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Feature.fusion used @ €tudy @rain Etates Ghore @bjectively. §EG-based@atures, Gicluding @me-domain, @equency-domain, J

Neuroscience and Garious §pes §f Gpnnectivity Batures, Bave Bpen Gsed @ Effectively fassify §ress§jgnals. Bowever, Bese J
individual f@atures &fe €hly &ple @ Gfesent Ghe Gpect Ge Bfain Ghder Fress. Geveral §udies Bave Epmbined J
a @stinct €pt 6f Batures Ektracted Gom BEGEJgnals, Pcluding Gne ghd Bequency @omain Batures, @ith Gher g
peripheral €jgnals. §tressig €pmplex Gechanism Ghich igads @ fternation i@ Bfain Gynamics, G Epnnectivity J
patterns ghd @formation Tpw. This §udy Groposed gfGature-fusion Godel Gat €hn Effectively €pmbine Epatial J
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multi-feature §pt g fassified Gsing Gupport Yector Pachine, Onear Discriminant Gnalysis §DA) &hd Bultilayer J
Perceptron @MLP) @hd Ghve g @liable @ccuracy 6F 85.47%, 98.91%, hd 83.49%, @spectively. To Chlidate fje J
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an @gffective Goping Ghechanism gnd @Gad & ®ng-term Etress@nd Gther g
mental gisorders. @ccording @ gome €eports, the gumber @f gtudents g
facing tress@ue @ gxam @ressure gnd gcademic Qurden § Gicreasing g
every §ear @Bouchrika, @024). Gtress@s Geported Gubjectively @ising g
traditional @nhethods guch gs gelf-report gnd guestionnaires. lowever, g
the Gubjective Gelf-assessmentp Ghighly Gpiased Gowards Ghe Geport-
ing @nethod, Gnd @motional Gnd Gehavioral Gtates @f Ghe Feporting g
person @Bolton @t gl., go23). gvith ¢he gdvancement th Geuroscienced
and @rain Gtudies, Gcientists @an Gtudy Ghe @omplex Grain Getworks g
using @on-invasive @echniques. Grain gignals @f garious @inds Geflect g
the @gctivities df the @entral gervous gystem, groviding g Eeliable Gay g
to @tudying @he @voked @unctions @Chen @t @l., §022). Fhese@ignals g
have @een gsed @ @lassify garious gsychological gonditions, uch gsg
emotion @ecognition, gepression@nd ghotor @nagery, hcluding @tressg
in §fudents QHuckins &t g., g020). The Garly @nd @liable @entification g
of @tress@an gelp @rovide @ersonalized Geatment @nd ¢hus @nprove g
academic groductivity.

Neuroimaging & ¢ @owerful @eld €hat gelps gnderstand ¢he @inc-
tions @f the @rain gnd the gomplex getwork gsing gon-invasive @ch-
niques. gmong the garious Gchniques, glectroencephalography (EEG) g
stands Qut @ Be ohe Of Ghe Sensitive Gethod Ghich Captures the Gnder-
lying @lectrical gctivity @ith gigh @mporal gsolution. Jhis glectrical g
activity § the @sult 6f fostsynaptic gotentials Gccurring B The Cprtical g
regions QBotvinik-Nezer § Wager, g023). GEGHas Been g Qutting-edge g
technique @pr @tudying @eural @esponses@ecause@f @s gon-invasive g
nature. Jhe @rain gperates gnder @Gatural ghenomena @nd gan gxhibit g
different @roperties @hen @ecorded Ghrough Farious Gepresentations. g
Thesedifferent @:presentations gre @pically gnown gs Qleuroimaging g
modalities. @ Gew @f Ghem @Gre GEG, unctional §lagnetic (Resonanceg
Imaging @MRI), Bositron Bmission Gomography (PET), @hd Blagnetoen-
cephalography (MEG). Jhese @hodalities Gapture @istinct @spectsof the g
brain. Que © & Bgh Gmporal @solution, BEG-basedjgnals Bave Been g
used @ gtudy gmotional gnd @sychological gonditions. @ ¢as garious g
types Of Batures Bat gve igformation gpout ghderlying Eroperties. The g
quantitative Gpeasure@at €pntains Gformation goout jgnals gnd Brain g
activity @& dalled gn GEG @ature. Jhere gre garious @inds gf Geatures g
that give @istinct gews goout Ghe Geural Getivities. Bor Gxample, ime-
domain @atures ® BEGgive Giformation Goout the @mporal @ynamics g
of Ghe @rain. Grequency-based@eatures @escribe Gow Farying Grain g
activity @roduces g ghange of @equencies gxhibiting distinct @roperties. g
Dynamic gnd @tatic @onnectivity @eatures give ghformation @bout the g
network Of Ghe Brain @nd @ Opteraction @ith Gther @gions.

The BEGf@atures, @hen Gsed §fandalone, gjve grofound @formation g
about @he @ature @f Geuronal @ctivities. @ Gan Gelp Fisualize Grain g
performance @hen @nder garious @onditions, uch @s @h @est, gxperi-
encing g§jrong Ghental Gisk O Gnder Ghental Gfsorders. However, §fressg
recognition @mains g¢challenging Gsk Gue © the ¢pmplex Gynamics 6f g
the Brain. Jhe §multaneous thanges® s @mporal, §pectral gnd gon-
nectivity patterns gre @jfficult @ Capture By Ghe Exact Gepresentation 6f g
the @hderlying Bhenomenon gking &y §ngle @ature ¢ Godality. Thesed
features @il ® Gppresent the bolistic Gature Of Gomplex Prain @ynamics g
and @unctioning @hen gsed thdividually. @herefore, @ @ @ssential @ J
understand ghe Gelationships @etween these ghodalities. lulti-model g
fusion Bas gmerged @s @ gromising §frategy @ Gicorporate Gformation g
from @nultiple @nhodalities @ @mprove @ccuracy @Chen @t @l., @022). g
However, this @usion gomes @ith @hallenges @Liu @t @l., §023). @ne g
of these ghallenges @ @hat @Gatures @ Qise Ghgether @ Ghaximize the g
discrimination @nd @ariety Of Giformation. The @nswer @ Ghis Gependsg
upon Ghe @oal @f Gusion. (bo Ghe @ppropriate Gelection @f G Ymited g
yet @iscriminating @et gf @atures ¢hat glso Gapture €host gf ¢he Grain g
changes@ @nportant. ¢h €ecent gtudies, ¢host Gision Gameworks €ely g
on @edundant @atures, @hich go got donsider @ffective thterplay ge-
tween hear, gon-linear ghd @mporal Geural Gechanics. Gonsequently, g
though @ @nhoderate Gevel @f @erformance @ gchieved, the gnderlying g
neural gignatures ¢pr @sychological @isorders @lke gtressgre got ¢ully g
understood.

International Journal of Clinical and Health Psychology 26 (2026) 100678

Another @ssue @ Gow @o Guse Ghese Geatures. @ne @f Ghe Gssuesg
regarding @usion @5 Geported Gy Quan @t Gl. @2024), ge. @imension g
inconsistency. @ifferent @odalities @an @e Gused @t Ghe Gature-level g
(also @nown @s @arly @usion) @nd @ecision @evel Calso §nown @s thte g
fusion) @Zhang @t @l., §020). he Gature-level Gusion gccommodatesq
heterogeneous@ature getsbut § Bllowed By Gature @duction, @hich g
leaves @ata Gufficient @r gnalysis. Gor @ecision-level ¢usion, g goting g
rule § gpplied @ Ghe thal decisions groduced By Gach Ghodality.

To gddresshese Ghallenges, g @ision @Gamework that gims @ Gap-
ture @l Ghe Onportant @spectsof the Brain Mat @re gffected By tressg g
presented @ Chis @esearch.@n Gttention-based @ision @r Hlicrostates § g
proposed, gsing Granger Gausality @nd Gansfer gntropy. The @ftention-
fusion-based @ature-level @ision Ghethod, Ghstead @f Goncatenating gll g
features, gelected gppropriate @atures gsing gttention. @mong gll the g
features, Ohe @ttention-based Ghodel Selectsgnd @ssignsfigh @eights ® g
the gnost gelevant gnd ghformative @eatures. ¢h €his @ay, Gedundancy g
is @educed @nd @nly @seful @eatures Gom @ach ghodality Get gre €pr-
warded. @he €ptionale @ehind gelecting these @articularly @istinct get g
complementary Gharacteristics § @s ®llows:

+ Microstates @epresent @ @uasi-stable @rain gnage that @Grovides g
temporal @bstraction gf Ghe gnderlying Gognitive @rocess.

+ Granger Gausality Quantifies the Gnhear girected gonnectivity @e-
tween gignals. @ § the Gheasure ¢f @redictability Gom @ne ggnal g
to @nother. gow Etress@odulates the Gonnectivity § Bflected B g
this gtudy gsing Granger Gausality.

« Transfer ntropy & @ @on-linear Geasure @f directed Giformation g
flow Between gfgnals, Gapturing @nportant Giterdependencesgnd g
information @ansfer Quring §tress@sponse.

Microstate gnalysis gas geen @merging gs the Gitest @ay ¢ Gtudy g
the @esting-state @ynamics @f @he Grain. gt Ghas Geen Gised @o Gna-
lyze @sychological disorders §s @ @t gl., §024; gerpou @t @l., §022). g
However, Jask-based@licrostate gxtraction gas got get geen gxplored g
by @esearchers.Jhis @tudy @ims @ derive @ Gew Get @f @ata-driven g
Microstates ghat gan @rovide @mporal @nages gf the @rain @hen gx-
periencing Etress.Jhis goal § gupported By Me Gict Ghat the Aynamics g
of @esting-state Gind @ask-based@tressGre @listinct Gnd grovide @lis-
tinct @hformation. gherefore, @ Gew Gray @G @xplore Wicrostates Gor g
mental @tress@ @Groposed. By Gusing Geterogeneous@eatures ia @n g
attention-based @hechanism, this Gamework @verages@he Qrain's Gm-
poral, gnear, gnd gon-linear gspects@uring @tress,groviding @ ghore g
accurate @presentation gf Ghe Brain.

The @est gf the @aper & gtructured gs hllows: Gection JLiterature g
review" @rovides Gn @xtensive @verview @f @xisting Gtudies @n Mi-
crostates, Granger Gausality, Jransfer gntropy @nd Glated Gatures @r g
psychological @isorders @lassification, @s @ell @s Gused Gatures. Jhe g
fusion @hodel @ @xplained ¢h detail th Gection gMethods", @utlining g
the @rocedure gdopted @r gata @reprocessing. §eature gxtraction gnd g
classification @rchitecture @ gxplained B §ection QFeature@xtraction”. ¢
Section JResultsgnd @iscussion” @resents the Gvaluation gesults of the g
proposed ghethodology. o gemonstrate ¢he @ffectiveness@f the @ro-
posed @ision @hodel, gn gblation gtudy Gas Garried gut Ghat Gompared g
the gerformance of Bydividual @ature ets@r EfressPassification gith g
that @f @Gused @eatures. Jhereby @alidating @he @ontribution @f @achg
component. Ginally, §ection JConclusion” fjterprets @he fndings, their g
effectiveness@nd @iscussesthe gotential @iture Gorks.

Literature @eview

Stress@ g gbiquitous @hental @roblem @hat gffects geople af gvery g
age &hd i@ fced €specially By gudents @orldwide. Stressg gpksycholog-
ical @isorder that gventually @ads @ Other Ghental gnd ghysical Gsuesg
like @epression @Aloufi, g021), geart Gtroke gnd @oor gleep ¢Pichandi g
et §., g025). Hcademic §ressfyced By Sfudents Often @fsturbs Ge Winc-
tional @atterns gf the Qrain, @ading @ @Goor @erformance G Gcademiag
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as@ell @sdraining Ghental Gealth QHag 6t @l., g021). @ § Gnportant @ J
prevent §fressgnd I Gegative Bealth Gutcomes @Vialviya & Blal, g022). g
The @arly @etection @f €tressgan @revent gtudents Gom Guffering Gom g
learning @fsabilities ghd @dverse gpgnitive Performance (Huckins €f €., g
2020).

