrh ecti on v&edrs stelre EQ@rsd d romo u s
0. 75.-h®#osanal ysis was conducted using pairwi
mul tiple comparisons usgsimeqtt h&d& h2o Bfoemrf redmionad
was used to control for type 1 error when ca
main effects and interactions. This was sel e
Fi el2dg 7particul arly because of the repeated
comparisons within each factor, and the fact
assumed. As each behaviour al resul tdg esdmpar.i

were used.

3.3) Results

3.3.1) Behaviour al

Paired s-ampteswé&re used for the behavioural
and hard conditions for each display type as

samphest s were used for the SSQ scores.

3.3.1.1) Number of Correct Reponses

The behaviour al results of the mean number o
that within the visual trials, there were si
easvwi sual (Mean N SEM (SW) == 059560 remn@el &h &8
hard sl = 56. 48 N 0.79, -6500)r3 ad .s6 4 pOa2DY get . =3 14

d=0.94). Within the auditory trials, there w
the @aasdytMry 59.33 N 0.2, -8DJwver0. e diamdgyg =
(M55.14 N 0.75, SD-690t)Bi a4Rs ( pl@®) =d6=417.53,4) .
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Average Number of Correct Responses for Each Condltlon

60 ? ?
58
56
54
52
50
48

46

Average Number of Correct Responses

44 °
42

[ Easy Visuallll Hard Visual [l Easy Auditorylll Hard Auditory

Figure 3.10: A box plot showing the average number of correct responses per
condition for all participants. The maximum number of correct responses was 60.
n=21.

*Significant differences between conditions, p<0.05.

3.3.1.2) Average Response Ti me

The behaviour al measure of the( FiegproensIE. 11)me
finds that within the visuali s@ghts2. 68 Eslfoh.s
SD = 0.61, -Bah#ftgrei al sl . w8eébr e signi f haadtsluyalf ast
(M = 4.57 N 0.36, S®. &8t1(.Z06)4pDWHAg-&=62P. 99

Within the auditory tri-audi¢t@dMty was69 oin@. 14h,a
0.66, ramnrdgelwBa)slsv§ni ficant | yaufdaisttiderry t7h &8 tNh e
0.17 SD = 3.26-15rtdmigel 8 .(4ipfIBON=d=79) .
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Average Response Time for Each Condition

*
1
* .

Easy Visual Hard Visual Easy Auditory Hard Auditory

Average Response Time (S)
(@] [l N W A O (o)) ~ (o] o

Figure 3.11: A bar chart showing the average response time to the answer input in
seconds for all conditions. n=21.
*Significant differences between conditions, p<0.05.

3.3.9uBBj)edtiifve culty Rating

The behaviour al measure of subjective diffic
within the visual tri adissuMIt= wa7s. 820 u\h d5 .t1h%,t
23. 78, ranh@a8.t9r3ipal9ld8 were rated at a mignific

the mas@dMl= 195.02 N 19.75, 8BP3229@.5%, (tdrRdad
9. p®M.0,1 -a=98). Within the auditoryaudiitadrsy i
(M = 29.52 N 6.32, SD283.t2r8i)I8s werma er &t 8d 8B
|l ower difficudadgi@MMmn 2hHhe h7arM 22.26, SD = 1

71.-5#B7 .t4r8i)al s9 .(PpDDPON=8B=16) .
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Average Subjective Difficulty Rating for Each
Condition

300

250

200

150

100

Subjective Difficulty Rating (3500)
al
o

. . ]

Easy Visual Hard Visual Easy Auditory Hard Auditory

Figure 3.12: A bar chart showing the average subjective difficulty rating for
each condition on a scale of 1-500. n=21.
*Significant differences between conditions, p<0.05.

3.3.1.4) Simulator Sickness Questionnaire
Onsamptests found significant increases for
experiment SSQ compared to no change: Nausea
pOM.0)1, Ocul omotor Disturbancepdmes9.56 N 6.5
Disorientation (M=4%000M0)IN Tobd, S¢Q0¢ =6MS5B6.
t (20) pBW.Y).,

3.3.2) EREG@IEBHwendt Potential s

| ndi vriedpueaalt ed MmE@¥A2rxe3sx 3 design (difficulty [
el ectlrocchft fi oomnt al , central, parietaiwprer hemis
condutteemcch combination of ERP type (mean amj
peak | atency), modality (visual and auditory
SWC). The targeted components a-speanél gséedmb

windows identifiend .for each compone

121



3.3.2.1) Visual N170 Component

Separate traces were produced of the average
F4, c3, Cz, c4, P3, Pz, P4) for both difficu
(Figure 3.13). The statistical analyses for
peaktency component of the visualTaKll20 3cdmp:
Il n the visual N170 mean amplitude anal ysi s,
for the interact keolne btesk(@ben8 pEdF WED, 6¢7)
nly, samdljusted usi HGegitserGrcoenlfetecuseo®n. The

.84 N 0.62) 8nd&8pa&r Detca®l) (nhMd | arger mean an
rontdl 7¢M4$) OelbBectrodes (t(20)=1.07, p=0.008
p=0.004, d=0.80). No interactions are signif

0
electrode is significant, with post hoc comp
2
f
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150V

Easy Visual
Hard Visual »

-200ms 1000ms

Bl

Figure 3.13: The grand average of all 21 participants for the Easy-Visual and Hard-
Visual conditions for the 9 electrodes examined (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4).
The respective time window for each component is overlaid: The yellow time window
is the N170 time range (120-200ms), the blue time window is the P300 (200-400ms),
and the green is the SWC time window (450-750ms). A 30Hz lowpass filter has been
applied for clarity. n=21.
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Table 3.1: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency
N170 responses in the visual condition. n=21.

Mean Amplitude Peak Amplitude Peak Latency

Wlthln SUbJeCt " 2 1 2 T 2

F | df F | af F o |af
Effect p p p p p p
Difficulty 405| 1,20 0.06| 0.17| 7.73| 1,20| 0.012*| 0.28| 1.07| 1,20| 0.31| 0.05
Electrode 0.22| 2,40/ 0.001*| 0.32| 4.95| 2,40|0.012*| 02| 06 21é4§’2' 05| 0.03
Hemisphere 0.23| 2,40 08| 0.01| 04| 2 40| o067| 0.02| 2.37 312'61lé 0.12| 0.11
Difficulty x 1.33, 1.39, 1.36,
Eloctrode 03| yoaa| 066 0.02| 0.04| 75| 091|<001| 0.12| o701 0.81 0.01
Difficulty x 1.29| 2,40| 0.29| 0.06| 3.21| 2,40 0.05| 0.14| 3.16| 2, 40| 0.05| 0.14
Hemisphere
Electrode x 1.18| 4,80| 0.33| 0.06| 2.46| 4,80 0.05| 0.11| 1.23| 4,80 0.3| 0.06
Hemisphere
Difficulty x 251
Electrode x 0.91| 4,80 046| 0.04| 1.61] 4,80 0.18| 0.07| 06| 2| 059| 0.03
Hemisphere '

Crc I fdz2SX RFI5SaInNBSa 2F CNBSR2YZI LI {A3IyAFAOlI y(

Bold print and * indicate statistically significant differences, p<0.05.

Il n the visual N170 peak amplitude analysi s,
for the intedatf kelnd btgst(@jkeeinQp. =806., WEHohA) vy,

and is adjusted usGiengstthe cBre emdiomanef f ect s
di ffacdl ¢ ytarrcedesi gni fi cant . Post hoc compar.i

di fficuHaricespeak eandplli8t ded.(8WD is | arger t ha

amplituxded94 M& 0.63) condition (t(20)=2.25,
electrodesaltpeakgann’el|8idt udded. (7 s | arger
peak amplit@2deN(WM=64) (t(20)=1.57, p=0.04,
di fferences from the central electrode.

Il n the visual N170 peak | atency analysi s,
the mainekéted@®le®9pPp608, WED, arm2d the interacti
di f fkelud datys?(®@ de 1 2p.=005., WED, 6d3i)f f& elud dtyxr ode

hemi spéi®) €2 0p.=200., WED, WBi)ch are adjusted using
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Greenh@Gais®ser correction. Mor eover, Mauchl yo
for the main ef fc¥2c)t= 7opf4 Bh, e@h2i 45, puhidedrcen (i s adj ust
using t hreelHlytunchor recti on. However, no signif

are found.

3.3.2.2) Visual P300 Component

The statistical analyses for the mean ampl it
component of the visual P300 compormamtuadr e s
P300 mean amplitude analysis, Mauchlybés Test

effects oBQ2e|=Bptéroo deEB(. 7h3e)mi&s p&?@) e 8( 6 2,

p=0. WED,.armBdd i nt er actxhoennsi sepl tkeC)t er 20Qgh.€202.,0 1 2 ,

U=0. 7dli)f f& elud dtxhedne s pe?(@® ) e 23¢p. 20 . WER5) n al |
violations t-Bee&seenbousection i sheursed.helhee
i's signiwiitchangptost hoc thhepmairdilsiomse Mmeandi amp | i t
0. 83%)rgiess than the righttN meattampd®@Odde ( M:
=14) 0

The interactdiidd xbchud weyesno dad s o ,s iwgintihf ipcoasntt hoc
comparisons finding that within efeohtatle | o
easy (IM=8..0/73) meains almopd ge¢ udtehandtmeadramplail t
(M=@&N2@). 9(t(20)=1.77, p=0.007, d=0.65). When
and between electrode | ocati onegasciyehnetrrealar e d
(M=8. 62 &% aGpyar i et al (Nméaid7afppPi PRrARs1. 9,
p=0.0322)add®f@ ont al4N( M= .h2wrecht r al5N( NEB: 8. 0
mean Bmpdes-1(18( 2&0= W23, d+*xth the central el e
amplitude being | arger in both cases.
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Table 3.2: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency
P300 responses in the visual condition. n=21.

Mean Amplitude Peak Amplitude Peak Latency
Within
Subject F df p ' p? F df p ' p? F df p ' o2
Effect
Difficulty 0.66| 1,20 043| 003| 048] 1,20 05| 0.02| 3.42| 1,20 0.08| 0.15
Electrode 2.41 2194279’ 0.12| 0.11| 257| 2,40| 0.09| 0.11 10'37 2,40| <0.001*| 0.35
Hemisphere | 5.81 21é4371’ 0.013*| 0.23| 6.6| 2,40/ 0.003*| 0.25| 6.17| 2,40| 0.005*| 0.24
Difficulty x| 2 551 2 40| 0.002¢| 0.27| 1.38| 2. 40| 026| <0.01| 2.47| 2, 40 01| 0.11
Electrode
Difficulty x| ) 221 5 40| o0.8| 0.08| 039| 2.40| o068 002| 0.47| 2, 40 0.63| 0.02
Hemisphere
Electrode x 2.84, . 2.48,
Hemisphere | 177| se.gg| O-17| 008| 259| 4,80/ 0043 0.12| 1.74] 0 0.18| 0.08
Difficulty x 299
Electrodex | 21| S°. 0| 011] 01| 201| 4,80 01| 0.09| 0.93| 4,80 0.45| 0.04
Hemisphere '

CI'C zIftdzS3x RFIrsSaNBSa 2F CNBSR2YI LI {AIYyATFTAOLyOf
Bold print and * indicate statistically significant differences, p<0.05.

Il n the visual P300 peak amplitude analysi s,
viol ated on any main effect or interaction.
significant, with post hoc comppeakons findi

ampl i(tM=d1e5. 79 N 1.19) is | ar geerakt hmanmp |tihteudrei g
(M=13.7 N 1.02) (t(20)=2.09, p=0.00g, d=1).
hemi sphere is also significant, with post ho
bet ween el ectrodes Ifairngdeirn gp eaa ks i agmpd fci ecuatinet a ilyn 1
(M=17. 44cdmpavdd tofthetml d(Meréd(Ba)1H,1.27)
p=0.00Q.,,99)Moreover, the post hoc comparisons
bet ween hemi spher-msdfind pbaekcampltatude (M=1
| arger thanighe peakrampl i t(utdie2 Q)pea.0112,9 N 1.
and parei-neitdalpienack ampMFtL6d&8i § Haddger -rtihcamt par
peak amplitude (M=13.28 N 1.)X8) (t(20)=2.29,
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Il n the visual P300 peak | atency analysi s, Ma
the inter acdli ontxibedivepd@® ) e 2 p.=202., UG, 6249 ,

i's adjust e etlesnihiBgistelser correcti onrel elchter ondaei n
andemi spahreer esi gni fi cant . Post hoc compari son:
parietal peak (OM=TUrl.edl INt8.ri1lt)han both the f
5.51) 29(@9) =p=0.D®I)3,amdE central ( M=92994,97 N
p=0.000.,7®d)= peaks. Bet ween hepneiaskp hehesri ght i
hemisphM=r302. 19 sN I5a.t7e8r) t han the m{d(ROg=( M=2
11. 11, p=®.0VDH)Y, d=

3.3.2.3) Visual S ow Wave Component

The statistical analyses for the mean ampl it
component of the visual SWC are summari sed i
mean amplitude analysi s, Mauchlyds Test of S

of el e@)ec@p30,0A0. TR2emi& ptf@) e7p90, 019,
U=0.dB8d ,the interactixen ece¢e @Penl Bpio®f0 T, t vy
U=0.B&83h violation is adjuGdiedsarsiangr naet iGore
mai n effect oifgreilfeicd arotd,e wist ht tpatftrtdimetcalt ametam
amplitude (ME8. 4dmaNIl 6r66han both the-central
1.84, p=0.012, achd parietal -J.M=5.B8500N07WK),8 79 = (

mean amplitudes.
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Table 3.3: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency
slow wave component responses in the visual condition. n=21.

Mean Amplitude Peak Amplitude Peak Latency
Wlthln SUbjeCt " 2 " 2 T 2
F df F df F df
Effect P i P i P P
Difficulty 0.75| 1,20 0.4| 0.04| 1.12| 1,20 0.3| 0.05| 2.47| 1,20 0.13| 0.11
Electrode 10.76 1.44, 0.001*| 0.35| 5.99 1.27, 0.016*| 0.23| 1.39| 2,40 0.26| 0.07
' 28.84| ' ' 25.34| ™ ' ' ' ' '
. 1.49, 1.29, 1.41,
Hemisphere 2.83 9.84 0.09| 0.12] 0.37 o5 75 0.6| 0.02] 1.11 28.18 0.32] 0.05
Difficulty x 1.32, N 1.29, N
Electrode 5.01 26.32 0.025 0.2]| 2.55 o5 83 0.12| <0.01| 3.28| 2,40| 0.048 0.14
Difficulty x . 1.49, 1.64,
Hemisphere 4.71| 2,40| 0.015*| 0.19( 2.02 29 82 0.16| 0.09| 0.02 3285 0.97| <0.01
Electrode x 212| 4,80| 009 01|211] 2L o012 01| 345 4 80| 0.012*| 0.15
Hemisphere 50.15
Difficulty x
Electrode x 2.36| 4,80 0.06| 0.11| 1.69| 4,80 0.16| 0.08]| 1.99| 4,80 0.1| 0.09
Hemisphere

Crc +lfdz2S RF¥FIr5SaINBSa 2F CNBSR2YZ LI {A3IyAFAOIY
Bold print and * indicatestatistically significant differences, p<0.05.

The visual SWC mean amplitude analysis al

bet ween xelfddtcuddeg. Post hoc comparisons wit
electrodeseasymhttadat(,M=2. 14 N G.r®3)s maddreramj

t han bot hc etnhter aelas(yM=3. 7-3. 8l90. p2PD. 688 2 Gy

easpyari etal (M=4.826 4R ,0p%W). GBJ( 2r@)a=n ampl i t ud
Moreover ,frtdhmrt larmlean amplitude (M=2.16 N 0.

hadlcentral (M=4.2-3%. N, O0p 8030.0038)( 28ma~r hat al
(M=6. 14 N-31)98(t (p=@).®O®2 ,amepari tudes, which i

with tparhat dl being Ilcaemgeaeralt mem(nt anphBaBridi d e
p=0.0X@.,7d)EuUurthermore, thaiifdfkxkeadhidctypbar &ei sve
signi,fiwianht post hoc compahrarsdehs meaeaamplgi ti

(M=2.97 i O.mad)l eramdhdini nédhemean amplitude
(t(2Q0)998, p=0.06B§, d=
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For the visual SWC peak amplitude analysi s,
for the main efd@)xt 56psd4dliesioecot3e)mi&e pher e

(2(2) =15p<.3@BH)=0.a6Md t he interacti palse dtert vk n di
(62(2) =15p.=102.,WED, 659 f xlcarityp&@) e7p908, VED, 75)

& el exhemispd?®) e2(p. 904 ,WED,. AB) .viol ations are
using the GiesslkRouse®rrectioeael edtiesoddaigmidfifcec

with the post hoc coenptarrals omesa kK i anmdpg Inigti wchee ( M
| arger than the frontal peakl.a5nmbp,| ipt=u0d.e0 4(1M= 9d.:
0.59).

For the visual SWC peak | atency analysi s, Ma
the mainhemfispd@pe&l(Qp=803.,WE®,armld the interact.i
di f f xlcamitypd?@) e6p 20, W30, WA)ch are adjusted w
GreenhGuseser ahdl Huyabr r ect iTohnes irne sepreaccttii voenls
bet ween xalfddtcrudde axhde neilsepchterroed ear e si gni fi ce
compari sons oxfeltehca rdidfef iicnuletryacti on find t hat
betweérctrodesenthal hperdk (M=592.83 N 16.34)
than tiparhatél peak (M=555.05 N 14. Ped)st(t (2C
hoc comparisonsxhéemithphed ecitmtoeleacti on fi nd
hemi spheres and betweewxweatealtrpeag (Me6mMildRH
significantly |-paeiethanpeh& miMéebbBe N 13.88)
p=0.014, d=0.7). Comparisbwesewi hbmnsphecesod
centmiall ine peakl4 M3BP)XL.i2¢44 Nat-eeft haM=566. C@er
16. 04) -3(4t.(4280,) =M. D)6 ,amcki gent  I¥560. 86 N 13.
(t(20)=40.38, p=0.001, d=0.95) peaks.

3.3.2.4) Auditory N170 Component

Separate traces were produced of the average
Fz, F4, C3, Cz, C4, P33, Pz, P4) for both dif

separately (Figures 3.14). The statistical a
amplitueakahatpncy component of the auditory
summari sed i n table 3. 4. For the auditory N1
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Test of Sphericity is violad@py=6pzt@hedéain e
U=0.armBd) the inter axetliexn @ edipffoi, A4IBDt.y7 8) ,
which are adjustéeedldsdi cgoprrreretiHoynh Moreover,
Sphericity is also violatseherhiys g¢h@) ¢ hét e8Aact i
p=0. W&D, 605i)f f&elud dtxhedeé s per@ ) e 3 (p<.58BH=0. 54) ,
which are adjusted -Gisengett heoGreemihomseThe m
el ecet riosd si gni ficant, with post hoc comparis
amplitudlelg M 0.99) is smal3l.e8rl tNhan 9tlhe (a g mRto
p=0.002, d=0.86)4.a6n3d NoaOr.i7e6t)al( t((M=0) =2. 45, p=
amplitudes.
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Figure 3.14: The grand average of all 21 participants for the Easy-Auditory and
Hard-Auditory conditions for the 9 electrodes examined (F3, Fz, F4, C3, Cz, C4, P3,
Pz, P4). The respective time window for each component is overlaid: The yellow time
window is the N170 time range (235-315ms), the blue time window is the P300 (325-
525ms), and the green is the SWC time window (575-875ms). A 30Hz lowpass filter
has been applied for clarity.
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Table 3.4: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency
N170 responses in the auditory condition. n=21.

Mean Amplitude Peak Amplitude Peak Latency
Within Subject "2 2 )
F df F df F df
Effect P P P P P P
Difficulty 1.36| 1,20 0.26| 0.06| 1.8| 1,20 0.2| 0.08 0.1| 1,20| 0.76| 0.01
1.68, . 1.37, . 1.45,
Electrode 13.73| g2 c,| <0.001*| 0411 7.21| -7 2 0.007*| 0.27| 0.86| Jo'J| 0.4| 0.04
Hemisphere 2.11| 2,40 0.14| 0.1| 1.85| 2,40| 0.17| 0.09| 1.18| 2,40| 0.32| 0.06
Difficulty x 1.67, 1.66,
Electrode 143 22709 0.25| 0.07| 1.04| oo 2| 0.35| <0.01| 0.36| 2,40| 0.7/ 0.02
Difficulty x 1.3, 1.39,
Hemisphere 0.63| ,con 0.48| 0.03| 0.38| ,-"27| 0.61| 0.02| 0.23| 2,40/ 0.8 0.01
Electrode x 1.11| 4,80 0.36| 0.05| 2.23| 4,80 007| 01| 0.96| 4,80| 0.44| 0.05
Hemisphere
Difficulty x 216 1.8
Electrode x 0.76| .72 0.48| 0.04| 1.18| ..~ 2| 0.32| 0.06| 0.39| 4,80| 0.82| 0.02
; 43.2 39.67
Hemisphere
Crc +lfdz2S RF¥FIr5SaINBSa 2F CNBSR2YZ LI {A3IyAFAOIY

Bold print and * indicate statistically significant differences, p<0.05.
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Table 3.5: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency
P300 responses in the auditory condition. n=21.

Mean Amplitude Peak Amplitude PeakLatency
Within 1 1 1
F df 2 |F df 2 |F df 2
Subiject Effect P P P P P P
Difficulty 1.36| 1,20 0.26] 0.06| 0.17| 1,20 0.68| 0.01|0.05| 1,20| 0.82|<0.01
1.64, 1.49,
Electrode 39.85 <0.001*| 0.67| 38.17| 2, 40| <0.001*| 0.66| 8.28 0.003* | 0.29
32.73 29.7
Hemisphere | 2.75| 2,40 0.08| 0.12| 4.82| 2,40| 0.013*| 0.19] 0.92| 2,40| 0.41| 0.04
Difficulty x 1.64, 1.67,
Electrode 117 o558 031]0.06| 1.15| ;270 0.32|<0.01| 1.08| 2,40| 0.35| 0.05
Difficulty x 1.45, 1.31, 1.65,
Hemisphere 1.89| S o4 0.18] 0.09| 2.98| .77 0.09| 0.13]0.07| ;5 o2 0.9] <0.01
Electrode x 1 571 4 go|  0.19|0.07| 3.4/ 4,80| 0.013*| 0.15|1.36| 4,80] 0.26| 0.06
Hemisphere
Difficulty x
Electrode x 0.67| 4,80 0.62| 0.03| 0.96| 4,80 0.43| 0.05| 0.55| 4,80 0.7| 0.03
Hemisphere
CIrc #ItdzSz RF¥FIsSaNBSa 2F CNBSR2YZ LI {A3IyAFAOLyO

Bold print and * indicate statistically significant differences, p<0.05.
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For the auditory P300 peak amplitude anal ysi
violated for the ixatectad®] s pc0p fW4R, . f7AS)c,ul ty
which i s adj ust eFdeludsti ncgo rtrheec tHxbyenti apdedef fi c
(G2(2) =14p. =401, WED, &Whd3xh is adjusted Gsesgetrhe G
correction. The main effects of electrode an
comparisons find that between electrodes, th
0.79) i shamimaloltehrr tthe frontal (NMEMD,16d=N.4) 15)
and central (M=12.50M.0,1.d=22. qQ8) 20l edctt.r2c6de pe
ampudds. Bet ween hemi spheres, the midline pe
|l arger than the right peak amplitude (M=10.1

The auditory P300 peak amplitude analysis al
bet ween eheomti spdher e, with post hoc compari sc
el ectrodes and between-mhemi asphereak, amipe | ¢ emdte
N 1.36) is | ar geirghtth apne atkh ea ncpel nittruadle ( M=11. 09
p=0.007, d=0.76¢rewWiahdnbbemesphel ectrodes,
|l edari et al peak amplitude (M=8f82nNa0D. 8Br1Bs
N 1.09) @PO@ODA)d4d41428¢emndal efmM=12.46 N 1. 1)
pOM.0,1 d=1.22) peak amplairtiledead; ptetak mimplliinea de
0.92) is smal |l efrr otnhtaanl t(hMe= 1n2i.d5l6ipa8.A,1 3 1) (t ( 21
d=1.02) awenmirali geM=13. 95 pgdOLO,13 6)=1( t8(02 0 )p=emm k4
amplitudes; awpartitdtalt {eM=r7i.gHt2 N 0.865) i s ¢
frontal (M=12.05 pl0I0,118 F 1( & QO 2c0epnntdr.abll gthM=11. O
1.16) (tp20.D,#3d615.,39) peak amplitudes.

For the auditory P300 peak | atency analysi s,
for the main ef®¥20ct8.ull, WEBcalmdp dtehe( i nt er act i
di f f xlcamitsypdé?@) e6p 668, WD, WA)ch are adjusted w
Greenh@Gaeiseser corr echRelodnt acnodr rHucytnihon r espect.i
effect of electrode is significant, with pos
peak (M=424.64 N ttbe3RP)onsal af( ™Mr38285am49 N 9. 7
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p=0.02x%.,68)= and centr al (M2806706 pND1DDHVY) dE

peaks.

3.3.2.6) Auditory Slow Wave Component
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el ecta®@yelQpesd5 WEH, 6MN5)c,h wer
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Nt eractixon

e both

GreenhGiusseser correction. However,

are found.
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ampl it
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igni f

Table 3.6: The ERP ANOVA results for the mean amplitude, peak amplitude and peak latency slow

wave component responses in the auditory condition. n=21.

Mean Amplitude Peak Amplitude Peak Latency

Within Subject V2 V2 V2
F o |df F o |df F o |df

Effect p p p p p p
Difficulty 1.27| 1,20| 0.27] 0.06| 0.38| 1,20| 0.55| 0.02| 056 1,20 0.46| 0.03

1.42. 1.64,
Electrode 141| 55| 0.26| 0.07| 1.58| o] 0.22| 0.07| 0.04| 2,40| 097 <0.01
Hemisphere 253| 2,40| 0.09| 0.11| 2.46| 2,40 0.1| 0.11] 3.36| 2,40| 0.045*| 0.14
Difficulty x Electrode| 0.07 12'398’ 0.87| <0.01| 058| 2,40/ 056|<0.01| 1.7| 2,40 02| o0.08
Difficulty 1.87| 2,40| 0.17| 0.09| 15| 2, 40| 0.24| 0.07| 1.44| 2, 40| 025 007
Hemisphere
Electrode x 0.54| 4,80| 0.71| 0.03| 0.35| 4. 80| 0.85| 0.02| 1.29| 4,80 028 0.06
Hemisphere
Difficulty x Electrode} ) 141 4 89| 0.32| 0.06| 0.72| 4. 80| 058| 0.04| 16| 4.8 018 007
X Hemisphere
CI'C zItdzS3s RF¥FIrsSanNBSa 2F CNBSR2YI LI {A3IyAaATFAOLyoO

Bold print and * indicate statistically significant differences, p<0.05.
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For the audi taarpy i SWG epaakal ysi s, Mauchl yobds Te
violated for the mah=-6pF68¢c Wdf da@bllecsrode (
adjusted usimegl dthec adHruryencht i on. However, no si

interactions are found.

For the auditory SWC peak | atency analysis,
violated on any main effect or interaction.
significant, however post hoc tests find no

compari son.

3.8.)7 Summary of the EEG Statistical Analysis
A summary of thef et atthe tkEiGsl asrteedswi3dish Tabl e

which s8hewB300 had the most significant main
the N170 hadiatbhHhe f3ewesatl. so demonstrates t her e

main effects and interactions within the aud
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Table 3.7: Summary of the results of the arithmetic task EEG statistical analysis. The
ANOVA results for the mean amplitude, peak amplitude and peak latency for the N170,
P300 and slow wave component across the analyses of the visual and auditory
conditions. Main effects and interactions which reach significance p<0.001 are marked
with **, main effects and interactions which reach significance p<0.05 are marked with *,

andnon-si gni ficant results are marked with ¢
N170 P300 Slow Wave Component
Mean Peak Peak | Mean Peak Peak Mean Peak Peak
Amp. Amp. Lat. Amp. Amp. Lat. Amp. Amp. Lat.
- ns * ns ns ns ns ns ns ns
Difficulty
*x * ns ns ns *x *x * ns
Electrode
_ ns ns ns * * * ns ns ns
Hemisphere
T -
2 | Difficulty x ns ns ns * ns ns * ns *
< | Electrode
Difficulty x ns ns ns ns ns ns * ns ns
Hemisphere
Electrode x ns ns ns ns * ns ns ns *
Hemisphere
Difficulty x
Electrode x ns ns ns ns ns ns ns ns ns
Hemisphere
. ns ns ns ns ns ns ns ns ns
Difficulty
*x * ns xx *x * ns ns ns
Electrode
. ns ns ns ns * ns ns ns *
Hemisphere
Py
2 | Difficulty x ns ns ns ns ns ns ns ns ns
T | Electrode
< . .
Difficulty x ns ns ns ns ns ns ns ns ns
Hemisphere
Electrode x ns ns ns ns * ns ns ns ns
Hemisphere
Difficulty x
Electrode x ns ns ns ns ns ns ns ns ns
Hemisphere
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3.4) Discussion

3.4Mdnt al Arithmet-$pediatkcatMobdiind Rela Di spl ay
VirtReal i ty

This study HMBYWR neidt HSEEG recording equi pmen
acquire ERP rwosrplinmge st mneorrayt hmet i ¢ task. A 2Xx
subject design was used; gptepdutgiintg madgdda Dhé r
douMliggi t plduisgidtouabddei ti on questions across Vv
modal i ties. ERP measures wereateoonr pgee@santth
and behaviour al measures werertehheprdf N@mMOt haea
P300 ERP components prtéavinowdhley arepdmteed cwl it
found across all conditions, ampdepeitt iinet H\
visual questi ¢ia3dresédndtli, @add ]

Statistical analysis of the ERP results find
correspond to the published |Iiterature. The
the central and parietal electrodes, with a
[ 241,243k ual P300 responses were | argest in
in the frontal reglidoah4 ,f223.,62WEtyH8 Autelsd | winsu a
was found that the parietal region responses
respomnsoessachoth easy and hard conditions, coli

SWC wavdgfl8lm240, 244

Within the auditory trials, the auditory N17
pari et al compared to the frontal electrodes.
| arger and earlier in the frontal and centra
regiAomarger auditory P300 peak amplitude was
compared to the right hemi spheietatonespdineg g
previously222pbetedwere no significant diffe
comparison frogr StWCevi aauhdiwt o
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The behaviour al results further corresponded
the harder questions evoked a | arger WML t ha
measures of task accuracy, response time and
[ 219, 229 A830hr as the atsthe cthiemédri caf awmrit thien d
stutdoy ut ir-HMB/VR HA-heaalduEEBecording, omental exart
ar it hurseithhMDV R .