There @re ghany Qvays @ @Geport Ghental Gtress.Jraditional @heth-
ods @Ghvolve @elf-assessmentgnd @eporting @ising @uestionnaires Gind g
other @ssessmeni@asks @Bolton @t @l., §023). @vith gdvancementsth g
neuroscience, gcientists @an gse @rain gignals @ gtudy the grain gnd g
its gomplex @egions @sing Geuroimaging. Jhese @hysiological gignals g
are @hore @bjective @nd @ffective dor Getter @Gnalyzing Grain Gerfor-
mance. g @tressful tuation @roduces the tress@ormones fhat change g
bio-electrical gignals. Jhese@uctuations @f @lectrical @ctivity @an e g
captured @om €he @rain ¢h the ¢rm af GEGEignals. Jhe GEGEignals J
capture fje glectrical getivity Of Geurons i@ e Cprtical @Ggion. BEG§Jg-
nals Bave Bjgh @mporal @solution, ghich Geanstat Ghey ¢an Gapture g
sensitive gctivities gccurring @ Bfinitesimally §mall Gne Points. Gtressg
is Often @leased@hen gbjgher gctivity g Experienced @ te prefrontal g
cortex @Qvignaud, g023). @he Gtructural giew glso ehentioned ¢hat the g
stress§ @roduced By the @ft Gemisphere of the Brain Ghatnagar 6t @l. g
(2023). Ghough @ thces Serious Grtifacts @nd Ghany Kinds Of Goise, GEGQ
is §@bust gon-invasive §chnique Bhat Provides Gch Gformation Gpout g
underlying @ctivity @nd Ghus Ghakes {ij Spitable §r Gpal-time gGhonitoring g
and @nalysis (Rashmi § §hantala, g023).

EEG@atures

The @rain @ignals geed @ @uantitative @neasure @ @bjectivize ¢he g
reflected @rain @ctivity. Jheseguantitative @Gheasuresgre Galled @euro-
markers. @hey gerve gs gn @hdicator gf gow €he @rain @orks. §euro-
markers @lentified gom GEGG@ignals gre gften derived §om hultiple g
feature @omains uch @s Gme-based Batures, flequency atures, Gme
frequency @atures, @on-linear gnd Gonnectivity @atures gHu § @hang, g
2019). Gor thstance, @rain @atterns gre gepicted th the ¢rm df Gul-
tiple @equency @ands, ¢hainly Jheta ¢4 8Hz), @lpha (B 13 @z), Geta(
(13 30Hz) @hd gamma @G0 100Hz), @hich &e ssociated@ith @jfferent g
brain @gtates. @vith ¢he gelp Gf Gower distribution @crossthese Gands, g
scientists @elieve that gtress@ gften gelated @ Ghcreasing Geta Gands g
and ¢pwering @lpha @ands (Bakare @t gl., §024). gokesh @t gl. Quan-
tified @arious Gequency Gands @xtracted fom Che @hysioNet Jataset g
to @lassify gtressg@nd gon-stress@onditions gnd gchieved gn gccuracy g
of §9.20% QMalviya @ Mlal, §022). Gimilarly, gsing the gower @atios g
between @lpha, Beta @nd Gheta Bands, Bajendran €t g. @und that there g
is g @se O grousal Ghdex, Gognitive gttention @nd Geural gctivity @fter g
performing @tressful @xaminations @Rajendran @t @l., §022). @nother g
similar @ork @r gtress-basedglassification @ @one @y @Grsalan @t gl. g
(2019). gime frequency @eatures @ombine @oth Gme @&nd Fequency g
information @f @ignals. Jhe @me frequency Qeatures Gepresented Gh g
2-D @pectrograms Gre Giso Ghelpful @o @etect Gognitive @oad, Gvhich g
corresponds @ @hental §ress@redukondalu gt @l., g024).

Connectivity§EG@atures

Stress@hcreases@ognitive @erformance, @hich @sults B gon-linear g
and gomplex @ehavior gf GEG@ignals. Jhese@on-linear gehavior g-
quires gensitive Gheasures@r Gheir Gorrect gstimation. Jhese Gheasures,g
including @pproximate gGntropy, Qempel Ziv gomplexity gnd giguchi's g
Fractal @imension (HFD), gre gseful @ 6tudy Gomplex gon-linear GEGQ
signals @avaid gt gl., §024). or thstance, §Cheng gt gl., g019) gsedgd
these Gatures @r @eural @modeling of Ghe Brain gnd Gund that teseg
non-linear @atures @re Gelpful @r @inctional Gcovery.

Stressi@ @pt groduced i & Golated @gion 6f Ge Byain; Gther, ¢pm-
plex gmotions gre groduced @y ¢he Gommunication @etween €nultiple g
regions, €hus @reating g getwork-level ¢hechanism. @vhere Gaditional g
time @nd @lequency Gomain @atures Gnly ollect the Bpformation Gom g
a (pcalized Gegion, they @ften Gril @ Gepresent the Ghteractions @nd g
communication @f Ghe Gast Grain Getwork. Puring @ Gomplex Grain g
activity, guch @s@hen guultiple @gions of the @rain Gommunicate @nd g
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interact @ith @ach @ther, Ghese @onnectivity @atterns @ive gnportant g
details @bout Gognitive Grocesses@nd Gensory Gehaviors. Jhe @rain g
connectivity @atterns gan ge gtudied th €hree gistinct @ays @Chiarion g
et gl., g023): Gtructural Gonnectivity @resents the gnatomical Gathways g
of ghformation @ow. Gunctional Gonnectivity gives the @tatistical ¢ela-
tionship Between Brain Ggions. Phe BffectiveGonnectivity Gescribesthe g
directional gnd Gausal ihk Between Guultiple @arts Of the Hrain.
Functional ¢pnnectivity @ Gefined g e §atistical Hterdependence g
of gpatially @istant @euronal @egions, @sually ¢heasured @y GPearson’'sg
correlation, ¢pherencegnhd BhaseQocking Yalue BLV (Cao€f 8., g022). g
Higher @alues @f gorrelation @epresent g Ghore gpbust €elationship ge-
tween ghe gorresponding GEG@ignals. Gor ¢he ¢hask gf ghotor-imagery g
classification, @he @ynamic @unctional @onnectivity @f Ghe Grain Gx-
tracted fom g¢chorter @Gterval ¢f One @ Gsed @hd gchievesthe gccuracy g
of 85.5% (phamsi€} &., g021). § §udy groposed &h Pteresting Pethod-
ology @h @vhich @ @erson's @hental @orkload (pvel ¢ @nalyzed @sing g
functional @onnectivity @nalysis @f gbtained §licrostates, @ith graph-
theory-based gnalysis @r gach @equency @and. Jhe guthors Gere @ble g
to gchieve gn gccuracy 6f 85.3% @redukondalu € @)., g024). Bstead Of g

classifying the §jgnals girectly Basedon BLV Galues Basedgh fiinctional g
connectivity @hatrices, guthors @f ghang gt gl. (R023) Geveloped g get g

of @ew Qgistance-basedghatrices ¢ gombine @tatistical gnd ¢equency g
domain Gpformation. The gighest gccuracy gmong these @istance Ghet-
rics @as @btained @ Oe §4% @r te delta Band, §3.96% @r the glpha g
and §3.56% @r the @eta Gand Gr the Gask gf gmotional €ecognition. g
But these §mpler ghethods Epme Fith Bnitations. Bearson'sgprrelation g
value gnly Gaptures the Ghear Ghk.

Stress-basedFEG@ignals @equire @ ghore gonlinear gpproach ¢hat g
considers @hutual @ghformation @nd @irect Ghterdependencies Getween g
two @r €hore Qrain @egions. Glthough @ross-correlation @inctions gave g
been gffective B §fudying gndirected [jiteraction, Hoth Gorrelation @nd g
mutual @hformation pse @emporal @ependencies@f @ Gignal @s Ghey g
measure the Gonnectivity @respective gf the @me the gignal gccurred. g
Effective @onnectivity @nalysis ghdicates Ghe @ausal @r @irective gnk g
between ghese @egions, Yhich @ got @aptured @y Ginctional gonnec-
tivity. @nd Ghese @irective @nks @nd Ghutual @hformation @gharing gre g
effective @or @lassification. @For @xample, G Gtudy @xtracted Farious J
kinds Of @atures, §cluding Bhase-locking @alue, ermutation gntropy, g
Mutual Ghformation gnd Gpectral gntropy, gnd @und that the gighest g
discriminative @esults @ere given gy Glutual Ghformation HII gnd Gn-
tropy (5oenka€ft @., g022). @ne §fudy @und hat Gformation Gansfer g
is @reater ¢h Ghe @lpha Gand Gvhen @yes@re @losed ghan Ghen Gyesg
are @pen (Restrepo @t 1., g023). glectromagnetic §ource-Imaging §SIJ
estimates Ghe Geural gctivity Gom the Gurface of the Brain. Jhe Guthors g
of §ohrabpour 6t gl. (2016) @re Gonvinced that Gombining §SIgith di-
rected Granger Gausality Geduced @he gffect 6f @olume Gonduction Ghat g
effectively @etermines @je lrain @gions gvolved ig Potor Bhagery. The g
research @ccounts r Gformation Gansfer @ Bter-hemispheric Begions g
using @ansfer gntropy.

Methods like Granger Gausality gre gsed @ @ssesdjow The Past Cal-
ues Of g §fjgnal Gan Predict the Witure Galues Of @nother gjgnal. Granger g
Causality gonsiders that the gignals gre gtationary. §lany gseful glgo-
rithms @ave @een @roposed @ @andle the Gsue df gon-stationarity ¢h g
EEGS§jgnals. Bor §xample, Bhang 6t @. Gsed Gme-varying @irected Get-
work gpectrum gbtained flom Gausal hks gsing Granger Gausality @i
et gl., g024).

Similar @o @ranger Gausality, G gnodel-free @gnethod @o dind Ghe g

directed lthks Between §jgnals @ Gansfer gntropy. I g Basedoh delayed g
interaction @etween g @ause (predicting gignal) gnd @gffect predicted g

signal) @sing @hformation Cheory. § @aptures gon-linear @prms Ghich g
are @verlooked @y Ghear gpproaches(ke Granger Gausality (Bastos@
Schoffelen, g015). gn gffective §udy Gas ¢ponducted By Gaod. et 6. § 0
which Qransfer Bntropy @as Gsed ® fihd Ge drected hk Between BEGQ
and GMG @r @hotor-cortex @nagery ¢Suo gt gl., g022). &vith the gelp g
of Gpformation @ansfer, Jransfer gntropy § gsed @ Geethe Gegulatory g
patterns Gitroduced By @hedication @n Garkinson's @iseases@Zhu 6t @l., g
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2025). gnother gtudy @hich gombined Jransfer gntropy gnd Granger g
Causality gith Geir Gspective fistogram of Qriented Gradients (HOG) g
images. §OG @ fje Graphical @presentation ¢f ¢hannel-to-channel ¢on-
nectivity. @ gast gmount @f gradient-based @atures @re @resent @ this g
graphical @nage. Jhe guthors gf Gao gt gl. (2020) Gombined Jransfer g
Entropy @nd Granger Gausality @ith @s §OG gnd @bserved gbout §2% g
of gassification gccuracy hprovement. gowever, go @ision of the Gvo J
modalities @as Ghade @ Seelheir Gombined @ffect.

Spatial @atures

Spatial gonfiguration gf @rain gctivity @ @lso gelpful @ Geep Gack g
of @eural gctivities gver me. Gpatial §licrostates give gnique gonfig-
uration @f @rain Gpomaps Ghich Gmain Gtable ¢r g Grief Geriod gf g
time. @he @mporal gvolution gf ghstantaneous gcalp gotential @pog-
raphy @ives g @ng-range gonnectivity @attern of g getwork. Gecently, g
researchersf@ave geen gsing licrostate @atterns gs g @ol @ giagnose g
chronic ¢pgnitive @fseases.i € ., g023). Blicrostates &e §nall Quasi-
stable gtates @f the @rain @hich give @ense Ghformation @bout Gpatial g
organization, @emporal @ynamics @nd @atterns Ghat @hange @fter @n g
external gtimulus. licrostates, @rst groposed gy gehmann gt gl. § gn g
interesting @roperty Ghat Gayshat Gignificant Ghformation @f @ntire g
temporal @atterns gould @e @epresented @y @ Gw Ghaps Koenig 6t €l., g
2024). gnitially, Q@icrostate @Gnalysis @vas @arried @ut Gh Ghe gesting g
state gnly. @anonical @hicrostates, @ften thbeled @, 8, @, gnd @, Gep-
resent §fable patterns ommonly @entified @ Gsting-state GEGENd &re g
thought © Eprrespond @ fWindamental gognitive gnd §ensory Getworks. g
However, @ecent gtudies fave gsed §licrostates @r the eapid Getection g
of @rain @isorders @S @ @t @l., g024). @ne Gtudy @xtracted Gbout G g
Microstates flom @sting-state BEG§jgnals Of Ghajor Gepressivedjsorder g
MDD gjgnals ¢-i 6t gl., g023). Gaseddn @lassification, the guthors gan g
analyze the @mporal patterns 6f Bicrostates i GepressionBy gchieving g
an gccuracy 6f 89.09%. 8iso, §¢arying Gumber ¢f Bjicrostates €xtracted J
from Q@esting @tate @ignals @orresponds @irectly @ @he Resting (tate g
Network BSNOf @e Irain Gichel &nd Roenig (@018). Bicrostates, gong g
with @rug @oncentration @esponse@pwards Gehavioral gonsciousnessg
also @layed gn @nportant @ble G gtudying the @lterations G Gonsciousg
state @fter Giking gnaesthesiag-iu 6t gl., g022).