3.41) BEvaenRRel at ed Pbéeametnitalfs ed

This study aimed to investigate i f ERP respo

combi nédobDMB and EEG recording equipment. The

waveforms of the correct responses for both

in all d&®s edreetglown for the visual conditio

auditory condition in Figure 3.14. The aim o

with clear N170 and P300 components for both
0SS

acr bothaeady quasdleonsf bedngn each el ect

he visual <c3ndiat inemgatkiveu mpe@&mavittihmer t he
Wi ow foll owed by a peadiOtmsv & ipmea kwi wmidtohm rc atnh

i fied in all electrodes. The negative a

o - o
—

n
i de
N17
during arithmetic stimuld. presentation repor
[ 235,236, 239TRé1sSsW&3tan be i-dedmsfpedi byvehe
infl ections in the major ikt yobosfa ded eedcyt rroedeesd eass
b a

S

medi al ahnedmirsipghhetr e el ectrodes demonstrating
a
0

and P300 components rwddphe cEtRiPv ecloymp ocnoernrt &

el ine over the course of the 1000ms. The

starting at the 500ms maskhandi pealki 3\WC air®oum
prominent in F8, but al[s22 P,rexeaadclno Fal,| «€ds
extend in Fz and-40dmsHowgae¢i veppetaks-can be

front al FP1 and F7 elveacturaddes nwiitthiom.t he har

Within the auditorwy) reapoagati (Fipgealk B3ddntii

response wi-8bhbmsthem@3%i ndow foll owed by a p
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a P300 w#tOOims 200me windows can be identifiec
as the N170 and P300 despite the |l ater ti me
stimuli onset delay. The P300 is most preval
partihilcwl wi t hCHF zC,z ,F BEBa ek antihnei nEpRP wavef or ms f
pof300 SWC as defined by parietal positivity
no positivity in any parietal el eeittrhoare. I n
returnsi he bamaskécomes negative to similar |e

example in Cz, C4 and P4.

3.42)Comparison with the Literature

Whil st ERPs weaequeuce¢l#MPsBB8ild ya rel atively ne
met hodol ogy within neuroscience research, pa
paradigms. It is tiH&MDER ouxager kinmtwnod udc HS e x t
or otherwise unexpected reapodresddrwhiMMih resrad
investigate-VRf resuhg sHMD unexpected out comes
task, both the EEG and behaviour al responses
analysed within presentation mocdalnittriaess.edThe
against resul t-dMBVeRp carrtieech ment icomt udi es t o i d:¢

gat hered are congruent with the existing |it

3.42.1) Behaviour al

The visual and auditory behaviour al resul ts
When comparing between difficulties, it was
across both modalities were significantly sl
sbjective difficulty ratings. Despite using
studying similar mental arithmetic tasks rep
comparison between questions of different | e
reporctreadssa vari ous ment al arithmetic paradig
an arithmetic question results in |l onger res
respoh22%8, 268 Theé9wi der | iterature on the pro
ment al arithmetic also reports that | onger r

incorrect responses are commonly found for t
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[ 219, 230The0kfore, thef bemavi mutshiudyersad ¢ st
suggests that | oad was successfully manipul a

current experiment.

Despite the similarities in behavioural find
omparabl e studies using vVvisUy&l6l8y(2fHiOgwsreent e d
3.18) finds the meanfoaessemompaeedi mest heecundse
Il n the current study, it was found that the

vi sual questions avnids uda l4, 1sw hieorra & sh &6 184irrdk 6 s
S

econd experiment reported ~1.6s and 3.28s r
triabisriremg carries to be performed to reach
does not indic¥Restbws tbgnHMDve processing,
argued to result from the differences bet wee
study t haentpamusitcifpul |y type out the response
submit the response, participants in prior s
but { @609] speak the|[ @6BHiies iasg oua@f |l ected in t he
correct r eseotntseerse avherhi gher rates of corre
study, 99.13% and -Wi4dsUuBI% «amduldbredendyti ons I
current study, opposed Atsch ctrhaef f248.8FK% raknd 90. 6
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Figure 1. Mean reaction time (RT) and percentage error rates to basic
fact (BF; n + m), medium (nn + m), and large (nn + mm) addition
problems, separately for no carry and carry problems: Experiment 2. Error .
bars display 95% confidence interval based on MSw. Y 0.15
o
5
5 0.10
0.05
0.00

2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
subjects

Figure 2: Response time and error rate versus difficulty level
for all subjects.

Figure 3.15: Graphs taken from (a) Ashcraft & Kirk [268] and (b) Rebsamen et al.
[269] demonstrating the behavioural results of comparable conditions in mental
addition tasks. Fordigigplusgndrd iag i tt)h ea ndddiggdL
plustwo-di git) wupper O6carryd6é bar i s contr.:
b, the first and middle bar presented for each participant represents the one-digit
plus one-digit and two-digit plus two-digit trials respectively for response time

(upper graph) and error percentage (lower graph).

There were significant increases on the subs
di sturbance, disorientation and total (cyber
compared against an assumed rating of no syn
reported usédsypofs -koMBViEBraennddt MPBR d e fi2ci€ly

Howewenrl,y one partictwanteofuibhedtwrntgd the
to discomfort, suggesti ng etlhaatte dd esgyrnmepet oonis ciynb
by the combi neHiVMDY 8a gleE® fdiHS not prevent the

completion of the study.
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3.42.2) P300

The most prominent component identified in t
presentation of arithmetic questions is the
included within the statistical analysis acr
modalitiampl Meade analysis of the visually e
interaction between hemisphere and di fficult
vi sual questions evoked | arger BalOv@lssuanl t he
guestionstheandenthradal el ectrode has a signifi
frontal el ectrodesaind ttthe eagy edamndietliecn r ode
conditions. Wi thin the mental arithmetic |it
reported in response to the presentation of
potential solutions tofegaskidntfiaaculbssesa aa
[ 131, 2i238,93rhe finding of I arger frontal P30
during the presentation of visual arithmetic
findings within the rfle3nlt,a24Kadrrietohvneert,i d alrigteerr a
have been reported in | ower wWhWiki agn diietmoasrys w
|l iterature, for examnmnRl7a&ndna ke Bpdagrta dvieg nast twehnitci
compare tasks of multiple difficulties. Howe
di ffer outside of the frontal electrodes, no

easw sual -amdulaadr 300 for the maineathect of
significance. The absence of va smaailn perfefseecntt ao
of the question IiBi akhsonc@aaPwhentewotthed no
effects of difficulty towards P300s evoked b

operand in a sequenti al presentation.

Moreover,ethecmaoh hemi sphere was significan
amplitude and mean | atency analyses, which f
electrodes were | arger and earlier than thos

of whi chf rdoini ftehreedl eft hemi sphere. This midli

by the significant interaction between el ect
amplitude anal ysi s, demonstrating that the C
than the Fz dadgd, Can dPI3td0d twaPsz | a PE&r0 Wihtami nP 4

the |literature, the P300 associated with men
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being | argest i n [ ha1i283836 2p/aBrpipeotsaeld megitdre me
central region found in the present study. H
P300 responses do not con[sd3d7e,r23awhml Rkt i siteu &
whi ch r epo¢rctentthreal meadrieoas demonstrate the regi
problem sizes I n dgQRWaAt.i22m]presentation

Within the auditory condition, statistical a
effect of hemisphere was significant within
peak | atency analyses, finding that tdthe pari
| ater response than both the frontal and cen
peak analysis of the auditory P300 also reve

showing that the midline P300 was | arger tha
di ffereldeflkemt. Moreover, a significant inte
el ectrode demonstrated the peak amplitudes o
than the central and frontal responses in th
auditorydifriencdtilnggisebat e&{ R8Bgwehme report that t
auditory presentation of arithmetic stimuld.i

in thparightal electrodes, opposed to there b
responses i nt utdhye cMorrreeonvters, t he | ack of any ¢

interaction including diKifefceurl t&[ x&aA8mtceenset s t h
Dickson [23WWlkha reported that | arger P300s a

auditorily presented questions at the second
The |l i kely explanation for the auditory P300O0
current study. For at | east the first 900ms,

would be attending to and subsequently encod

havilnlg tahe i nformation and beginning the <cal
Moreover, as the first operand is stildl bein
ti me windows ittase ilnfkedmmatihan adabaoauwt el oad wa
pargarmrctis at this ti me, explaining the | ack o
potenti al alternative explanation is that th
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earliest ERP component identified within
hmetic questions iIis the N170. The statis
ltudes finds significant main effects of
emmatvoking | arger responses. The increa
doé visual trials Moonrrellezidaladet @ {28 ]f i ndi
reported siMiVY@rampkreadest onhigher WML
fifiomatasks. Whilst the ihnagrheasd eivrel 81 G &
t hetical t o afggenrdd enpgtsi omi X hB fne rtahteurceonsi st e
l' i mted arithmetic |iterature despite th

fication paradigms empl oyed.

amplitude statistical analyses of the v
i ficant main effect of electrode, which
ificantly smaller (i .e. |l ess negative) a
ons MIcrloss presentation modalities. Mor e
amplitude was significantly smaller tha

Vi suabndbadiet icemtr al N170 in the auditor
eretnweesn bhemi spheres or any peak | atenci
did not differ between difficulties, |IIi
|l able to the participant about the task
onsesdade NecdNi70 analyses across either
onses found a significant main effect or

| atency differ on any comparison.

N170 responses reportedwitnhtarnist smetdiyc | M
rted in vez2dlI,)jzHd2monst asgMMB/OR tchaant bHS

Il sed I nmaexyxeern ngemrtas |l y component s. It is
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represents the initial enddi, 2gvdd fc ht hpeo spsri ébd g
explains the differences between difficultie
di fferences between difficulties in the audi
there is a clear difference itm hdve muah iicn fpa
the point the N170 is recorded, with the har
at the same time. The N170 has previously be
vi sual presehtasteidomwddfiseddifus it is reasonabl
there is more to encode the N170 would be | a

information within the auditory condition at
enough to differentiate betw&enf derfdocdiung i @ec

bet ween difficulties is balanced.

The arithmetic N170 response-hiesni csfpthem er ép arst
[ 241 ,t2h4a3t] i s not found in the current study.
of fered for this finding, as the N170 report
in the ri ght27he,n2itspphceseed t o the | ack of | ate

present BMobudgver, to the researcherds knowl e

S
—

me al arithmetic stimuld:@ have not been prev
of tenrtreedpoduri ng spee¢R7Fgdrtcdapt itchhrertedsokse unk

| argest auditory N170 response being |l ocated

—

i's also possible that the d6dauditory N17006
sponse related to the identi fl[i2c/aBt,.i2ofmjasnd e
i stinct from the N1 response reported fo
e i dentificati on2202fwhircels eind edersttriendular ound

> 0 o
o

—+

i mepoint post equation onset. It has been r
evoked andewwalded oP30§s using equifva8@n28Ejti m
thussiteasonabl e t o aslswarkee d hbee tPvBeOONn i o d a Imet
Therefore, the | arger gap between the P300 a
condition compared to the visual i mplies the

negative component.
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However, the difference in gaps between ti me
and P300 is only 10ms (compared to the Oms g
previous compariswameodf cRPRHIIMUL cdteidmwini ar i t hmet
stimuli. This may imply tRemiP30[02T7 &hbwev 200
the prior findings of P300 in responad39]to au

and actual onset of the auditory stimuli ren
exami naheoraofytnegative components in respo
presented equations, specifically at the pre
operand to examine any additional effect tha
woul d be benndeefrisctiaanld itnog uneur al response to a
Additional compari son betmaeecnh eedqg u ahtriecen ss eanrt de |

words requiring truRalbhbdrsee maensnpaolnds)e sc o(uel.dg .a lo

identification of ardy efofmpatr edf trmou meairsitc sgpteien

3.42.4) Sl ow Wave

The | atest component examineRd300n SIWdAss. elknpleirki
t he-dimiecti onal N170 and P300, SWCs can compr
positivity, frontal negativity, or both, typ

[ 131, 223V244anpl inspection of the visual ERP
SWC time window shows that all responses are
and persisting unti/l 1000ms. CoRh¥e@eOsalblgitoryg
ERP wavefohm$¢ thedsamplitude quickly returned
negative in all electrodes.

Statistical analysis of the mean amplitude o
effect of electrode, where both the parietal
hi gher amplitude than the frontal electrodes
significant main effect of electrode, with t
than the frontal. There was an interaction b
found that the mean amplitude of the parieta
signilfyi changther amplitude than the frontal el
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t he h
centr
signi
el ede

prese

The i
el ect
LPCs

ard condition, the parietal electrode h
al, which in turn was significantly | ar
ficant interaction between difficulty a
sohad a | arger response than the | eft h

ntation only.

ncreased positive response in parietal
rodes al i-B3aG0 wp d i ttihwee pdWCH Il Zafnidn @ ch eb y
repoliid ck Tfay & HBaer vp@2d4dbgdgsi nski[] 28 7Go c h

Su8rPeezl | i ci[od4an®@i cklson & Fe@a&8ivoeieerver, t he

hemi s
to th
prese
right

compo

prese
| arge
to vi
demon
the L
si mil
be ex
HMDBV R
di ffe
HMDBV R

Stati
wi t hi

hemis

pheric effect within the hard visual pr
e resullJtas i mekdlr 2&: ®QWkcihl st t he hiemitshpener i
ntdi dt utdetn dex o t he easy condition, nor b
hemi sphere response, diff 3ddlces bet we
nents are ne&tdoal2w®dys found

s been suggested that the SWC is associ
nted question, and as such has previous
r prdqll3ema2sid8drmsr e c omp l[elx3 lop2e2rlalé s poBs S e
sually presented arithmetic questions.
strates no significant effect of diffic
PCs can be insensitive to | odd 4b6dtthve en
amut gt wa BpBaprsadi gm woul d suggest differei
pected during the different calculati on
mo d ud xapt eerdi WMIc eddlur i ng t he task-which | ea
rent result, however comparison between

aanldt erdias pvay met hods iIis required to ex

stical analyses of the auditory SWC fin
n the mean amplitude and peak amplitude

phere i s found within the peak | atency
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significant. As SWC have not been previously

auditory arithmetic questions (to the resear

|l ack of difference should be expected. A pot
di f f eireentclee auditory stimuld. presentation it
as that wutilised in the current experiment t
ment al calculadaBilofl HPpiwewess as calcul ation r e

guestobobe encoded, the | ack of SWC within th
the audio files of the queswiimdow,ertsh uwst itnhge i

participant is still encoding at the point o

3.4 3FveRrRel at ed PRootnecr tussa lo n

This study successfully acquired 3 ERP compo
arithmetic processing during the visual and
usi ngHMP8BR. There is no evidence -HMDBVYsRuggest t
i nhi bited tHenBEGore&RP anal ysi-BiMDWR nmomdst r at
EEG recording technologies can be used toget
statistical di fferences between difficulty a
found within the WRPcbomponespsnd with respo
wider arithmetic |literature. Whilst some que
HSHMBVR i nfluences the | evel of experienced |
clear HMBYRHISS suitabland oWMLEEG seeRaPr ch par adi

3.22. Limitations and Future Directions

3.21) Comparisons with the Existing Literat:u
This study provides eviderthMBY Rsuppoertuirogct lea c

research. However, there are still di fferenc
compared to the existing |literature, highlig
experi mehmé . bAbavioural results align with th

in the ERP results are unliHMOVRE. tlongtesaud,t dr

|l i kely candidate iIis the difference bet ween t
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verification paradigms used 22n3,nRa3n7ypo 204f® i chsee p
targeting ERP responses to the[RrR8s@Bt84ti on

3.242) Behaviour al response ti me

l't is possible that the response time behavi
calcul ation time differences between difficu
the response routine onset to when the O6Ente
rout ihemeefDre, it is possible that inputting
requi-4 elluBt on -Pp ukihgeist ( 2and sdlot 6 85MacB8o883al |
guestions), resulted in increadspdes®2epopse t
digitseahdrequired inM:=Re5a8ya64dDdstabh €eas
guest).i ohawever, the average time for the eas
~2.5 s

me an e

conds, which i f the participant Kknew
ch button press requiressbudtstam pmeud
is T
f f
ff
[
p I
ter
tto

i red for the hard condbtsecondhi s wou

e between difficulties within condi

o o

c
ces benhsvseesn TCthbadithe hard questions
ng a h[{gB8IA pevelntofal WMkt hod of ver

n
n
c
d based on the first number button pr
u
p
e

> ®© @ oD
-

—
> X O
o
- -
o o c @ @ c o] (0]
— —_

ton) for correct responses. However

5
—

ess was unsuecwsshukt hduexperamens s

(72}
—

nsi
t h

-}

tly logging all button presses in t

o O T o o
- O C

D
=)

put response screen.

3.2 3)i mited Differences Between Task Difficu

A potential | imitation of the current study
di fferences found between difficul Whesswhen
this study achieves its aims and acquires ER
was only significant for the N170 peak ampl.
reach signe flizakcef. HAHIOPadiifcerirgmEeesnige
componesnthothedsnn®osi ti ve to problem size in wc
t as[kx23,R23®@dt enti al explanation for the | i mit
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participants inc,Jasdaedcirremtsinihga rt ahley piaa b dci pan
tuthe number of trial s i,ncclaund eidn cirne atshee tEnReP ca
finding statisti cla2 8B4 vwse vgenri,f iacsa nptr, efsiinodgi snlgys s
~20 partiisdciamadmtrsd f or skEEeG Lraersseoanr cphh §(3 Cnaairtbhi n e
parti ¢talkrgel y esupcchnsaess t BquPBDAg -7asp afretw caispabnt s
[ 283 Moreover, significant EEG comparisons wi
used in the current study wer-e0Ofpandi dbiypamntus
[ 227, 22Ph € 3Bilni mumo ft he ppesdrltodcdb,nds ugpest ed t o b
|l east 6repgachsesd fwars aerixa&leyesdiesd f or iandl| paed i ci
in the fi[nAa8 2 aM&4llyssti sit i s possible that reci

would increase the numbeounod bsetgwe efni cdainftf idciuf
the EEG comparisons, it is wunlikely that it
research, nor does it diminish the findings

A more plausible explanation rfeur dlheegildardi t ed
measures of WML is that the difficulties bet
not as | arge as tmaybshagyepessabdéresopbt sffect
resufromgeasiydmgl e di gand etegleattiicsed yoloat d§
condietxiinwhi ch may | imit the differences 1in
measured in theheaeawerreegmmb ert uodfy <€ b oiterass y
condi,k4honse t he cloanrddandosyiamatr e audi t olrty condi
could therefore be argued adabmbospadiitcipahtise
presentatiqgn amadalkeidthitddve ease of whéihcahr dpbar t i
equatdiodhsnot r eisnuclrte &sng ¢ rairvgvelcMadr e ot aird,i ess
with similabedcdompar dsgundl sezesavwe meferred t
di fiyi calt eyoad eisn t he déidrfrerntdtyudyF EBmpcdxampl e
et [a2l2zam]@hin [e22 %t he O6hardd questions in the
i nt oimeé dieccmt e gMorrye.oWlelrsper d r3rbeft erad .-diogsi ngl e
equations as fAvery-degsyoecagunatjoasdasbfieatsyd
|l arger differences in EEG nmgsmeponsmdi et eef ou

eqguations.
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By increasing the difficulty of the 6é-hardd c
vallhireacket of [ B29rp quasantnigqgqrusaat i on with a diffe
[ 244]a Idarsdemcti oondiettiwers cawhilcenuvilalene a $ e ed
t hmower of theSuebtukcosmphousdns wadddtionalbrn
insighowi HW® nteracts with experienced WML,
beneficial when compar ed atgoaiindsetntoitfhye rt hdei sapdl
and | i mit atViRomps ecsfelnHM® aleenegl s of a WiMibred y

val ues of tvhael uhe gbhreasctk&@Q poaoeddc esaggonrief i cant
comparisons inwbthingtbdefét,ancspracsahganadkeypnD
the curr emtd e sandiddstingpsniaghteuropbysi ol ogical r
t mentaali t htmreesk sslowemer geasing the WML experi enc
of the presenbptstmspipaogedt he dcdroamwrl usiicsns

unli kely that increasing task difficulty wou

responses

3.24) Better i mplementation of the SSQ

The present study employed the SSQ at the conclusion of the experiment to identify
if participants experienced adverse effects from combined HS-HMD-VR and EEG
usage. However, as the SSQ was not also taken before the HMD-VR was placed on
the participant, it is possible that participants were experiencing some minor level of
cybersickness-related symptoms prior to onset due to reasons unrelated to the
HMD-VR device. It is therefore recommended that future HMD-VR experiments
utilise both a pre- and post-HMD-VR exposure (and any other display) comparison of
cybersickness to identify any effect that HMD-VR has on cybersickness symptoms,
as has been employed by Sharples et al. [285] and Xu et al. [181]. It is also unknown
how the combination of EEG and HMD-VR may further increase discomfort, for
example due to additional weight on the head or due to the HMD-VR head straps
applying pressure to the EEG electrodes against the scalp. Therefore, a comparison
of the SSQ scores between different combinations of EEG and HMD-VR systems is
also suggested to identify how using the technologies can additionally increase

participant discomfort, as to minimise any n
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3.245 Comparison with Other Display Methods

The successful acquiskcbiocgcidi nERRIi¢cbompboset s
|l iterature is an i mportaHhMDBD/VKRt em Mhewmwrtolse i @mnicle
research. However, this stHMBY¥Rdoe$| nenhcesami

experienced WML c-ommareidonhodi spwhMay emeehodsdir

comparbiessomeen the amplitudes of ERP componeni
study and those reported in the I|literature <c
in paradigms wutilised. The task useask n the

which measures ERP responses from the presen
di ffers from the onset of the secdnd 8o p2e3r9and
or solution onsetl 2i2M@ .V2&&rnildfeircsatta nodni ntga shkosw t he
HMBVRmodul at eiss WMiLe next step to understand h
technology in psychological and neuroscience
bet weedMBVYRR and an alternative e&iRs mltay imdtnhgo
same task shoetid Akl ownhdgcfor the direct comn

experienced WML between conditions.

3.5) Conclusion

The results foundhamet hmpoctuanenhenplaegdfi oHS
HMBVR in wider neuropsychol ogical research.

EEG signals can successf ul-HWMDBWR eaqcuqgiup meendt .w hTe
behaviour al results have demonstrated that V
wi hhHBMBVR devices. Moreover, the EEG results
found | argely that | owdarndWhle qgari t hdheQd i co mpueers

and similar redgphdmsd hpatStWCrsns Twhiese resul ts i

advantages oHMBWRd nboyrelsSearch can be wutilise
introducing overwhel ming WML nor | evels of n
acquisition of neurological responses.
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COVIIDA mp axttat e men't

Il n early 202109 gtlhoeb adOWlabndemi ¢ prevented acc:
| aboratory for an extended period of time. F
the requirements of masks and face shields n

VR and EEGodaitlal € mpor sever al more months un
Tests of a standard mdadiycecaledmd sak ra e Rrea scko und It
resulted in the HMD |l enses repeatedly foggin

sever al removal o, relbppdi cgal eVd&HMIan ce. Whi |l st
may be resolvable in certain circumstances,
interrupting any experiment, being uncomfort
with glasses), and shiftinigndg htth&EIGered ex.t rMd

an uncomfortable | evel of heat from <combined
HMBVR device was anecdotally reported from m
experienced the combination. Jgoupnevesstapwnr:t
cybersickness symptoms, ot edttabhedwiase i fmctsadg
recorded EEG signal, data collection was pau
i fted.

I ma d efficient use of -1hera@dautrmaitdctoinomwhepren

collection by improving sections of this pro
updated to include the most recent papers, a
wor ki ng preepreorrsy as di scussed in Chapter 2. Mo
secon EEG experiment were designed and code
incl aderdel|l ated specitoml ( pR $rPeul rabt@evde nt

hréosiysabhroni sat,i oann d SpRdewceErR @) anal ysi s

S , and were selected to facilitate a r

e
c
e
n
frequency analysis methodol ogies were prepar
d
d
desync
d

met ho

paradigms fo¥W¥Ruse in HMD

The f ol |l owwindgl scchuaspsa etahley sries of the Chapter 3
the context of different pré&/mRroesseairrcd .ddaird
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the analysis of the arithmetic data, It beca
consistency between preprocessing-\WR/tthbG ol og
data. There is mini mal p ub-HMBWRe dVirvees eParroc hd euvti
used i n tthiec asrtiuudhymei n combination with EEG,
how the EEG artifacts i1dentified in the arit
a dedicated exploration of different EEG pre
usi ng HSHMDE R/ BEEdata coll ected in the arithme

ensuring appropriate preprocessing decisions
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ChapterAd4dGomparison of Preprocess
Artifact RemoeRvedlatiend Bvoetnetnt i al

El ectroencephal ography d&Hitgah Col |
Speci ficatMoamtkaadi spl ay Virtual
Arithmetic Task

4.1) I ntroduction

The underlying principles of EEG as a neuros
consistent since the indea@Btit ba bfat hepmethod

excitatory or inhibitory acthat tgamnbe emeadnNs
as electrical signals. The signals generated
against another condition or baseline to iso

Bet ween the EEG recording el ectrsacchdp,and t he
meni nges, and wied,e bmrecseps sniatlatfilng sensitive e
to enhance the signall28Hawenears,urtaltbd esil grvell
al so renders EE®@ rsaeinns ipthiyvse otloogniocnral and envi |
el ectri,wwhli cmoicae contaminate the recorded de
anal ysis i f | mp[r2o8p6elbd gypiptredocesrsealrns regardin
amHMBVR device to the recording electrodes, C
HSHMBVR and EEG can be succesisfeal ERP croandp ommrede

During the analysis process conducted in Cha
found and successfully minimised or removed
movements and eyeblinwayvel dme fnoi se; and sl o

Line noise at the 50/60Hz frequency and asso
EEG recordings due to the proximifty6,0287TJhe E
Sl ewavderi ft, commonly associat d§d® 8Wi,dfiBf®]ctcy eas
el ectrode bympiendtarnggdewlacdculragnge i n the amplitude
signal q4dqwver0 ,.209eédel alt emavser i ft may have resul i
increased temper atVilRi ecwepéi agi[hla/t6H 6209 2 ]
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increapgmmgoim cyber[sli A nNHES]i ncreased temperat
al so theseonducti vteo ed reyx tcqumidcgki eprégle t he o de

i mped@ar®d]Ocul ar artifacts caused by eye movVv:¢
were prominent in many datasets captured in
Eyeblinks have previously been associated wi
[ 295,29®wever they may also result from indi
parti di2marnt s

The artifacts identified can be reduced or r
stepsedwhemounnoiode. Hi ghpass filters are us
[ 298]l ine noise and harmonics can be removed
[ 56,,28a/Mfd eyeblinks can be r ém@@bré di WA i ng epo
[ 299, .3MHOWever, incorrect selection of prepro
data and reduce statistije®Mdpewethef extract
preprocessingepaeeatmemdleprsnids on tmetthatda analy
pl anneGQeptrapnocessing steps are better suite
purposes, such as i[mPdWolovi agi diat at gongl spgci al
anal S meaning comparable paradigms are of
For ex®8mplueer[ 303t ered -hOOWeewi Ohdbut artifa
rejection for onlin#éaclkasd siska kv avthii rogietrdBue]ti nagl .a
filtered B06HweandO-baeddl €Aul ar artifact reje
ERP and time/frequency almadk spasr ddirgm. chepmir
di fferences, both studies successfully repor
t herneoti sa singular O6correctd way tmuptrocess
bal ance optimisingwitthemd agafmibéeamearmk&lGy si s
recording. Therefore, ihtowias hi rppgcerptrarcte stsd nwn d
changese EEG dat a.

4.1.1) I nt MadHilcdeddtomodmcepRarbogsaphyg Steps

4.1.1.1) Filtering

Filtering is a common early step in EEG prep

remove artifacts such as |l ine noise and sl ow
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banfil80Ri]lters can be divided between categor

targeted relative to a given value or values
filters, whamm!|l rteddes afthefrequencies bel ow a
filters, which reduce t he aanmnpelfiitnede svadfuef;r enq
filters, which reduce amplitudes of frequenc
filters, which reduce the amplitude of frequ
used ted tcaemgain artifacts in EEG recordings,
| owpassh,lHwot#4®8h fil4@iHz bandap@sd filter would
el ectrical l ine noise. A 51Hz highpass filte
however itreooaVve mésto of the data which cont
Filters are also askededrbaendeénespmpmasd func

defhoew the targeted freqguencies are modul at e
EEG gradually attenuate -ampl ftodjd2deke raer ound
the signal is attenuated to half its origina
the range of surrounding frequencies that ar
is applied. Higher order filtersnaiféectbat wi

adwali ncrease attampat it eaod da s it haep phraolafc h e d .

o «©
- =

der filters are O6steeperdo, affecting fewer

increases in attenuweatlitidre dbueetnwceyen each

requency response function (FRF) filters ap
requency domai n. First, the EEG data is Fou
omain where a sloped FRF-1fibtappWied aegtrie
a-ampl i uvntoéfc The sl opeds direction i s deter

sed and the steepness is defined by the fil

- c o o " T

requencies wil|l be comprised of two sl opes.
mul tiplied by the,camdesmpemditmg@ngd or med back
domain using the inverse Fourier transfor m.
(I'RF) filters are applied to time domain dat
Each data point witmpol s It 5meephaged(bheth
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the amplitude of the i mpulse it 1s replacing
surrounding datapoints dependant on the orde

| RF filters can be further divided bet ween f
infinite impulse response filters (I Rs). F
oints when applying the filter. HbDbweveon ca

p

causing a tempor[a303%HKi]fmto viimgt hér ed pteamaks i n EF
and potentially | eading tlo3G&hEheni sainal yglss e ©
of 6edge artifactsdéd, where the fiditer applie
i mproper ldyueaptpol itehde | ack of2@a8killRalblié ttrmehai

used in combR nendd HBMDG e[xfp&]ri ment s

1T R filters such as the Butterworth filter a
backward filters to account f eprhatsheed dafnudt udroe |
introduce t hdg 2pPuhHisles td erhaiyrst ai ning the shape
more accurately comp&806if etdasca anwgs alhef irlits&kr o f
due to filter artifacts. Butterworth I 1R fil
EEG/ HMR st §dir®s 205ah87were Chiab3eedi i nmeéthiec

experiment .

Theéeilter categorayl $taenvde parlaartege resf f ect on t he
[ 310]l nappropriate selection of filter val ues
removedesiorfalelgauenci esatbteeinnugatoevderr esul ti ng i n

ampl i[tauadByg datneo research comparing the effec

parameters on data collectedVRroamuayclhmdi hed
conducted. Therefore, it is important to ide
used in theteuxriesting | iter
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4. 1.1. 2.

Hi ghpass

used to
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filters
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Hi ghpass

sl ow wave
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frequency
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reseamchaeaevihiicsh

Howe vliarn,ner [ 8 1d0eprio.nst r at ed

Filtering
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fredwacered ag, fftogr fex
the upper | i
iimt €&ErEdss tae(d3l1lylg i s i S
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Figure 4.1: The effects of 0.1Hz to 1Hz highpass filter values on a simulated P600

component, taken from Tanner et al. [310]. This figure displays how selecting a

higher half-amplitude cut-off frequency during high-pass filtering affects the
amplitude of extracted ERP components.
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pper | imit of O0.1Hz for highp¥MBSR il ters
arch, as it ofoffdros bteteve®mp tniomasle trreadie t i «
ering art-afaensawi hgouheopenrnk[s30i9, 3t1hOe] ER
he conVBxtusaffeHMDhe main consideration i
t eAdk sdoryi feRtOr5alpor HMBVWRAItEEG studies have use

ywhere betHezeen hGb.ulgh typi cdllley 20®., PS5 {dred all

oning foreghenseksciednbt often stated,
er val ue irseltaot erde ndorvief ts,weocart t o serve ano
ari somaog thhmgdshol ds -dfroirf tr eammotviifnagc tssl oww | |
ucted t o aircerstuii ftyabwhi dHWVDBDVR oanbd nEEHBG HS

ar ch.