Most @f Ghe @xisting Gtudies Gely @n @re-defined @anonical Gtates
(Haydock @t @l., @025). @he @ata-driven Qlicrostates @xtend ¢he Gsed
of @nicrostates o @etect Gdaptability @o Gnhdividual- Gnd @ask-basedg
variability @Han @t gl., g025). g gas gllowed gs @ @entify gnd gtudy g
specific Gognitive @npairment (ke @Gttention-Deficit @yperactivity Qis-
order ADHD) @hrough @pecific @yntax @f Microstates @Alves @t Gl., g
2022).

An gitempt @as Ghade © Gassify Gsk @nhd @sting-state §ignals Based g
on Mlicrostates @<im @t gl., §021). Ghe guthors @xtracted licrostates g
from @ask-basedgnd €esting Gtate gignals. @bout Gur Ganonical Gtatesg
were @xtracted Gfom @ach @ype @f Gignal. @n the Gasis @f @xtracted g
time-based §atures §lich gs gccurrence gnd ghean Guration, Ghe Bighest g
area @inder @he Gurve @n @eceiver @perating Gurve ROC) @lot Gvas g
achieved @ith g galue gf §.831. licrostates gxtracted Gom @equency J
bands gso @flect ¢pmparable @sults. gne §udy iGvestigates Bat Gotor g
imagery @asks @how @ @rominent ghfluence @n Ylicrostates @xtracted g
from he glpha @and iong @t @l. ¢2025). Gimilarly, ¢he @lpha @and g
also §howed @he glassification @sults gf @6% @r the glassification gf g
Microstate-based gost-traumatic §fress@isorder Qrerpou 6t §l., g022).

Feature-fusion

Despite Ghe gxtensive gork done gn Gccurate @ature @ision of Gul-
tiple GEG@atures, g @rimary @mitation & he Gick gf Gomprehensive g
fusion @f Getween ghodalities. @ @int Geural Geature get ¢or gmotion g
recognition @as @evealed gy gtudying GEG @ased §licrostates gempo-
ral @eatures gnd GNIRS gased gpatial @atterns @everaging Ghultimodal g
feature @r @ffective @euromarkers @Si @t gl., g024). ut this Ghethod g
doesapt kplicitly fiised Bpth fGature gpts. While Bicrostates Gherently g
capture @patio-temporal @eatures, Gheir Ghtegration @vith @ther Gme-
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domain, @equency-domain gnd @arious @inds @f Gonnectivity @atures g
remains @nexplored. @nother @ritical gap @& the @xtraction @f gtress-
based@ata-driven §licrostates. @his gap @ Gupported @y the @act that g
brain @ynamics @hange @ @ @reater @xtent vhen @inder @ny Geavy g
mental @orkload, @sfompared @ Che Gsting Etate Brain Getwork.

Recently, §@chnique Gamed Deep Ganonical Gorrelation (PCC) Bas g
been gsed @ Optegrate Gatures @Gom @hultiple Ghodalities Guch §s GEGQ
and @ye ghovement @Qiu @t @l., g018). Fhis @echnique gombines ¢he g
features @to g gnified §pace@nd Ghaximizes the Correlation @ Perform g
feature-level sion. NN ghd gplf-attention @e Gsedlby Pa € §. @024) g
to ghcapsulatethe @mporal Gformation fom Gulti-model BEGS§Jgnals, g
along @ith govering the global Gependenciesfetween them @xtracted. g
The gmitation @¢h @xisting Gtudies §hows hat gingle-domain @eatures g
might @ot @ully @apture the Ghultifaceted @ature @f @hysiological Ge-
sponses.Geveral Gtudies gre @pcused gn gsing gnly g timited gumber g
of @patures Gom @nultiple gets@fter gombining ¢hem @Swapnil gt gl., g
2024). gor gxample, the guthors @f Glag gt gl. ¢R021) gre @onvinced g
that @ising @me, §pectral gnd Gonnectivity-based @atures gan gerform g
better @ @assifying Gtressgs eelax Gtates. Jhe Gatures gxtracted Gom g
time Gomain @atures, Guch gs Rurtosis, kewness,feak-to-peak gmpli-
tude, @ljorth, Gequency Gatures @xtracted gom Gequency @ands gnd g
connectivity @atures gxtracted gsing ghase-locking @alue, give g Gtal g
of @10 @patures, Gom @hich gnly gptimum @hulti-domain @patures (g g
total @f @8) Yere Qsed Gr dlassification. @nother Gnulti-model @usion g
model @ @eveloped @y Ghen gt gl. (2022) @r @ising GEGEignals @ith g
other @eripheral ghysiological gignals @PSguch gs MG, gnd @roved g
that gpulti-model fision gves §jgnificant PGerformance Ghprovements @ g
classifying giressBased @n @alence gnd @rousal.

EEG @atures Gave @lso Geen Gombined @ith @ther @hysiological g
signals, @uch @s the Electrocardiogram @ECG) gignals. Jhe @roposed g
solution @ffectively @used §me Geries @f Goth ¢hodalities @n Ghe Ga-
sis gf @me frequency @dge €happing Bahador gt gl., g021). @nother g
unique @pproach @sesthe Granger Gausality gonnectivity @attern @ g
quantify @e Gausal gonfigurations @etween §EG@Ghannels gsing @ans-
fer @ntropy @Ramakrishna @t @l., @021). ghe @uthors @eveloped Gn g
emotional @ecognition @Ghethod @sing Ghis Granger @ausality-Transfer g
Entropy-based @Ghethod @nd gchieved @n gccuracy ¢f gbout g0%.

Structural @nd @inctional @atures Bave Giconsistent Gature gimen-
sions. § @ Onportant @ Wise them B g Gay Ghat Go Biformation § Pst. g
To gddressthis groblem, gh €ffective Gethod Gr Bature Gombining ghd g
selection § proposed By §ang &t 6. (2018). The §ructural Patterns gre g
constructed @fom @he Qortical gnd Gubcortical ggions Of Ghterest. §im-
ilarly, €he @unctional @onnectivity @hatrix @ @xtracted gsing @earson'sg
correlation Qoefficient @etween the Ghean @me Goursesaf gach @air of g
Regions of Opterest (ROIs). he Gature Geduction Gamework @reservesg
inter-modality @lationships @nd gchieves gn @ccuracy of §4.91%.

A Grybrid ool @f @eatures @ollected Grom Ghe Gme @omain Gnd g
wavelet-based Gpandwidth-specific @eatures @s Gised dor @lassification
(Hasang gim, g019). g flamework Ghat Ginks Ghe Batures on Ghe Basisg
of @elevance thstead @f @onsidering the @ntire gool & @roposed. Jhe g
fusion ighproved Be &curacy Gp @ TB.38%. Gkhand € §. Ehproved Be g
accuracy @f gmotion @cognition @y @ising Gonnectivity Geature §laps g
(CFMs) fjlom gpultiple @atures, §uch @s BearsonGorrelation Goefficient g
(PCC), Qlutual ghformation @MI), @ransfer @ntropy gnd @hase-Lockingg
Value @LV) Gsing gonvolutional Geural §etwork (ENN) ghd pund Bat g
a fiised get Of gFMs@ives Better Gesults. §mong gl Binary @Wisions, BVL J
and @1l give ¢he Qighest gccuracy @f §0.71% @r Galence gnd §1.15% g
for grousal. §he Gature-level @ision § @erformed @y Qising the Qpper g
and @wer Giangles Of the GFM's Ghatrix.

The @xisting Merature Guggeststhat §ngle-modal Batures gre Often g
insufficient, ghd @tegrating Ghem Cpn Bad @ §jgnificant Gprovements g
in @assification @Pillalamarri & §hanmugam g025). The Gansition Hom g
single-feature @nalysis @ @nhultimodal @eature @usion Gnarks @ @rucial g
advancement ¢h @eveloping Gighly @ccurate @nd @eliable GEG-based)
stress@assification glystems.Table Qable g@ives g fetailed Gomparison g
between Guultiple @ature gxtraction §fudies.
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Table @
Literature @view @r @ature @sion @chniques @r GEGBased §gnal Gassification.
Gref Domain Features Classifier Task Accuracy
Time-domain Kurtosis, Ekewness, fkak-to-peak 81.4%
g & Brak-to-peak J g
Hag 6} 6. Q021) amplitude, Gorth SVM Stress
Frequency-Domain Delta, {feta, ha, ma, Bkta 80%
g quency @eta, Gpha, Ggma, Bk g
g Connectivity PLV 88% g
Fusion Feature-Level Eusion 93.3%
g & g
EEG Channel-level e-space Attention . 87.61%
hanne-level d ! Emotion J
ghen € 6. go22) Peripheral { frequency-space Gfaph Epquence. Eiﬁ::)rlirt]itor%?%] g Recognition g
hysiological nals
Py 9 gg Network
g Fusion Data-Level Esion 92.50% g
g Structural Gpatures Cortical §OIs Hierarchical J 81.4% g
gang € 6. go1s) Functional Epatures PLV feature g Major @kpression g
reduction
g Fusion Feature-Level Gusion 84.91% g
Granger Jausality Linear Bptwor atures 73.18%
li i k
- - - Emotion J
Granger Jausali Linear adient fdatures 88.93%
Ga0 g §. Go20) Granger Gusalty § 9 g Gadient @ svM Recogniton ‘ 9
g Transfer Entropy Non-linear Bptwork fatures 81.88% g
Transfer Entropy Non-linear Epradient fgatures 95.2%
g fer Gntropy § linear @radient @ g
HOG
g Time-domain Root Gjean Ejuare, Qirtosis, J g
PCA @ &NN StressQ 69.26%
Hasan hd &m 019) skewness, Ehape Gctor, €c Classification
g Frequency-Domain Level §) fscrete @avelet fansform g g
(DWPT)
g Fusion Feature-Level Gusion Feature Eplector § J 73.38% g
KNN
i i 0,
ghang g6 9 Time Epries besision Gpres Depression J 78.33% g
@022) Spatial Gsibility J Recoghnition 72.97% g
Graph
g Fusion Feature-Level Gusion 90.60% g
Gahador € 6. ¢021) EEGE 6cG Time-frequency Elision RNN monitoring @e J 90.37% g
depth 6f
Anesthesia
%hen g 6. gois) EEG @ GERI Gusion Decision-level Elision gMs Emotion J 75.63% g
g Feature-level Gusion Recognition 85.63% g
g pcc CNN Emotion J (88.22%) Grousal OJ
iti 0,
Akhand € 6. (#023) Connectivity Gpatures Recognition M
g M (90.14%) Gousal 0J
(89.98%) Ualence
TE (73.65%) Gousal O0J

Phase-Locking Galue GvL

pccg @l

pcc+ Qe

PLV @ Q1

PLV+TE

MI+TE

(73.22%) Walence

(88.22%) Grousal 0J
(87.63%) Ualence

(90.43%) Grousal OJ
(89.71%) Ualence

(86.43%) Grousal OJ
(86.16%) Ualence

(91.15%) Gousal 0J
(90.71%) Calence

(85.84%) Grousal OJ
(85.57%) Ualence

(90.68%) Grousal OJ
(90.12%) Qalence

g
g
g
g
g
g
g
%

adman €} @. (021)
g
g

Temporal

Root Pean Gquare, Gariance, Yean g

Absolute Galue urtosis, Ekewness.

Spectral

Power Epectral Batio, Skewness,8P, J

Variance, §edian Gower Eequency.

Fusion

Feature-Level

Ensemble Qecision J

Tree DT) §

Classifier

Seizure Qetection

g

99.33% g
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Feature Extraction
SAMA40 Dataset
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l Granger Causality
Pre-Processing

Transfer Entropy

Band-Pass Filter

Savitzky-Golay
Filter

Microstates

Full Feature
Fusion

Binary Feature
Fusion

l

Classification

Group 5-Fold
SVM, LDA, MLP

——

Bad-Component
Removal

Interpolation +
feature fusion

l

Results

Artifact Removal

Attention Fusion

Fig. § @®lock Glagram 6 froposed BGlamework @r EjressCetection.

Researctgaps@nd @esearchgbjectives

» Most @f ¢he @xisting gtudies gn @licrostates @hcus gn the gesting g
state @f Ghe Qrain. Gtress@ctivates Ghe @ortical gegion @f Ghe g
brain gnd @hich gives Gse @ Spatiotemporal @ynamics Ghich ge J
different fJom Be @sting fate. Therefore, ghalyzing gjress-relatedg
Microstates on e Basis Of Pre-defined Canonical Bicrostates fjils g
to g@niquely Gapture gfress-related Gonfigurations.

Although QGhe Cexisting Gstudies gmostly gcombine gime, gime
frequency @nd @ther @/pes @f gonnectivity @eatures, Ylicrostates g
features @apture @lobal @mporal getwork @rganization, gffering g
complementary @hformation. @lo, gtudies gp @il gow Qave Qised g
Microstates @ith ghy 6ther godality.

Prior @tudies @ither @ombined @near @r gon-linear @onnectivity g
features ¢h @olation. Glowever, ¢he @Grain @ gomposed @f thany g
linear @s @vell @s @on-linear Ghterdependencies, @s @vell @s dy-
namics @aptured @y Microstates. Qlo @xisting Gtudy @as gtilized g
the @ombined @ffect @f @near @ranger Gausality Geatures, Gon-
linear @irected @atures gnd @mporal @etwork @atures @r Etressg
classification.

To @esolve the @entified @esearch @aps, the @llowing @esearch @b-
jectives gre groposed:

» Research Qbjective @ @gvelop Gharacterized §fress-specificHfli-
crostates gased @n @ Gata-driven gustering Gchnique. Jhese §li-
crostates @ill ge @nalyzed @n @mporal @arameters uch gs Qura-
tion, Gccurrence, @robability Of Gansition gnd Goverage.

» Research Qbjective & @gvelop ggulti-model @sion Ghodel Ghat g
evaluates the @npact @f icrostate ghclusion @n @nproving ¢he g
classification @f §fress-basedgjgnals.

» Research Qbjective @: gP@velop g €hodel that gnalyzes the @n-
pact @f the gomplementary @ature @f distinct Geatures @n @tressg
detection.

Methods

Early @entification ©f §fress@atterns €an gid © Ghe development 6f g
preventive §jrategies, @hprove Gental Gealth Gonitoring, ghd Ghus Belp g
students @erform @fficiently ¢h gcademics.Bere, @ govel ghultimodal g
fusion @ramework @ @roposed Ghat Ghtegrates Ghree Gomplementary g
EEG@nalysis @echniques @e. (icrostate Ghnalysis, Jransfer ntropy, g

and Granger Gausality @hich gelps @ dapture the ehost gffective gnd g
discriminating @ynamics gcrossgl Gree Ghodalities gnhd Ghus fficiently g
classify the gjgnal.

For the gtudy, three @nportant @ature getsgre discussed:Granger g
Causality, Jransfer gntropy JE gnd licrostates g@licrostates @rovides g
vast fformation @bout the gpatial Gnd Gmporal changesthat gcecur G g
the Brain Getwork gking Gnly g@w @jstinct ®pomaps. Yransfer Bntropy g
and Granger Gausality gre goth @heasure gf gffective Gonnectivity ¢hat g
gives Ghformation @bout Gausal Gnks @etween Gifferent @rain @gions. g
Granger @ausality @5 @ @arametric @nethod @vhich @xplains @vhether g
a @ignal @merging rom @ne @art @f Ghe Grain Gan Gelp Predict Ghe g
future @alues @f @ther @rain Gegions. ranger Causality @5 & Pnear g
method @hich Gies @ Geal @ith §ationary §gnals. Gransfer gntropy § g
a f@on-parametric ghodel-free Gheasure §f Hiformation Gansfer, hich § g
suitable f§r @pn-linear gjgnals & §iress.gll Yree @ature Sptspyovide en-
riched @formation gpout Be Brain's @mporal Gformation, Gformation g
transfer gnd gausal Ghteractions €hat gre @nportant @r giscriminating g
stress@nd @lax fates. 8ig. O@epicts the detailed Gew Of Ghe Proposed g
methodology.

The GAM40 @Ghosh @t gl., §022) @ataset @ Gelected @ Quild the g
stress@euromarker. §AM40 grovides gljgh-quality BEGgjgnal @corded g
from & €qual Gumber 6f IBpth §fressghd Glax §gnals. There @ g¢priety g
of gfressors@troduced @ Gesearch, Qut @r Ghis §udy, the Btressgignal g
generated Gom @hental grithmetic Gisks § Giken Gito Gonsideration, gsg
mental @hathematical Ghsks therease gctivity @h ¢he @refrontal dortex, g
which @esults @y Gognitive @ad gnd @erformance gnxiety. Jhis Gataset(
is @ @ollection @f GEG@ecordings @f @0 Ghdividuals @l4 Gemale @nd g
26 @nhale @tudents) Qith @n @verage @ge @f @1.5 Gears, Ghich @ffers g
appropriate @bust ¢hodel Gaining @nd @valuation @hile @aintaining g
generalizability gcross@dividuals. Jhe gata G ¢corded Gom the g2-
channel @motiv GPOCEjt @ith g §ampling @equency gf §28 gz. §ach g
subject fas @vo Geparate @ecordings, Oe. @r the Gtressgnd eelax Gtate. g
The Gw ©@rm Of gach §jgnal § © Ghatrix Grm of 82x3200, Ghere 8200 g
are Ghe Gme Qoints.

Before @rocessing, the gataset @ Garefully @reprocessed® €:move g
any @ind gf goise @hich gnight gffect the @nal Gesults. Gor that, taw J
data @ Grst Gltered @ Gemove @nost @f Ghe @hysiological @nd Gon-
physiological Cartifacts. Jrhe Q5avitzky Golay Jilter gs Qused Jor Qe-
referencing. Jhis @iter gelps @2move goise gnd gmoothens the Gignals. g
Unlike @ther @noving-average Glters @hat Glur @ut Geaks, Gavitzky
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(A) Orlglnal EEG Signal (Channel 1)
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Fig. 8 Gavitzky Golay fjtering @focess.@) g Ge Giginal §gnal Gom Ehannel §@r ibject . @) €hows Pe Greraging Gend Yat § Gfovided By Havitzky Golay J
filter. This @veraging @end @B) § Eubtracted Gom Giginal §gnal G\) Ehd Gsulted B Ge §nooth Ehown B CF).

Golay fijters Preserve bigher-order §jgnal Gharacteristics, such gs harp g

transitions @hat gre @host Gkely @ Gccur O Gtressgignals. §or gn Ghput g
EEGE€jgnal §.¢/, the §G-filtered Qutput §.1/ Gan Be Gxpressedds: J

k
= Y ext+il @)
=k
where @; @re @he @olynomial @oefficients @etermined ghrough (past-
squares(tting. he @Gaseline-corrected gignal & then @btained gy gub-
tracting @he gstimated @end: g

vl = x.tl* .1l )

The Qvindow (kngth ¢ Gept @t 427, @nd the @olynomial @rder ¢ J
5. Ohe GGlter Gubtracts Ghe Glow @rifts @&nd gesults ¢h G §mooth g
signal. gig. gagghows the gample GEG@ignal th @s ¢aw Gprm (A), gnd g
(B) @5 Ghe G.1/ §moothing @rend. Finally, @he @C) digure Ghows Ghe g
averaged @ignal Gfter gemoving @he Gaseline. o gemove Ghe Ghigh-
frequency, Bje Discrete Yavelet ransform QWT Wijter i§ gsed. The OWT g
decomposesthe @ignals thto @pproximation, @sing @ @ligh-pass §ilter g
HPF gnd @etailed gomponents, gsing g gow-pass§ilter gPF. Jhe gb2 g
filter @ecomposestije §gnal Pto Glevels §hb-bandsgamely §4(0 4Hz), g
D4(4 8Hz), O3(8 16Hz), 02(16 32Hz) @nd D1(32 64Hz). Big. §Ghows g
the Qetailed @nd gpproximation Goefficients @r g gignal. Jhis @ltering g
typically @moves the goise @nd Gequency @bove 64 gz.

Finally, GEGLAB® gsed @ ¢:move @ad ghannels gnd gomponents g
after @pplying ghdependent @omponent G\nalysis GCA. Jhe Qypically g
removed gtifacts Gere Gteral €ye Govement ghd €ye Bjinking Gtifacts.

Feature @gxtraction

In Gpis Section, pature gxtraction @as Performed @ Capture gistinct g
neural @ynamics Grom GEGGignals @ising Ghree Gomplementary Gp-
proaches:@ranger Qausality, §icrostate gnalysis, 8hd Tansfer Bntropy. g
These@chniques ¢pllectively Quantify @irectional €onnectivity, @mpo-
ral @tability @f @rain @tates, @nd thformation How @etween @hannels, g
providing G @omprehensive @epresentation @f Ghe Grain's @unctional g
organization.

Grangerausality

Different @arts @f the @rain @ork th garmony @ith @gach @ther @ g
perform @ny @pecific Gask. Jhe Geuronal gonnections @an §ometimes g

superimpose @o @enerate @ Gignal @r Gometimes ghhibit @ach @ther. g
Granger @roposed @hat § @ast alues @f @ @ertain gignal @redict ¢he g
future Galues Of gnother gjgnal, then there gxists @ Causal Bhk Between g
theset®vo. The shmeffinciple ig vplied Gere © §gnals gfiginating Gom g

different Qarts gf the @rain. gy gpplying the Granger ghenomenon gn g
brain gjgnals, {j ¢an Be Predicted @) Gausality gxists B different portical g
regions @uring Ghental Gisks like jress.

Granger Gausality & @hore of g @redictive {@ea of Gow gne §ignal § g
““causing" the @iture Galue Of Gnother §jgnal Gsing §fatistical Gheasures.g
Grange Weiner § ¢onvinced hat { there gre Gvo Gme Ejgnals §.+/ ghd g
Y.t/, Ghen Ge Previous Chlue f &, Oe. §.t* i/ ghd OF g, O. Y.r* i/, CAn g
predict Gye fture Calue 6f G, iCe. P.r+1/. § Ghe Prediction G Gund © Bk 0
similar, @en g g Shid Bat P €pntain pmeiPformation goout F. This G-
lationship Between @ @nd g @ got §raightforward. This § Becauselie g
brain gignals gre gften Gifluenced @y @Geighboring €ignal Ghannels gnd g
by @ther gharts ¢f Ge Brain. gsing & hrestrictive gutoregressive@odel, g
the Granger Gausallnk Between §.¢/ gnd g.¢/ Gan Be Presented By:

q
aX.t* il+ Y bY.t* jl+ eyxey @)
j=0

M-

JI]
o

Y.tl =

i

A Qausal Ghk @& the Gnear @eighted Gombination @f @revious gme g
points. Where @, @nd @, gre gutoregressive thodel goefficients gnd GCQ
= 0 (ey)x<y) @ the Epsidual grror gr Gariance of the ggnal. Gor gC =
In Z“% , if §C < 0 then there & go Gausal ink Getween & gnd g
Y. Qhe Gausal fhk gxists @hen the GC Galue § @bove Q.

The Yector Gutoregressive thodel VAR), differs @om the Qynamic g
Causal§lodelling @PCM) @chnique & Ghat DCM Gelies gn Pre-specified g
brain éhechanisms@r gow @eurons @hteract. YAR & Ghdependent gnd g
generic, gnd @ does got €ly gn gow Grain data G Gaptured Barnett J
& Geth, g014). glso, g YAR & €fficient @ gstimating Ghany gon-linear g
processesghe Bivariate Gutoregressive @inconditional) @hodel Bas Omn-
itations @vhen @pplied @b GEG@ignals fom @nultiple Ghannels. G\s @ g
signal @goming @om @ne @hannel ghay Ge he Guperposition @f Ghfor-
mation @oming om @nultiple @hannels. th that @ase,@ Ghultivariate g
autoregressive @conditional) @nodel Qvill e Gsed. G Gonditional GGC-
based@ethod ¢pmputes e gredictive thk Between @vo €hannels@hile g
accounting ©@r @formation fJom Other Channels. O the §AM4AO0 Gataset,
each gjgnal Bas @imensions 6f 82 g 8200 Ghannels g Gme Points). Gor g
calculating @he @ausal Ghk @f gach ghannel, g Gultivariate @hodel @ill g
be Gonstructed. g

Xl t/ » Xq.t* nl eq.tl
=Dl i |+ @)
X32.t/ n=l \ Xgp.t* nl £q0.1/
Stationarity gnd gfability
In Bhe Gasedf g BEG§Jgnal, Bhe Gattern Of Synchronization ¢hangesg

the @mporal @ynamics @f the §ignal @ @ greater gxtent. Glso, Granger g
Causality @vorks @est @ith @ Gtationary @gnd @table gignal @Barnett @ J
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Fig. @ alue 6f GIC @painst e Gjodel G der g. The Galue 6F g GingesGom @ €0. Gor Each  FIC T Chiculated @cross @l §gnals (les). The Emallest Ghlue 6F J

AIC @ given By § ¢ @ [dicating Ghe Gast uared Grors @r Ghodel Parameters.