.1.2.2) Lowpass and Notch Filtering

ass filters attenuate frequencies above
emove high frequency noi sé¢ 3dd |Hoewnk viey , el e
ass filters can distort ERP responses by
forms, or introduce uniformed temporal s
f

b8 ]An al opthnabhnoechwhfiiclht eaamchgge 8 d u c e
i fic frequencies bardsHz ftor rexreompel & OHet W

e Notch Dhlyeanppgied comMBEIR |ps epmioicles s i
ass filtering it does not remove higher
esearchers. Notch filters typically have
o

ut attenuating the surrounditncgh dfaitlat. e rHso
i ntroduce phase shift or other time doma
As a result of the concerns of wusing | ov
archers suggest noott [aBI§IBog @anll ygwpuas 1gf it Ihte
enting the ERP d&Ba7iHoweadkdi t iusnalg aloa rhii

uency filtering can resaHMBDVYR dbecteical
ining in the dat a.

st it may seem obf¥regsenoyrembse fhemhty
proximity of an electrical device to the
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| owpass or notch filt#&mRi ¢ (®@di&FIgh earpepfloireed, iint
suggest that any | ineVRoisenegtrgdbtedfby HF
However, oVMRBepamHeiDs have reported using | owp
bet ween[ 480fHzas | ow as 20Hz [ 2.b ANa@at dh nfdiplatsesr
al so been applbeaesde dviVHRIWDst (\BMig 8 mod 9kI1 4]

Due to the rang€requeotcegnti &t ehisglavail abl e,
met hods wused to r emowfer g opue moy mreeinsoes ewWo thli d hb
understandirHMBVYRownHSEEG can be combined in r

applications.

4.1.1.2) Eye Movement Artifact Rejection

EEG is often contaminat,edwiwtiht he yeh ymd wd men tcsa,l
movements, swallowing, muscular activity, an
sudden spi kes t o [t3hle5 JErEeG masvte foammon arti f ac
t h@Ghap3eexperi ment was eyeblinks, which comp
increased/ decreased amplitude pattern that c

extended posterior al pBg6iAle tdhecaleye( Fidgunoeesd

and contact i s maodre Iwattehr alh eancdo rhnoerai,zonal ey
made, the cornea moves. As the cornea is a d
conductance prosdgsaeal deitee cEtEeE 3rlesc,. 03 IdAJNnEHR P

studies, sudden increase in amplitude can re
waveform, which in turn can | efadla]domesveater
i f HWNRD does increase eyebl i[RKsS ,i2r hdee rcthaa hnc ep aor
overl ap between averaged epochs is exacerbat
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Figure 4.2: Example of 5 eyeblinks in EEG data, taken from the arithmetic study
data (see Chapter 3). Eyeblinks are marked with arrows (red colour). The data is
filtered between 0.5Hz and 40Hz for clarity. The eyeblink artifact is most prominent
in the frontal electrodes, and reduces in amplitude towards the posterior
electrodes.
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scalp data-bbyyompameet s, therefore the number
components will typically be the same as the
components can include responses to the stin
within theodirlay ngr aemxt éédrnal artifacts which
recor deldh aan taa mil ICAAt €e®d mpoanrentes sel ectively re
before rebuil di ng/excacloudhiEemg wihbadisé gogaeaer ving

brain activity recorded.

It has been found that I CA is highly profici
surroundfi3@O0Odht st comparabl e methods such a
analysis can alter therpo-BmphKk[t2d%€%]a®CA las r paed
used i4WRHKBRperi ments to remdyel @Fdenbelvienrk, a rCAi

ano-hinear whepghododanes slightly different res
decomposition i s perofndr rheqd? 8eblimpar e d4 P3) .

amplitudes of tchees sseadnes edvaetraa | ptriomes wi t hi n a
| CA algorithms to removicheeygebdi nkhe &a&mpini t hde
P3 ERP component varied within the same | CA
di fferent |1 CA algorithms. Theref Ghethaas e mu

to not reduce the power of the recorded comp

IC1 IC2 IC3 IC4
‘. ) : ; v
IC5 IC6 IC7 IC8
IC10 |C11 |C12 C10 |C11 |C12

IC13 ic 14 IC 15 IC 16 IC 13 Ic 14 IC 15 IC 16

% 00

Figure 4.3: ICA components identified in the same dataset by two runs of a
RUNICA algorithm in Matlab. The data is from a single participant in the arithmetic
study (see Chapter 3). Component 6 (highlighted) is reversed in polarity between
the examples, despite the parameters being identical.
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The question remains of which -bmesdadtdi fi sctopt i
fr &E&RP dat asetdurctoMdveRa 6.e dAs bot h i mproperl y i
| CA and epochsrreadjuedtnigon BERIRpnwememft s, a comp;
bet ween the methods to i d#MBDBYR/NERGI exxpersi man
i's required. Comparisons between the methods
recorded ERP waveforms, the amountd otfhedata r
changes within ttHhe eERP np&€hdlaptiede Bt i

4. 1. 2)ofAitnhse Present Study

There is | imited guidance or consensus on wh
be utilised when analysing EEWR.daAsa tclod | lexsd e
HMBVR, parti-dMDBVaRr,| yi sHSt i | | relatively unexpl
it i danmpdro identify how to avoid errors 1in

negatively affect the dat a.

The aim of this chapter Iis to examine how co
analysis can be used to remove art-HM®&cts fou
VR. Unprocessed data collected for the Chapt
cont ai ns e yeghbrloivlekmenandrti facts, 50Hz el ectri
dri ft artifacts, wil!l undergo different wvar.i
The three preprocessing steps varied are 0.1
highpass filnerlid. bBHgMHpassa filter (1HzHp) f
| owp &Nod p§J NF50Hz notch filter (50HzMEDp and ¢
for high frequency el-leasgeaed carlt infoa-E®AREMayv alo
| CA -ayei fact rEeBWoR)a |l a(ntd€ pegpootcthohi €get removal
(EpeEcBP AR) f or eyeblink artifacts. Visual i ns|
waveform andsoomwithin the N170 and P300 pea
the Cz electrode are consi depreadc enshseinngc ompar i
parameters. The P300 and N170 components wit
for examination as these were the | argest re

arithmetic study.
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4. 2) Met hods

4. 2.1) Equipment and Procedure

The participants, materials, apparatus, and
detailed in thetMetrodd hsn€htaipomwmtaf@y i n

4. 2ER@ctroencepbatagPapbgssing

The data analysis conducted on the E-RP data
stage preprocessi n@hgp3periwihniec hd evfairnieeds iant t hr
to facilitate comparisons within highpass fi
parameters, and eye movement component removVv
was conducted usi ng]|[ &bféo]rE EMA[TABAR] ©lod dioxg t he
ERPLAB pRG6GI] n

All datasets undergo the same first four ste
format compati brlokBVG tchh eéErEnGeLlash ,t emoeédct aonde
| ocation data inserted. The first branch of

datasets either had a 0.1Hz, O0.5Hz, or 1Hz f
foll owed by either a 30Hz | owpasann&l0#HHz not c
requiring interpolation are identified by ap

whi ch arteertphoelnatiendt emp d har ywofmi | t ered dat a.

Each analysis variant undergoes separate | CA
2 . To extract eye movement component s, a 30H
|l owpass and notch filtered dat29édt d$ 0 dpdOdmMms ,
and epcoocnhtsai neyngbinhiomk noi se are rejected. The
applied to each dataset, and the | CA weights

Returning to the datasets generated at step
4. 4200 to 4504ms epochs are extracted and th

vari aapphbhired. Due to the number of variants,
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Input Data

Step 1: Import the data

Step 20 Import Location Data

i Step 3: Highpass filter
| |
- & Step 4: Lowpassinotch filter Step o 40hz lowpass filter
e 1 ¥
(7]
g S Step 7 Interpolate channels Step 6 Identify channels for interpolation
Step 8: 40hz lowpass filter Step 12 Epoching m%
e )
c | ] v
-g Step 9 Epoching Step 13 Apply ICA weights g w
& I T R
o~ E.a' Step 10: Reject noisy epochs® Step 14 ICA component remaoval gﬁ
e I | >
<L
g Q  |Step 11 Run ICA Step 15 Reject noisy epochs
|
Step 16: Compute individual average
|
Step 17 Compute grand average

¥
Qutput Data

Figure 4.4: Diagram of whole processing pipeline numbered by the order of
processing steps performed on the data. Black arrows show where the entire
dataset is used in the connected step. Grey arrows show where only part of the
information is used from the connected step. Parts of the pipeline which vary for
comparison are highlighted with a blue outline. Step 10 (marked with an *) only
rejects epochs containing non-eyeblink noise.

Level of Iine noise is also extracted by iso
The baseline cmerviead eids itnieon power spectral de
Fourtirearn stfoorindent i fy the | evel of 50Hz Il ine n

4.3.2) Statistical Analysis

Statistical analysis [wa@udndorvd watoesd 6 EEKR®T 2
sepat dtrfeeect or 3x3x3 [ highpass (1HzHp, 0. 5HzH
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(30HzLp, NooOLHZINNFE | €EB ARNGEIB@AAR, HpPBoACcRY) ] repeat e
measures ANOVA were conducted to compare the
variations on t he oauntdp usteAcdoOnsl at get Edet hier p e a
and memml|l isoidé he N170 component withhhrdhe C
and fANOYA targetandt memappleistki dé he P300 compor

within the Cz electrode. Mauchlybés test of s
effect or inter actei srphvehiich twi alsastuempt i on. Wt
violations are identified, the degrees of fr

Gei sser or-Felhet Hugmimecti ons -GadiesiseheE®msieleamo
under O0.75 or over -Do & Jaymsa ssp evatsi weolnyd.u cRoesdt U s
pairwise comparisons, corrected for multiple

correction to coh269%] for type 1 error

A pasaeptest was used to compare the number
bet ween-EtBPAER/MEBBAR condi ti onsEBMRI ctohned iEtpioocnhs t
identify i f significantly mo+tEBARp vahs awmdrse r

4. 3) Resul ts

4. 3BEA9ch Rejection

A paseaeptest found that there were significa
EpoEBAR conditions (M=90. 714N 9.973) from th
compared EBARWNEBR® conditions (M=201.762N 2.
pOM.0,1 d=2.258). The same number oEBARoahsd we

| CEBAR conditions.

4. 3.2) Effect of HighBased Aowphasecn aRée)] €gkri o
ContinuowmwandDdtopogr apReilcatkEevde nPtot ent i al s
4.3.2.1) Peak and Mean Amplitudes

Within the N170 respMalsp/aMEHuEE84ROr 28l Hp s i n
the | ar geslts.ple akk 3()M=a-6 d¥ mz.alhn) (a&mpl i t udes. Us|i
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a BALpnd -EBAR results in the sma8lhLefltOopé8hk a
smal |l est N170 was founMfandi-EBABR. délgtdipt sai BOH
small est mean-0anepIN tlyde ( M=

Within the P300 resphnlsp/amid -EBAR Oe dHztHp , i n
| argest peak amplitude (M=21.2 N 1.6). The I
using O.1HzHp, 50HzEBMR c(hM=51i3.tlerN ain.d2 )I.CAThe
amplitude is found HwhLlepn d uBBAR (I1NMi=ZIHP.,5 30 1) ,
using 1HzHp, no-EBARpaessuamd No the small est
(M=4.4 N 0.8).

4. 832) Highpass Filtering

Vi seabmination of totemg®&Pi wgvefohmédsemfallter
recorded el ectbhy odboewksFitrggateep .. IMtHezdl t s i n  a
positive inflection in the Fz, Fds t ar8t,i nCg3 , a tC

~300ms and persisting untiftmthe end of the 1

-TL/ ey —v vy
'“T‘*ff;:k:;”‘*tfr s ‘y J\ S j«‘k/)‘ - “'H/‘ vy
. AT A R A
WTL_/ oy M,}Nl A .«,] 41 Ay “T J SEN — J Va2
S e A N
g Py e

1Hz Highpass Filter
0.5Hz Highpass Filter
- 0.1z Highpass Filter

Figure 4.5: Topographic representation of recorded electrodes for highpass filter
comparisons when using a 50Hz Notch filter and ICA eye-based artifact rejection. A
positive inflection starting at ~300ms when using the 0.1Hz highpass filter is seen in
Fz, F4, F8, C3, Cz, C4, T4, T5 and Pz.
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Set eported increased perspiration was captur
after completion of the Chapter 3 arithmetic
compl eted the arirtelpronettiead taasK, ghtsalnfcr ease t
repormedemate increasepepraed bHhbd swkehting. Thi
extracts from the continuous wavefHzrHps f or n
and 1HzHp filtered data of two participants,
sweating and onemowWwbkboatepontedaae i n sweating
Fi gureasndfrdespectively. Visual i nspection of
shows clear slow drift artifacts inbaunfil ter
and7a4d., which are modul ated but not compl etel
(Fi gubesan#a)4. When A 0. 58z Hpn7d F4d gur &bz Hp (Fi ¢
46d an7)4is applied, the slow drift artifact
di fferences being visibl e lbueet wheiegnh ptahses hfiig hteer

(a) No highpass filter (b) 0.1Hz Highpass

TN I mow T e ~T v |—
S e s SN E‘ﬁ\%}“ ;:“\L_AM ;
] s e o RN v \ P

1
P2
F

PN =
et

(c) 0.5Hz Highpass (d) 1Hz Highpass
e

oy ) YAy
7 AN bt ‘WMWW-W W’MM ;‘ ety y M
uwww%ﬁlmmwﬂmwmwﬂ&mwmwm‘ wwﬂwﬂm
Fz tha WWN.\.«_\:M?,WW WM‘WW“\:::

Anmiemetd

4 )

A N
£ et Nt o | I st
% s, n RN

. % . » pe
PR Ko Y Pt M
s A \nty

%
13 It s S -

Pz s \ pz et s e )
P b e st e s A St s i A A N P Ps s s
R Scale 6

o £y o 3 20 4
oz T o2

yé&@#@ww&@\ﬁbéf@*@“geggwwyg;@»@u\ag’gsgﬁ\ FPPe IS FELELELTLEFEFLFLEP I PP LEFPPIES

g

Figure 4.6: A comparison of different highpass filters on 30s of minimally
processed data from a participant reporting no increase in sweating. The effect of
no highpass filtering is seen in (a); a 0.1Hz highpass filter in (b); a 0.5Hz highpass
filter in (c); and a 1Hz highpass filter in (d). Data is DC offset to see differences.
Scale is set to 200mv.
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Figure 4.7: Images of different highpass filters on 30s of minimally processed data
of a participant reporting a moderate increase in sweating. The effect of no
highpass filter is seen in figure (a); a 0.1Hz highpass filter in (b); a 0.5Hz highpass
filter in (c); and a 1Hz highpass filter in (d). Data is DC offset to see differences.
Scale is set to 200mv.

4 . 833) LowyatkshH t eri ng

Vi sual examination of the ERP wavefo8ms fron
showstthbd8B8®wpass and 50Hz notch filters res.i
contamination and thus a smoother wavefor m,
overlap. Several electrodes including Fp2, F
of high fr equemdy /indd-i aspep Iw heedn, however this i
when using the 50HzNF or Hzekmgpoved when using
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Figure 4.8: Topographic representation of recorded electrodes for lowpass/notch
comparisons when using a 0.5Hz highpass filter and ICA Eye-based artifact
rejection. High-frequency noise can be identified in both hemispheres, and is
primarily visible in the T5, P4, C4 and F3 electrodes.

|l nspection of t hof ipnedask st hien 5FiHgzu rceo nd.ami nat i ol
no | owpatsshapplie®)(,Fimpurud ad.ed when appl yi ng¢
filter 9Figand ¥%isibly present but functiona
3Bz Lfpil ter 9¢Figlihe Wwider rénggquehcatsenuvatad
beyonHdzl3@3 al so visi9bl e in Figure 4.

(a) No lowpass/notch filter (b) 50Hz Notch filter (c) 30Hz Lowpass filter

0 ) [ 0
Frequency (Hz) Frequency (Hz) Froquency (H2)

Figure 4.9: Power spectral density graphs comparing 50Hz peaks between
lowpass/notch filtering methods for 0.5Hz highpass filtered and ICA Eye-based
artifact rejected data. The solid black line is the average of the individual datasets,
which are represented by the surrounding dotted coloured lines. (a) No lowpass
filter is applied; (b) 50Hz notch filter is applied; (c) 30Hz lowpass filter is applied.
The 50Hz peaks are highlighted with red arrows.
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4. 833) Eye Artifact Removal on the ERP Wavefo

Vi sual i nspection of tFieg uerfef edc.tblazs, e du hlai ecthe ysahcotw
captured in the current dataset across all h
early negative inflection starting at ~120ms

starting at 450ms andoO@enss iwhteinng ou EEBIAIR dtas| &
removed. Moreover, the topographic array of
using 1HzHp and 30Hz | dWp asho wsi Ittharsi dg@t(eFippu
infl ection contaminated every el ecbnotargetwpg
di sappears when eyeblinks were rejected, and

posterior of the head.

No Eye-Based Artifact Removal ""'*_-}\)'V Ay N T
ICA Eye-Based Artifact Removal
Epoch Rejection Eye-Based Artifact Removal

Figure 4.10: Topographic representation of EBAR comparisons when using 1Hz
highpass and a 30Hz lowpass filter. The filters were selected to remove any
additional noise and isolate the effect of the eyeblink artifact on ERP recordings.

The eyeblink component found comprises of an
both the N170 and P3x00 atriensdt hrea irdPds ahsed&r2 el
in FigQrer4e4ducing the amplitude of the P300

el ectrodes. This early negative inflection r
preprocessing pipeline variations for both t
Figut®, 4t hough not necessarily the Pz electr
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eyeblink has | essened. Moreover, the negatiyv
artifact does not result in a signif-icantly
EBAR, but is signifi-EBARI|Iyedlr ger than the N

The effects of the | ClAlL cvami dle shtawesl idtoekli gue e
artifacts were removed without removing the
The remov-aél afeeyeomponents reduces the ampl
artifacts, but the waveform reanhusntsed adagted y

EEG
Channel R N
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Figure 4.11: Epoched data with (red line) and without (black line) eye-related
components identified by ICA-EBAR removed. The data was filtered between 0.5-
40Hz for clarity. Eye blinks visible when no ICA components have been removed
are marked with red arrows.

4 . JIN170 andStRIxtical Analysis Results

The grand average ERP waveforms of each prep
generated for the Cz electrode, and organi se
hi ghpass filter 1Qar ilaotwpoatsssh{ €fr guaei 48i, ons (F
and EBAR variat3ons (Figure 4.
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Figure 4.12: Comparison between using a 0.1Hz, 0.5Hz and 1Hz highpass filter
within each combination of lowpass/notch filtering and EBAR method for the Cz
electrode. The highpass filter was applied before both the lowpass/notch filter and
EBAR. The yellow time window is the N170 time range (120-200ms) and the cyan
time window is the P300 time range (200-400ms). n=21.
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Artifact Removal Artifact Removal Eye-Based Artifact Removal
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Figure 4.13: Comparison between using a no lowpass or notch filter, a 50Hz notch
filter and a 30Hz lowpass filter within each combination of highpass filtering and
EBAR method for the Cz electrode. The highpass filter was applied after the
lowpass/notch filter and before the EBAR. The yellow time window is the N170 time
range (120-200ms) and the cyan time window is the P300 time range (200-400ms).
n=21.
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Figure 4.14: Comparison between not removing eye-based artifacts, using ICA to
remove eye-based artifacts, and rejecting contaminated epochs to remove eye-
based artifacts within each combination of highpass filtering and lowpass/notch filter
for the Cz electrode. The eye-based artifacts were removed after the highpass, and
lowpass/notch filtering was performed. The yellow time window is the N170 time
range (120-200ms), and the cyan time window is the P300 time range (200-400ms).

n=21.
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4. 3.3.1) N170 Peak Amplitude

For the N170 peak amplitude analysis within
Sphericity is violated for all c@gi=27efff5ect s
pO.0,0=0.BWpass/6H2) shOp=R08., WE® ,.EBARYA) =17. 98,
pO0.0,0=0. B2y h xoosvpass/(at®) b 7pOLN,LV=0. 46) ;

hi ghp&ES8ARYY) =46p0P%0,1U=0. K Wpass/XEBAR

629) =11p0®.0,0=0. B9y h xoswp ass /XEBARKI5) =256. 23,
pO.0,0=0. RO . vi ol atjiucsrn se dweBgderegihBRis £s e r

correction. The significant main effects and

Table 4.1: Summary of the main effects and interactions of the N170 peak
amplitude ANOVA statistical analysis. n=21.

Within Subjects df v 2
Effect F df (error) P "
Highpass 0.17 1.13 22.63 0.71 0.01
Lowpass/Notch 35.44 141 28.15 <0.001* 0.64
EBAR 11.34 1.24 24.82 0.001* 0.36
Highpass x 0.28 1.85 36.98 0.74 0.01
Lowpass/Notch
Highpass x *
EBAR 8.39 1.86 37.16 0.001 0.3
Lowpass/Notch N
 EBAR 6.52 1.57 31.44 0.01 0.25
Highpass x
Lowpass/Notch 0.41 2.28 45.69 0.69 0.02
x EBAR

Crc +FfdzSz RFrs5SanNnBsSa 2F CNBSRz2Y:z LI
Bold print and * indicatestatistically significant differences, p<0.05.

The main ewpasststmaof cEEBAR reached significanc:¢
peak amplitude AMN@VASiIiBowmpabeadmmparhi sons f ou
that NsLm/ggWRO0.1 N 1.3) resulted in significa
than S50H8B8NP (NMZA.-B)148,(203®. ®DB), Hak@MB 06

N 1.1)-2(d@BMP2E2 d=492) ,Hawifpuh th@r having a s ma
than 50HzNF 2(83002001) 4 =54) . Bet ween EBAR met hoc
that usEBIAR IEB=N 0.7) resulted in significan
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NeGEBAR €8M4 N 1.-3)213,(203®.DDR), aEBARp ¢ MF
13.1 N 2.3) (t(20)=7.864, p=0.003, d=0.849) .

The interactionxBEBARewnshsgbpaéscant. Post h
(table 4.2) found within EBAR and between hi
di ffered HESBARIZEHL NMOBAR Hiz.Hp and betBBereRn | CA
1Hz Hpi t h b &EBMARI HAHR |-EBAR Hz.Hlp Wit hin highpass
bet ween EBAR met hodhsz HIpiCtE BIAR frewrud tteldati nl a s
smal |l et haaPpoEBAR, tHtzHIpCEBAR HM2 N 0. 7)
resulted in a significaht HYyoEBWAR |&z2MHgheak t ha
Epo€BAR, andHzHipCtEBOA.RL had a significantly sm.
0 .Hz H§cEBARNd Hx.Hppo-EBAR.
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Table 4.2: Post hoc comparisons within the significant interaction of EBAR and Highpass filter
within the N170 peak amplitude ANOVA analysis. n=21.

condi | M |sSem| cond2 | M |sEm| t | df g’:ﬁ SEtf'r b
Nﬁii’;R 7.95 | 0.97 '(\)IEEZB:; 8.87 | 1.21| 274 | 20 | 0.92 | 0.34 | 0.04
Nﬁii’;R 7.95 | 0.97 'gﬁ?:; 841 | 1.36| 06 | 20 | 046 | 077 | 1
'8'_‘;55@5 8.87 | 1.21 'gﬁ?:; 8.41 | 1.36 | 0.83| 20 | -0.46| 056 | 1
IiﬁEEQR 6.51 | 0.67 'g;Eflpr 5.14 | 0.66 | -3.74| 20 | -1.38| 0.37 | 0.004
HiEESaZs 'Clﬁ'iﬁﬁR 6.51 | 0.67 'gﬁfﬁfj 3.94 | 0.96 | -3.44| 20 | -2.58| 0.75 | 0.01*
'ggf:pR 5.14 | 0.66 'gﬁf:pR 3.94 | 0.96|-1.83| 20 | -1.2 | 0.66 | 0.25
Epi’g;ﬁiAR 1218 2.12 Eg‘_)acfﬁ:‘R 1314 | 236 | 1.79 | 20 | 0.97 | 0.54 | 0.26
Epi’g;ﬁiAR 1218 2.12 Eg‘_)ﬁfﬁ:‘R 1386 | 269 | 141 | 20 | 1.68| 1.2 | 052
E%?;L“ZEEF)AR 13.14 | 2.36 Eg‘_)ﬁfﬁ:‘R 11386 | 260 | 096 | 20 | 0.71 | 0.74| 1
NT;SKR 7.95 | 0.97 IC”:;EKR 651 | 0.67 | -2.23| 20 | -1.43| 0.64| 0.1
NT;SKR 7.95 | 0.97 Epiz'éggAR 12.18| 2.12 | 2.49 | 20 | 423 | 1.7 | 0.07
Ié:é';KR 6.51 | 0.67 Epg(_:'éll;lgAR 12.18| 2.12 | 3.38 | 20 | 5.66 | 1.67 | 0.01*
8'05_';31% 8.87 | 1.21 I%TEZBTR 514 | 0.66 | -3.99 | 20 | -3.73| 0.94 | 0.002*
HEQTSS Igf;;'l"R 8.87 | 1.21 ES&HCEZE:F)AR 13.14| 2.36 | 223 | 20 | 427 | 1.92| 0.11
I%Z'EZBTR 5.14 | 0.66 ES&HCEZE:F)AR 113.14| 2.36 | 3.78 | 20 | 8.01 | 2.12 | 0.003
I(\)l.(iHEéllpR 8.41 | 1.36 I%?EZBTR 3.94 | 0.96 | -4.11| 20 | -4.47| 1.09 | 0.002*
I(\)l.(iHEéllpR 8.41 | 1.36 ES&J;ZEFE';F)AR -13.86| 2.69 | 2.59 | 20 | 5.45 | 2.11 | 0.053
|%,£EZB|1pR -3.94 | 0.96 ESGJ(J:?*ZE';F’AR 113.86| 2.69 | 4.1 | 20 | 9.92 | 2.42 | 0.002
/| 2YRI'/ 2y RA02Yy X alaSlys {9an@liftdfRI NR 9NNRBNJ 2F (KS
RTI'5SaNBSa BRICHNBEIN2BAIENBYOSE {GR® 9NNI {dF yRIN

Bold print and * indicate statisticallignificant differences, p<0.05.

The

summar i

Il nteracwowpmsls éxibviBeAaim all so reached signific
table 4.3. The findi
bet weevp als s /fndttcehr s, i nteract iNorLgp /rNecac hed

sed in mai n ngs a

al |
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consistently resultinglpnreéesdveth angresh!| petakp a
amplitudeswpad ¢/Amadt dhet ween EBAR, -EBARs found
resulted in significantl|l JEBAMRalalnarEBgaRxlkhs c o mp
acr oslsowplals svaroitacrht s. The comEBAIRs@amdb &Efpwedin
EBAR reaches sNiogrmi/dNifcya,NovwkiptiEBAR -9M2 N 1. 1)
resulting in aNemplEN®ERERKLBHIAaNN 2. 7) (t (20
p=0.048, d=0.575) .
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Table 4.3: Post hoc comparisons within the significant interaction of EBAR and lowpass/notch
filter within the N170 peak amplitude ANOVA analysis. n=21.

M- | Std.
Cond 1 M SEM Cond 2 M SEM| t df Diff Err P
No-EBAR No-EBAR
NoLpNF 92 | 112| coo o\ | 85 | 1.2 [-293| 20 | -0.7 | 0.24| 0.0%
No-EBAR No-EBAR
NOLpNF 9.2 | 1.12 30HzLp -7.52 | 1.13|-8.01| 20 | -1.68 | 0.21 | <0.00%
'\5'35%5 85 | 1.2 'é%ﬁfﬁf 752 | 1.13|-6.74| 20 | -0.98 | 0.15 | <0.00¥
ICAEBAR ICAEBAR
NoLpNF 5.98 | 067 | 'S0/ N | 524 [ 0.75|-3.03| 20 | -0.75 | 0.25| 0.02
EBAR 'S:LiilAFR -5.98 | 0.67 '%‘EELA‘)R 436 | 0.69 | -7.42| 20 | -1.62 | 0.22 | <0.00%
Lowpass/
NJ&“ ICAEBAR | 504 | 0.75| 'CAEBAR | 436 | 0.69 | 6.44| 20 | -087 | 0.14 | <0.00%
EpochEBAR EpochEBAR
NOLpNF -15.07| 2.69 | ~. o0\ | -13.07| 233 |-297| 20 | -2 | 0.67| 0.02
EpochEBAR EpochEBAR
NoLpNF -15.07| 2.69 30HzLp -11.03| 2.09 | -4.74| 20 | -4.04 | 0.85 | <0.00F
EpochEBAR EpochEBAR
coHzNE | 1307 233 30HzLp -11.03| 2.09 | -4.43| 20 | -2.04 | 0.46 | 0.004
NoLp/N- NoLp/NF
NoEBAR | 92 | 12| |cappar | 598 | 067 |-4.14| 20 | -3.22| 0.78 | 0.002
NoLp/N= | NoLgNF | .
NoEBAR | 92 | 112 EpochEBAR 15.07| 2.69 | 2.64 | 20 | 5.87 | 2.23 | 0.048
NoLp/N- NoLp/NF
(CAEBAR | 598 | 0.67 EpochEBAR -15.07| 2.69 | 3.86 | 20 | 9.09 | 2.35| 0.00%
S0HzNF 50HzNF
umggﬁy NoEBAR | 85 | 12| |caEpar | 524|0.75|-3.99| 20 | -3.27 | 0.82| 0.002
EBAR 50HzNF 50HzNF
NoEBAR | 85 | 12 EpochEBAR -13.07| 2.33| 2.44| 20 | 457 | 1.87| 0.07
S0HzNF 50HzNF
ICAEBAR | 24| 0.75 EpochEBAR -13.07| 2.33 | 3.95| 20 | 7.83 | 1.98 | 0.00
30HzLp 30HzLp
NoEBAR | 752 | 113 | | CAcpaR | 436 | 0.69 |-4.08| 20 | -3.16 | 0.78 | 0.002
30HzLp 30HzLp
NoEBAR | 752 | 113 EpochEBAR 11.03| 2.09 | 2.15| 20 | 352 | 1.63| 0.13
30HzLp 30HzLp
ICAEBAR | 436 | 0.69 EpochEBAR 11.03| 2.09 | 3.73 | 20 | 6.67 | 1.79 | 0.00&4

/| 2YRI'/ 2y RAa2Yy X alaSly> {9an@liftdfRI NR 9NNRBNJ 2F (KS
R¥FIrsSaNBSa BRICHNBEN2BAGENBYOS: {GRP 9NNI {idFyRIN
Bold print and * indicate statistically significant differences, p<0.05.
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4.3.3.2) N170 Mean Amplitude

Within the N170 mean amplitude analysis, the
all main effects an @&?2i)rrt2edrpfleBtbilo=nG.:5 hli)ghpass
lowpass/(@G(®@) sh5 p®m.8,1J=0. 6E3BBARZ(2A) =9 .p5=907.,00 8,

U=0. 7hli6g)h;xosvp as s /(a1 (®) s 60 p@®@.0,1D=0. 36 7g)h;pxa s s
EBARXY) =43 pdm®m.0,10=0. 46WBpas s /XEBARKY) =45. 153,
pO.0,0=0. 55 7g)h;xosvp as s IXEBAGRAI5) =43 p0®HA,
U=0.20d2) .viol ations wer e adjGesitsesde ru scionrgr etchtei o

significant main effects and interactions ar

Table 4.4: Summary of the main effects and interactions of the N170 mean
amplitude analysis. n=21.