Seth, §014). Bor §ationary §jgnals, e §atistical Batures gch 8 Gean, g
variance @main €pnstant gver Ome. Bor Bsk-basedBEG¢g)gnals, hich & g
in the Gasedf Ghental @ssessmen@isks, the ignals gre @bsolutely gon-
stationary. @ranger Qausality @ @pplied @ geethe Gnear gonnection g
between BEG§jgnals. Granger Gausality @quires he §jgnal © Be §table g
as @ell. Gy gtability @f g gystem Gneanshat @ @nite hput doesgot g
give gfinite Qutput, Or B Other Gords, does got gblow Gp" Mhe §ystem.g
Using IIATLAB's gar-spectral fjinction, @he gnit gomplex gplane Galue g
is gbtained @ @e §.91, Qe. @ssan @, Ghdicating hat ¢he Gignals gre g
stable. O Ghe Gontext Of YAR, § Ghe Gultivariate YAR goefficient g, § 9
stable, then the gignal @ Gaid @ ge @table. §or @,, § § Gtable § @ Ges g
within @he gnit gomplex @plane. g

detg.zll = I,* ajz'* apz2* - * agpz®2> 1 (5)
The §IVGC Quilt-in  @inction, @ar_specrad, gutomatically €@nds @ @,

is §table Gr got.

Model garametergstimation
The @hodel grder & Ghe Gumber af @me @Goints Gonsidered Gr Ghod-

eling. Phe gigher grder Gumber Bcreasesthe Gomplexity Gf the Ghodel g
but @rovides ghore Gensitive ghformation Ghere, Grhereas ¢pr @ hwer g
order Galue, @he Ghodel Gecomes@impler Gut Gess @ependent @n Ghe J
previous Qpistory @f @he Gignal. GAkaike @nformation @riterion GAIC), g
Bayesian@formation Qriterion @IC) &hd Bannan-Quinn Qriterion GHQ) g
are ighportant gnhd gseful @ethods @hich &e ¢pnsidered iy Be Perature g
for @nhodel @rder @stimation @Placek @t @Gl., @022). Gor Gnodel Grder g
estimation, ggjultivariate GIC §r Ghe YAR galue ill Be Gsedbere. §IC g
value @ Ggplculated @r gach jgnal @nd Ghen Gveraged Gcross@l fgnals g
for gach @Galue gf @. Jhe Galue Of @ @ith Ghe Giinimum Gum of §quared g
errors @ Selected @8 the Ghodel Garameter. Big. gGhows Ghe FIC Ghlue 6f 9
all gubjects Gveraged Gver @ Ginge Of @ om &-20. Jhe Bwer Qrdinary g
Leastg@quares@alue § gbtained @r @ § @ (ndicated Oy Ghe @d Ghe B 0
Fig. gg gfter goplying Ge Proposed §ptup, Bhe Gutcome Of Bhe G-causal.g
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Fig. § @he Granger €husal thk Between 8P Ehannels §gnals @r §ubject O0. Gtress@kft) @hd @lax @ight). The §purce €hannels e Gresented 6h Ge Gertical &kis,

and @e Grget Ghannels Ge fresented § Borizontal Ekis.
AIC=TIn (det.z,/) +2p (6)

where @ @& the gumber gf gme goints, &, = cov.e,/ & The Gesidual g
variance @hatrix of Ghe Gurrent Grder of the BR Ghodel (P). IC § Dasedd
on Ghaximum @kelihood @stimation gnd gelectsthe @est @it Ghere the g
variance @let.Y p// § @hinimum. GIG § Calculated @r gach gignal &r g9
range Of Galues gf @ gnd Gveraged gecrossgll Gignals. Jhe Gptimal GIG g
with Ghe Ghinimum @alue Of the Qrdinary Jeastgquares@PLS) Ghethod, g
which @hinimizes the §um of gguared grrors Gf YAR goefficients. g

Y=AZ+E )

Y § Ohe @redicting Gariable, @nd @ § Ghe Gultivariate YAR Qoefficient g
n * np, @here @ § the Gumber of Gydividual Ghannels. g
1

5=

For @2 @hannels =1,2,3, ¢...32, @nd &, @5 @ §me Geries, the g
Granger Gausality Bhk Between the spurce §j@nhd Gestination @) § Basedd
upon €he @esidual Gariance @roduced @y the @ast galue Of 4 €,14<, 859
well @s @n the @ariance @f ¢he @ast Galues @f gll @ther gonditioning g
sources§) g ,<~c, Ghere § .S = C\"i". B Gher gords, @ ¢an Be §fated g
that @hen g ¢Cprtain Gme SeriesGranger Chusesghother Gme Spries, @ § J
based@pon Ghe Gsidual Gariance of Gvo Ggressiveghodels, De. the @Il g
restrictive ghodel g, 4< , @nd @educed gon-restrictive ghodels gy y<nc- 9
The @Granger Qair galue ¢ @valuated Gased@n the @esidual Gariance g
between gach thannel. g

GC_ v =In <

The Granger Gausality ¢-ig. ggguantifies ¢he girectional @pfluence g
between GEG ghannels, gevealing Gausal Gpteractions @nd gonnectivity g
patterns @ithin Ghe Brain. @hile Granger Gausality gffectively aptures g
linear @ependencies,@ @hay @verlook @onlinear ghteractions ¢hat gre g
often @resent @ @eural Gynamics. Jo gddresschis @mitation, Jransfer g
Entropy & @pplied gs g gonlinear gnd Ghodel-free @easure gf Gforma-
tion ow @etween GEG@ignals, @roviding g deeper gnderstanding @f g
dynamic Gausal @lationships Beyond the @ssumptions @f Ghearity.

EET (8)

& dY1'<,"C‘

Stationarity @nd gtability

In the Cpsedf @ BEGEgnal, Ghe Pattern Of Synchronization thangesy
the @mporal @ynamics @f the §jgnal @ @ Greater gxtent. Glso, Granger g
Causality @orks @est iith @ Gtationary @nd @table gignal @Barnett @& g
Seth, g014). Bor gationary §jgnals, e §latistical Batures §uch & Gean, g
variance @main €pnstant gver Ome. Bor @sk-basedBEGg)gnals, hich & g

in Ohe Gpsedf Ghental gssessmeniGisks, the §gnals Gre gbsolutely gon-
stationary. @Granger Qausality @ gpplied @ geehe @near gonnection g
between BEG§Jgnals. Granger Gausality @quires Ghe §jgnal @ Be §fable g
as @ell. By gtability @f g gystem gheans that @ Gnite hput goesgot g
give ffinite Qutput, Or B Other Gords, does got gblow Gp" Mhe §ystem.g
Using DIATLAB's gar-spectral fjinction, @he gnit gomplex gplane Galue g
is gbtained @ @e §.91, Qe. @ssthan @, Ghdicating hat the Gignals gre g
stable. 0h Ghe Qontext Of YAR, § the Gultivariate YAR Goefficient g, § g
stable, Ghen the gignal @ Gaid @ ge Gtable. Gor @,, § § Gtable § @ Ges J
within @he gnit Gomplex gplane. g

detg.zll = I,* ajz'* apz2* - * agpz®2>1 (10)

The IVGC Quilt-in @inction, @ar_specrad, gutomatically @nds @ @,
is §able r got.

Transfer gntropy

Transfer gntropy @ @ Gheasure @f @irectional ghformation gansfer g
between §vo @ntities Based gn Bformation Gheory. Pransfer Gntropy & g
useful @ Ghe enselhat @ €an Chpture Ge Gsymmetric @hd Gonlinear de-
pendenciesetween §jgnals. i Geuroscience, Oransfer Bntropy ¢an Belp g
us @ @gnow gow hformation @ Gansferred Getween Gultiple ourcesg
of gignals. @he gurpose @f gsing JE gere @ @ Geed the gncertainty g
measure §f Gformation @ansfer Between ghultiple Brain Bkgions Gan Be g
effective ¢r €he glassification gf gifferent @rain Gtates, uch gs gtressg
and gplax.

TE @elps @nd the ghformation @ansferred @etween @rain @egions. g
Since Bhe TE gonsiders this Gommunication @ithout gssuming g §pecific g
relationship Between §jgnals; i g Gore gpplicable ©® Gonlinear §ystems.g
Transfer gntropy @Sadeghijam €t ., g021), @lls gbout gow Guch the g
past Galues Of & .1/ @educe the gncertainty ¢f @iture Galues @f gnother g
signal .1/ given §.1/'s Gwn Gast Galues @ §q.dd). g

H.XYY/= HX,Yl* HY/

If Ghere @ @Qjrected Chusallthk @nd Pformation ws Glom § © g, g

then Ghe Gansfer Gntropy JE Gom § @ U § the Bformation fow Gom g
both g.x/ ghd §.k/ Gutually @inus e Bformation @ceived Gom Y.k/. g

Expanding Ge ¢pnditional entropy @ ©§rms 6f @int eéntropy @ Ba. 0Q).
Ty_y = H-Y;+1,Y,‘k//+ H.Yt‘k’,X,'”/*
H.Yt.k//* H.Y,+1,Y,'k/,X,'”/

In @erms @f @int @ntropies, the @ransfer Gntropy om @ § & J
defined @s the Qncertainty Between g's @iture @nd Gs Gwn Past Galues, g

(11)

(12)
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Fig. 6 Qransfer éntropy Ghlues Between 8 Channels §jgnals @r fibject . Gtress@eft) @hd Glax Gight). The §purce Ehannels e ffesented Gh Ge Cprtical &kis, J

and @he Grget Channels gfe fresented Bh Ghe Borizontal Ekis.

H.Y,q, Yt‘k//, ¢pmbined @ith Be Ghcertainty ©f Ge Prst Of Both §jgnals, g
H.Y,'k/,X,'”/, @xcluding the @int gncertainty @f ¢he gomplete gystem,J
H.Y,., Y, X:"I, gnd §'s gwn gncertainty, g.Y;"'/. Ghere gre gultiple g
methods © €stimate Gansfer éntropy. This ffamework &ssumedtat the g
underlying grocessesgre @pproximated By @ Gaussian@ssumption. §he g

differential gntropy 6f Gaussiang @ith @ariance 6° @ given by: g

H.ZI = % log (27¢ 2) 13)

Applying the Gaussian@ntropy @n @redictive ggnals, ¢, given @s g
own Qast Galues, Ghe gntropy B @.Y,,, YY,/

H.Y,, YY)/ = %Iog (27evarY,, * /) (14)

The gonditional gntropy of ., Given Both @ Gwn Past gnd the 's g
pastd, § gxpressedds: g

H.Yq YV, X, = % log (2zevar Y, *. Y, + X/l (15)

Microstatesgnalysis

The Ylicrostates @an @e @efined @s @ Gtable et @f Grain @atterns g
that gsually Gst @r gbout §0 120ms @efore Gansitioning Ghto g gew g
stable gtate. @t @est, the Grain gxperiences@ distinct Gunctional Gtate g
for @ @ertain gmount gf @me @Fig. @Y Researchersfelieve hat g getd
of @ Gew @f Ghese @unctional Gtates Gan Gelp @xplain gnhost @f Grain g
analysis. Jhe licrostates gre gften Geferred @ gs Jatomsgf Ghoughts” g
due @ @heir @epeating @atterns gnd Gtability gcross@me @gignals. ghe g
idea @f Yicrostates gomes Gom @esting Gtate Grain Gnalysis, hen @ g
was @elieved that ¢he @rain Gemains ghactive guring Gest gntil gome g
external gtimuli gctivate ¢he @rain @lichel gnd Goenig R018), Yhere g
it @ Gound Ghat Gesting Gtate Wicrostates Gnalysis @f Ghe Grain Gan g
reflect Gultiple Geuropsychiatric @fseases(Khanna €l ., go15, 0 € 4., g
2023). gowever, Gw @inctional @rain Gtates @an ge Gelpful @ Gxplain g
Microstates @re @sed @ @xplore the Ghtrinsic @roperties @f Gemporal g
correlation @f Geuronal @gions Guring @sting Etates.

Global @eld gotential

Global Bield Botential §5FP) g Ghe Gheasure Of the Glative Potential g
difference @etween @n Ghstantaneous @otential &,i.z/ @nd Ghe Ghean g
potential gcross@ll ghannels ,.1/. he GFPdan @e @alculated gsing g
Eq. g0p) @here @ & the Gumber @f ghannels. he GFP@me Geries® 0
subjected @ gErak @etection grocedure @ identify i@cal Gaxima, Ghich g
correspond @ @Ghoments @f Ghaximal @lobal geuronal gynchronization g
and @epresent gfable §calp gotential @pographies. g

(16)

N
1 2
GFPil = JFZ(V,,J/* V,.tl)

n=1

GFP@eak @pomaps

Next, @-means @lustering @ @erformed @n GFP GeaksGaps. Gor g
resting Gtate §licrostates gnalysis, @ gistinct Ganonical §licrostates gre g
used @Khanna @t gl., g015). Gor the ghental grithmetic-based ghduced g
stress@ignals, @ata-driven @MicrostressesGre Gpased @n Ghe Pasis @f g
subject-level gnd group-level Gustering.