Within Subjects Effect F df f P ' o2
(error)

Highpass 0.62 | 1.16 | 23.26 0.46 0.03
LowpasgNotch 16.11| 1.28| 25.53 | <0.00F 0.45
EBAR 7.32 | 1.43| 28.64 0.01* 0.27
Highpass X Lowpass/Notch 3.74 | 1.47| 29.33 | 0.048* 0.16
Highpassx EBAR 10.67| 1.87| 37.42 | <0.00% 0.35
LowpassMNotch x EBAR 448 | 2.23| 44.58 0.01* 0.18
Highpassx LowpassMNotchx EBAR| 0.94 | 2.34 | 46.74 0.41 0.05

F=F Value, df=Degrees of Freedom{ps 3y A TA OF yOSX ' LHTt I N
Bold print and * indicate statistically significant differences, p<0.05.

The main eWwpasststmaf CEBAR reach significance i
amplitude analysi s. Posliethweoevpalmpanosomg f i n
NoLp/(MR.9 N 1) results memnsiagnpil hihmal®@8Hy NIFar (
(M8.6 N 1BzlgpvB8.360 N 1) filters. Moreover, bef
is found t HEaBARISLiMAg O0.C7JA results meaasignific.
amplithdaes b-EBARNEM3 N 1.-3)3721,(203E.DDY), ard
Epo€EBAR 6MZ N 1.7) (t(20)=4.666, p=0.015, d-=
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Sever al i nteractions reached significance wi

The significant iIintexlawpasal/ibetsawubamma rhisghp a s
4.5, however no significant poswpadaox/ cotmphar i
and between highpass. The main findings with
lowpass/imottch,mt each comparison utilising NolL
hoc comparisons, resulting in | arger mean an
3BzLapcr oss al l hi gihgtaisend idners wnlgs eecauent | 'y mz
results found i mwiplae shaion cdf fect of |
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Table 4.5: Post hoc comparisons within the significant interaction of lowpass/notch filter and
highpass filter within the N170 mean amplitude ANOVA analysis. n=21.

Condl| M |SEM| cond2 | M |sSEM| t | df g& i;: 0
NflL‘ZPA';F -4.03 | 0.86 'S'%";F;/ﬂ; 4.02|1.01|-003] 20 | -001| 03| 1
Nf,:;é':F 4.03 | 0.86 IC\)I.OJ.IL—IF;/I—I:]; 354|127 07 20| 05 |071| 1
B'%hj’j; 4.02 | 1.01 B‘?ﬁi’ﬂ; 354 | 1.27|-097| 20 | -049 | 05 | 1
iﬁgﬁﬁf 3.81 | 0.88 gggiﬂg 371 1.04|-034] 20 | -011 | 031| 1
LowpassNotch | SOHZNF I 5 o | g gg | SOHZNF I 5551 1 59| 085| 20 | 06 | 07 | 1
Highpass IHzHp 0.1HzHp
SEE;EE 371 | 1.04 gg:iﬂg 322 1.29|-099| 20 | -049 | 0.49| 1
?ﬁﬂihf 3.79 | 0.84 ;g:ib& 379 1 [-001]20| 0o |03]| 1
?ﬁﬂihf 3.79 | 0.84 ;ggiﬂz 33 |1.26|-069| 20| -049 | 0.71| 1
gg:;b% 379 1 ;ggiﬂz 33 | 1.26|-098| 20 | -0.49 | 05 1
N10|_I|_ZP|_/|EF 4.03 | 0.86 51(';;?,5": -3.81 | 0.88 | -5.28 | 20 | -0.22 | 0.04 | <0.00F
N10|_I|_ZP|_/|EF -4.03 | 0.86 ?i';ﬁf& 3.79 | 0.84| -7.12| 20 | -0.24 | 0.03 | <0.00%
;g;mz 3.81 | 0.88 ;g;g_% 379 | 0.84| 034| 20 | -002| 005| 1
gﬁtg;ﬁ; 4.02 | 1.01 %gﬂi:ﬁ -3.71 | 1.04 | 5,65 | 20 | -0.32 | 0.06 | <0.00%
LOWTSQEAa\ﬁch gf[';/'?\ﬁ: 4.02 | 1.01 %gﬂ;['g 379 | 1 |-9.21| 20 | -0.23 | 0.03 | <0.00%
oonziP | 371 | 104 %gﬂ;['g 379| 1 | 132| 20| 009 | 006 061
gbﬂS;/Tﬁ: 354 | 1.27 %léﬂim 322 | 1.29| -3.93| 20 | -0.32 | 0.08 | 0.002
gg{gﬁg} 354 | 1.27 %gﬂzgf 33 | 1.26| -7.54| 20 | -0.24 | 0.03 | <0.00%
SRR | 322 | 129 %éﬂi'g 33 |126| 09 | 20| 008 | 009| 1

/| 2YyRI'/ 2yRA02yY alaSlys {9al@HitldfRF NR 9NNRBNI 2F (K!:
R¥FIsSaNnbBSa BRICHNEEN2BAISENBYOSs {GR® ONNI {GF yRE
Bold print and * indicate statistically significant differences, p<0.05.

A second significant I WEBARci(itam|kredwddn ilsi ¢

hoc comparisons within EBAR and between high
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di ffers -wBAR, nwWHEBRA RHAAWpesul ting in a signifi.
me an amplhiathu desEEBhP AR I@WAH&HDNd -EBEAR HZz.Hlp Mor eover,

| CEBAR Hz.Hpr oduces a s i gmeiafn caampt!higtnuERGge r
O.HzHp Within highpass and wWEBAR nr essBIAR,s iitn i s
significantly small er rnEeBaAlR aampdl-BEBpuRkcewitthhainn b o
botiBbH?HndlWz, but HeHpwitdHeHHPCEBAR <

0 .Hz HYoEBAR MHzHPpoEBAR; HOHIAC-EBAR <HD HMo

EBAR MHzHPpo&EBAR.
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Table 4.6: Post hoc comparisons within the significant interaction of EBAR and highpass
filter within the N170 mean amplitude ANOVA analysis. n=21.

Cond 1 M | SEM| Cond2 M | SBM | t df |¥& i;i p
fozi’;R 41 | 09 '(\)"‘255:5 48 | 118|1.96| 20 | 07 | 036 0.19
fozi’;R 41 | 09 gﬁfﬁ; 415 | 1.38| 006 20 | 005 083| 1
'8'%55:; 48 | 118 gﬁfﬁ; 415 | 1.38 | -1.07| 20 | -0.65| 0.61| 0.89
'ClﬁEEﬁR 2.62 | 0.64 'ggff:pR 0.98 | 0.69 | -4.02| 20 | -1.64| 0.41 | 0.002
Hi';EpAaF;S 'Clﬁ'iﬁﬁR 2.62 | 0.64 'gﬁff:pR 0.52 | 0.95 | -4.83| 20 | -3.14| 0.65 | <0.00%
'g;EZB:pR 0.98 | 0.69 'gﬁff:pR 052 | 095| 27| 20 | -15 | 0.56| 0.04
Epi’g;ﬁiAR 492 | 1.39 E%‘_’;L“ZEEFJAR 574 | 175|158 | 20 | 082 | 052| 0.39
Epi’:";ﬁiAR 4.92 | 1.39 E%(.)ﬁ?zEEpAR 6.42 | 214 1.32| 20 | 15 | 1.14| o061
E%?;L“ZEEF)AR 5.74 | 1.75 E%(.)ﬁ?zEEpAR 6.42 | 214 | 095| 20 | 068 | 0.72| 1
NT;SKR 41 | 0.9 IC”:;EKR 2.62 | 0.64|-2.48| 20 |-1.48| 0.6 | 0.07
Nlol-_IEZSKR 41 | 0.9 Epﬁ?éggAR 492|139 075| 20 | 0.82] 1.1 1
|c1:é:£R 2.62 | 0.64 EpﬁgéggAR 492 139|209| 20| 23| 11| 015
I(\)lf;EHApR 4.8 | 1.18 |%A5:EE|1pR 0.98 | 0.69 | -4.14| 20 | -3.82| 0.92 | 0.002
HEETRSS Igf;ETR 4.8 | 1.18 ES(')%ZE';&R 574 | 175|064 | 20 | 094 | 1.47| 1
I%TEZBHA"R -0.98 | 0.69 E[())(')i_k:ZEg?AR 574 | 1.75| 3.05| 20 | 476 | 1.56 | 0.02*
I(\)l'(f*EEHApR 4.15 | 1.38 I%ﬂ%llpl? 052 | 0.95|-4.35| 20 | -4.67| 1.07 | 0.00%
I(\)l'(f*EEHApR 4.15 | 1.38 ES&J;EZE?AR 6.42 | 2.14| 139 | 20 | 2.27 | 1.63| 054
I%ﬁ*EZBHApR 0.52 | 0.95 ES(')J;ZEHBF’AR 6.42 | 2.14| 356| 20 | 6.94| 1.95| 0.01*
| 2y RI'/ 2y RA902Yy> alaSlys {9al@ifldfSRI NR 9NNRBNJ 2 F

RTI'5SANBSE BRICHNBEIN2BATENBYOS:
Bold print and * indicate statisticalkignificant differences, p<0.05.

{GR® ONNI { Gy
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mean amplitude t hanH>loghchr 05s0sH zENBFA Ra nnde t3h0Oo d s mi
the comparisons wi tchwpma stsh/én ditacethosr eefofveecrt, onfi tlhi
lowpass/amodt cohet ween EBAR it {EBARoumdutl hat i msia
mean ampl it udeEBARan nbdcEB@p&oacrowmpsasad/Iindt ch

filtering methods, matching the comparisons
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Table 4.7: Post hoc comparisons within the significant interaction of EBAR and lowpass/notch

filter within the N170 mean amplitude ANOVA analysis. n=21.

Cond 1 M |SEM| Cond2 | M |SEM| t | df g:ﬁ SEtf'r P
ngPB/QE 45 | 111 '\é‘gﬁfﬁs 428| 1.14| 2.64| 20 | -0.22 | 0.09| 0.047*
NooeR | a5 | 111 '\ggﬁg_ApR 427| 11 | -9.08| 20 | -0.23 | 0.03 | <0.001*
NN | 428 | 114 '\ggﬁg_ApR 427| 11 |-012| 20 | 0.01 | 0.09| 1
e | aae | o7 | SAEBAR 005|072 | 382 20 | -0.2 | 005 | 0.003"
LOWp'ZSSA/EOmh INC?LiE;ﬁE 116 | 07 '%‘EZBL?R 0.97| 069 -5.96| 20 | -0.18 | 0.03 | <0.001*
'gé\EZBNAFR 095 | 0.72 '(;QEZBL/;R 097|069 032 20 | 0.02 | 0.06| 1
ERI%‘ihPE/EﬁR 5.93 | 1.72 E%%C:ZES?R 55 | 1.74 | -5.78 | 20 | -0.43 | 0.07 | <0.001*
EﬁﬁiﬂiﬁﬁR 5.93 | 1.72 EeiﬁiizAR 564| 1.7 | -7.33| 20 | -0.29 | 0.04 | <0.001*
E%%C:ZEI\?FAR 5.5 | 1.74 Ep;g:ZELiAR 5.64| 1.7 | 1.81| 20 | 0.14 | 0.08| 0.25
ll:llgl_EPE;,lzl\lz 45 | 111 I'\(':‘;\L;éﬁFR 1.16| 0.7 | -4.33| 20 | -3.34 | 0.77 | 0.001*
oL | 45 | 11 Eggé'hpé';;R 5.93| 1.72| 1.04 | 20 | 1.43 | 1.38| 0.94
|I\C|CALEPE/;’XE 116 | 0.7 Eg‘g(';hpégiR 593|172 | 322 | 20 | 4.78 | 1.48| 0.01*
S | 428 | 11a| DR | 095|072 | 425 | 20 | -3.33 | 0.78 | 0.001*
LOWDI?;Z/II:OtCh Iﬁg:;'}'; 4.28 | 114 | ;’;)C'?fE'\E';FAR 55 | 1.74| 088 | 20 | 1.23 | 1.4 1
e | -0.95 | 0.72 E;’(;)C'?*ZE'\E';FAR 55 | 174| 3.05| 20 | 4.55 | 1.49 | 0.02*
D a2z | 11| THEP | 097|069 | 43 | 20 | 329 | 0.77 | 0.001"
I\?SHEZB':AF’R 427 | 11 Epi%':fE"é’AR 564 17| 1 | 20 | 1.38 | 1.38| 0.99
il | 0,97 | 0.69 Epi%':ﬂzz"é’AR 564| 1.7 | 3.15| 20 | 4.67 | 1.48| 0.02*
/| 2YRI'l 2y RAa2y X alaSlys {9an@liftdfRI NR 9NNRBNJ 2F (K

RTFIsSaNnBsSa

BRAICHEEN2BRAIENBY OS>

Bold print and * indicatestatistically significant differences, p<0.05.

4. 3. 3. 3) P300 Peak
Within the P300 peak
al | main effects

amplitude
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lowpass/(6(@) sB1p®®.5,10=0. 5EBVIARZ(2A) =7 .p6=903.,02 1,

U=0. A5 hxoawpass/(6H(®) s653 pB0.B,10=0. 50 33h;xass
EBARXY) =43 p@m®R,10=0. 5dwWpPas s /XEBARKN) =69. 709,
pO.0,0=0. 3hg 6g)h;xoswvp as s IXEBAGRAI5) =150 4,

U=0. 3Tle) . main effect of EBAR -Fel ddjoastedcuborl
whil st the remaining violationBeiweger adj ust e

correction. The significant mairn sefdf @ nt ¢ adnd &

Table 4.8: Summary of the main effects and interactions of the P300 peak
amplitude analysis. n=21.

Within Subjects df V2

Effect F df (error) P ’
Highpass 10.34 1.13 | 22.56 0.003* 0.34
Lowpass/Notch 33.23 1.19 23.73 <0.001* 0.62
EBAR 7.74 1.6 31.9 0.003* 0.28
Highpass x 141 | 201 | 40.24 0.26 0.07
Lowpass/Notch
Highpass x EBAR 4.51 2.01 40.17 0.02* 0.18
Lowpass/Notch x .
EBAR 5.72 1.54 30.85 0.01 0.22
Highpass x
Lowpass/Notch x 1.19 2.65 53.03 0.32 0.06
EBAR

CI'c +Ffdz2Sz RFIr5SaNnsSa 2F CNBSR2Y:zZ LI
Bold print and * indicate statistically significant differences, p<0.05.

Each main effect reached ampgphifudanaeainstée
hi ghpawpasds/, nandh EBAR. Post hochcgmpasssbhnbkt
found thakMzH@EM=Ig4.a3 1IN 0. 9) filter resulted i
than bz HpM=1556. 4 N 2. 0pA@O,WL2DIE95) HuznHp 0. 1

(M=18.6 N #4.@Pp2(t op2@) ®BDF),. dBoev paeesesil/ inspttecrh i s

found that Hzd{pMzmg15he BO01.1) resulted in sighn
t han NooLtp/(WME 17 .5 N 1. 2p0O03.@,1 2d0=)1=24.84856 ,and 50 Hz
(M=16.7 N 1. 1p003.@,1 2d0=)2=18.26153., Bet ween EBAR me!

comparisons EBAR (MFAg.BNoN 1.1) results in s
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peaks comparefBBAR bMEh7I CAR. $28) =0200P68, d-=
0.779) afEBARp¢dMF18.8 H.B18) O(EO@200LF),. d=

Two interactions reach significance within t
first interaction to reachxEBIARnIi fsiuamanmaa a sied b
table 4.9. Post hoc comparisons wihtahti nu sk BnAgR
NGEBARHZIHpesul ts in significaBBAR Hznk@ginlder pea
NGEBAR Hz.Hlp usi ffBBAIRCAesul ts in significantly
| CEBAR Hz.Hipnd -EBAR HZ.Hlp and Ep®iEMEA RHz1Hp

results in small&€£BAReHZkHNntllyan WEpgdem hi ghpass
bet ween EBAR, significant pesippb@&@BAROmMpari so
resulting i n aHEk &P eeeBrA Rp eabhkdHIpPIHEBIA R, HZ20H b
NGEBAResul ting in a smalakRpC-BEBAR atrHdaiHp.b50t h 0
EpoEBAR; aHhzdHIOC:BEIBAR resul ting in HzHME ger pe
EBAR.
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Tab4®Post hoc compargisgpmisf iwdamti ni nntheer acti on
within the P300 peak amplitude ANOVA anal ysi
M- | Std.
Cond 1 M SEM Cond 2 M SEM t df Diff Err p
b2 . ' vy MMP MPs| b2D. ! VyMODP MO THPY HA| MDP| N DY N DN
M T 1 L] nog | U
b2 . ' vy MMP MPs| b2D. ! VyMPP MO M PT HA|M Py MDY NPT
M1 1L nomil L
b2 . ' vy MoDP MmPN b2D. ! VyMPDP MPg P HA|THDP(MD ndPn
nop L4 nom il L
L/®.!'"y modnodd L/M. ! Yy MT P MOPHT P HANjTODPY nP|F ndn
M1 | L] nop U
EBAR L/®. !y Mo ndg L/M. I VHADP MPg P PgHATPITMPNF ndPn
Highpass| ™M 1 | LJ noml U
L/®.'ymMT P MO L/MB. I VHANDP MPg ®m P HA|TO Py MPG ndn
nop | U noml U
9LRK! | MT O MPd 9 LRBDK! | MPD| MO T D HA|mdD] ndg ndan
M T I L] nop U
9LROK! | MT O MOd 9 LRDK! | MOO H O MO 1Al MO 1 dn
M |1 L] noém L
9 LROK! | Mp® MOT 9LRDK! | MOP H O MmO HATMOPIMD] M
nop | L nom il L
MITITLMMdMmdl MIT I LI vod nddmabg Hnlmddndd nodn
bap. ! v L/1®9. !y
MT1TLMMO MO MITILIMTO MOJ@OY HATPD(MOE A DA
bap. ! v 9 LJZrD K!
MTILl Mmoddndd MTI LI MTO Mmddmo Py HAlTODf MDD ndn
L/®9. !y 9 L2 K!
nepl Umvmod|mdN ndp Il UmMT O MPH 0 Pd HAlTOP(MPN 1 Pny
bap. ! v L/1®. !y
Highpass| n®p | L mo®d mdN ndg |l U MdpP mMmdT 0 D HA|TT D MDY 1 DA
EBAR bap . ! v 9 L2 K!
nepl UMt MO ndp Il UmMpd md]lmdd HnlmdP)gmPH ndo
L/®9. !y 9 L2 K!
nom !l Umpd|medg ndml Uund mdg o dr Halmdygmdd ndn
bap. ! v L/1®. !y
nom !l Umpdmodgd ndm I UMD Hdrmdgunmdimdd ndm
bap . ! v 9 L2 K!
nom !l Uund|medg ndm |l UMpd Hdrf ndH HA| ndgHP M
L/1®. !y 9 L2 K!
| 2YyRI'/ 2YyRA02y> alaSlys {9al@HfldfRI NR 9NNRBNI 2F (K
RTFI5SANBESE BRICHNBEIN2BAIENBYOSE {GR® 9NNI {dF yRI
Bold print and * indicate statistically significant differences, p<0.05.
The second significant interaction 1is
findings obmpasitsbos bet ween | owpass/ notch
table 4.10. 1t is found that withi HzEBAR
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results in significantly | oweNo Lppe/lakF asnplaltlud

EBAR met hods, as found in the main effect of
| owpass/ notch and between EBAR find utilisin
| ower peak amplEBAUR] easn di-EhBagn&RcllCcAr o s s  al | | owp a

met homass,chi ng the findings of the main effect
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Tab4®0Post hoc comparisons within the signitf

filter within the P300 peak amplitude ANOVA
Condil | M [sEM| condz | M [sem| t |af | Mo |30 p
NoonR [ 1441 11| REPAR | 1367| 11 | 195 | 20 | 0.73| 0.37| 0.2
NoroeR | 1441 111 '\;%EEL’TOR 12.35| 1.07 | 592 | 20 | 2.06 | 0.35 | <0.001*
R | 1367 11 '\;%EEL’TOR 12.35| 1.07 | 9.77 | 20 | 1.33 | 0.14 | <0.001*
DR | 17.07| 10| 'SAEBAR 11731 193] 24 | 20 | 0.67| 028| 0.08

LOWpElSSAAITotch e | 17.97 | 119 '%\EZEIS_?)R 16.02 | 1.07 | 7.32 | 20 | 1.96 | 0.27 | <0.001*
AR 1731 113 'ggEZBLApR 16.02 | 1.07 | 9.13 | 20 | 1.29 | 0.14 | <0.001*
SROChESAR 20,25 | 2.02 | FROMEBAR 1924|174 | 176 | 20 | 1.01| 058 | 0.28
EROCRESAR| 20.25 | 2.02 Epg?g:'zﬁAR 169 | 1.7 | 5.52 | 20 | 3.35 | 0.61 | <0.001*
EROCREDAR! 10,24 | 1.74 Epg?g:'zﬁAR 169 | 1.7 | 10.55| 20 | 2.34 | 0.22 | <0.001*
NoLEE | 1441 221 | OLPIE 117,07 | 100 | 363 | 20 | 357 0.98| 0.01*
NoLEE | 1441 111 EglchhF:an\sliR 20.25 | 2.02 | -3.16 | 20 | -5.84| 1.85 | 0.02*
oI | 7.97 | 119 EglchhF:an\sliR 20.25| 2.02 | -1.56 | 20 | -2.27| 1.46 | 0.41
oo | 1367 11 | OHEE | 1731|113 3.42| 20 | -363| 1.06| 001

rowpaseivoteh | SORZNE | 1367 11 E;(?CFAZE';'ZR 19.24| 1.74 | -3.23 | 20 | -556| 1.72| 0.01*
e | 1731 113 ESSCTE';FAR 19.24 | 1.74 | -1.47 | 20 |-1.93| 1.31| 0.47
D 1235 107 | PHEP | 1602| 1.07| 363| 20 | -3.67| 1.01| 0.01*
SHED | 12.35| 107 Ep?(’)%iZELEfAR 169 | 1.7 | -2.86 | 20 | -4.55| 1.59 | 0.03*
oaap | 16.02| 1.07 Ep?(’)%iZELEfAR 169 | 1.7 | -0.69 | 20 |-0.88| 127 | 1

| 2y RI'/ 2y RA902YyXY alaSlys {9an@liftdfRI NR 9NNRNJ 2F (K!

RTFI5SANBESE BRICHNBEIN2BAIENBYOSE {GR® 9NNI {dF yRI

Bold print and * indicate statistically significant differences, p<0.05.
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4.3.3.4)

For t he

P300

P300O0
Sphericity 1is

Mean Amplitude

mean amplitude analysis within
f @) B apOB80,In ef fects
U=0. afidd)wlpass/(ai(@) sh2 p@®MA,L=0. 5Mo&)eover, the
assumption of violat ed for the
lowpass/(ai(®) sh0p@@OL=0. h6 Fh XEBARYY) =32. 747,
pO.0,0=0. S9BvP as s /XEBNARKY) =47 p31@.0,1J=0 . 5a8A) ,

hi ghpxiosvpass IXEBARKI5) =47 pO0ODOM,=0. 3M6) .spheri ci

vi ol ations

vi ol at ed

sphericity 1is

wer e adj usGeeids sweirt hc otrhree cGrieoenn.h oTuhsee

main effects and interactions are summari sed

Table 4.11: Summary of the main effects and interactions of the P300
mean amplitude analysis. n=21.

Within Subjects df o
Effect F df (error) P P
Highpass 9.14 1.11 22.16 0.01* 0.31
Lowpass/Notch 24.04 1.18 23.5 <0.001* 0.55
EBAR 6.19 2 40 0.01* 0.24
Highpass x 438 | 1.85 37.05 0.02* 0.18
Lowpass/Notch
Highpass x EBAR  5.99 2.14 42.76 0.004* 0.23
Lowpass/Notch x .
EBAR 6.6 2.33 46.56 0.002 0.25
Highpass x
Lowpass/Notch x 2.12 2.77 55.38 0.11 0.1
EBAR

CI'c +IfdzSz RFI5SaNBSa 2F CNBSR2YI LI
Bold print and * indicate statistically significant differences, p<0.05.

Wi t hin P300O0

significance.

t he mean amplitude ANO®¥Y¥Ahedhe ma

Post hoc compari soHsHmilttharn hi

resulted in a significant]| iz KHamad HeHpP mean amp
Wi t hoiwmp als s /fndttcehr s, using a 50HzNF resulted i
amplitudeNODhamMBEHZMpPp Within EBAR, the only s

196



di fference waEBARtWM=%. 9 CRANEBAR,) \&iEBMARIOCA

resulting in a | arger mean amplitude.

The interaction xbhevipvae esrdwauost gdhipgaesistl | pcdasett , h o c
compari sonmmatrriesed in table 4.12. Post hoc ¢
bet ween kilogMppmpasdfnotdcht hat t he s idgninfoitc aretv i dait
from the main effectowpds $/amdt dleec wersn. hWigt pis
usi nglz dlfpill ter significantly reduces mean amp
0 .Hx2 Hpnd Hx.Hfpi | t er s oampracsssgfnaditiceld i ng met hods. V
hi ghpass anodwpset/ weodusshilng t he 50Hz notch fildt
significantly | ar ge\roLnpeaNfd danggcirtolsdse s atchha n

hi ghpass filtering method.
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Table 4.12: Post hoc comparisons within the significant interaction of highpass filter and
lowpass/notch filter within the P300 mean amplitude ANOVA analysis. n=21.

Condl1 | M |SEM| Cond2 | M |SEM| t | df [';’I'ﬁ SEtf'r p
Nfﬁ;é’:': 6.19 | 0.57 '(\)'_"Siﬁ'; 81 |082|-47| 20| -1.9 | 0.41 | <0.00%
Nfﬁ;ﬁ;': 6.19 | 0.57 B‘E:Z’l:\'; 10.02 | 1.33 | -3.17| 20 | -3.83| 1.21 | 0.0
'g%hiﬁ'; 8.1 | 0.82 B‘E:Z’l:\'; 10.02 | 1.33 | -2.06| 20 |-1.93| 0.94 | 0.16
51?4%':')': 6.39 | 0.59 g%'jiﬂ; 839 | 0.83|-4.97| 20 | 2 | 0.4 |<0.00%
LowpassNotch | 2OHZNF | g 29 | g 59 | SOHZNF | 45351 13 | 343 20 | 4 | 117 oor
Highpass IHzHp 0.1HzHp
g_%ﬂ;ﬂg 8.39 | 0.83 g_%'jiﬁg 1038| 1.3 | 223/ 20 | 2 | 0.9 | 011
i&gﬁg 6.24 | 0.58 Sgﬂih% 8.13 | 0.82 | -4.63| 20 |-1.89| 0.41 | <0.00%
i&gﬁ;’ 6.24 | 0.58 ;‘ﬂjﬁh‘; 10.02 | 1.34 | -3.1 | 20 | -3.78| 1.22| 0.02*
gg:iﬂ; 8.13 | 0.82 ggﬂiﬂz 10.02|134| -2 | 20 | -1.9 | 0.95| 0.18
Nlo'izp'mF 6.19 | 0.57 51(|)_|I—T:|I\IIDF 6.39 | 0.59 | 6.3 | 20 |-0.19| 0.03 | <0.00¥
e | 619 | 057 ;g'lj;'& 6.24 | 0.58 | 2.04| 20 | -0.05| 0.02| 0.16
ot | 639 | 059 ;g'lj;'& 6.24 | 0.58 | 407 | 20 | 0.14| 0.04 | 0.002
Soneiih | 81 | os2| AP | 839 | 083 |-5.38| 20 |-0.29] 0.05 | <0.00%
mw'?ggg’n"ﬁch et | 81 | 082 %gﬂ;ﬁg 8.13 | 0.82 -1.29| 20 | -0.03| 0.02| 0.64
oonziP | 839 | 0.83 %S'Jiﬂ? 8.13 | 0.82 | 4.41 | 20 | 0.26 | 0.06 | 0.00%
S | 10.02 | 1.33| DI | 1038 | 13 |-413] 20 | -0.36| 0.09 | 0.002
S | 10.02 | 1.33 %éﬂ;ﬂf 1002 | 1.34|-0.09| 20 | 0 |003| 1
oonzip | 10.38 | 13 %éﬂ;ﬂf 1002 | 1.34 | 3.83 | 20 | 0.36 | 0.09 | 0.003
| 2y RI'/ 2y RAa2y X alaSlys {9afl@liftdfRI NR 9 NNEP

RTIsSaNBSa

BRICHNEEN2BRAIGSENBY OS>

Bold print and * indicate statistically significant differences, p<0.05.

{GR® 9 NNJI
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The interactionxEBAReerabhhgtdpasgni ficance fo
amplitude (table 4.13). Post hoc comparisons
found only compaEBAR nme twh d chg rsiilfginkirfei de,a nwiltyh |
EBAR Hz.Hpesul ting in | arger med&BARhdAHprntd des t
| CEBAR Hz.Hp Moreover, the mean aBBARtHuzMHP when
was significantly | aEBARHziHhpaWi twhen hbhsghpgast €A

bet ween EBAR, it i s -EfBoAUR dr etshualtt eudt iilni ssiinggn ilfQA
mean amplituERARtdamoNo al l hi ghpass filters
of EBAR. Moreover, an additionalweeamESBrAiRs on

met hods wiHziHiphghpass fi |l HeHBp o@&BAR weshl tli ng
i n a rmearmgeamplhiatHz HPGEB AR.
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Table 4.13: Post hoc comparisons within the significant interaction of EBAR and highpass filter
within the P300 mean amplitude ANOVA analysis. n=21.