For the gubject-level Qlustering, the Gpomaps om GFP @eaks gre g
extracted @pr @ach @ubject. These GFP @omomaps @re ¢hen @lustered g
for @ultiple @. @he §-meansd@lustering glgorithm & gpplied Gultiple g
times @nRuns) @vith @lifferent Ghitializations @o Qnitigate Ghe Qisk @f g
convergence @ @cal ¢hinima. Jo gvoid ¢he @verlapping gnd Geep the g
prominence 6f €ach Ghap, §Ginimum @jstance 6f Goout OO Ghs Gas Kept g
between Gonsecutive geaks. Jhe @ercentile Of e Ghaximum Greshold g
for gelecting Ghe Bighest feaks§ 6t @ Be §0%.

Subject-levefustering

The @entroids gf gach gluster gre then Gelected @r the group-level g
clustering. Qs G @esult @f Gubject-level @lustering, GK* N @naps Qvere g
obtained, @here @ @presentshe Gumber Gf Gubjects. Jo Galance the g
contribution ¢f gach gubject, gl GhapsGom g g g @ 8 g g Gre gooled g
together @ Create @ §fandard et Of @pomaps, Ghich § then Passed®r g
group-level gustering ¢Fig. g

Now, dor & & @, @orrelation @ Gomputed @ Gnd Ghe Gimilarity g
between @haps ¢h Grhich @olarity @ @nored gsing Gq. §0°) @Fig. @Y 9
In @hich @ay the ghaps @ith €he gigh dorr gr| > 0.9, 90~ similarity /
are @nerged, @vhich Gctually @epresents@he Game Gpatial @onfigura-
tion @Kleinert @t @l., g024). gwo @airs @f group Graps @emonstrated g
strong Gorrelations, gpecifically §lap @ gnd Qlap g @ § 9.911), §s@ell g
as@lap g gnd §lap § ¢ § 9.917). Jhese@igh gorrelation goefficients g
suggestd gignificant Gverlap @ Cheir §patial Gonfigurations.

Group-levelfustering

After g@xtracting the gubject-level Gentative licrostates ¢entroids), g
group-level gustering § gpplied @ @entify g data-driven et of Gpre-
sentative Bicrostates. §ow, Be €pllected gpol 6f gl Gentroids @hannels g
x KxN)] @om @roup-level Qlustering @ill @e ggain Qlustered gsing §-
means. Jhe @hoice @f ¢ om K G @G Go @ G Gonsistent @vith @Grior g
literature Qrarailis gt gl., g024). Fhe €ange gllows @r Gapturing Ghore g
robust licrostates @ithout Qverfitting @r dnderfitting.
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Fig. @ @From ©@p @ Bpttom) The @pomaps Gresent & Ge GFP Geaks Gre Cpllected @r G §hbjects 6(80). Gor Ghese, Gpomaps @e Gustered Gr § g G g ¢ g0
and @Ghe Eentroid 6F Each Gustering (K) § &ept © G Epmmon, Ehbject-level Gool. Jpon Gis Ghal Eentroid Gool, Ge Group Gvel Gustering § Gpplied.

Optimal g-clusters

For gach @, the Eelection Giteria @r gptimal & @re Gomputed dsing g
multiple @ays. The ¢foss-validation @sidual ghd gobal Bxplained Yari-
ance GEV Qviichel € goenig, g018) @re @vo of them. Global gxplained g
Variance GEV @alue @presentsfow gosely § Gpomap gt g @articular g
time gpint Best @presentsi@s @ssignedigbels. The Bjgher the GEV ¢hlue, g
the Better Ghe Ghaps @re Gepresented By Ghe @ssigned@bels. g

Yier [GFRil - r(V.tl, M, )]
>y GFR1/2

where @.1/ @enotes the §calp Gotential Ghap gt Gme g @1, , Gpresentsg
the €entroid ¢f Be Bicrostate ssigned® Ume gahd gV .1/, M, ;) § e g
spatial ¢prrelation @ften Ge gpsolute Galue G Gsed Guring gssignment).

The GFP@eighting gmphasizes@me @oints @ith gigher GNR, gn-
suring @hat gigh-variance ghoments gontribute @hore @ the gxplained g
variance. GEV @nds @ Ohcrease @ith Ghcreasing Qumber of g gs gari-
ance Qhcreases@Fig. @Y @Liu @t @l., g024). glowever, Ghereasing GEVJ
tends @ Gapture Goise Gather han gseful Ghformation. Jo Ghitigate the g
limitations ©f GEV, g gross-validation @sidual-like fjinction ig gso Gsed g
to Gnd Qow Gell @ Ghodel @eneralizes @or ¢hose @ssignedthbels. TV g
values @hinimizes Ghe @sidual grror @r Bdependent gnseen Gubjects.

Let f,; E RC genote the §calp Gpography (hcross@ ghannels) gt g
the gh GFP@eak, gnd Gt &, ; Ge §s eeconstructed Ghap, gbtained Gy g
projecting B, ; Ghto Ge prresponding Bicrostate ¢entroid. The @sidual g
error Getween e Qriginal @nd @constructed Ghaps Eeflects the @art of g
the gjgnal Ghat Gannot Be Gxplained By the Ghodel. Jhe ¢ross-validation g
(CV) giterion § then Qefined @s: g

11X, 12
X, * X, 012

GEV=

1n

e (18)

1S3 MS4 MSS MS6 MS7 MS8

OO0

Fig. 8 dhe Gearson'sCprrelation Ghlue Between € @pomaps fresented § Ge J
form 6f @n @djacency Beat Gap. Gtring Eprrelation § Gpserved Between Gairs J
of @aps §&hd g ehd Gaps §&hd § The Gagonal Ghlue fves § Pdicating Ge J
100 Eprrelation 6f € @pomap @ith Gkelf.

A @wer QV gplue Qdicates gletter @construction: The €entroid €an g
capture gnd @construct the gnderlying §EG§jgnal. §he Gwer Galue of g
CV @eanstjey gre apt @verfit ghd generalizes@ell. B Gther Gords, GEVJ
explains Bow ¢osely g thap § Gited By Ghe Bbel ghd GV Gesidual Galue g
explains Gow Gell Ge Gssignedap Generalizes@crossgl gubjects. This g



S.gazg §

International Journal of Clinical and Health Psychology 26 (2026) 100678

Cross-Validation and GEV vs. K
T T

0.63 T T 0.66
-—-CV
—s—GEV| 10.655
0.62 -
0.645
0.61
064 __
= =
3 0.6 0.635 >
[0}
0.63
0.59 0.625
0.58 0.62
0.615
0.57 : L ‘ | . : 0.61
4 45 5 55 6 6.5 7 75 8

K

Fig. @ GEV @ gV Gurve ©@r Gach Ghlue 6F g Gom g § g © € 8. The Ginimum Ghlue 6f gV (.614) @hd Glaximum CGhlue 6F GEV @.652) § Gptained @r € § ¢

MS-C MS-D

Fig. @0. @ Qopomaps Eentroids Eptained Efter Group-level Gustering.

combination @nsureshat the §licrostates gre thformative, gtable gnd g
physiologically @eaningful gnd @bust.

Spatial Gherging@f @pographicalGhaps

EEGDBrain ghaps gcquired €an Be Polarity @variant gith gach other, g
but Gheir Gpatial @attern @ Ghe Game @Pascual-Marqui @t @l., §995). g
To @hitigate Ghe @ffect @f Gorrelated Ghaps @nd Gsulting Gedundancy O g
cluster gentroids, Ghe Ghaps @ith @ Gorrelation @igher than @ @articular g
threshold @re Gherged g

N
Myt M/
Zk—l k, J (19)

il = = -
\/Zl]:,:l'Mk,i : Milz\/ZI]cV:l'Mk-j * Ml
This @ata-driven gpproach Belped €xtract g€kt 6f @pomaps GFig. 00 g
that Garefully gonsiders the gnderlying @tressful @rain gynamics. Glow g

this thal gpt of patially @fstinct st of Ghaps @ill Be Gsed @ Backfit Hto g
the GFPPeaks Of the Ghdividual Subject.

M. M, ;*

Pij = 7

Backfitting Ghicrostates

After gbtaining Ghe hal et of Blicrostate @mplates, Ghe Backfitting g
is @one © Pbel eachme ppint © Ge BEGYith e Best-matching @m-
plate, gnabling s @ Eeconstruct the @mporal §equencedf Flicrostates g
acrossthe @ecording ¢Fig. dg). Jo g:duce gpurious, ghort-lived @uctu-
ations @aused@y @oise @r gbrupt gwitching, @mporal §moothing @as g
applied @ The gequence,@nforcing g @iologically @lausible ¢hinimum g
duration ©@r gach flicrostate. This Gombination Of Gustering, Gariance-
basedé@yaluation, §hd §moothing €hsuresthat Bhe iPentified Picrostates g
are Poth gfatistically @bust gnd Geurophysiologically @heaningful.

From ¢he @nal licrostates, §ubject-wise @mporal Gatures gre gx-
tracted @s they @rovide Bow Chese Gansient @atterns gvolve. Jemporal g
resolution @f Microstates Gnakes @Gn GHeal @andidate @o @Gnalyze Gast g

changesiy) Bhe Brain. Jhe key @mporal Garameters @hich gre gxtracted g
for Gpis @search@re Qrarailis 6t @l., g024): Mlean Guration, Qccurrence g
Rate, Goverage@nd grobability Of Gansition flom Gne State @ @nother. g
Mean @uration @epresentsthe gverage §me @ gpecific Ylicrostate gc-
curred. @ccurrence gate @ecords gow Gequently g gpecific §licrostate g
appears @er Gubject, @er Gtate. Coverage @ells Gbout ¢how Gnuch @f g
the @otal Gme @ Govered By @ach Wlicrostate. Pastly, Ghe Gansition g
probabilities @escribe Bow Often @ §fate fwitches Between Gther Gates.g
All the @mporal @atures @ollected @r gl gignals gre @attened Ghto g g
vector @nd Greate g Gpature Gector of @n g0 g 64 Ghatrix.

Multi-modal @ature @ision gsing@ttention Ghechanism

Different ghodalities @rovide g gnique @epresentation @f geural gc-
tivity; Ghowever, Gheir @elative @iscriminative @ignificance gnay §ary g
across§ubjects @r gognitive Gtates. o gffectively @htegrate these get-
erogeneous@eature @paces,@n Gttention-based @usion @nechanism @ g
employed.

Attention @ision (Fig. 02) § @n Gffective Gay @ Wise atures Ghich g
are gerived §om @nultiple @hodalities. @nlike Gaditional gnd gimpler g
methods @jke Gveraging @r @oncatenation, @he Gttention @nechanism g
carefully €pnsiderstje godality-specific @formation, €mphasizing ghly g
on @ore @ominant Patterns hd guppressingie @ssihportant @atures.

Three @stinct Bature gpts@ere Psed @sing g Gtention Gechanism. g
The gransfer gntropy Gature & gf dimensions &/ § g92, @hich @pre-
sentsthe @mporally derived jatistical Gharacteristics @here @/ 1920 g
windows. Bor Bicrostates fgatures tje @fmensions gere §e 54, Ghere §
= B0 §jgnals. Ghe Granger Gausality § g st of §¢ J j @djacency ghatrix §
where gand gare the Gumber of thannels. Jhe given Giree Gature getsg
have @ffferent @imensions, ghich Gakestem Gcompatible @ fGed Pto g
the @tent §pace.Po Gake @fstinct §ptsOf Godalities fGatures Cpnsistent, g
the @ubject-level near Ghterpolation @ @one Fia FPython's GhterplD g
function @r §IS gnd GC Gatures @ Gheet the Grget Gimensionality gf g
Transfer Gntropy. Jhe Giterpolation @inction § gefined @s: g

.new/ .old/
* yi

Vi

* .old/
x-new/ * y.old/ XX /

fixl =y + (20)

The @btained galues @ere gormalized @ Ghinimize the §caling dis-
crepancies gcross@ll @istinct @ature gets.

To @ffectively Gptegrate @atures flom different @eural Ghodalities, g9
feature-level @ttention-Based Busion (ABF) ghodel § gsed. This Ghethod g
provides Gin @ffective Gvay @o Guse Qheterogeneous@eature Getsdom g
Granger Gausality, @ransfer Gntropy ghd Jemporal Blicrostate atures. g
ABF @gerforms @ature-level @ision ¢Cai 6t gl., g020) gsing §ome @arn-
able geights that @ynamically ghodulate gnd Select Ghe Ghost Gontribut-
ing Batures gcross@l Bature gets. Girst, the Pature Gatrix HS,GCahd g
TE &e @rojected Pto gEpmmon Gtent ghacel@r Godality-specific hear g
transformation @ Create §mbeddings @r gach Gature get:
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MS-A

MS-F

Fig. O1. @ Ginal Ghicrostates Gptained Gom @ Gvel ustering Bhethod @r Efress-based@sks.

FMC FTE FGC

Linear Transformation layer

(i thrtl Ll
HMC HTE HGC

l l l

Attention Layer

v N A

Softmax

Ll

WMC WTE WGC

Fig. (R. @ttention @sion Bodel. 8¢, B 8hd G, Ge Pput Bature Epts. Ghe hear Gansformation Byer Gansforms Ghe Pput Hto @Ghear Gnbedding Shitable g
for Ge @ttention BGyer. Ghe @tention Gyers Cpmpute Gnd Gturn Ge Geight Gr Each Gature Ept, Ghich Gre Gormalized Gsing Epftmax.
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Table
Key ga?ameters @hd @chitectural Getails 6F §vM, ODA, @hd GLP fassifiers.
gVM LDA MLP
Garameter Value Parameter Value Parameter Value g
Gernel Radial Basis Bunction (RBF) Optimization Solver Hidden Chyers 2 g
QRegularization c=10 Regularization Shrinkage Hidden Qhnits (256, p8) 0
Gernel Gidth Gamma (§cale) Search fethod Grid Gearch Regularization Dropout .4) §
g Loss Eunction Cross-Entropy J
H, =tanh.W,,F, + b,/, where § E "TE,MS,GC’ (21) and @ntra-class @ariance. Gor @n G @eature @ector @ith @iscriminant g

The gansformed @eatures @, gre Ged Ghto Che Gelf-attention Gyer, g
which gomputes the @levance §core @ @r gach §pe f Gature. Jhe g
softmax finction @ormalizes Ge Gptained grore Ghlues, Ghich @present g
the @lative @nportance of gach Ghodality. g

a,, = softmaxw" H,,/ (22)

Hiysed = Z'D‘TE + ays + agc/ (23)

The @ttention Gayer @elps Gearn ¢he §ample-weight gependentd,,.
The @nal @used gector @ontains Ghe @iscriminating @eatures Gfom @ll g
three @hodalities @gnd @ @lassified @sing §DA. §ig. 09 depicts Ghe @t-
tention @hechanism ¢h @etail. Fhis Gused Geature et @ Ghen Gsedp g
perform @assification @sing Group §+Fold ¢lassification gith 8P §hibjects g
selected @r @aining gnd g Gr Gsting. Gfter Greating the Gaining gnd g
testing @atasets, Ghe @ttention @usion ¢hodel @ CGe-initialized ¢ gvoid g
information Bakage. Qhe @producibility ©@r §ame §lbject-specific @lds g
is gnsured gcross@ll gxperiments.

Classifiers

For the @inary @lassification @f gignals @hto gtressgnd €elax Gtates, g
three @ifferent @lassifiers @re @sed @ gnprove Ghe Geliability @f Ghe g
proposed @nethodology. Jhe @arametric @nd Grchitectural @etails @f g

classifiers @ pyesented @) Table gp. g Gl Gree Godels e Ghplemented g
using @ Group B-fold Galidation @pproach.

Support@ector Ghachine

Support §ector Glachine gSVM) & @ Gupervised §lachine Garning g
model hat gives €pbust gerformance hr glassification gnd €egressiong
tasks. @he gore @lea gf §VM G @ feparate the given Qlasses@ith the g
help @f g Gyperplane that thaximizes the @istance getween Gatapoints g
from €ach@ass. Gther Gords, Be Byperplane Bat Separatesthe Gven g
(two) @lasses® @t the Ghaximum @istance fom @ata @oints @f Gach g
class. @his gelps @h @nproving €he @eneralization @ gnseendata. Gor g
the @lassification getween gtressg@nd €elax Gtate gsing g Gised @ature g
set @nd @onsidering he @on-linearity @f Geature ets, @ Radial Basisg
Function RBF) Gernel @ @sed, $hich ¢haps @ach dimension ¢hto gn g
infinite @eature @pace@here PYnear Geparation @ Gossible. ghe RBFQ
kernel & given @s:

Koxyl =exp(* 7 llx* »I?)

where, g @nd g @re Gvo Pature goints. the BBF§ Based On Ghaximizing g
the @istance @etween @vo Geature @oints g gontrols the ¢hate gt Ghich g
the @imilarity @etween @eature @oints @ecreases@ith Ghe Ghereasing g
distance.

(24)

Linear @iscriminant @nalysis

Linear Discriminant Gnalysis @.DA) @ &€hpervised @achine igarning g
algorithm @hat ¢ Gased@n Glentifying @ PYnear Gombination @f Gea-
tures @ Geparate glasses.gDA ¢ @ased@n Ghaximizing @ariance gsing g
class@hformation. @ @orks @y @rojecting Geature gpacegnto g Gwer-
dimensional §ubspacethat haximizes the €htio @f Ghter-class Gariance g

weights @, the hear Gombination Of Gatures § given By
y=wix+b (25)

The gptimal @ © derived flom Ghe Gutio Of Biter-class Skatter Ghatrix g
S, @nd Optra-class §catter Ghatrix §,,,. 9

wl'S,w

w = arg max (26)
w

wl'S,,w

This @riterion gnhancesthe @istinction @etween glasses@here Ga-
tures @hight Be Bighly Gorrelated @nd Ghultidimensional. gefore @eding g
into the gassifier, the Gised Ghatrix G @rst Gnputed @ Gandle Gissing g
values @nd @ormalize @ature @istribution.

Multi-layer @erceptron

Multi-layer @erception @ @ GQully Gonnected Geural Getwork ghat g
learns @on-linear @atterns @lom the given data By Geducing the dimen-
sion @rogressively gfter gach Gyer. Gach Giyer G @receded @y g §eLUQ
activation @unction @r @reventing @verfitting @nd @dd @on-linearity. g
The lgfdden igyers Gansform Ye @ature gptigto Igwer gmensions Basedd
on Ghe @ross-entropy unction. @Gccording @ Gq. gg7) @t @ach (vel, g
where 8, @ the @atures gcquired om @revious gidden Gwyer gnd O
is Ghe @eights. g

h, = o (W,h,+b,) @7

Performancegvaluation

To gvaluate the Ghbustnessgf @ised Gatures, Geveral Gtandard ¢Jas-
sification @hatrices gre gsed, ghcluding gccuracy, @recision, gecall, §1 g
score, @rea gnder Ghe Beceiver @perating Gharacteristic Gurve (AUC), g
and Igss. fccuracy Beasuresef €prrectnessof ¢Jassified igbels. Brecision g
is @he @roportion @f Gorrectly @redicted @ositive Gamples@mong @ll g
samples@vhich @re @redicted @ositive. Recall @r Gensitivity GHentify §
the gctual @ossible Qases.g1 gcore gbservesthe @alance getween the g
prediction of gach gJass@bel. UC Gepresents g threshold-independent g
measure gf eparability Of Passes@tress@nd @lax). g

TP+ TN
TP+TN+ FP+ FN
where gP, gN, gP, ghd N Genote the Gumber Of Que Positives, Gue g
negatives, Glse gositives, gnd Glse Gegatives, @spectively. J
TP

Accuracy =

(28)

Precision= ——— (29)
TP+ FP
Recall= — 2 __ (30)
TP+ FN
Precisione Recall
F,=2e¢ ———— "~ 1
1 Precision + Recall (81)
1
AUC = / TPR.FPRId.FPR/ (32)
0

where PR @Gnd @F PR @epresent Ghe grue @Positive @Rate Gind (False(
Positive Bate, @spectively.

For Binary ¢assification, Ghe Binary ¢oss-entropy @ss @ defined 8s:

N
1 . .

c=x = ; [v;10g.9,/ +.1* y/log.1* 3,/ (33)
where @ @enotes the Gue Gbel, § § Ghe Predicted @robability, gnd @/
is Ghe @tal Gumber Gf Gamples.
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Table @
Five-fold Gerformance 6f fje Groposed Btention-based @ision Ghodel Gr VM.
Training
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9589 0.9619 0.9557 0.9588 0.9923 0.00521 g
g 0.9153 0.9381 0.8893 0.9131 0.9752 0.07031 g
g 0.9388 0.9365 0.9414 0.9389 0.9839 0.03646 g
g 0.9212 0.9284 0.9127 0.9205 0.9754 0.03646 g
g 0.9694 0.9724 0.9661 0.9693 0.9955 0.07552 g
@rean JED 0.9407 § Q0028  0.9475 0032 09330 (J@0040 0.9401 (J@0030 0.9845 ( H00001  0.0057 ( §oo2s J
Testing
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9948 0.9948 0.9948 0.9948 0.9996 0.0052 g
g 0.9297 0.8986 0.9688 0.9323 0.9843 0.0703 g
g 0.9635 0.9320 1.0000 0.9648 0.9985 0.0365 g
g 0.9609 0.9836 0.9375 0.9600 0.9961 0.0391 g
g 0.9245 0.9503 0.8958 0.9223 0.9812 0.0755 g
Mlean QG0 09547 Q0286 0.9519 {0390 0.9593 (J {0433 09548 (J (J0287 0.9919 J @008  0.0453 { {0286 J
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Fig. OB. Qeceiver Gperating Eharacteristic €urve @r Group 6-Fold Based Gassification Gsing §VM.

Results @nd giscussion
SVM @assification@sults

The §VM dlassifier gemonstrates gigh @erformance gn goth Gain-
ing Gind @esting @atasets@Table Y. ghe @nean Gaining Gccuracy @ g
0.9407 g 00028, gnd the Gverage @sting ccuracy § 09547 ¢ 00286, g
indicating @trong @eneralization @ith Ginimal @verfitting. Gimilarly, g
the @UC @alues @re gery @igh ¢0.9919 g Q.0086 €pr esting), Grhich g
reflects @xcellent @lass @iscrimination. Jhe @pw @pss Galues Gonfirm g
stable gonvergence @uring @aining. Qverall, the §VM @ith 8BF&ernel g
is Bighly gffective @r @ @illy @ised @ature Gataset, que @ O @bility & g
handle @on-linear §eparability @ Gigh-dimensional gpace.

Fig. dg ghows ghe ROC@urves @r @Il Gve @ross-validation plds. g
These @urves @emonstrate Gonsistent Passification @erformance gcrossg
all @lds gith §light Gariations. Bach urve @mains gose @ Ghe Hp-left g
corner, @hich @emonstrate e Bjgh Gue Qpositive Gites & Tery Qw Bise g
positive Gites. By gddition, Ginimal @ariations gcrosslds Ddicate Ghat g
the ghodel Bas §frong §lability, Gbustness,gnd gxcellent @eneralization g

capability Gcross@ifferent @ata @plits. Gimilarly, @onfusion @natrices g
across@ll @lds @re Gepresented B gig. 0d.

LDA gassification@sults

The @sting gccuracy geported @y DA & 0.9891 g §.0137, gs @re-
sented O Jable gg@his Ghdicates that QDA gives gbust generalization g
with @ery @pw Fariance. §DA @lso Ghows Gigh @recision @nd @ecall, g
suggesting § § effective @ @entifying Both Passesgprrectly. gowever, g
LDA @ Ghherently @ @near @lassifier, @nd @vhile @he @urrent @ataset g
appears@® @e Gnearly Geparable® g Gurge gxtent, @ Ghay @ot Gapture g
complex @onlinear @elationships. Jo @irther gonfirm @he gbustnessgf g
the @ised @ature et, the Passification § Gerformed dsing GILP.

To rther hlidate Ge @scriminative Capability 6f e sion Godel, g
AUC ROC @urves @ere @lotted @r gach @st @ld, gsehown & gig. §8. 9
The @OC@urves @ustrate €he elationship @etween the Jrue Gositive g
Rate gJTPR) gnd the @alse Gositive Gate ¢FPR) gnder @arying Qecision g
thresholds. gcross @l @lds, the Ghodel Gonsistently Bchieved Bigh gUC g
values, gdicating Bjgh ¢assgkparability. Big. g ghowing Be €pnfusion g
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Fig. @4. @onfusion Ghatrix @r Group BFold Based Passification Gsing VM.