Cond1 | M |sem| condz | M |sem| t |ar | M (S p
Nlcl*fzﬁ/;R 4.47 | 0.82 '(\)"‘255:5 5.75 | 1.05 | -2.48| 20 | -1.29| 0.52| 0.07
Nlcl*fzﬁ/;R 4.47 | 0.82 gﬁfﬁ; 8.15 | 1.51 | -2.55| 20 | -3.68|1.45| 0.06
'8‘%525:5 5.75 | 1.05 gﬁfﬁ; 8.15 | 151 |-2.29| 20 | -2.39| 1.05| 0.1
'ClﬁEESR 6.88 | 0.58 'g;Eflpr 9.97 | 0.95 | -6.82| 20 | -3.00| 0.45 | <0.00%
HiEEﬁaF;s 'iﬁEESR 6.88 | 0.58 'gﬁff:pR 12.88 | 1.24 | 5.91| 20 | -6.01| 1.02| <0.00%
Ig?ﬁfﬁ; 9.97 | 0.95 'gﬁf:pR 12.88 | 1.24 | 2.75| 20 | -2.92| 1.06| 0.04
Ep;:*;EESAR 748 | 0.86 E%‘_’;L*ZEEFJAR 8.89 | 1.19| -2.4 | 20 | -1.41|0.59| 0.08
Ep;:*;EESAR 748 | 0.86 E%(_)ﬁ?zEﬁpAR 939 | 1.9 |-1.24| 20 |-1.91|1.54| 0.69
E%‘_’g:zEﬁpAR 8.89 | 1.19 EI(J)(.);—TZEI—?SR 9.39 | 1.9 |-048| 20 |-0.51|1.06| 1
oenp | aa7 [os2| ZUR | 688 | 058|284 20 | 241|085| 003
ehP | 447 | 082 Ep&'}fggAR 748 | 0.86| -3.1 | 20 | -3.01| 0.97| 0.02
Ié:égZR 6.88 | 0.58 EpﬁgéggAR 7.48 | 0.86 | -0.79| 20 | -0.6 | 0.76| 1
Noae | 575 | 105 | 2OEPR | 997 | 095 | 367| 20 |4.21|115] 00r
HEQTSS gﬁ:@i& 5.75 | 1.05 ES(')%ZE';&R 8.80 | 1.19 | -2.38| 20 | -3.13| 1.32| 0.08
ooiZne | 9,97 | 0.95 ES(')%ZE';&R 8.89 | 1.19| 0.99 | 20 | 1.08 | 1.09| 1
NEh | eas | 1s1| TR 1288|124 37 | 20 | 474|128 0.004
g'c}”;ZBTR 8.15 | 1.51 ESbJ;;ZEg?AR 939 | 1.9 | 09 | 20 |-1.24| 1.38| 1
e | 12.88 | 1.24 ES(')J;ZE';F’AR 9.30 | 1.9 | 2.02 | 20 | 349 | 1.73| 017

| 2YyRI'/ 2YyRA02Yy> alaSlys {9al@HfldfRI NR 9NNBNI 2F (KS
NR

RTFI'5SANBESE BRICHNBEIN2BAIENBYOSE {GR® 9NNI {dF yRI
Bold print and * indicate statistically significant differences, p<0.05.

The third interaction to reach significance
i ®wlpass/xEBAKRLR which is summarised in table -
within EBAR awgabsifwenddmhii| t he mean amplitude
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NGEBARHZQips significanEBARIbapg &FEBAVNMR NS ONFbz NF
i's significantl!| yyEBARglp/ANM-EBABROE @ pladhA
Epo&EBAR 50HzNF is significaBBARoL@aR&YETr t han
EpoEBARHZQLp Post hoc compwpaso/mamatwdble b we e In
EBAR find t REaBARiIsriensgullItGA i n significantly | a
NGEBAR acrowpasxad/fndttecer i ng met hods, mirroring

comparisons within the main effect of EBAR.
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Table 4.14: Post hoc comparisons within the significant interaction of EBAR and lowpass/notch

filter within the P300 mean amplitude ANOVA analysis. n=21.

Cond1 | M |sem| condz | M [sem| t |af | Mo |30
NooeR | 606 | 0.98| WOEOR | 622 | 1 |-217| 20 |-0.16]0.08| 013
NoaeR | 606 | 0.98 I\;%EES)R 6.09 | 0.98 | -2.62| 20 | -0.03| 0.01| 0.049*
oot | 622 | 1 I\;%EES)R 6.09 | 0.98 | 1.69| 20 | 0.14|0.08| 0.32
P | 983 o8| 'SEBAR 10,05 | 0.83 | 3:35| 20 |-0.22| 0.07| 0.01*
Lowpiggﬁotch PEDeR | 983 | 081 '%‘EELT 9.84 | 0.8 |-0.28| 20 [-0.010.05| 1
SAEAR 1 1005 | 0.83 I%QEZBLApR 9.84 | 0.8 | 3.07| 20 | 0.21|0.07| 0.02*
FROCHESAR| 842 | 1.22 | FROCMEBAR ggg | 123 | 7.58| 20 | -0.46 0.06 | <0.001"
EROCHESAR 842 | 1.22 Epg?g:'zﬁAR 8.46 | 1.23|-1.82| 20 | -0.04| 0.02| 0.25
FROCREDAR .88 | 1.23 Epg?g:'zzﬁ)AR 846 | 1.23| 6.1 | 20 | 0.42 | 0.07| <0.001*
oL | 6.06 | 008 | NOLPNE | 083 | 0.81|-386| 20 |-3.77| 0.98| 0.003"
NoLEE | 6.06 | 0.98 Eg'géhFZE'KR 842 | 1.22|-203| 20 | 236 1.16| 0.17
o | 983 | 081 E';'(‘)’C"hPE/g;R 842 | 122|129 20 | 141 1.1 | 064
S L e22 | 1 | SR | 1005|083 |-375| 20 | 3.83| 1.02| 0.004*
rowpassimoreh] - SORZNE | 622 | 1 ESSCFAZE';FAR 8.88 | 1.23|-221| 20 | -265| 1.2 | 0.12
e | 10.05 | 0.83 E;ﬁg:ggZR 8.88 | 1.23| 1.05| 20 | 1.17 | 1.11| 091
ooeb | 609 | 098| S | 984 | 08 |-385| 20 | 3.76| 0.98| 0.003"
ooeb | 609 | 098 Ep?(’)OCiZE"EfAR 8.46 | 1.23|-204| 20 | -237| 1.17| 017
oaiab | 984 | 08 Ep?:)ocﬁ'fE"BpAR 8.46 | 1.23| 1.27 | 20 | 1.39| 1.09| 0.66
| 2y RI'/ 2y RA92Yy> alaSlys {9al@lifldfSRI NR 9NNRBNJ 2F (KS

RFIsSaNnBsSa

BRICHEEN2BRAISENBY OS>

Bold print and * indicate statistically significant differences, p<0.05.
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bet wheghpx&8aRnd

| owp axsEsB/ArRo saakeni ffaorc aemd c h

component and analysis examined. The effect
hi ghx&8#aR were only significant for the P300
being significant for the mean amplitude ana
Table 4.15: Summary of the results of the statistical analysis for the
comparison of preprocessing steps. The ANOVA results for the N170
peak amplitude, N170 mean amplitude, P300 peak amplitude and P300
mean amplitude for each main effect and interaction. Main effects and
interactions which reach significance p<0.001 are marked with **, main
effects and interactions which reach significance p<0.05 are marked
with* andnon-si gni fi cant results are me
N170 Peak N170 Mean P300 Peak P300 Mean
Amplitude Amplitude Amplitude Amplitude
Highpass ns ns * *
Lowpasg Notch *x *x *x *x
EBAR * * * *
Highpassx ns ns ns »
Lowpasg Notch
Highpassx . - » »
EBAR
Lowpasg Notch . » » »
X EBAR
Highpassx
LowpassMNotch ns ns ns ns
X EBAR
4. 4) Discussion
Three artifacts | i-WRedutbnghEEGseeodr diMDgs w
within-HMBDER HSr esented arithmetic task report
|l ine noreslegt edearti facts including eyeblinks
rel at ed fstl.owhdirl st the artifacts were reduce
preprocessing guidance in the arithmetic exp
bet weenVRHMD-rHMEEY R preprocessing pipeli-nes cou
HMBVR may exacerbatei thet s ecoheeidmaroper sel
preprocessing parameters may not sufficient]l
i n evmdrenuation of the data. Three preproces:
the identified EEG ar twipfasst/ :notlktcihgtipdd erfiinigt, e

movement

artifact

removal

. we

re exami

ned to
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pipelines partlvVRtR rEEG adratkhS To t he resear che
is the first formal comparison of these prep
HMBVR/ EEG research, and offers an i mportant

EEG aotts fcan be removed from the wavefor m.

The purposeiofthnaw&satgttes si mply identify w
of preprocessing steps produces the | argest
however the differences in amplitude bet ween
how each processing step chpaeaaglk sammpmlei dadas ad
ERP components identified in Chapter 3, the
separate 3x3x3 - VAINOWAI fepoeclamygidn at hel eentroad e

The ef foewptass so/fndttcer and EBAR reached signifi
and mean amplitude ANOVAs, and all three mai
P300 peak and mean amplitude ANOVAs. Within
highpass filter r860l tethpone wtwe.alsWifugesticerPs ,

using no |l owpass resulted in the | argest N17
50Hz notch filter resulted in the | argest P3
filter or fa I50eHz dniodt cnhott h&B g0i peadnbampl dit e
both resulted in a | arger peak amplitude tha

EBAR met hods,-l C&Ai ngsEBABRd in the smallest N1
amplitudes, but also the small 4<tA P2B8B@| pedk
| arger P300 mean -BBwWwR.itude over No

The differences in which preprocessing steps
amplitude between N170 and P300 ERP componen

onsize fits all solution f oHMBVR irneisseianrgc hERP
Mor eover, itdres ilmdtewaen the processing steps
amplitude sizes within comparisons of a one
on what other processing steps are used in t

N170 peak amplitudencbhpédderd o gbetbwe filters
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EBAR methods finds EBAR, WhKenresuhgsl CA a si
peak. HoweveErBARvhiesn uNsoe& Hzusesgl as0in the | a
peak amplitude. Moreover, it is known that e
effectiveness of | ater steps, for instance 1
| ower frequency vhBRelthioglmha svsotffii ltotierhdarva cheg

reduced ERB1lfPdlahkessr ef ore, examination of weach
requiretditypy etileaecti veness of the artifact re
on the ERP, warndgfdohiumsent i fy what comproemises \
HMBVR/ EEG dat a.

4.14. EB@esAdti fact Removal Methods

Il n the Chapter 3 arithmetic experiment, eyeb
found to be prominent in many of the dataset
averaged togetalserd, atrhe feayd s fforuonnd tthoe bdeat a we
represented as a negative inflection within

the N170 and P300 time windows. The negative
positive inflection at ~500ms which persiste
| attcemponents such asr e hteh eSW.t eTgr iethysuof any

conducted on these components, the artifact

I n Chapter 3, | CA whasesedrtofrem8Re baiye ot he
experiments have rejected eyeblink contamina
artiffaddtl n the current study, it is found rel

—

hrough epoch rejection i-dMBVMRRs wintda btlaes kf or t h
onfiguration. Of the 240 epochs across al/l
i thmetic expedamaseéet foonkncan average of 3

cepted when eywemetrenpeatedfaMoseover, siXx

O 9 9 O

_{
® =S ® O O

nditions with | ess than six epochs remaini
move eye movement artifacts. As these dat a
reshold requf2ed,®2m®4d d dictliusnaln 6% of t he t

moved from the final analysis. When the to
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(@]

ompared to the 84% accepted when using | CA

(on

ecomes di fficult to recomme HMDBV B the dat a

Unl i ke-EBRA&RG REIBAR successfully removes eyebl i
| arge percentages of the data, resulting in
and P300 components. The st aBB/AR irceaslulatnead yisn
smal | 250G @MNeaks, whifcrhomitkled yf ulelnornvdemoewna | of
artiffaz2 s3n23dhel EBARoNndi ti on, opposed to the
amplitude of thep28RPtchmpompertvi ously been de

-

emoving both oevyeantelnitnkarand amts using | CA res
trend within the ERP wave3f203r]ims Hiliedg unmgesftdi.lfliyl tr
combinations have a | ate negaiBARKR buotl| eoti om
the -BEEAMR variants within the Pz electrodes.

eye movements which were not or cewcltdomotofbe
the epochs were removed by the | CA automatic
as the superior metHoowe vfear, talsE B ARr €mmwicadht s

were more positive towards the anterior of t
the waveform may be dependent on the electro
reason, the comparisons condiuctitedahigbhsigdher
when selecting what artifact r¥Rection techn
environments, particularly if a task encour a

VE is used which may provoke eye artifacts.

4.24. Highpass Filters

Comparisons between highpass filter frequenc
the removal of the sl ow wave artifacts prese
dat aset s. Sl ow wave artifacts in -rEeElGatreeccor di
changes ipredakice,imartificially increasing or

ti mM90]Swealtat ed drift i s a VWV&rgesagencasnidul
been reported perspiration can i ndReasagfeor
[ 289]l n the Chhmeéeerc3staudy, ~30&poftedrtncrea
sweating as part oeoHMERReuS&8QeduHiowgvedS$, evi de
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dr i ft

(Figwyre duggesting an alternative cause of d

artifacts is also found in participant

el ectrode[8g8H#l]drying

For t

a

si g

he P300 ERP component, it was found tha
ni ficantly smaller peak and mean ampl it

filters, which persists wWBAR desaroonotyngWidanm
estri dtaitrag tHEhARCAl at aset s, it is also found

r
f
f

r

r

r

e

equ
om

| at

mat c h

envir

remoyv

cont a

o -5 O o

t

i ng

at
0.

ency value highpass filters reduces the
previous comparisorfd5hetove.8rOMd n3glddyears,s ff
I ve 1 nOcraenapslei toufdeNIwhen wutilising higher
es thoKeppenmdnp&Owijptchki n a warm and humi
onment, similar to whatVRmaws age .e xTplteeg i en
al of the increased negativi twavef the N
mi nation has been removed whdénlusirsg th

found in this study that wuse of higher
erall reduced positivity within the ave
er P300 but |l arger N170 respdkidéehd Whil s
r{ @ 1tOhpalt. t he use of filters above 0. 1Hz
orms, evidenceHMBR|I datadswiggkshsHShat a
ass filter is not sufficient to fully r
ned EEHGMEBYMRd uB&ge. Conversely, applying
hi ghpass filterthéd aammleictesdargygf ieamleiaes
nents such as the N170 at the cost of r
I ve P30I0t ciosnptomemeéf ore arguéddgheraest hat
r offersoftfheb eotpwa enal mit miamdiesi ng t he sl ow
rting the ERP. The use of the 0.5Hz hig
suitable for mbotiepkaemiR® tbepbhéOtand

-mgdul ating either during analysi s. Mor eo

using 0.5Hz highpass filter increases t
1Hz highplazs0fj29P@levedi dgtan additional
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4.3. Lowpass and Notch Filtering

The third f act oorwpeaxsasmifnnoetdecehh s wihiech i n the cu

preprocessing pipelinfer eacpuamney dloeatermowal hliig
the EEG recording resuiHMDBDYB defode eh&8WNi]Mihven Pr
HMBVR research, |l ine noise has previously be
bel ow the | ine[ h®linsoa cfthr fguenecys targeting 50I

frequenegdiles has not been remnmo2v0ebd] from t he EE

The statistical analysis cotadlrpetsaid treav @ aal e d
significantly smaller N170 and P300 Cz peak
| owpass filter. Moreover, using no | owpass o

|l arger N170 peak amplitude comparea@dnt®3@bhe 5

peak amplitudes. Mean amplitude comparisons
in a | arger N170 mean amplitude compared to
50HzNF resulted in a significantly | arger me
OHz.

Il n the context of ERRFMBVR,aptthug realxowmne thy noHHSt he
recording EEG cap to the HMD renders it diff

remove electrical artifacts introduced by th
wants te® trleenolvar monics of the | inetnbise, ait
stricter | owpass filter. It is therefore arg
the frequency of the | ocal l ine noise is a s
reducn ippenak ampl i tude.

4.5) Conclusions

The purpose of this chapter was not to imply
preprocessing pipeline universally applied t
VR. l nstead, the study aimed to prevent erro

of déatta col | HMiDE¢Rd exp #HISi ments. A bal ance bet"
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|l eni ency must be found in all EEG data prepr
applying too strangefmiulat er it h@ wialtla, obet usir

removal may result in false positive or nega
comparosohudes tahad. dHz I hisgmgass filter, a n
| ocal |l ine -bassed, rapedctCAn of eyeblinks and
suitable for ERP drfaM@YRc elxlpect enéd nitn & hldS combi
preprocessilngg ymeitdheondtoi fi ed all ows the target.|
components of different polarities, whilst n
noi se, -movdemgret rel ated aHMDBIVIRa EtES Tdamudsadt @ ,n H
and as far as the researcher is aware, this

preprocessing methodol ogies for artif-act ren
HMDBVR expeflihmemtcommdmdatrieonowvpirnogp onsoeids ei n t hi
chapardaor med from Wwhea easopdgrpdiDVHRS VE t hat

required no movement durinihet moi ERR rhreiesowredli n
resul ted fr om-VtRh @ aushee ro ft hFaAMiD t.h eT htearsekf oorre ,V B ti
argued that the areobmmpgedaftihanmes i ¢ t asks, anc
applicabper sporeecrsent eHIMBVR@HS | east those using
Powhitcéarget the N170 o0AddH 3000 ncad mpcoomesnitd.er at i
given to other potential sources of noise de
movemduonti ng roercoorrdiignignati ng -VRode di ¢#iéweeat, HI
it is anticipated arhtaitf achiee tséammoesg aokro stihhaoderde
i n ¢hhaipst er shoul d alrseod ubteih esguef fpa acti eemtti dlorsour c
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ChapterA5ompaitLiesomi ng and Recall
Spati al Navigation Working Memor
PresentdedMount ed RQindelskt op Vi rt

Real ity Environments

5.1) I ntroduction

The experiment conducted i n -BNMBWR earn d3 EHEGno ns
can be combined to successfully acquire ERP
arithmetic tasks. The analysis of ERP respon
focuses on EnRPs coocntcpuornrei ng wi t hisnt itmhuel if i rst 1
presentation, -200msasdlibeb 50hmsO ~P230/0R k0 and
~45M050ms -Pp300s0t SWC components identified in Ch
responses in working memory sBbuddDee6mbhapesbee
stimul ul[s3hlskeér e vaorek immagn ymelmotreyed cogni ti ve pr
including sustaibmenantl emiaino g Wl2abh)d ospabdbit ak i o
navi g@ad32whi ch can pewsi secpast.

5.1.1) Electroencephal ography Frequency Anal
Density

An alternative methodol ogy for analysing EEC

examines changes within bands of neuronal os
procels3®8 0ONeurons in brain reaigiowegnassovieeat e
proceasynchromidesyndbriengaetri vati on or inhib
(dependi rcoganbttitoenn, areds oinl, | ati gn rferseud ue mcgy )i n
measur abl e changes in the ampl [{B8B8de8JIdl diff
changes i ncamptlhdeamndee ocamparsed i ne or another
gain a deeper insight into neur al processing
tihheoecked for examining changes i A eflraetgeudency

spectr al per tfBr3kBal d i BRRD[E3R3AP
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Freqguency analysis can dlime beckeadmienvedt oV ar

power spectral density (PSD) analysis, which
OWel ch mdOha8a8.06,Th3e5]Wel ch method uses a serie
transforms, which convert data fron 33hle] ti me

Thedescrete Foumnirer ttyparcsafldrymsonducted over

ti me windows for the whole time series data

averaged toget leerr $tB® ,@r3®domet hhs PSD, the ab
or relative power between trial and a basel.|
extracted and sta336i13%B]l agdanabysed anal ysi
individual frequency bands, ratios between a
example, the theta/alpha ratio (TAR), also c
l oad indexd, is a retaoabdtwaenethée &Gt phuanahec
t he fmeodnitaol anme gpiaali e¢lagctrodes, and is used

i n WML bet wee[nl 2c9,n3d3i8]i ons

5.22. Power Spectral Density FrequemriywyhAnal ysi
SpecificatMoamthkaa dViigpgluay R®&sabhrt th

Frequency analysis of EEG data -MRs previous|
experiments. For exampl e, conhtoldeecrtn nvgi rERDa ld at
Resear c HMBiIi3JINIERSP dastrmaa rutspHhi@vd] 3 40]PSD

using the devaedleo pPOceyndugsl |[DrKk 1combi nati ons of th
and ERSP usinggthdecO®Onogl3me2r, QB2 er al exampl e
frequency analysis compéR i amgd WM. dlett eaviereant iHWME
met hod were identified in the gys2t.enkreotri c rev
exampllud,i anpl ebxlaanli.ned rel atiiveethlera7tBledcai vity
beta/thet &koati &, Lamwolk sapscaddassi fier to di st
using mu & beta d&¥RaexpemodenhsHMD

To date there has been | ittl e wirrkg ntgh enemov g
Pro-HMBVR which anal yseadbstoHatdcatoa uwsilmg i ve f
power analysis. Of the few examples identifi
measuring differences in WML bet weeMBD/V®Rondi t i
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VEs. Most studies identified compared change
frequencly3udm®done study compared the relatiyv
bet ween, frontal anmndéd,7¢acdponeal ubielt iasad pmal t i
classification methods f o[r34t7hfehea,f @ad ph ao rantdh
alpha and beta frequency bands is not surpri
reported frequenciepl22lyehet WKL el iarer stoumree i n
i n HPHMDBVR | i terature. Primarily, there is a
working memory st-bdses pbwkrsangl|-PBEV/R bet wee

and an alternative display in working memory

5.3. Spati al aNadviWoartkiionong Me mor y

One area of working memory that has taken ad

by HWR devamdeswalusadcilitate frequency analys
durations to compare |l evels of WML, the spat.i
cogniptrioxess of establishing, maintaining anc
points in space, either througldspraecall naviga
relies on woprka ngamsomgi nt enance and updati
i nf or niaotri genxaatm epBY4@8ifdeci si pB4 Mkidngxecutive
funct3oD0]|Spati al navigati whw h s ub appraohceeasl saesss o C i
and vi s uoosrpkaitnigalme mofroprr Y 8WK) ng external cue
information about an individual 6s [@Bwbrlrent | o

3539pati al navi gabctelBai shamamns abndertake i n ¢
navigating through a sJU@Béosdmhacltkangiwmg lIsanasdh owpw
dri vi n[g3 28ojwawniemcr easi ng working memory deman

camegatively impaclktatpemurteaal@dtode and

Spati al processing can be divided between eg
which are explored through variations of spa
processing is where |l ocations of external po
t hedividual 6s cur3®hi3B@8oseectivespati al nayv
commonly investigated using route | earning t

through an environment with instruction to r
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e are processed|[RB&IBat3ibWmé rtecs eamacchh , o0 talH d ro c ¢
ude | earning navi[g3aal, on®2ajoud &rs iursaé Inwgd enatp
or mance measures following egocentric pr
itive map from memory fpop363dwd3®@B4glt bgocentr
entric iands pmdtlioxlentavi gati on have been |
ry, and tho¥®&WMiatplacatlyi dilaere been reporte
er i n spati[a3l5 1n,a3v6i 1g,a3t6i 20,n3 6t5a]s k s

lal navigation tasks will often include
al correlates of spati al navigation or V
a, beta, and theta neural os &R Idauriomg t
gR7T0 603686] The most commonly reported freq
gation, theta, is found to increase in t
gation and during redqaI6l9, &fT df rt ehvei ocuosnltye xlt
i ali omavitcheett a activity is believed to be
ding of route pa&8vil¢ad toingn wiinfhort rhat iwomr ki n¢
esses of learni i@721Sd nd d cairsigd ma areadkeiprag 0 B
a activity during navigation has been fo
i ncrease or decreph8é0deapahding on the t

.3d1) Spati al NaviMpatitend @&Ondé pHeayd Vi rtual Re:

There has been particul a¥R iinnt esrpeastti aln ntahvei guas

r

es

e

arch and application, as the displays of

embodi ment [WwW3ThHMBRVEss been utilised in a ra

n
e
d

av
ff

ur

i
e

gation paradigms, [i3n{dl]supda tniga || s3puaptd zail® Jange mo
ct of spati al cogni[t3Iv7eland att mé ngs ®no fr olua
ng r out3el SIWMMBWR nbgi ve Pro devices have al

spati al nasegathonn com{i3neédt,.i38BM ]Jwi th EEG

213



The high ecological val i d#VtRy i aan & plman afl i thsaa vao fg
demonstrated through -ltihfee snaw il gqatiitore,s and ht h
over-VRBnaviarn dioapez &[] BaAfewuchd t hat m@martici patl
HMBVRVEe mul ated the navigadioe patvhgatsed, i an
better spati aVyRRuedcdall e[ 2o8eleprip.®BeVdR DaBhd non

moder HMBBR recall foll owhngugbuaebliebdnngg T
t hat participants not onVR oarndightend, fast eal
explored the environment more. The differenc
attributed to the keyboarndtanmd|mtsus i thgerapda e d
in thAeR DBBhd-VIRMRondi ti ons respectively. The d

highlights the i mportance of balancing the i

Despite the advantdResnotfevedybygptHBMP-has r e
VR enhances spatial navigati on pMarfroarfnia nncoe er
al[.38h2a]d participants compl etveR a nsMRDBeanrgde r hu
found no difference in the | evel of detail b
which amrewinheecreations offctahdemamemat gd r oL
pr odubceetdwe e n cdoinsdpiltaifbormse ver , t hey did report t
more video gaenepexfper med be/tRt eeronidn ttilben. HMD s i
l ack of difference bet we e nre xcpolgonriattiivoen maapss fpor!
the compar-HMBWR oafndDBrfeealenviDomgneid 8 dly.

Some papers have found that spaVRatanabegat.i
reduced refVRt ipre stebBlt @8 h aotr{83 edajJs&led participan
exploring a virtual -\sRupoerr-viBMCk ahdi hatet hepeav D@
from memory to a set of target items.- Ol der
VR condition, and whilst youngendippildtaiyci.pdnt
al so found that higher | evel s-VRf ufsatgiegue wer
suggesting symaysbekaesoWR elhransadc HveDt i al nav
Mor eoSreiryast gvisoceelmpat ed cognitive maps follo
an urban VE pres¥YRtandde/REBB Cop gHMDi ve maps wer €
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be more accurVaR econnditthheonDB whi | st i nducing a
cybersickness s«Pres than HMD

5.4 . Maze Tvosrkksi ngn NReemscerayr ¢ h

The use todsknmparmeon in the spati al navigati on
|l iterature, offering a controlled way of pre
par adingm he context (df38+ApgrRdri adx annapvlieg,ata otny pi c

and recall maze paradigm wil |l gui de particip
junctions, which the participant must attend
visual cues are then remokihd parnuasttepantepet.i
navigate ungui dedO ,f370M memory

Maze tasks also facilitate the easy integrat
may affect spati al navigation. A simple rout
fini sh3p8icBaBn5]be i ntegrated witB700d nadmat kes a-
wall s of [ BBtéo] nparzoevi de addit Moma@loveirsumlazesges
easily adapted to provide different | evels o
the |l ength and number 3®f9 ,t3uTrtse rwiatthiivre lay , mada d
bendreased or decreased by adding useful or

environment, for example by [ch@G]Sgicrog dtarey o als
havsee mil arly been wutilised in maze paradi gms

navi g@a38®n3&8] with other forMenedheatptaiti atl ala

[ 388monstrated WMaadapadcigthyeronwSability i mprove
during maze navigation when under higher | ev
There are several different typeshiafh maze | a

designed ftoaskiahtieaentl|l argely divided betwee

traditional- maeesonamdzé&s. [RBAa%WOr]al samm|l marzest
circular rooms with several corridors branch
(Figure 5.1a). Radial arm mazes are typical!/l

memory jB9ta83®2t have more recently been pro
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start
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an
gur e
i ntroduc

rect

research32hrd3d39ghdVRi onal mazes (such a
Erkp89%3n8har ma[8t9d@gdk. mor e awkoirnl dt omarzeeasl, cont a
d end points and comprising of incon

5.1b). Traditional mazes place a hea

e a wealth of saeyc amdaorrym ipmafrarinca tpiaonn

pat h. For exampl e, a participant may

foll owrng Bbeopposedl ebtremembering

cor
c

orridor

—+

ur ns.

(a) Radial maze

@
L ,/?
e e
N

@

s
7 /]
/
4

(b) Traditional

maze

10 sec

(d) 3-Choice

(c) T-junction maze ) _
T-junction maze

7]

Figure 5.1: Examples of types of mazes used in previous spatial navigation
paradigms. Palombi et al. [390] used a radial maze (a); Erkan [393] used a
traditional maze (b); Bischof & Boulanger [70] used a T-junction maze (c); and
Kober et al. [370] used a 3-choice variant of the T-junction maze (d).

Tjunction mazes,
[ 36a9n|H o ber [e3t7 ®Hale.
to minimise

met with a set

deci si on
(Figure

Despite

navigati on

5.1c) ,

t he

secondary

number of

S uBci hs cahso ft h&o. fBEqXijh daendy &brye t  a |
u e dfeocrinb a 8 8 d

paths which are

information. Participa

potenti al pat hways

or -jau ndcetaido nesn dwisliTls tt yodid @a inlay yo np unct

t asks

but

I-VhR eirne sstpatni aHMDnavi gati on, t

ar e

can utilise 3 or mor e i n

he u

currenVYRyl unadreatr epe € sWhm

mazkased environments have piV&v3eEB40sIlwebegen u
few investigate spatial navigation and outco
could be identified, only two examined route
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di spl ay Smaitstao &is.an [ 8 9c8oenip aarle.e RHMD v RDB n spati al
navigation tasks performed in a maze, where
objects. They f ound rtehcaatl mneddik\veR @iy reccit tsi ove,r ea |
with faster navigation speed and Hairgtheat di s
al . (c200mp8a)r ed t he compl-exposute meogmidt pvwest ma
maziased | earning and r ecaHNMDBVtRa swk t fhr end n toend
controll ersR anargd aa kiIkBBboard and mouse. The ma:
ungui e€éehddi T e junction mazes, with |l andmar ks e
pl aced at each junction, or placed by the pa
found that mazes oveare icrwmphHosotRI tqwin, but t he
detail of the cognitive maps/Rprcochwdead omas hi

5.4 1F)l ectroencephnl MlgeapNgvigati on

A range of EEG met hodol ogies have been util]
changes in activation are pri marbialnydsassfoci at
act i[wgi6tey. 3 T®] i s typically found that front al
spati al navi datoi, 8Bebgtd mazmere frequently fou

mazes over simple, and [duG9]hlgetracladas alveo be
to increase during active navigat[i3omR2]rel ati v
Parietal alpha activity has also been found

mazgs872but decrease when more [i3nm&]rsive di s|

5.8 . Ai ms Pafest8haidy

HMBVR is poised to be one of the most i mport
spati al navigation research. The ability to
during route | earning, navigati onal recal |,

exlporati onV8WMhumampreviously possi bl e.

To datneo published spati al navigation tasks
within a -compliiedte HMDERI @mo HISd b aNVhiedhent i fi ed.
considering the ¢totnifdri cgpatgi &li omanwiggsa toigon t a
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bet weeViRD&8nd-VRRMD it i s cur HEIBMR yw ouunl kdn obwenn ei ffi t
i mpair spataawWwonkvngamemary pr oc¥Rdsuersi nrgel at i
maze navMgrmreower, no compari son-HWMMBVRIi andg EE
DBVR in a maze task was hownexpleaeinecgdi WMLn
assochaued|l réespbobngesdivigat i bat wieoce nadd rsepsisay s
this gap inanhtentreasatundewsthaedus¢ Rof HND
i mpaexmpseri enced WMLV Rdailrd tnigv es ptad ,jdaBl ema wii ghragt i o
and recall task -HMBVsRe natnedd RDUBs ii Inlg & cTdhnduct ed
l earning and recal Iwislplatc canhp anraev i bgeatt w eoenn ttahsek
met hods, maze difficulty | evel and navigatio

It is apparent throughout the | iterature tha
l inked to both WML ,anwd tshp atthiealr antaivoi gbaettiwene n 1
serving as a measure of.Tdeperfioarge E EGo gpmoiwteirv
of continuous data for t hien aa dadidh ead, pAviRiol b a bees
utilised to measur e WML ecxopnedrijteiboenesde brt we en
navigati amddatyweeagdcei ffi culdiyf ftehrtienngg hthh ea n d

number of turns

Spati al navi graMBV&®Rn wasidndpoMSi t compares to ot
met hods, is an important yet underexplored a
To date, no comparison of diHM&NRNeANd evrel s o
alternati veoddidsupdliama znmae thhtaevi gati on task has bge
Moreover, it is wunclear what effect differen
route | earning or recall, wildl have on wor ki
di splay methodstoThse ataesggtaamsnavi-gati on t
HMBVR ane&/RDBIsing behavioural t&dakepeEE&Gr manc
measures of WebtitreBbantheaEBG act-centyadpat pbta
band acti vi tayl,p haan dr aat itoh emua il n ¢ et haec qaud triewde dn av

|l earning, acti ve nmdavpiagsastiivoen goufi dreedc anlalvi gat i o
a maze VE presdiriibé @ as &/RDB AMBAldd mani pul at ed |
presenting mazes over 3 |l evels of increasing

218



Behaviour al measures, including participant
turns, subjective difficulty rating,Tha&nd cyb
absolute power of alpha and thetwad&EG freque
compared between displays, difficulty |l evel,
navigation using a repeated measures design.
5.2) Met hods

5.2.1) Participants

A total of 2 @gdbpeatrwa &niapngtitetasd Ng &. E2 V. 06, 9

year sr aon:@d&3 9
f emal €,28.\= 0

years obhdg®
Hull cdampuas
EEG researc

strategies
de
[ 3
b a
co
p a
may

99 . BODMOH
sed heal't
ncernsgneur

rticipant

w e
De
Me

clarati on

di cal Sch

B a

f e

sed &nimnlp

mal e)
reported <1
reported ov

hours of Vi

cl ianlel oicremdatrii &l

participant

i ntroduwaEeEGOONI scwe dienagxicsloud&lde

roper edef i ned

-wenmeked efEour

yeawst ol dporamarlect everwi giecam ui t ed
@ B dMr213eN4 3
opportunity

ye,arrsa @ &:e alr8s
cyE®t Brobudh
umber
h

woul d

sampling

of parwaisc iwg & rhti sn rt ehceer wit taendd a
Lag3pAsand
be

navigation

(see @asbawnikgawino wh a

by
a’koi lyietayr aosl sdosc i a't

empl oyed p & htéyi pcii cpaalnt s

provided informed cons

h (Apeetnidonxredigdearde i ndi vidual s wit

ol ogitchmdt crmanyd i afifoencst. Moog®r t i ve fu
csowidti wh nel3i natbes il eat & i cwahli csht i mu |
exclusion

by.Tthree st adggamwalserconducted i n c

ap|
(Reference 1

2&fl Jathedl srienckeii ved | ocal et hi cal

ool Et hics Committee

@rgh HandedesponkesentBopwrticipar
partici pavR sbehfaod ene Wer
t-oQ@ alh o wrss,g e42 47 e lpaeuprtossy ,d edd© dl

of

hour of

er 24 hours du spalgaey.i nFgi vaen paavretriac

deo games per week, 6 repo+ted <1
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7 hours per we&h,  hburseppetede@&k, and 2 repor

we ek .

A total of 7 participants exited theThset udy b
earelxyit partoimpirp aslelds4ofwhao repor-VBderxrpepréencet}
1 participant who reported | ess than -1 hour
10 hoursVBfedMOMoeroeer, -ekitheaeéarepyparetds,
pl ayainngaverOacdceuafs of video games a week, 2 r

hour per week, and 1 r€pbooued pkayweegkbet wee

Three participants were excluded due to tech

preventing successfully data recording. Two
successfully completing at | e &@Onte E&rEecG mMaz ea sreud
was removed during analysis due to high | eve
datasets were included in the analysis.

5.2.2) Materials and Apparatus

5.2.2.1) Hardware and Software

The experiment al maze was constructed using
and presented using the 6Garrybés Moddé soft wa
Mod wereswppadrttothe experiment: The VR Mod t
with -HMDed 6DOF navhRy@&modh ; madcuwul e for compat.i
the Pytabed code for t he BEHERG htarridgwgaerres .w aTsh ematHh

by SteamVR software, which was suppl emented
emul ati owWRofc othMD ol | er i nput usAddi then&Xbogoc¢
was wr itthteedambBapt hon programming | anguages to
The Lua code control |l ed t heer immaezined,t ptrhoeg rfeusnscitoi
of each square is, where the virtual avatars
outputting of behavioural data. The Python <c

deliver EEG triggerBimarcls di agt devi aet he | o
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Al experiment al and VR software, along with
managed by a desktop9domgupeoncessong &nth7a C
graphics card. The -M&ncobodi tsed 3Bt lxe 2BLBEI0N ¢
(4K) xwoIni tor with a 90Hz refresh rate. A HTC
1600 xel resolution, coupled with external t
position for 6 DOF expl oYRtdomdi twiasn .uslehde i thM
calibratedrtoci maaimgpy hle parti cVRBaint &ol d tt
comfortable position over the face, and then
manually adjusted the FOV slider and | PD kno
connecting the Vive Pro dli ndeard mpattelre wsaisd
participant to prevent EEG headcap or trigge
muted for both conditions, and the integrate
ears. A standard wired Xbox 36Mpgywtamempalotclnt
HMBVR ane&/RDRBIi spl ay conditions. Rotating the
both conditiiogpglhtyst hngkt be the gamepad contr ol

could also move the point of view byVRwUrning

Participants were placed in a static seat to
maze junctions.gatagd® sbwep a&r tniavi-paned using |
continuous |l ocomotion in both conditions. As

stat iocomairry, they had to rely on the controll
i nputs on the controller were disabled to pr
interrupting the experimensyti ekcept FfFatret &l

and camera rotation respectively. The 6éstart
could not be disabled, so participants were
additional keyboard and mouse owdrme ocersreadctcad

coul d advapnecre niehnet eexhen required (Figure 5.2

221



A¢l qRERGE H i GV
¢ OT waAnut &1 131

| 8i BEG deviree d

/ phone and tri
Figure 5.2: Annotated images showing the configuration of the laboratory during
the experimental procedure. (a) shows the participant position, HMD-VR
configuration, DB-VR screen station. (b) shows the EEG system (lo:Bio) and the
resear cher 6s st a tsstation.is rofate@ slighty s @ravide ehbetterd
view of the participant station. The VE was calibrated to be centred around where
the participant is seated. When not in use, the HMD-VR device was removed from
the participant desk.

5. 2.Rl.&gtroencepRatogdapyy

Spes Medica Sleepcaps with 19 tin electrodes
c3, Cz, C4, T4, TS5, P33, Pz, P4, -ZT06,elCelc t racndde
configurati omaranrdefaed e mke dwas used to record
headcapasneptl awed over the EEG cap when requi
bet ween the electrodes and the scalp. The EE
|l o: Bi o physi ol ogi[c2a5l5 whicohl dii m gt Wrervitcreans mi tt
Fi to an Asus GZamphmhonwe s6.r eEbbr ded using a 25/

The | o: Bio device was al so connected to the
allowed it to receive EEG event triggers fro
code.

5.2.2.3) Stimuli/ Mazes

The -basdjdudcti on mazes constructed for this
design princibPBPileschaft &jEFduhBHMammaeara [ 86 94llh.e
mazes were constructed usi nerdsdg u aexegdita tpel,ac e
each grid space being the same si ze. Mazes w

square: O0Start Squared, where the participan
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active mark the end of the trial and wil |l
the maze or to the preparation room; OCor

trance and exit that are part ofondhe corre
rridor squares I mmediately before a junct.i
its, one |l eft and one right; and OWrong Pa
dead ends. Each section/turn foll@aws the
orrect pathodé corridor before reaching a od
ecisionb6é is a 6junctiondé, where they must
rticipant make the correct turn, they wil
ocess until the end point is reached. Shou
ey will follow a 6é6wrong turnéndoatidivoe beaf
nction. Both turns following a false junct
ter the spaqgqeapé. okmegdesdhot visible until
ac the false junction, preventing visual

sible from the decision junction.

e mazes have a total egirlad2gthresectdons dednmn
4 turns. The 3 sections of a maze denot e
ction (easy), 8 turns/ 2 sections (medium)

i fficulty | evel, 4 tuirmg tauren sa dpdreedv ioonu sol yt hne
e first difficulty |l evel, 4 new turns (sec

fficulty |l evel, 4 new turns are added onto

-

ns; and in thenewitdrdsfareubtgdetdewvatp #h
turns from section 1 and 2, totaltlitBg 12 t

o

tm@nction were only active during the cor

zes also varied depending on the condition

ack line was visible on the floor showing

ze (Figure 5.3a), and | ead towards a bl ack
ct(iFobngure 5. 3Db) . During recall phases, thel
ow the end of the maze (Figure 5.3c). A fi
comotion for 5 seconds prior to each run (
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(a) View from a junction in learning or (b) View of the end of a maze in a

guided trial learning or guided trial

(c) View from a corridor in a recall trial (d) View of a fixation cross in a recall

trial

Figure 5.3: A series of screenshots from the maze in difference locations and
conditions. The black line showing the correct navigation of a maze route at a
junction is during the learning and guided trials is shown in (a). The black wall
shown end of the current guided route is shown in (b). An example of approaching
a junction in a recall trial is seen in (c). (c) also shows what would be visible to a
participant after turning 90 degrees at a junction for both the correct and wrong
paths. Moreover, (c) also represents the end point of recall trials, where no marker
of the end is provided. The fixation cross before presented before every maze run
is presented in (d).

Each maze section contains the same number 0
bet ween secti oNDs dameécma oaal information was

ot her than the path progewsiegppdidesies n The fleaoni ng

grey with a white grid pattern, and the wall
pattern. The grid pattern was carefully size
to prevent any minor misaligomeattpdbrwedthngn
Similarly, the O06skyd was a solid blue colour

which could introduwdetdiarcd d toinscgnuaalE @kcitnitgshii ahr t |
maze had a single |Iight source placed direct
consistently and evenly |ighted throughout.
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5. 2.
The

wer e

2.4) Maze Criteria

mazes constructha fwelrleowiurbg efcdurt orul es t

di stinct but balanced in complexity:

1. The maze must have a clear path from star

S

2. Repeated patterns of

a

qguares.
turns comprising o
r 6 of over 50% of

2
nd patterns of 3, 4 o
.Patterns of turns that total of 6 or
S
S

e
.Patterns of tur that comprise of 9
e

.Patterns of tur that comprise of 8

o O T
O A~ WDN
> 5 S S

.Patterns of turns repeated twice (10

3.The sameequwemce section cannot be used in

r

egardl ess of position.

4 The final mazes cannot be 6mirroreddd or o

Ten
c omb
maz e
over
pot e

extr

potential turn sequences (Table 5.1) wer
i nation of 3 sections without repetition
s that included sets of 3 of the same tu
|l ap, were removed to | eave 348 potenti al
nti al mazes which do not contain two tur

acted. Any maze after theséctsonsnina the

andcsond phase position, the second and thir .«

phas
numb
| owe
maz e
desp
t he
corr
four

t wo

e position were removed. The pool of 36

er assigned to them, and were reordered

stesd.hiThle final mazes were examined i nd
s could be constructed based on the firs
ite preventing mazes containing three se
turnessesmouwelndc result in overlap when bal al
idors, and thus were unsuitable. After s
th criteri aAl tWhemaez easl scoo naspipdleireedd. and test e

pri mary mazes selected, are shown in Tab
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Table 5.1: All possible turn sequence
sections applicable to the maze
parameters. Left turns in the

seqguence are mark
right turns are m
! [ [ w[ C wl [ w

[ [ ww wl wl
/ [ w[ [ |I w[ ww
5 [ w[ w | L wwl [
9 [ ww] \W wwl[ w

226



Table 5.2: The outcome of the maze testing and selection process for the primary

maz es .

Left

turns

n the

sequence

ar e n

0 RAccepted mazes are highlighted in green. The criteria which rejected mazes
which included sections previously being used in accepted mazes was only applied
after the first maze was accepted.

Maze Phase |Phase |Phase |Full Sequence | Accept/Reject

ID 1 2 3

12 F:RLLR | A:LLRL | C:LRLL | RLLRLLRLLRLL | Rejected, RLL x4/Overlap
25 F: RLLR | B: LLRR | D: LRLR | RLLRLLRRLRLR | Accepted, Maze-A

31 A:LLRL | D:LRLR | E:LRRL |LLRLLRLRLRRL | Rejected, LR x3

16 J:RRLR | G: RLRL | E: LRRL | RRLRRLRLLRRL | Rejected, RRL x3/Overlap
13 I: RRLL H: RLRR | C: LRLL | RRLLRLRRLRLL | Rejected, Overlap

28 C.LRLL | G:RLRL | H:RLRR | LRLLRLRLRLRR | Rejected, LR x3

2 F:RLLR | D:LRLR | A:LLRL | RLLRLRLRLLRL | Rejected, F used

26 E:LRRL |I:RRLL | G:RLRL | LRRLRRLLRLRL | Rejected, reverse of F-B-D
33 D: LRLR | B: LLRR | A:LLRL | LRLRLLRRLLRL | Rejected, B Used

11 A:LLRL |J:RRLR | G:RLRL | LLRLRRLRRLRL | Rejected, RLR x3

36 A:LLRL |I:RRLL H: RLRR | LLRLRRLLRLRR | Rejected, LLRLRRx2

5 J:RRLR | H: RLRR | B: LLRR | RRLRRLRRLLRR | Rejected, RRL x3

32 G: RLRL | I: RRLL F: RLLR | RLRLRRLLRLLR | Rejected, F-B-D in reverse
35 C:LRLL |I:RRLL |J:RRLR |LRLLRRLLRRLR | Rejected, LLRR x2

17 G:RLRL | C:LRLL |I:RRLL RLRLLRLLRRLL | Rejected, RLL x3

24 C:.LRLL | H:RLRR | D: LRLR | LRLLRLRRLRLR | Rejected, D used

30 D: LRLR | E: LRRL | G: RLRL | LRLRLRRLRLRL | Rejected, D used

34 H: RLRR | D: LRLR | B: LLRR | RLRRLRLRLLRR | Rejected, D used

29 B:LLRR | E: LRRL | C:LRLL | LLRRLRRLLRLL | Rejected, B used

21 J:RRLR | C:LRLL | G:RLRL | RRLRLRLLRLRL | Rejected, 4x LR

19 G:RLRL | F: RLLR | H: RLRR | RLRLRLLRRLRR | Rejected, 4x RL

4 D:LRLR | A:LLRL | I: RRLL LRLRLLRLRRLL | Rejected, D used

15 I:RRLL | J:RRLR | F: RLLR | RRLLRRLRRLLR | Rejected, RRLLRR

1 H: RLRR | E: LRRL | F: RLLR | LRRLRLLRRLLR | Rejected, F used

3 E:LRRL | J:RRLR | B:LLRR | LRRLRRLRLLRR | Rejected, B used

20 B:LLRR | A:LLRL | G:RLRL | LLRRLLRLRLRL | Rejected, B used

14 F:RLLR | C:LRLL | J:RRLR | RLLRLRLLRRLR | Rejected, F used

22 E:LRRL | C:LRLL | H:RLRR | LRRLLRLLRLRR | Rejected, Overlap

23 B:LLRR | C:LRLL |F:RLLR | LLRRLRLLRLLR | Rejected, B used

8 C.LRLL |J:RRLR | A:LLRL |LRLLRRLRLLRL | Accepted, Maze-B
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7 G:RLRL | J:RRLR | E: LRRL | RLRLRRLRLRRL | Rejected, 4x RL

10 A:LLRL |E:LRRL |D:LRLR | LLRLLRRLLRLR | Rejected, D used

6 A:LLRL | G:RLRL | J: RRLR | LLRLRLRLRRLR | Rejected, 4x LR

27 D: LRLR | F: RLLR | E:LRRL | LRLRRLLRLRRL | Rejected, D used

9 E:LRRL | F: RLLR | D: LRLR | LRRLRLLRLRLR | Rejected, F used

18 H: RLRR | A: LLRL | D: LRLR | RLRRLLRLLRLR | Rejected, D used

A third maze was designed as a backup in cas
i ssue, pauttitcheoeant otherwise completed the me
from the remaining 4 unused turn sequences (
potential combination of the 4 turn sequence
combinations, l1l3emapedtuttdd , navetrrei plandomly or
tested until an appropriate maze which fitte
Table53: The outcome of the maze testing an
maze.Left twurns in the sequence are mar ke

Accepted mazes are highlighted in green. After a suitable maze was found, no

additional testing was performed.

Maze ID | Phase | Phase |Phase |Full Sequence | Accept/Reject
1 2 3

2-6 G:RLRL | E: LRRL | I: RRLL RLRLLRRLRRLL | Accepted, Maze-C
2-2 E:LRRL | G:RLRL | I: RRLL LRRLRLRLRRLL | N/A

2-5 G:RLRL | E: LRRL | H: RLRR | RLRLLRRLRLRR | N/A

2-8 G:RLRL | I: RRLL | H: RLRR | RLRLRRLLRLRR | N/A

2-7 G:RLRL | H: RLRR | E: LRRL | RLRLRLRRLRRL | N/A

2-10 H: RLRR | E:LRRL | I:RRLL | RLRRLRRLRRLL | N/A

2-9 H: RLRR | E: LRRL | G: RLRL | RLRRLRRLRLRL | N/A

2-3 E:LRRL | I: RRLL | G:RLRL | LRRLRRLLRLRL | N/A

2-11 I:RRLL | G:RLRL | H: RLRR | RRLLRLRLRLRR | N/A

2-13 I: RRLL H: RLRR | E: LRRL | RRLLRLRRLRRL | N/A

2-1 E:LRRL | G:RLRL | H: RLRR | LRRLRLRLRLRR | N/A

2-4 E:LRRL | I:RRLL | H:RLRR | LRRLRRLLRLRR | N/A

2-12 I:RRLL | G:RLRL | E:LRRL | RRLLRLRLLRRL | N/A
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The final 3 maze paths are as foll ows:

1T MazAR|I GHTEROTEFRI GHTERFOEFRRI GHRNT GHTE FRI GHT
LEFRI GHT

1T MazB: L-EFGHTEFRIEFRI GHRI GHTEFRI GHTEFRFIEFRT
RI GHTEF T

1T Maz@RI GHTEFRI GHTEFRFOTEFRI GHRIT GHTEFRI GHT
RI GHTEEFRFOEFT

To prevent overlap between maze squares, the
and 5sguamdes. This does mean the differences
each turnnoctoibcheddabparti cul arly astute partici
similarity, relatively quiarky spdtetdevrere n navi ga
corridor | ength and turn direction means it

information in | earning the turns.

Each trial was separated by a Opreparation r
buttons on opposing walls. These served as r

participant, and to -¥Bphy pbpeqguemede The BWMDt

be iotedawith by the researchero6s keyboard.
was produced for the famil ilhnrliiskaet itohne pmmaozcee dw
had wrong turns and walls past the eyeline,

correct pabhal eadchgbox at the end which ser
path contained 90 degree and 180 degree turn
for correct and incorrect turns respectively
bet ween the flgeld i aed sdbefpaultti ci pants coul d s

whilst | earning to us&Rtlkhevcaretroller or the
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Figure54:Screenshot of the inside of a Oprepar at
opposite rotation is identical.

(a) View from the start of  (b) View of the end of the  (c) Top-down view of the

the familiarisation path familiarisation path familiarisation path

Figure 5.5: Screenshots of the pathway used for the familiarisation period. A
screenshot from the start is shown in (a), showing the heightened walls of the start
room and the lower walls of the path. The end point is shown in (b). A top down
view of the familiarisation path and a preparation room in the top right is shown in

(c).

As Garryds Mod ipserbsuan ts huopootne ra ¢gfames,t weapons

the player by duepiasptapnddeldobmandss such as he

counter are present on the screen. Any such
di sabbethe participant is placed into the VE
may | eeaxdt rtaon e athsr oluogahd di straction, or attempt
the correct path using bullet holes in the n

Movement speed between displays was verified

navigate tHiee <stouaisglst compri sed of the same
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each maze difficul t-tWR Ilspedd wWade rdedwwudd fDrBo m
value of 200 to 177, which resulted in a >0.
l engths of each difficulty | evel (Tabl e 5. 4)
speed) was also bal anced -bR twaes ns lcomeald tu oinrsg
horizontal speed slider in the settings (Fig
singl-éedB8B€&e turn was ~1s in both conditions.

Table 5.4: The time taken to complete straight line paths
totalling the same distance as the 3 lengths of the turn
seguences between display types.

2?7 AWb|c~AWLI|?2RO I
MNal Ullx 130N( M d Mn d non
YNzl Ullx 30N HYy © HY © n on
Nfzl Owx won
2131 6D noao noao non

Enable the gamepad
se gamepad up-down axis
on dual-stick controllers

Horizotital sensitivity -
4 I 1 1 | 1 | 1 | [} |
' High

Vertical sensitivity —f
1
Low

(I T T T T T R R
High

Figure56:A screenshot of t he Gfarthe jodzentamard set t i n
speed in the DB-VR condition.

The virtual avatar given to participants was
it has previously been found that (wtdGtldamsing

performa#sé6lSecondly, as the participant was s
vestibular disconnect in seeing |l egs walking
software utilised to enable controller suppo

parti cilpdnafs ovifdieon. Not only coutdthbki Bahds
could not be placed inte/R hceonsdame opno.si ti on i
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5.2.2.5) Behaviour al Measures

A preliminar y Apuwedtdiacgn nusierde t o capture inforr

each participantodésVEBxperdeocgames h &MD gamep

Handedness was also captured in the prelimin
Edi nbdangdhedhey e Nt2doy]t h a dme a s wrneadi @f experi er
with virtual reality, prior experience with

game input med4 heds SSDhwasb6applied at 3 point
commencement of tWKR ifamud i amd sEAMDon procedur
compl eti onvVR fbltchcek ,DBand f ol l owi ngVRhlel coknpl e
The SSQ was read aloud by the researcher and

participant for consistency between the cond

Within the maze task, three behavioural me a s
compl etion tiwnme;ngnumbers;ofand i f the trial w¢
ti me was recorded from when the participant
was made with thengendrsngguavea.e Wounted each

pathd bl ock was jeunn @t i@ohndfod Ialéo wiunmgo ear poefr wr 0 n ¢

maze run were recorded. Recall trials were ¢
end square was reached without any wrong tur
gui ded phases, the parnhidc is ppanadtr evaasd ctoon sri edaecr he «
successful regar dl| &sid uotfe wriomeg Itiumints was | mp
each condition block, which if reached would
trial compris@dr ofs beft wtr® ndarzuem wift h1 ac omp | et
being required for inclusion in the statist.i

5.2.3) Experiment al Design

The current esapex®imedmibjusect $ odesxiagnmneneffect o
di spl ay metahtdddlomevigamaobnbédraer osavigation t
three maze Beihfatvii owlrtailesand EEGrme asumpas eaf W)
bet weewotldespl apHW®YR ocalseV RDBt hree navigati on
| earning,guiecad Inawndgadtti mmee di-tfdritutr®dyahdve
12 turnTmazw®ier snaztes constructadeualksdofor the
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behaviourally compared in a 2x3x3 design to
that may influence experimental outcomes. Be
bet wdMamAhR and -Bla ztehenecaev i g at 3, @amd ltehpr seaez e

di fifiesul t

S.HQExper i nkernotcaeldur e

Upon arriving at the | aboratory, participant
informat( AppsedheexonsenApgetydiax heal th questio
(Appemdiaxnd the prelimiAppehfijioe i comail e¢ ed
this order. Foll owing completion of these fo
The maze task was completed -WReand hte B akthMD i a
phases. The familiarisation phase owa®ralowaygd
DBVR and-VRRMPpshes counterbal anced between part

The familiarisation phase introduces partici
navigate the maze,-VRndut hegusavbfatHMdOn. Part
instructed to navigate a trainingmpatutheas ma
ti me | iimigt ,slsotwalryt and gradually increasing mi
practice pat hseomnrsd sftisx atfi an 5cross, for whic
and ends with an endpoint that r emitmuttes t he
i mit, the wmaar ttiediepaomrt ed back to the preparsz:
was then navigated again whVR.stUpgdre @amgli etiip

the familiarisation phase, the EEG headcap w

Bot h tWrR &©OBd-VRRMPhases foll-owep hpr caen@éurnl® com

4 types of trial bl ocks: eyes open; maze | ea
gui ded trials. The maze trial blocks were co
f oerach of the 2 display conditions. For the |
instructed to follow a path from the start t
the correct sequence of turns. Upon reaching
tel epmadledt o the start of the maze i f | ess t
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been conduthprdeparrattioon room i f either three

six total maze runs had been compl eted.

Each | earning phase is followed by a recall
to navigate the same maze unguided. The reca
i's navigated a total of 3 times without erro
ha been compllet midt of 6 attd epnrpd\wse nwta sp asretl ieccit e
havi ngopmmo rett sruictcessfully complete the | ower
12 turn mazes took ~45 seconds wthereampltdtee 4(
8 turnslb5 oaonkd ~30 secondstoetapewmfft itBledayd 2 mipursr
condiwtoiudnd t hekef atel east 4 minuteassadfdiXxd exn

—

i me to compl et eThe sleivmintt halrsusm acted to prev
or similar reactions at repeated failures wh
attemgORdrtici pants were instrucaewdromgtt umn
(denoted by tahedyeasplhroeunlelld d t o the end of the m
Upon r eacehnidngoft tehe maze, participants are t
the maze if | ess than 3 correct or 6 total r
preparationthescem ®kewowettltgpiam compl eti on of a re

participants were asked to mate bheassbaketo

10 (1 = very easy, 10 = very hard).

Upon completion of 3 | earning and recal/l p ha
6guidedbéd phases. The guided phase is functio
with instruction to follow the path without

compdretof the third guided phase in either d

and the display block is completed.

Upon completion of the second display bl ock,
met hod or strategy of remembering the turn s
any EEG av®E &dbDi pment removed, provided a de
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for their ti me. Participants were given the

before | eaving the | aboratory.

The HWD was calibrated for visual <clarity ea
participant, and verified by having particip
wall within the VE explaining the maze task.
pl acedvintoah preparation room, where instru

verbally provided. Thed neséarthborawaasrpgposnaci
the computer screen and out of view of the p

i nstruicifear mot he researcher when they compl e

I n instances whreerlea tEeEIG tseycshtneint a | Il ssues wer e
prevented data collection for one display co
was completed successfully, participants wer
inces, the participant completed the third
occurrence. I n instances when this occurred,
familiarisation peri/iRd das anowwabeungdheoHMDn
t he-VIRB famidn apdrsiaddVR fdathae iDsB being recaptur

data acquired was then included with the mai

After the | oss of several early datasets due
device corrupting recorded data, the procedu
the EEG recording during each preparation ro
dat asetes mwecorded for the experiment, one fo
it was found that the EEG recording device s
point in the recording process which was und
from t haer tliecihpgnt onwards separate datasets

bl ock, |l eading to 20 recordings i n total. Th
did extend the time spent in the preparation
but this waesedeamgdton prevent usable data be

bet ween data being excluded from the | ater A
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5.9El ectroencepDbDatPagrmgpesysi ng

The EEG data was preprocess¢@o6fdadri nMAMAUEB] EEGL
and the ERPLA®3]phtigi processing was conducted
(Figure 5.7).

Il n the first phase, the data was converted f
dataset (.set) format for EEGLAB compatibild@|

to the dataset, followed by the application
filtPatasets with separate recordings for ea

datasets with continuous recordings for each
40Hz notch filter applied to identify noisy
interedl an -4 hkez nfoinl t ered dat a.
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Input Data
| |

Step 1: Import the data and triggers
|
Step 2: Crop unused channels
|
Step 3: Import location Data
|
Step 4: 0.5Hz highpass filter
]

Stage 1
Basic Analysis

Step 5: 50Hz notch filter »| Step 6: 40Hz lowpass filter
¥ (]
Step 8: Interpolate channels Step 7: Identify channels for interpolation
A 4 l
c Step 9: 40Hz lowpass filter Step 13: Apply ICA weights g
K] I 1 S
c; g Step 10: Artefact rejection by eye Step 14: ICA component removal g
g8 ' ' 32
" 2 Step 11: Between-run data removal Step 15: Artefact rejection by eye g o
o [ ] I m e
Step 12: Run ICA Step 16: Extract individual maze runs E’
A 3
Step 17: Compute absolute power g
¥
Output Data

Figure 5.7: EEG analysis chart showing all 3 stages of the absolute power
extraction. Solid black lines show where the entire dataset is carried through to the
next processing step. The dotted grey
I nterpol at edd dlardalted pion agt age 1 repr
former stage being used in the latter, but no actual data. The grey line collecting
ORun the | CAd in stage 2 t o repraspnisithe ICA h
weights calculated only being applied to the latter.

The second phase preparedrt hsé aodraitgai nfaotri nl gCAf rt
eyes. The continuous datla ehad patlidfCetdiza claonvpnas s
f or -enyoenb Iritnikf aacats per for med on the continuous

data between each tri al bl ock was removed, a

The third phase perdeiparahblsahndt expowawert values
al pha frequency bands. The dataset produced
from stage 2 appldadpgomendt £ yreemoved. Data be

bl ocks was al so r ermoivieagceaaxnd omawaas!l parf or med
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continuous dat a. Finally, each i ndividual ru
dataset, and converted to power spectral den
overlap. The absolute po8ldz) of n melaem Fhe¢leat
mean aacpthiavdilB8yYz()10n the Pz electrode was ext
across conditions. The TAR is calcul ated by
activity in the Fz electrode by the absolute
el ect[r33d e

5.68Data Satnadt i sti cal Analysis

Statistical analysis wgd2opigd f Mbircnedpf @8 hgx SIS
Behavioural data was c¢omp\aR eadn doéRMEamd di spl a
mazes f(AMama -Bha.zeThe completion time was calc
the baseline period to the eTrod agnpicrett i ofn a& i me
is analysed over two 2x2x3 ANOVA, one- compar
VR, MWK x condition [Learni#g,rnRecsBs) ]1& di
turns]) and the other between-AmaM8gek2x2x3 d
comdi on [ Learningl eReluallmdsiyr Bg diir i i]sdeuclotnyd s et
of compl AtNIOOVlRo mpmeusibng thacsame wadgoconduct
the time to naedtgiaamr (dhempir idait negnrds fc otrhrei ddonresw
added at thatofdidddhlh uddmp ll.etviedde) ntacnep Ireutni on t i
t he final 4 t uarsnst hweays ceaxmigproancsteesdb €ént di st ance
di fficulty phased damdismaddsow a comparison of
condi.Thenaverage number of iwdomwgst crahsuparn er
dividing the total number of wrong turns by
Both the average number of wrong turns and t
for each recalmpableadcluiswagyg a repeated measur e
bet ween di-¥YVR| aWwmRO(xDBdi ffi-cut ptyuriedved X ¥4, and
using a repeated measures 2x3 AMOQVAKBbkeetxwe e n
di fficukltuyr ntsgv eBE u[rhzfi)stiStcal signifilbpnce wa

a walue of |l ess than p<0.05.
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The absolute theta power, ToARsatl autfeoral tpthea @aorw

run of each trial bl oc k waasc taonra | ryespeeda tuesd nnge aa
design ANOVA using a 2x3&Rx3 HRMDsi gncéddsespl ag |
[ Learning, Recall, Guudetddqr Bd dih®d] rompar beve

di fferences between conditions.

Al'l ANOVAs conducted used Mauchlyds test of
interactions which violated the sphericity a
t he degfreesdom of the main effect or interac
Greenb@Gaeissser correcti on -Gwehiesns etrh eE pGsrieleonnh owasse
0.75, and-FteHadtHwynrh ecti on vGedrs stelre EQrsd d mmo uas
over 0. 75 .-adBjondteed omdi r wi se compari-Boos wer e

anal ysis of siegnisf iamant nmairmcdfifons.

5.3) Resul ts

5. 3Bdhavi Reasalts

5.3.1.1) Clomkeéetween RQosplidy ons

5.3.1.1.1) Tot al Maze Navigation Ti me

A 2x2x3 repeated measuidvV®s AMNIOVAx (domsgeil aiyomn DB
[ Learning, Recal ftjurxitsdi B¢ ucihBfy wWasvelohduct e
totcalmpl et iodn stuicmessfully cloentpwednrn dd insamlea yrsu.n
Mauchl yds TeswaofviSplhaetredcildy the interaction
di fficuck2)y=I9p0a|=@).whiwaadjusted using the
Greenh@Geiseser correction. The maiasiplcayp,l eti o

conditions and difficulties is displayed in
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Table 5.5: The mean and SEM of the total maze completion time for the
learning and recall trials presented in DB-VR and HMD-VR across the 4-turn,
8-turn and 12-turn maze difficulties. n=14.

Display DBVR HMD-VR

Difficulty [ 4-Turn | 8-Turn 12-Turn | 4-Turn | 8-Turn 12-Turn
MPp B|HYPY({nNMPc|IMNDPO(HT T (N NndcC

Total Maze | Learning MOPNT | ndPch|lndcn | ndTy | ndPdn
Completion MN POJHY Pp{NnHPA{MNDPM]IHC Py (n MPyY
Time (s) | Recall ndco|mdoo|nddo|ndco|ndp MDPI M
The main effects of difficulty | evel reached

comparisons found &dtiumweemfdMMzcatiss i @) dwer, e
compl et ed diactietBihwamt tmppizelR 8. QB (t-8232¢
p=<0.000 -8=Pa3nd 12=tur n( Malz=% ORi &4 t-6§ &) =
p=<0.04483 8 dhee-t 8r n maze trials were also comp
than tHhiegnlZdnaté (BBNBxlI p=<0.-90836) d=

Table 5.6: Main effects and interactions of the total maze completion time
ANOVA between displays, navigation conditions and difficulties. n=14.

Within Subjects Effect F df df p ' p2
(error)
Display M P H M MO noHog nonaog
Condition non M MO noyrT nonn
HOHDN H HC Fnodnn no
Difficulty Level b
Display x Condition nom M M O noTt wm nonwm
Display x Difficulty nogp( mdo My ®n noor noenrt
Level
Condition x Difficulty 0 ®H H HC nonc noHnn
Level
Display x Condition x| »n ®c H HC nopc nonn
Difficulty Level

Crc +FfdzSz RFrsSaNnBSa 2F CNBSRz2Y:z LI
Bold print and * indicate statisticallignificant differences, p<0.05.
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Table 5.7: The mean and SEM of the final section completion time for the
learning and recall trials presented in DB-VR and HMD-VR across the 4-turn,

8-turn and 12-turn maze difficulties. n=14.

Display DBVR HMD-VR
Difficulty [ 4-Turn | 8-Turn 12-Turn | 4-Turn | 8-Turn 12-Turn
Mp B|MO®PY | MOPA|IMND PO(MODPAN({MH PC
Total Maze | Learning netn|indHm|in®cn|ndodndHcC
Completion MN ®oIMOPp|MODPH|MNPMIMH PN (MH P
Time (s) | Recall ndco | n®drty ndnH|{ndco|ndmn | ndn
The main effects of difficult8y. |Rouet

comparisons

compl

p=<0. 0,0 d=19and

d2.p3

eted

found

ma

Mauwd h gwiso | Tetsd g mtf g rSepichteirad rc i

di spl «
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bted we emazeond(i M3 bhs484 N 0.

ssil prnvidfraitcuadnt Inpaz el 3 r@ 8 .s ( (-MEBTJ =

12=turnilda®@é)t (itR.NBHYGPMD . 00
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Table 5.8: Main effects and interactions of the final section maze
completion time ANOVA between displays, navigation conditions and

difficulties. n=14.

5. 3.
A 2x3
tur ntsur Bs ,
bet ween
can

effect

Within Subjects Effec|  F df f P "
(error)
Display MOT M M O NOHM no®mMH
Condition nop M M O neonc nonn
MH ® H HC Fnonn naon
Difficulty Level f Ob
Display xCondition naon M O nodopn noenn
Display x Difficulty nor H HC nopwm nonp
Level
Condition x Difficulty [ M ®H H HC noowm noenaog
Level
Display x Condition x| n ®o H HC noc g nodno
Difficulty Level
F=F Value, df=Degrees of Freedom, p= Significancds ' t I NI Al £ 90|

Bold print and * indicate statistically significant differences, p<0.05.
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difficulty 1®yveWwi reapgdbetd I0ogn

rat ed

subjectitvier dimdz ex !l (t M= F1h2a7nN,t th.e3 )8
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Tabb®The mean and SEM of the subje
scal e of 1 to 10 for theRramca-VIRMD
acrosstumeudd®d amud nl2naze.dinfEfldcul t

5AaLX | é 5 m®%w | a5 w

5AYOdzZA G& f {n¢ dzNJ]yre dzNJ m /e dzN n¢ dzNJ yr¢ dzNJ m i¢ dzN
{dzo0 2502 @S {mdp |odoc|pdnT M®no| n®dgo
wl oy 3 NOH | nPoT|NPPH|ANDMT 5 nodpn

Table 5.10: Main effects and interactions of the subjective difficulty rating on a
scale of 1 to 10 ANOVA between displays and difficulties. n=14.

Within Subjects df o
Effect F f (error) P P

5A&aLI | noyyq M M n nodoc nonpd
5AYOdzZ G nydcrn mdmy Mc ®pyl fndmn NOT T
5A 45 A EOC

ft SPSt
Crc =l fdz2Sx RF¥FIrs5SanNnBSa 2F CNBSR2YZ LI {
Bold print and * indicate statistically significant differences, p<0.05.

nopH) H HY nopaod nonoq

5.3.1.3) Average Nunbeetrweoegn Whiosnpgl alwr@aendi ti o

A 2x3 repeated nMdasypr-Ayg, ANDMBHDI fficulbty | evel
turntsur s, Mwast wcromgducted for the average nunm
bet ween diheplmaw. number of wrong turns per r
di splays can b&lsaad t hed ARNO¥AISs§ed1d n tabl e
Mauchl ybds TeswaofviSplhaetredcdildy the main effect
(2(2) =3pQ08.0,U=0. 80Ad )i nteracti omnxDbh &H2wg=eIn2 .G 8s,p | a
p=0=0.6d0h of which wa sGraalg ruts@eeisie suesri ncgo rtrheec t

No main effects or interactldns reached sighn

Table 5.11: The mean and SEM of the number of wrong turns per run for the recall
trials presented in DB-VR and HMD-VR across the 4-turn, 8-turn and 12-turn maze
difficulties. n=14.

5AaLix | e Sm®Ew | a5 w
5AYOdzZ G &|ne dzNy |yt dzNJ/ | m B dzNJ/| n1¢ dzNJ/ | yi¢ dzNY/ | m i dzNJ/]
I @SNIF 3S
2F 2NRy13

nonart (ndnan (ndp p|(ndPnp nonH noom
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Table 5.12: Main effects and interactions of the average number of wrong turns
ANOVA tests between displays and difficulties. n=14.

Within Subjects df o
Effect F f (error) P P
5AaLix M®PH p M MO noHy nondao

5AYOdzZ b8 HOMM M®no MO ®o nomT nomn

SAaLJ e i no M®PH H Mp Py H nonao nonn
t $05¢ Py Py

Crc +=FfdzSz RFIrs5SaNnsSa 2F CNBSR2Y:zZ LI
Bold print and * indicate statistically significant differences, p<0.05.

5.3)1Compl et Behw&@emeMazes

53.1.4.1) TNoatvailg aMaizoen Ti me

The tommlletci fomr twmel e bred avee emumsaz el Ds was com
using a 2x2x3 repeated meadur 8t ANOYANdmda 2 ®In
[ Learning, Recal ftjurxtsdi B¢ ucihhBqy .| dhel megdan co
times and SEM betweent mdbitle88lacahl péssdeatiaf
Spherwad twi ol ated by the I xtderdfddtciuon ybetewedn
(622 )76 4p0020=03whiwhadj usted using-Gtethess@mreenhol

correction.

Table 5.13: The mean and SEM of the total completed maze navigation time
for the learning and recall trials presented in Maze-A and Maze-B across the 4-
turn, 8-turn and 12-turn maze difficulties. n=14.

~¢cAf ~c Al ~ ¢

12-
Difficulty [ 4-Turn | 8-Turn | Turn 4-Turn | 8-Turn | 12-Turn
Adjusted MO DPP(HT Po|nndPofmMpPn(HPPH(N MDY
Maze |Learning |1 ®HC |[n®nc | n®pMa®yT MPH | M®P/H
Completion MNOM(HC Py |nndyfmMmndn|(HY ®p(no dn
Time (s) | Recall nécwmindoy | ndc |[nPcp | MPOT | MPMP

The maisnofefrheezxzdl D and difficulty [Ld&&velPorsgach
Hoc comparisons betweenAmaM25D6iwmads t hat Ma
completed signific®8ni(IM§E.sTABYeft-2h@Nh2 Maze
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p=03,1 d4=30..

Bet ween

di fficulty sfewndl $ auprons hh e h e

conditildnsd BMF0.was completed signitfurcrant |l y f a
(M=D28. N80t (1B). S5 40D=00, -8.=Ba8nd -tWw2x n conditions
(M=155 680t ( RF)0=B p=<0.-D®.N38Theurdh condition we

compl et ed
9. b6

signi fi canutriny cfdansdti#&B).cbnhanptk6. 0D 1,

Table 5.14: Main effects and interactions of the total maze completion time
ANOVA between mazelDs, navigation conditions and difficulties. n=14.

Within Subjects df o
Effect F df (error) P P
Maze ID p®yc M M O nopo noom
Condition noéno M M O noyrT nonn
Difficulty Level HOHAG H HC Fnonn nodg
MazelD x nomn M M O NoOTH nonm
Condition
MazelD x MOMY M PO | MT ®cC noowm nony
Difficulty Level
Condition x 0 PH M H HC nonc noun
Difficulty Level
MazelD x MOHT H HC noon nonag
Condition x
Difficulty Level
CI'c +Ffdz2Sz RFI5SaNnsSa 2F CNBSR2Y:zZ LI

Bold print and * indicate statistically significant differences, p<0.05.
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Table 5.15: The mean and SEM of the completion time for the final section of each
completed maze for the learning and recall trials presented in Maze-A and Maze-B
across the 4-turn, 8-turn and 12-turn maze difficulties. n=14.

~¢cAf ~¢c Al ~¢ A
Difficulty | 4-Turn 8-Turn 12-Turn [ 4-Turn 8-Turn 12-Turn
Adjusted MpPp B |[MODPYNMODPATMNDPOGMO ®PT1dMH PC H
Maze Learning neéTn [ n®Pum |ndcn (ndod ([N PHC
Completion MO POYMODPPTMOPHTMOPMTMHPN dMH DT
Time (s) | Recall n®co (ndTy (n®nH [AndPco [ndmn |ndn
The nmafifrect of di fedcght /i tadée (PéoasltiheH dbc.

comparisons between dif#iucwml cynldevelon f{iMxrd 4t
compl et e ds | soiwgdna f ittaneemt 8RS 4 . ( t4(.1437) =
p=<0.001] amtufl B condli2t.s98Ns 0 ( ME.1835 ps=002.

d403 .

was

Table 5.16: Main effects and interactions of the final section completion
time ANOVA between mazelDs, navigation conditions and difficulties.

n=14.
- . df 2
Within Subjects Effect F df p p
(error)
Maze ID naon M M O nonpr noHC
Condition nop M M O noénc nonn
MH O H HC Fndnn non
Difficulty Level d ®
MazelD x Condition nodg M O noop nonrt
MazelD xDifficulty nop H HC noprT nonan
Level
Condition x Difficulty M P H H HC noowm nonaog
Level
MazelD x Condition x| n ®vy H HC nonp nonc

Difficulty Level
Crc +FtdzSx RTFrsSanNnBSa 2F CNBSR2Y:
Bold print and * indicatestatistically significant differences, p<0.05.
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5.3 1Subject i vBee tDrvefefni cMial zteys

A 2x3 repeated neeaszwerl DsA[ANEREAd | f fi culbty | evel
turntsur Bs, Mwast cromgducted for the subjective
mazelTthse. mean subjective difficulty rating al
seen inl7Tabdhe Hhes ANOY¥AI sedlBniltalwlase 5ound t
main effect o0d’QyELBIORBII yOV EWwleMad €ahl yods Test
Sphericity, and was ad) GCetisdeusicogr rtlte i Gmeen

Table 5.17: The mean and SEM of the subjective difficulty ratings for the recall trials
in Maze-A and Maze-B across the 4-turn, 8-turn and 12-turn maze difficulties. n=14.
al 1SL5 al S al S
5AYOdzZ G&|ne dzNy |yt dzNJ/ | m B dzNJ/| n1¢ dzNJ/ | yi¢ dzNY/ | m i dzNJ/]
Do @ p doc
noepH

o = s <M®Pno |odnT |ndcn MbPp Pyr| 0 PH

Table 5.18: Main effects and interactions of the subjective difficulty rating
ANOVA between MazelDs and difficulties. n=14.

I df S,
Within Subjects Effect F df (erron) p p
al1SL5 Hdn| ™ M O nomp nomc
5AYOdzZ G&| npdg mMmPH wmMpdp| Ffadnn neT g
al1SL5 E
f SGST o by H HC nonng noHo

CI'c +FfdzSz RFI5SaNnsSa 2F CNBSR2Y:zZ LI
Bold print and * indicate statisticallignificant differences, p<0.05.

The main effect of difficulty I»»dieflf iacnudl ttyh el

reached significance. For al/l post hoc compa
| evel and in the interaction between mazel Ds
4t urn mazes were rated as a signifhctalmae |8 | o
turn amud nl2nmazes; which also significantly di

8turn mazel D being 1r%.t e@n d oswiegn i(fdiaddareti Spansti s
found within difficulties -andnbMalweiemg nraazted

as a significantly | ower-tsumj-8latzieve di fficul
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Table 5.19: Post hoc comparisons of the significant main effects and interactions for the subjective
difficulty rating ANOVA between mazelDs. n=14.

Comparison | Cord 1 M SEM | Cond 2 M SEM t df | M-Diff | Std. Err P
Difficult 4-Tuns | m®dn ndM 8Turns | o ®M 1 P 1© Pnf Mo| M PT| NPH|F ndDn
Levely 4-Turns | m®n n ®M 12-Turns p nogm d®o Mol T ®Pp| ndn|f ndn
8Turns| o ®nv n ®o 12-Turns p nogy  d®g Mmo| MPy| NOH|F Nndn
4-Turns 4-Turns
MazeA M®n n PH MazeB MPL ndM mPo Mmo| mdPn| n PH nor
Difficulty | 8Turns | oy 1 pof ETUMS | ol nod m o1 Mmo| mdH| ndH| ndn
Levelx MazeA MazeB
MazelD 12- 12-Turns
Tumns | n ®c|l nPp p®o nd®p M Pc| Mo| MPT| NDPH| N P K
MazeB
MazeA
MazeA MazeA
4-TUms M®n n Dy 8-TUMS odn ndo m dPcl Mmo| MPc| NDPH|F ndn
MazeA MazeA
A-TUMNS MdDn nq“lZ—Turns naoc ndp © ®p Mo| ™ PH| Nndn|f ndn
MazelDx MazeA odn ndo MazeA naoc ndp 1P P Mo| MPp| NDPH|F N DN
e 8-Turns 12-Turns
Difficulty MazeB MazeB
Level MDY nPM 0 PH nNnd®o © Po MO| TMDPT| NPH|F ndn
4-Turns 8-Turns
MazeB MazeB
A-TUINS MDY nPM 12-Turns p®o ndp ™ Py Mo| TOPYy| ndn|f ndn
MazeB MazeB
8-Turns 0 ®H n do 12-Turns p®o ndp ® &M Mo| THDPN| NnPo|F ndn
| 2YRIT/ 2yRA22Y X alaSlIyX {9anl@lifldfRI NR 9NNRBNI 2F (KS
RFIrsSaNBSa BRICHNBSEN2BAIENBYOSsS {GRD® 9INNI {dGF yRI NF

Bold print and * indicate statistically significant differences, p<0.05.
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Table 5.20: The mean and SEM of the number of wrong turns per run for the recall
trials in Maze-A and Maze-B across the 4-turn, 8-turn and 12-turn maze difficulties.

n=14.

~¢cAf ? ~c Al ~¢ A

?RORHAz2G(MNal UyNel UN@Meal UrmNel U/ YNeal U N@ el |
2131 ¢ NIJK _

YnHi 1y o NeNOH A OIOMTIEG) MIOZ MH A NIOP HA H O10= ®H Y PIOOT H

Table 5.21: Main effects and interactions of the average number of wrong
turns ANOVA between MazelDs and difficulties. n=14.

Within Subjects Effect F df df p ' p?
(error)
al 1 SL5 o dp M M 1 nony noHn
5AY0dz ié| HOH| mDn Mmn ®o nomec nomn
al1SL5 E
f SGST MOPP[ MPH MT ®o nomy ne®emMH
Crc =l fdzSX RFIrsSaNnkBsSa 2F CNBSR2YZX LI

Bold print and * indicatestatistically significant differences, p<0.05.
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Table 5.22: The mean and SEM of the 4 SSQ measures taken for
each display type. n=14.

I 2YLI NR&az2y|l. FaStAy|55a102L)|1 asw

¢c24GFLf {O2N|{pdon B |[MHPAH K [HNDPYynNn 5

nNdTT B [YyYPMY B HHMDPDPHPHMM

hOdz 2 Y202
5Aa0d2ND I yO

S5AA2NRASY G| MOPD B [pPDHPT B HMPPY D 5

p®dc 5 MN®PCH B |HHDPT N Bp

Each of the four ANOVA conducted for the SSQ
523, and post hocs unommeprairsi esdo 2i4n Wiraebhlien 5t.h e

subscales of total score and-VRi sorgina rfti ataindn ,)
increase cybersickness r-dRipgessewvtat base.l i Wie
subscale combined #AVaRu saenad,-VRRMD h ast bsitdhn iDfBi c an't
reported cybersickness symptoms over baseline

subscale of ocul omot or di sturbance -VRached s

and MR significantly increased cymer siamkines
that MRMDsi gnificantly increaV¥e&d Wybbraei Chmbs
Nausea, it was fVWRiI nadn d-WRMER ook énd DBi gni fi cant |
ratings of cybersickness than baseline.

Table 5.23: Main effects and interactions of the 4 ANOVA conducted for
the SSQ subscale scores. n=14.

Within Subjects Effect F df f p ' 2
(error)
¢2Grt {d dowm H HC Fndnn nonm
/| 2Y0AYSR y ®m H HC Fndnn nood
hOdzZ 2Y2i
5% %6 dzND I c dy H HC Fndnn noon
5Aa2NASY| cop] mdm wmn dp Nn®ONHF noon

Crc = fdzSz RFIr5SanNBSa 2F CNBSR2Y:z LI
Bold print and * indicate statistically significant differences, p<0.05.
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Table 5.24: Post hoc comparisons of each SSQ ANOVA conducted between display conditions.
n=14.

Comparison Cond 1 M SEM | Cond 2 M SEM t df | M-Diff SEt:jr P

Baseline| 5.34 | 2.24 | DBVR | 12.02| 3.42 | -0.92| 13 | -3.41 | 3.69 0.37

Total Score Baseline| 5.34 | 2.24 | HMDVR| 24.84 | 6.21 | -3.31| 13 16.35 494 | 0.01*
DBVR | 12.02| 3.42 | HMBVR| 24.84 | 6.21 | -3.18| 13 12_.95 4.08 | 0.01*
Baseline| 4.77 | 218 | DBVR | 8.18 | 2.8 |-251| 13 | -8.66 | 3.45 | 0.03*
Cﬁ;nutgzzd Baseline| 4.77 | 2.18 | HMDVR| 21.12 | 5.21 | -3.67| 13 16-.78 458 | <0.01*

DBVR | 818 | 2.8 [HMDBVR| 21.12| 521 | -1.5 | 13 | -8.12 | 5.42 0.16

Baseline| 596 | 266 | DBVR | 14.62 | 4.16 | -2.28| 13 | -3.98 | 1.74 | 0.04*
Oculomotor | Baseline| 5.96 | 2.66 | HMDVR| 22.74| 6.1 |-2.86| 13 | -17.9| 6.26 | 0.01*
Disturbance -

DBVR | 14.62| 4.16 | HMDVR| 22.74| 6.1 |-2.25| 13 13.92 6.19 | 0.04*

Baseline] 1.99 | 1.99 | DBVR | 597 | 2.4 |-2.03| 13 | -6.68 | 3.28 0.06
Baseline| 1.99 | 1.99 | HMDVR| 19.89 | 7.11 |-3.81| 13 | -19.5| 5.11 | <0.01*

DBVR | 597 | 24 [HMDVR| 19.89| 7.11 | -2.45| 13 12.82 5.24 | 0.03*

Disorientation

| 2y RI'/ 2y RA902Yy>Y alaSlys {9al@lifldfRI NR 9NNRBNJ 2F (KS
R¥FIrsSaNBSa BRICHNBEN2BAIENBYOST {GRP 9NNI {idF yRFNR
Bold print and * indicatestatistically significant differences, p<0.05.

5.3) 1Met hRd memberi Mgz ¢ he

Thirteen of the 14 participants included in
remember the maze path. Nine participants re
Two participants reported remembering the wh
repogr tuisn ng the names of characters fOmem a T\
participant reported remembering every right
sequence (i .e. counting the turns during nayv
number wasnpa.rOgbatpauvticipant -doewmnrvieadw i anfa gti

maze developed during guided navigation.

5. 3ERgctroencepRasofbgtaphy

The grand average absolute power of theta po
|l earning, recall and guided conditions for a

di fficulties can be seen in Flhgeurgersamnd 8av er.d
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alpha absolute power in the Pz electrode for
conditions for all combinations of display t
Figures 5.11, 5.12 and 5.13 respectively.

Power Spectra of Learning Conditions in the FZ Electrode
I

==DB-VR Learning 4-Turns
~—DB-VR Learning 8-Turns
DB-VR Learning 12-Turns
==HMD-VR Learning 4-Turns
~=HMD-VR Learning 8-Turns
HMD-VR Learning 12-Turns

=
N

-
N

oo}

Log Power Spectral Density 10*Iog10(/1V2/Hz)
=

2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 5.8: A logarithmic periodogram of the Fz electrode for the learning condition
across difficulties and displays. The theta frequency band (5-8Hz) is identified
between the horizontal lines.
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Log Power Spectral Density 10*Iogm(pV2/Hz)
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Power Spectra of Recall Conditions in the FZ Electrode

==DB-VR Recall 4-Turns
-—DB-VR Recall 8-Turns
DB-VR Recall 12-Turns
==HMD-VR Recall 4-Turns
~—=HMD-VR Recall 8-Turns
HMD-VR Recall 12-Turns

2 4 6 8 10 12 14

Frequency (Hz)

20

Figure 5.9: A logarithmic periodogram of the Fz electrode for the recall condition
across difficulties and displays. The theta frequency band (5-8Hz) is identified
between the horizontal lines.

Log Power Spectral Density 10*Iogm(/1V2/Hz)

Power Spectra of Guided Conditions in the FZ Electrode

==DB-VR Guided 4-Turns
——DB-VR Guided 8-Turns
DB-VR Guided 12-Turns
==HMD-VR Guided 4-Turns
~=HMD-VR Guided 8-Turns
HMD-VR Guided 12-Turns

2 4 6 8 10 12 14
Frequency (Hz)
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Figure 5.10: A logarithmic periodogram of the Fz electrode for the guided condition
across difficulties and displays. The theta frequency band (5-8Hz) is identified
between the horizontal lines.
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Power Spectra of Learning Conditions in the PZ Electrode
I

=—DB-VR Learning 4-Turns
——DB-VR Learning 8-Turns
DB-VR Learning 12-Turns
==HMD-VR Learning 4-Turns
~—=HMD-VR Leaming 8-Turns
HMD-VR Learning 12-Turns

6 \

Log Power Spectral Density 10*Iogm(pV2/Hz)

4
2
0 |
2 4 6 8 10 12 14 16 18 20

Frequency (Hz)

Figure 5.11: A logarithmic periodogram of the Pz electrode for the learning condition
across difficulties and displays. The alpha frequency band (10-13Hz) is identified
between the horizontal lines.

Power Spectra of Recall Conditions in the PZ Electrode

==DB-VR Recall 4-Turns
-—DB-VR Recall 8-Turns
DB-VR Recall 12-Turns
==HMD-VR Recall 4-Turns
~—=HMD-VR Recall 8-Turns
HMD-VR Recall 12-Turns

Log Power Spectral Density 10*Iogm(/1V2/Hz)

2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 5.12: A logarithmic periodogram of the Pz electrode for the recall condition
across difficulties and displays. The alpha frequency band (10-13Hz) is identified
between the horizontal lines.
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Power Spectra of Guided Conditions in the PZ Electrode
I

==DB-VR Guided 4-Turns
=—DB-VR Guided 8-Turns
DB-VR Guided 12-Turns
==HMD-VR Guided 4-Turns
~=HMD-VR Guided 8-Turns
HMD-VR Guided 12-Turns

Log Power Spectral Density 10*Iogm(/1V2/Hz)
(=2} ©

»

N

2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 5.13: A logarithmic periodogram of the Pz electrode for the guided condition
across difficulties and displays. The alpha frequency band (10-13Hz) is identified
between the horizontal lines.

5.3.2.1) Theta Absolute Power

Themean absolute theta power and SEM for each
Rorblteheé .2x3x3 repeated
absol po2verdyrniamd er &c al |
Test Sphericity is
(G2(9) =18p.=902.0=80. &8BY ,adj usted
The condi t2, 241 36 208t i sticall

dp 2 =205%. , compari son

i s shown 2ib5n measur es
ng

tfioorn txh ed infafiinc

ut e and | earni ma z

of v i o | caot neddi

wi t-Ghe it shsee rG rceoernrheocut

main effect of

nboutpost hoc reaches signif

Table 5.25: The mean and SEM of the theta band absolute
power in the DB-VR and HMD-VR display methods, the learning,
recall and guided conditions, and the 4-turn, 8-turn and 12-turn
maze difficulties. n=14.

Display DBVR HMDVR
Difficulty| 4-Turn | 8-Turn | 12-Turn [ 4-Turn | 8-Turn | 12-Turn
NMIOZ I N=ZOPHN=ZOZ dNMIZ N NNMd NMOP T
Learning| NIOE O | NHO®S |NIOT = [NtONM | NP | NHOOZ=
NNIONI N=ZONGN=ZtONI NMIOT ¢ NNIOT Y NN T Y
Recall NIKOOT |[NIOPM |[NIOTN [NIONY [NKOTO [NIOZT
N MY df N N tOZ d ®Y OH PHOONH PHOD = H
Guided |NHOOT |NIOTT NNK)Z"N}OET NKON | N0

GiH2¢ e ITtélccAEaRR2 JOHGt H
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Table 5.26: Main effects and interactions of the theta absolute
power ANOVA. n=14.

- , df 2
Within Subjects Effect F df (error) p p
S5AaLX e nddh| ™ MO noongn
/| 2y RAa 2] ndo{ H HC nonHo N Oy
5AYOdz G@& MPT| H HC nomdnn o
S5A&LX & E| mM®dmM{ H HC NOOHNN DY
5AaLX & E _
f SOSt noc H HC NOpHRN DY
/| 2y RAa 2y H
f SOS nd®p| odm pH nodcpdqnd
5AaLX e E
5 Y OdAg G B nony HOH pH nocnqn e
Crc +FfdzSz RFrsSaNnBSa 2F CNBSR2Y:

Boldprint and * indicate statistically significant differences, p<0.05.

5.3.2.2) Alpha Absolute Power

The mean absolute alpha power and SEM for ea
i's shown 2h Habl eh&.2x3x3 r epeaantad dy sneesa soufr easl f
absolute power during recall and | earning ma
Sphericity was violated f oxdiifrftiecrudcttyi dresveldet

(62(9) =50p08020,10=0 .a3M0d bet weexm ochidsxmlli dyi cul ty |
(62(9) =2 3p0O8050,0=0. A5

GreenhGaiseser

eve

.sphericity violat:i

N o

2igni ficance

ons wer €
effect

5.

correction. mai n

(Tabl e

or

analysis reached

Table 5.27: The mean and SEM of the alpha band absolute
power in the DB-VR and HMD-VR display methods, the
learning, recall and guided conditions, and the 4-turn, 8-turn
and 12-turn maze difficulties. n=14.

Display

DBVR

HMDVR

Difficulty

4-Turn

8-Turn

12-Turn

4-Turn

8-Turn

12-Turn

Learning

MK O H
MO =

P IOT H J
MIOP Y

PIO®T H
MIOS @

P tO® M H
M0 O

P KOY N
MO Z

> IOMY H
MIOT =

Recall

> 0= P H
N KOO =

> FOMTIT K
MKO® O

P IOP N |
MIOZ Y

2 IOMX K
MKO® O

> IOMP H
MHO® N

2 0= OH
MHO®

Guided

P HOXZ ® H

MK Y

2 ON =k
MIOZ T

2 OP = H
MIOY N

P HOZ O H
MIOP ®

> KOY ®
MHO® O

2 HOZ Y H
MY O

GiH2c¢0e ITMélccAEHIERR21IJUHEt H



Table 5.28: Main effects and interactions of the alpha absolute power

measur es

ANOVA. n=14.
Within Subjects Effect F df df ' p?
J (error) P P
SAaAL & MPH| ™ MO noéHyn non
/| 2y RAa 2] Hdn| H HC nomMng nowm
5AYOdz G HdPY | H HC nenTtTq nodéwm
5AalLiXl & E| nodm({ H HC ndyTqd ndn
5AaLX e E
f SOt ndén( H HC nodgoyfsr nodj
/| 2y RAa 2y H
f SGS noy( modp pH noénnyg non
5AaLX e E _
519 OdAg (i & M®PH H®H p H noHdqg ndn
Crc #ItdzSx R¥FIrsSaNBSa 2F CNBSR2YZI |

Bold print and * indicate statistically significant differences, p<0.05.

.2.3) Thetal/ Al pha Rati o
mean TAR and SEM for each
and visualised for

gure 5.15, and the guided

of

1 7p. =503, =0

ANOVA analyses
Sphericity

wa s

condi ti

on i ncl

t hed,| etahren irnegc acloln dci ot ni doi

of

condi ti

on in Fig

t he3 0T,ARMadwicrhi Inygd sn a

vi ol at edli ff foirc ulIntty rlae

2 Op.=809. =10 .&6mMd) bet we exwm ochidsxlli &y i cul ty |
.am)d,

eve

s adjusted -Bgi $her Gcerendotw

Table 5.29: The mean and SEM of the theta/alpha ratio in the DB-VR
and HMD-VR display methods, the learning, recall and guided
conditions, and the 4-turn, 8-turn and 12-turn maze difficulties. n=14.

Display DBVR HMDVR
12- 12-
Difficulty | 4-Turns [ 8-Turns | Turns 4-Turns | 8-Turns | Turns
_ = 100n Hl = OONH| ZHOONH| N OO O H| N IO® ® H| N 0P Y H

Learning | ~ MKOOO |[MI=ZY |MKO=O |MI=N | MKO=N

= 1o=nrigl = OO @ H| ZHOM M H| N OO Y H| = IOM® H| = IOMTTH
Recall - MIOT | MIOOP [MIO=P |MKO= | MIO=P

— N Y MH N 0z OH
Guided ZOMOH NHO®Y H NHOO o H| - — | NIOZ Hal o 2 =
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Theta/Alpha Ratio in the Learning Condition

3
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S
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DB-VR DB-VR DB-VR HMD-VR HMD-VR HMD-VR
Learning 4- Learning 8- Learning 12- Learning 4- Learning 8- Learning 12-
Turn Turn Turn Turn Turn Turn

Figure 5.14: A bar chart of the theta/alpha ratio during the learning condition across
both displays and all difficulties. Error bars show the standard error of the mean.

n=14.

Theta/Alpha Ratio in the Recall Condition

3
2.5
ie)
g 2
©
ey
<!_(3- 1.5
3
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0
DB-VR RecalDB-VR RecalDB-VR Recall HMD-VR HMD-VR HMD-VR
4-Turn 8-Turn 12-Turn Recall 4-TurrRecall 8-Turn Recall 12-
Turn

Figure 5.15: A bar chart of the theta/alpha ratio during the recall condition across
both displays and all difficulties. Error bars show the standard error of the mean.

n=14.
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Theta/Alpha Ratio in the Guided Condition

2.5

OI.....

DB-VR DB-VR DB-VR HMD-VR HMD-VR HMD-VR
Guided 4- Guided 8- Guided 12- Guided 4- Guided 8- Guided 12-
Turn Turn Turn Turn Turn Turn

N

1.

(&)

Theta/Alpha Ratio
H

0.

&)

Figure 5.16: A bar chart of the theta/alpha ratio during the guided condition across
both displays and all difficulties. Error bars show the standard error of the mean.
n=14.

The main effect of conditid®d® Fieaguo)he swbistihg npiofsi
hoc tests finding that the guided condition
than the |l earning condition (M=2.14 N 0.25)
recall condition (M=2.21 N 0.28) (t(13)=0.35

Table 5.30: Main effects and interactions of the theta/alpha ratio ANOVA.

n=14.
Within Subjects Effect F df df ' p?
) (error) P P
5AaLX I & HPD M M O nomny nowmdp
/| 2YRA22] MHDPN H HC Fndnan nony
5AYOdzZ G| non H HC nopTy fFandnan
S5AALX & E| nodn H HC noepTg Fandan
5AaLIi & E
{ S8t non H HC nodédcdppg fFndnn
/| 2y RAa 2y H
t 88 M®PH|] HDp p H noH M nono
5AaLi & E
5AYOdA G N®H{ HDO p H noynt nonH

F= Valuedf=Degreesc€ NE SR2YZ LI {A3IYyATFAOIyOS:
Bold print and* indicate statisticallygignificant differences, p<0.05.
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Theta/Alpha Ratio Averages for Each Condition
Between Displays and Difficulties

25 |

15

Theta/Alpha Ratio

0.5

Learning Recall Guided

Figure 5.17: A bar chart of the average theta/alpha ratio for displays and difficulties
within each navigation condition. Significant differences are marked with a *. Error
bars show the standard error of the mean. n=14.

*Significant differences between conditions, p<0.05.

5.4) Discussion

Thiwer ki ng smneuabyraymi snpeadt i al navi gaduonngeaf oo ma

| earning and r ecal |winahzien taanddkviBVeR ovaepeevirRD B g

presentation using behavioural and EEG measu

throughinactli on maze consisting of a series

instruction to | earn the route, before navig

copl etion of the active nwasgati oot ¢éditdbspasts

foll ow the samehaguwt detdt egmagthi g t o | earn

absolute powerf efndmr atl hé hfertocmennaarlda | p arl ipeéhtaa IEE G

bands, and the TAR between t hese, were extra

maz e .

The analysis of the behavioural results
runs, subjective ratings of difficulty,

bet ween ditswlaayg.ound that, whilst over al

gui ctklee ,more di fficult mazwlse werrectormpdteien ¢ d

time to the final 4 turns of the maze (the
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| eairnn addméai onatoping the prevliftoaus pbges s abl gat e
that atsutmel darning condition was the first
following the familiarisation period, partic
with the input method and thus naviygated sl o
increased with difficulty Keuvrenl sma zweist ha sp aeratsii
than -tdhren,8 which i n turn wetruer nr amaezde .e aTshiee rS S(
resultshaoumMD ncreased symptoms of cybersic
across all subsevaR @sn, tahred sauvwerc aDB s of tot al

di sturbance, and disorientation.

Th EEG results found tl latr nti mng candd ivteilcoanlgt a v i

e

resulted in a significantly higauh aereodldiRt itdima,n
indicating active navigatiophleeNwltsedyniid iaah
di f

within absolute theta band or alpha band act

ferences between the TARs of displays or

Despite the inted®RstinispatilalsinphiBEDI ohi se s
researcher 6s knowledge this studyHMBYR he fir
Vive Pro display device in a full maze spat.
t his tshtautdHW ¥ R can be wutilised as a tool to i
as participants sud&eusrgfuudlcltyi ocno mpnl ettheed iamme r

5.94. Maze Tasks and Sbiagthpaeti NaviatMoumd kRela d
Di splay Virtual Real ity

The results in this study find no difference
task performance di-HMBYR nacneedd RIbBpt v @ mtn&@ & 1 O n
mazes, i ndicating there was no difference in

n&i gation tasks comyRrand adktweprpat HM® di spl a
reported no differences bdt3e3dMm pnoatveingtaitailon p
explanation for the behavi o®t &@lchait[83%algali s
found thatcopdptsphat reduced spatHMBYRnavi ga
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supermar ket | earning and-VRecwhéntanektcompade
participants with a similar tnoe aXradg o, Itdo t he

there was no difference in spatial navigatio

An alternative explanation for the |l ack of d
i Mur edi-gppez & B4eémwtdo compared between spati al
performance -fndeil mpVYeahtiwdehitgtVEshi §hey fo
when wusifnigdehliigthy VEs, tas#Rpeuft @remdivwR eneidn DBM

However, whiedelai it pWVE weass vu sseauda,l lwhisdami | ar t o
textures used in the c¢@8)r,rethntermazvweads arsk diFfifgeu
performance Ibay weemdidtiispns. It is therefore
maze presendvv®dwionm!|l BMbe more beneficial to sp
a) Low-fidelity virtual b) High-fidelity virtual ¢) Real world environment

environment environment

Figure 5.18: Image taken from Murcia-Lopez and Steed [146] displaying the 3
types of environments used in their study. The low-fidelity VE (a) has visual
similarities to the walls and floors utilised in the current maze task (Figure 5.3),
whereas the high-fidelity VE (b) recreation of the real-world environment (c)
contains more texture and lighting detail.

|l ndi vidual differences between participants
experience/lR innmvHNMEtn amf i B8 2dundlt.hat, on ave
there was no difference in spat-VRI andvDgatio
VR presentation. However, when dis-gamgui shin
experience groups, comparing those o pl ay
who do not, they {fgaumed etxlpatr i eingle wyiaddo ci pant

better across boe¢rmh, dhisglhawiskexddler eemwce partic
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performed bet-WBrcondtheoHhKMbPoMMRarc®andti ¢ i tolme DB
Howevergamedexperience has been previously f
i mpact kiomg woemory | earni-agabuatomasi gatnon t
presenteevR A9BMDI | st t heofexiacrnt-gdbmaered i t s

experience to working #rERmMarsy cpurraceensts eys uinnc eH M
be a factor in the finditmges cempoentedmbzye tthas
the participants i redlsudedoirn etdh g |faiyn anlg d aetsass
video games per week, with the majority dat a

who could be categorigadteasxpaviegckightvide

experieswerformance was i mpacted by partici
thereof) with adjacent technology, minimisin
The input method used to control virtual mo v
j oyshtascekd gamepad controller. When the joyst
away from the centre resting point, a partic
travel l iinrgecitni oonhet hde j oystick is pushed unt.
al so seated in a fixed chair t-4Rdhaevobgatigenh
as the gamepad also controlled rotation in t

same input wmeedhofdomwaBoa md-DBRMBD i s pSraiysastnava e
al [ @ sférle@pl oration and cognitive map -recall

VR presentation increased WML and enMRhersickn

The researchers argue that, because continuo
same physical tmotni dm oimn fwand rka ng, t-MBR benef it s
negated or reversed. Howédasrd stavdigas i wini lhiaw
i mproved |l earning /Rtcomes$hi ont gve r Bidrtlido n a |
movempB881l]Therefore, full physical mot4 on i s
VR in spatial navigation.

I n the currewviR wdgadge ,i HMDeased cybersickness
and -\DBB usage, which potential l[yl6eSnldr ragatedx
the benefiViRstof siHED i al navigation. Moreover,

the reason all 7 (~25%) participants who exi
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compl ete the experi ment. It i s possible that
study contributed to the | evels oMUYR csyppaetrisalc k
navigation. Comparisons beuMRveheanv e nfpouutn dnetthhaotd
use otfr cehohneed conti nuous movement can increa:
cybersickness compared to methods such as te
[147,402)] 408k therefore possible that, if ba
di splays are not reqsickdessympyome oédogber
realistic movement methods are wutilised, suc
rewbr | d wWwalOKilng

5.2. Absol ut e PowErtr gmeacl iyfsiicsa tMiomaumtdaa di spl ay
Virtual Real ity

The EEG captured for this experiment isol ate

al pha frequency kae&mdg ailn amkele pfamdo eeakctrodes

respectively. The only statistically signifi
passiuvalegl navigation resulted in a smaller 1
and recall conditions. The | arger TAR found

participants were under a hijgh2%la%Mwodbudi hg
expectedndhich sthgca task requiring attention,

However, no other comparisons between displa
di fficulty | evels reach statistical signific
power of alpha dlasdl ace i power in theta band

results therefore suggest that WML did not d
navigation condition, or between any difficu
behaviour alhi akresalllds ,f oound no differences in

wrong turns between difficulty | evels or dis

5.221) Thet a Bamdic Al wDhmiyMagvi gati on

Spati al navigati on has | ebnagn db eaecrt i avsi stoyc iaactr eods
of par @doDgmée.7,13M4npaze tasks, theta activity
during higW&WMIloeavde,| ss uocth as during active na
when navigating mdr/é, Sop .I3e/Mo, ey s r bot h al

264



theta activity hav¥SWHKears ks a0 eisaetnd e dwibtelh we e r
i mmer siveness. It has been shown that theta
[ 37aln]d al pha decreases when utwdlilsi @QAVHEHIi gher
compar edVR odiDsBpl ay 3mé®flshomid ar t o [ AB4BOeralses i n
However, in the current study, no difference
di splays, difficulties or conditions. Mor eov

significant ldyurdiinfgf epraesnsti vtehamavi gati on.

A potential explanation for the absence of t

di fference Iin theta EEG osci |IKloabtear y& aNcetuipveirt,y

[ 385]port that, whilst theta activity increa
navigation, increased theta activity is asso
performance in female participants, but decr
mal e ppanis. Moreover, it is also -lketwn t hat
mi dl i nantthatpha power between sexes of part:.i

similarly aged to those[Hd@d&nASueixt ecdo uil nd tthhee rceu re
i mportant variable to consider when interpre
of the 14 datasets included in the analysis
possible that the weighsingduowdrdbe maVver aht
powerhowever the s,magdr tsiaanpll e&r Isyy zvelsen want i n¢

against the frenadrt safmpd mal panal ysi s

Al pha band activity, whilst | ess commonly re
investigations than theta band activity, has
l ength in spadiDf@duyanvi Dax #6nal t hat al pha ban
desynchronises both during straight |l ine nav
into egocentric spatial i nformation during n
current maze task invoksebetwaeal | ungtionstr
di fferepbasarea &bund between conditions in t

only a single participant reported using an
maze (reporting they i magined | ooking down o

whereas the maawomntrstyemé miparedcpprti al or com
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't i s therefore unl ibked lywymp la abaebtl ieeee fafl ipchwal taicea g
and betweenesdgdubps$ afysom b aallalnocceedn ttrhiec uasned oefg o «

recall mmetwears participants
It i s possible that cybersickness experience
and theta band activity recorded. There have

assessed cybersickness symptoms and EEG freq
how cybesrssiecfikmeect s EEG frequency baadgaeti vit
al[.41f0ojund al pha band activity desynchroni ses
cybersickneNaqgqvwletladrdisr.okos & [Valrzejpmey front
theta and parietat¢aseé¢phai actcyberysiakness sy
may contribute to the EEGunéskkety, tbgbeomptek

the absolute power findings. I f the alpha an
cybersickness, a difference between the disp
di fferent |l evels of wowhaear diec,lenbguas tsanbnhp tao ndsi
is not found. Therefore, whilst it is import

on WML and EEG recordirmag, rietntc &reErGo tf i exxdp Inagisn &

5.222) The Thetal/ Al WoakRagi MeaParys heatdi v e

Participants in the present study were taske
of turn sequences, designed.tdhesoktawcrdrefseng
sequenaxmrealicsgous t o dwhgeirte sppaarnt itcaispkasnt s must r
increassiiznegd yl i stp405, ALWp&®ME tasks, frontal

alpha activity are well documented to increa
hei ght ened I[el\ell,sl 3c4fT hl@édsaged or e, the TAR, whicl
call ed the dodoadgreixtbi,vevalsoas el ect 838 hae measurt

sensitivity of the TAR to WML is demonstrate

TAR during active | earning and recall navi ga
Moreover, the TAR has been used to investiga
i mmeroxn i n VH 1r2e9sjermd cthhus should be suitable
di fferences in experienced WML between displ
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The | ack of significant differences between
negative re¥Rlosédge. HMD with the Chapter 2 s
objective of this studR is dobet-¥XBr Bhtohwaarhi2Bn
me mor y stuacshk sas spati al navi gat i oann, abpuptr otpor idaet
tool for neuropsychol ogi cal research. Il n the
bet ween displays on any measur-¥R dudgesatrergs
WML in comp®&?Rson to

The most | ikely explanation for the absence
measures between conditions tanrdt @i & facdl 13 I
turn maze | engths did not differ enough in d
Tk decision to utilise 4, 8 and 12 turns was
of -Z[+9.0]A Il ength of 4 turns was selected to g
capacity range, 8 turns was selected to prob
range,2 athdr nls was selected to exceed the wor
being over the 9 item maximum | imit. There i
bet ween the 4 and 12 turn conditions, as pre
turns have nmnessulatbée e idn fher § 869 i n theta EEC

The behavioural results found no significant
turns, indicating the O6hardestdéd mazes did no
despite the higher number of turns. Particip
capacicthyuyntkky ng turns together into groups of
necessary between runs (though 2 participant
in sequence). Moreover, the averdgie nschjue cstei
(on a scalye emafsyl to vI0r = very hard) was 5, al
excluded for having ntobuswmcrcecafflult riuals. i ihas
i ndetcradat the majority of participants exper.
the course, and were not cognitively overl oa
navigati on. No participant reported using th
rememberg turns, so it is believed the differ
ignored.
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The pnt eseudy does not find any difference 1in
bet ween | earning and recall during spatial n
that recall during spati al navigation resul't
toateing during $pgét.B&WImMa vii g@adentolny, a compa
|l earning and recall during spati al navigatio
[ 370Jal it gning with the findings of the currer

A potential explanation for the | ack of EEG
trials is the amount of information held onl
navigation. After the first of the 3 | earnin
|l earning condition, participants should be h
sequence in their working memory, endfathieng

| earni s.g Ibtl oick t herefore possible that only
was uadtly o6l earningéd, and subsequent runs wa:¢
the information in working memory. We know p

they were able to subsequently complete the

amount ofi oinnfbeerimgt mai nt ai ned i n working memc
worthwhile restricting data extraction to th
comparing the first and final maze run to id

5.3. Limitations and Future Directions

The number of participants included in the f
within the standard rapht8wsiutsledl 4 op a rEtEIGec ir pareta
previously being -lussseedd i ma zse rMpAQgdaHbiwEMB= r, ot he
spati al BAPegame dtrse qusemectyy si s have included
in the finAT0anal ydi sg t hwR e39M@tiel |l ®weg HMMb e
of participants may therefore have reduced t
perfopmeenltimiltiyng thEE@ofwiemdion s heepaot t eag
a type.Futeurreorstudi es should therefore ensur
recrui tméd, nmalmee number of participants who ex
factors which can resultFutoreybBéusieknesgsamsny

met hods of reduci ng HWBb eviwsaicsh ktnhees spr i nci pl e c ¢
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t hleoss of datasets | nmtédsce ndwrcrbeertth eaep st ame n t
howo prceateaat| oss.

Due to the number of participants exiting th
excludedA, wdaszarsed -VR ¢ dhrediHMDon 10-VtiRi mes and
condition 4 times in the included datasets.
designing maregsnt one maze being O6harder é th
comparison of the behavi ouwr aMa sr ensouwlet sdisfu g geus
MazA&. Participant sB csoanmgmlietiecd nMd zvd,slaomder t har
subjectivelyuratgdfeveutBdbasMaezgnificantly mc
t hant Lr2n di f f i c udAtHpo wWeesrwed |, emfe rMa beehavi our al n
the mazes differed in difficulty. There was
wrong turns bet we etnurnma zieemsidn 8aned stihoen 40f each |
di ffer between mazel Ds. Itt diesg rtehee rtehfeo rnea zuensc e
contributed to the results found, -V&Rs t he O6ea
condition more frequently,sitgmadgltcamdt derddeqgtle

bet ween displ ays.

| t i s advised that future studies take care

i mpl ement stricter requirements on maze navi

maze difficulties influencing the results fo
resear chetr sachweldaxi our al pil ot study to comp
mazes for use in spatial navigation research

5.5) Conclusions

This study has delMdBVsRt rcaatne d et hsautc ceS sf ul |y u't

naviglhaseda | earning and r-ponatti pAamézgms USIi
performance and EEG measur es-HMBWRe acnowvhRDeBr e d b
mazes, utilising balandbdoViseapdwenpuéecmedh

theta and al pha fr equefnrcormihahinal aarnmeveghidayli & tr aln
el ectrodes weersep eacctigsuviargeydEEG i n bot hWHi Ispt aiyt c
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was found that active navigation, such as | e

TAR than passively guided navigation, no oth
condiwereosiwidt hin the behavioural and EEG res
behavioural differences between task performn

di fficulties. TheseHMBRuildtoe si mbitcathe rtelaste NS
VR during spatial navigation.

Reported | evels of cybersickneMB Rsympgems we
compared to babPDBVR O Nnes aga. pWhitl st sever al par
from the experiment early dobpatroicypaenssckne
successfully completed theHMNReli smeswomti t adhewi
in the study of spati al navigati on. Mor eover
of participants with nd¥Rpriodieapenpédnhbat wt h
certaHMDBDWHRS VEs shoel dtohligyed with individual
with the display met hod.

Whil st maze tasks have beenVRr3vri, c3uas8d, yi lude]i | i
researcher 6s knowl eddgR améiHIVHPER gthedy i-r st uHMLC
junction maze. Moreover, it is believed to b
HMBVR device and EEG during a | earning and r
demonsttrhaattedarti ci pants successfully | earne:t
sequences tjhurnocutgihona nMfaze in both display con.

gamepad control s.
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BEGa methodohegwytudy of wWIRkdegi mesor y.
me accessible and affordable to the gene
er nOR HMdvi ce in 2013, resulting in a ren
rsive display tecaamdlmagwr a snc ipspad Orl 8h9d ara
equentl y, a r anngnee rosfi orne | samai-M/Repl yo dleo wH MD

t i ¥ enmer mi-lWMDVIRB conf i gur ati ons have been
i ned with EEG inmenwdprecc®ssaevdr kasngr engor
ematic review (Chapteri Bjper dittoMVBE¥RS al so f
ces such as the HTC Vive Pro had not bee

ry research, nor generally i.n studies ut

first major findiHMBVRf sphesitheal Byi sheh
can be used in combination with EEG met
ies, an arithmetic task (Chapter 3) and
Ssukkcgssbdbnduc tHeMBVIRRs i mgcd®&bi nafTihen with E
Il es used a range of EEG analysis methods
|l s of WML between conditions within each
ERP responses acquired during visual pr
tcioounlsd be used to distinguish between qu
gation task, a ratio between the absol ut
uency bands, a meas[ur29 ax¥®djcifad emdd wi & hi W
ng act inwde rleecarldni mgava gati on compared to
s also demonstrated in the preprocessing
dard EEG data preprocessing methods <can
d artifacts andssbowatdedf wiHMDV Rhactuse of
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The second major findingRidoedhisot hieshasr et l
|l arger WML co-MMRapedseotBBions of a working n
compari seAlMDdR #MSeVRDB n t he spati al navigatior
designed t o diafvfeerne mdemalbet ween the task pre
di splay method used, found no difference in
bet ween displays on any comparison. The spat
the outcomes of théishstcomatl udedehtiingghv, vwar i oL
specificatRi cmmnHMQur ati ons i ncMRi,di-nmogd esrrmar t p h
DBHMBVR and mo-HMBWR DBl so do not inherently 1in
WML compared to alternative displays during
[ 66, 167 ,.17v8h,eln8 OWWML was reportedVR oc dmdairteiacsre i
the papers included in the systematic review
to an aspect of the VR configuration separat
an ioppprate i nMplwtt metehddbw refresh rate of t
[ 2.5]

The compati BMR iatnyd oHEEGIMDoupl ed wi tVIR tdloe sf i nd
not inherently increase WML over other displ
studies which can benefit from the advantage
researcmenespemrin wtRi Itiose reMER2nt ecol ogically
bl ocking out external d-HBBWRa cctaino nbse. uFsoerd etxoa m
participants into the drivi-migdesleiaty oVE at wi st
dangerous dtriioonsngi coandsafe environment. Atte
be compared using EEG and behaviour al measur
presence of driving assistance tools (aut oma
guideline, etc.), dot [VRaEilBWBS .4Vt e¢dhlmoolp cloar i ty
HMBVR in recent years has also resulted in a
have be repurposed for r esaesaad hpr dlolre ne xsaaripJ ie
0 KeEgl kainnhgo b oE ¥ p | o[ddels/d]lch et bl ock puzzl e game 0C
[ 418]For the hypothetical driving experiment,
gami@ssettd CGorrsaaci ng simul ator which provide:
track and weather, has already Db¥RnNname eldB i n
VR preseh84a®] ons
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It was also found in this tVWRsand teheEeG itrhe <co
neuroscience research did not require extens
met hods together. No specialised BORMDIi ficatio
device PRPESdéIdiecaS EEG Sl eepcap were required i
arithmetic task or the Chapterpbddpdtial nav
el ectrodes were able to be placed under the
this thesis, commeacei avlalsy us\wai It@ablpeg es@efntt t he
Whil st the s@dartrdyaddse rMogqdui re modi fi cation for
dedi cated software for §@adri] atlo onlakviitgsa tfioorn epxa
data collection in[dBé&loWniht pd g avhe lchng-upport

VR, are available. Wi th the range of softwar
studies willpadkageth-beemngasgy ct sol utions ave
whatever paradigm that will betemrdpl mpwed. Onc
specialised knowledge or method was required

EEG procedures and analysis techniques) to p
analysis. The parameters compared H&Rr each p
EEGr mactemovalwesrteudsyel ected as they have been
out si de-V&Rf ridd@ ar c h.

The findi nNgRthh@aes HM®Dt i ncrease total WML com

met hods al so has implications for the practd.i
the use oVRtHees8iMDot inherently increase WML
attemandomeduce WML can be designed and utili
HMBVR can facilitate teaching and wor kpl ace
and virtual office spaces designed in a way

t hwor ki ng nseomorrayeari d abl e for the current task
applicati &mRs acfe WMDparticular interest follc
| earning folld®wi pantdeeni COViwWDher e being abl e t
classroom environmentslcduksdrredutoast hepext e
onl i ne [cl 0a6s,sd4e2s2 ]
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62) Limitations and Future Directions

6.2.1) Comparisons of BWwtrwe @fyf Be enevroyuthét aeddd
Di splay Virtual Real ity Devices

A criticism of the extilsdg i nystlaermatriad urevii eavwe nit

i mmer si vene¥$WR odnfHMPur ati ons used in researc
during the interpretation of working memory
i mmer siveness is particularl y omrsolwl e matried awh
l ow i mmersiveness, of whiocwtndncanaincoempsaei ¥

relative to higher [ BimdHowieorrconhiegexatctitonel

bet weenvVRMDnmmee ss vamd WML i s uncertain, as t|
comparisons BWwR whkewmi cHdvsD, o o h e lrwotusgehd ny equi val e
devi[ce33A similar | imitation applies to the

drawn may only applHMRA&.t F@eeVvVVveePPooH8sed p
hi gher i mmersion ogeadeéeHhNBReaaedop madrviDp hon e

VR devices f oaumat iion rtehwei esw.stHowever, as no d
WML waesnducted beVRvedeenviHMDs wi t Iri hatvlei ¢ htehesii
same studies been comypRed endf iwgd hatoitdhhes, HIMD i
concl udeMbVfiR h&ad any effect on experienced Wi

l't is recommended here that futuWBR ehudies e
wor king memory should include cVYRipari sons be
configuBywtcompari ng WML experienced from the

bet weenVRHMDonfi gurations, the impact that in
and the overall i mmer si veness has on working
Addi tional measures of presence and cybersic

these comparisons to futritheramcdregatainde t dfef

di spcloanyf i g.ur ati on

An additional benefi t oUWR cdoempiacre ss oins btehtase edni
the electrical artifacts introduced to the E

compari son between the VivWwePeo [@h8i/@®cul us R
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demonstrated that different devices can intr
l' i kely resulting from the internal component
possible that components-ViRndmoderes,stsacdthalasn
battemiegsel| é&ss aWid Bl uet oah e mta ma HIMDDB i e s

devices, may introduce different frequency n
recording. Understandi ngVR hceo neffifgeucrta toifo ndsi fofne
recording wiclhlerasl Itoow nraeksee airnf or med deci si ons
HMD to use in research, and how to preproces

artifacts prior to analysis.

6.3. ZybersinkHead Mounted Display Virtual Re

The overarching-MR midteanttiiofni eodf iHHMDO hi s t hesi s
cybersickness whil stVRuLs iPnagr tiincmeprasnitvse iHhMb ot h

and spati al navigation tasks reported cybers
of thetiresapdMIondi tions. Whilst cybersicknes
for -MRD as it is also -YBund tbei Gobapttese bnsp
navigation task, the increase in cybersickne

|l arger f ol-MRpwiersgg nHHMD i on .

Cybersickness can i mpact both the recording
results in studiesVRoaddcEEG. u€ybhegr siMOkness
l inked to incre¥dRedo WiHli3t2i, pl4$iNIDr oduci ng extr a
|l oad and serving as a confounding factor whe
Cybersickness has further been found to affe
[ 42a4n]d t heta & al pha EE®G140lr2ejlsyaice nxd eme dawnrdess ¢
WML in this thesis. Trhsiisc konveesrsl aapn do eWhle eEnE & ynb

could make i1t difficult to eiesltaitnegduicsohg nb etti we
processes and -rceyl baetresdi cnkeruer sas responses in the
instance, it is possible th¥4R &ML i woulod bdeel
Chapter 5 spatial navigation task i f not for
HMBVR conditi on. However, without a way of s
cybersickness, or through a comparison with
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cyber
had a

At It
demon
7(out
respe
numbe
cyber

Vi sua

sickness during spatial navigati on, it
| arge enough effect to change the resu

S most severe, cybersickness prevented
stratdouly phih®&i29 i pGMmap tieerri tt3henet i ¢ t as k
par 2i7¢gi pants in the Chapter 5 spatial

ctive studies early due to cybersicknes
r -eXfclseddd participants is |ikely a res
Sihcakibneeesns associated with the dédsensory mi

I i nformation indicating the body is mo

[ 1B1759] 1 n the spati al navigation task, parti

continuous | ocomoti dn sitn ocmlawd igmg i rnagt & thieo v Ewh |
|l ooking forward in a chair in the real world
where participants-vwasual p s wnitlledti asnd aatwe d, t
increase i s unsurprising. However, as one pa
early due to nausea, the sensory disconnect
increased cybersickness symptoms.

To prevent data | oss and adding extraneous |
that futVlRr @ esMarch takes steps to minimise ¢
possi bl evVR nr eHsMDar ch. The most basic step tha
is to emMMBYR itdhhreproperly calibrated for each
recommended in Chiaptthe larmintdh mesteidc and spat.
|l hhe studies comidscteesiwst hblhocks of text th
were used to chlelc&kr vt haits tiaant ceeg paurppd HMD positi
bl ocks of text displayed emphasised that if
participant must tell the researcher so it ¢
the peripheralasarvdasuadf dviisstioon,i ons in the p:¢
exacerbate cyberslit&mBygsestyenpsioons, it i s rec

software which fMR, yorsulppoordbesemrMDpti mi sed i n

cyber
t hat

si cknegsl9s7ylimgp twtmsl imstedviishualo cpanmpeet i bi | i

may give rise to visual artifacts in th
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