Table @
Five-fold Gerformance 6 @e Groposed Btention-based @ision Ghodel @Gr ODA.
Training
Gold Accuracy Precision Recall F1-Score AUC Loss g
¢} 0.9967 0.9974 0.9961 0.9967 0.9999 0.0033 g
g 0.9935 0.9948 0.9922 0.9935 0.9996 0.0065 g
g 0.9954 0.9948 0.9961 0.9954 0.9999 0.0046 g
g 0.9909 0.9948 0.9870 0.9909 0.9994 0.0091 g
g 0.9928 0.9974 0.9883 0.9928 0.9996 0.0072 g
Qrean G0 09939 § Q0023 09958 (J @0014 0.9919 { G0043  0.9939 § @0023  0.9997 O @o002  0.0061 [ 0023 J
Testing
Gold Accuracy Precision Recall F1-Score AUC Loss g
¢} 0.9688 0.9545 0.9844 0.9692 0.9970 0.0313 g
a 0.9974 0.9948 1.0000 0.9974 1.0000 0.0026 g
g 0.9818 0.9894 0.9740 0.9816 0.9967 0.0182 g
g 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 g
g 0.9974 0.9948 1.0000 0.9974 1.0000 0.0026 g
Qrean J G0 09891 Qo137 09867 0186  0.9917 Goi26 0.9891 {0137 0.9987 § @ooi6  0.0109 { Qo137 J

matrices @r @ifferent @lds, glso Ghdicate good @erformance @ith Gery g
few Ghlse gositives @nd Gise Gegatives.

MLP gassification@sults

The @aining @ccuracy @eported @y §ILP @ 9.9074 g Q.0235, gnd g
testing gccuracy § 0.8349 ¢ 0.0636 & Qable go@hich § gightly @wer g
than @oth GVM @nd @DA. Jhe Gigher Gtandard @eviation ¢h Gesting g
metrics Guggeststhat the YILP ghodel @xhibits @reater Gensitivity @ g
data gplits, Gue @ @s Gigher @arnability gnd the @sk of gverfitting G J
relatively gmall gatasets. §levertheless, the §ILP gchieves §ompetitive g
F1 gcores@nd GUC @alues, Ghdicating €hat @ till Gaptures gheaningful g
non-linear @atterns @ Ghe Gata.

The ROC @urves @crossthe Gve Gplds, th Fig. dg, Ghdicate Good g
overall @assification gerformance, Giough @ith Greater Gariability €pm-
pared © ®e Previous fihure. Yhile Gost Blds &chieve Ggh Gue Positive g
rates Gt gelatively @ow Jalse @ositive Jates, Gome Gurves gise Gnore g
gradually, §uggestingghoderate @ffferences @ discriminative Gapability g

and @lightly @duced @gtability gcross@ata gplits. Gerformance gf §ILP g
is @oor Ghan GVM @nd UDA, @s thdicated By Ghe Gumber @f Grrong g
predictions O gig. 08.

Tables Ggg, gnd g @resent the glassification gerformances Qrrain-
ing) @cross@ll gve @lds @or GVM, WILP @nd DA, gespectively. §he g
results Gonfirm That Ghe Proposed fision @pproach Effectively Ghitigates g
overfitting @nd @reservesthe @iscriminative Gower @crossgubjects.

Ablation gtudy

To gompare Ghe @ffectiveness@f Gused Geatures, Ghe @lassification g
results Of Ghe Wsed Bature get e Cpmpared Gith Ghe @dividual Bature g
set. @he @lassification @sults gbtained om ¢hdividual @eatures Gfom g
Transfer Bntropy TE, Wicrostates §S, ghd Granger Qausality GC ghowed g
overall @noderate @erformances ¢h Jables@ggd and 8 @pr GVM, UDA Q
and BILP @spectively. Bach §pt Of f§ature Godalities Captures gdjstinct g
brain @inctional §fate.
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Fig. 06. @onfusion Batrix @r Group §Fold Based fassification Gsing ODA.

Among @Il ¢hree @assifiers, the @licrostate @atures gave the gigh-
est @lassification @erformance @ith GVM, Qvith @ Gnean @ccuracy @f g
0.6125 g Q.0745. @espite gapturing he Gansient @pographical gon-
figurations @f @rain gctivity, €he €esults ghdicate Ghconsistent general-
ization, guggestingthat Bicrostate @ynamics gone Ghay Got pfficiently g
represent fhe @fscriminative @mporal @ependencies@quired §r Bbust g
stress-relax@eparation.

The gGranger gCausality (features Qachieved Chighest Qaccuracy Obf
0.8695 ¢ §.0723 @nd gn GUC gf §.9339 g §.0406 @r MILP. While GCg

captures @Inear @ausal Gelationships gmong GEG@hannels, gs @erfor-
mance Gmained Below that of O, Gflecting @ Omitation © Ghodeling g
nonlinear Ghformation @ansfer.

TE @eatures gmerge gs the ghost gowerful gnd €eliable gescriptors g
for Ghis Qassification Gsk. Gupporting Gheir Ptegration Pto Gultimodal g
fusion @rameworks Gor @nhanced GEEG-baseddliscrimination. GFor Gll g
three @lassifiers gnd @r gll three @ature gets@btained om different g
modalities, g §milar Gehavior @as Qbserved, gepicted By Gach Gature g
set. owever, Gombining Ghese @atures gsing @n Gttention Gechanism g
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Table §
Group 8-Fold Based ferformance 6 Ghe Groposed @tention-based @sion Ghodel Gr GLP.
Training
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9287 0.9067 0.9689 0.8973 0.9379 0.0713 g
g 0.9349 0.9987 0.9389 0.9087 0.9281 0.0651 g
g 0.8934 0.9671 0.8678 0.8209 0.9190 0.1066 g
g 0.8799 0.8978 0.8456 0.8480 0.9876 0.1201 g
g 0.9001 0.8587 0.9467 0.8097 0.9182 0.0999 g
@rean JED 09074 00235 09258 J@0556 09136 (J@o498  0.8569 [ 0410 0.9382 g Qo281  0.0926  §0235 g
Testing
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8802 0.8174 0.9792 0.8910 0.9723 0.1198 g
g 0.7396 0.6949 0.8542 0.7664 0.9021 0.2604 g
g 0.8776 0.8680 0.8906 0.8792 0.9520 0.1224 g
g 0.7969 0.7767 0.8333 0.8040 0.9071 0.2031 g
g 0.8802 0.9506 0.8021 0.8701 0.9607 0.1198 g
Mlean QG0 0.8349 Q0636  0.8215 [ 0950 0.8719 (JP0691  0.8423 [ o566  0.9388 Q §J0307  0.1651  §J0636 J
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Fig. O7. Qeceiver Gperating Eharacteristic Gurve @r Group 6-Fold Based fassification Gsing GLP.

carefully €ktracts e gost €ffective Baturesfom gl Gree Godalities @ g
provide Ghore gowerful ghd @bust gassification, gs €xplained @ €garlier g
sections.

GrangerGausality @nd gansfer gntropy @ision

The dusion @f gransfer @Entropy Gind @5ranger ausality Geatures g
yielded @ gignificant @erformance ¢h @lassification @erformance gom-
pared @ Ghe Ghdividual Ghodalities. gs ghown G Jables gJL1 the Gom-
bined @E+GC ¢hodel gchieved @ ¢hean Gesting @ccuracy @f 0.9526 ¢
0.0453, g1-scoredf 9.9497 g 0.0416, gnd gn gxceptionally gigh gUC g
of §.9803 g Q.0245 gsing §VM flodel, emonstrating gtrong @eneral-
ization gnd @iscriminative @apability @cross@plds. his @nprovement g
suggeststhat @ising gonlinear Qrransfer gntropy) gnd Ghear ¢Granger g
Causality) Gausal @ynamics @rovides g @hore Gomprehensive Gharacter-
ization @f gffective @rain @onnectivity, @apturing goth gomplex girec-
tional Gformation Gow @nd Etable Gausal @ependencies.

The Ghree BOCglots, O §ig. 09, Yustrate Garying Bvels of Passifi-
cation gerformance @crossthe five @lds. Jhe Best Performance § Wus-
trated @ @iddle glot ghich @ Hr §YM Ghodel. @ Gemonstrates Excellent g
and @ighly @onsistent @erformance, @ith @urves @losely gpproaching g
the @pp-left gorner. @hese@urves @hdicate gigh Gue @ositive Cates gt g
very @w @Ghise gositive Ghates. Gh Gontrast, the @ft @lot Ghows Goderate g

performance @ith @oticeable @ariability @mong €plds, Guggesting @essQ
stable @eneralization. Jhe @ight @lot geflects Good @verall @iscrimi-
nation, €hough gome @plds @se Ghore @radually, ¢hdicating Ghoderate g
differences @ §ensitivity @crossdata gplits.

Granger@ausality gnd ghicrostatesjision

The @erformance €esults gf ¢he Hlicrostates Geatures, gnd Granger g
Causality Geatures fhdicate ghoderate @iscriminative @apability guring g
training gnd @mited @eneralization gn the Gest Jata, gs §hown Gh Ja-
bles g 14. @uring @aining, Ghe Gnhodel Gchieved @n Gverage Gccu-
racy @f @.7891 g ©.0614, @recision @f @.7874 g ©.0545, @ecall @f g
0.7958 g 0.0849, gnd @n §1 gcore df 0.7899 ¢ Q.067, ith g ¢hean g
AUC af §.8419 Gr GILP. §or §VM, gn gverage gccuracy @as gbtained g
to Be @0.00%.

Theseghlues liggestat Bhe ektracted Batures @ere &ple © Capture g
meaningful ¢Jass-specificfatterns @ gome gxtent. fowever, the @sting g
phaseghows g¢pnsiderable gerformance @rop. Gable ggghows g¢gmilar g
behavior gy §VM, @hich Qepicts that §IS gnd GC gre got Gomplemen-
tary @hen fised. Ghis discrepancy Between gaining @nd @sting @sults g
may @dicate Potential Overfitting O Ghat Ghe BIS Ghd GCgatures gone g
are got Gufficiently @bust @r @istinguishing Between the Gvo Jasses.

The Gomparative @OC gnalysis gcrosshree ghodels @h gig. gg, €-
veals @istinct @erformance @atterns. Jhe ffst Ghodel gxhibits Ghoderate g
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Fold 3 - Confusion Matrix

Relax (0) 166
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Fig. §8. @onfusion Bhatrix @r G-fold €foss-validation-based Gassification Gsing GILP.

Table §

Group -Fold Based Gerformance 6 Bdividual @ature Ghodalities Gsing §VM.

Granger Qausality Eeatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
a 0.6250 0.6000 0.7500 0.6667 0.3281 0.3750 g
g 0.6875 0.7143 0.6250 0.6667 0.4062 0.3125 g
g 0.5000 0.5000 0.5000 0.5000 0.4844 0.5000 g
g 0.7500 0.7500 0.7500 0.7500 0.2812 0.2500 g
g 0.6250 0.6000 0.7500 0.6667 0.2969 0.3750 g
Qrean G 06375 J Q0919 06329  @1003 06750 (J@1118 0.6500 § 0913  0.3594 Qo855  0.3625 § §0919 J
Transfer Entropy Epatures
Gold Accuracy Precision Recall F1-Score AuUC Loss g
g 0.5339 0.5528 0.3542 0.4317 0.5660 0.4661 g
g 0.5573 0.5705 0.4635 0.5115 0.5889 0.4427 g
g 0.5000 0.5000 0.5417 0.5200 0.4768 0.5000 g
g 0.4740 0.4597 0.2969 0.3608 0.4562 0.5260 g
g 0.4974 0.4969 0.4167 0.4533 0.5045 0.5026 g
Grean 0 05125 Qo344 05160 (J o446  0.4146 [ Qo96l  0.4555 [ Qo635  0.5185  @os8l  0.4875 (J §Jo344 J
Microstates Epatures
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.6250 0.6000 0.7500 0.6667 0.2344 0.3750 g
g 0.5625 0.5556 0.6250 0.5882 0.5000 0.4375 g
g 0.6875 0.6667 0.7500 0.7059 0.2188 0.3125 g
g 0.6875 0.6667 0.7500 0.7059 0.3281 0.3125 g
g 0.5000 0.5000 0.3750 0.4286 0.4688 0.5000 g
@rean JED 06125 Q00745 05978 J§0709  0.6500 J @1500 0.6191 § @1104 03509 § @1113 0.3875 § §o745 g

discrimination @ith Qoticeable @ter-fold @ariability. The Second Ghodel g
demonstrates gnstable gnd Ghconsistent @ehavior, @ith §ome @lds gp-
proaching gandom @assification. Gh gontrast, the third Ghodel gchievesg
superior g§hd €pnsistent Gerformance, @ith €urves €pncentrated Qear the g
top-left gorner, Ghdicating @bust generalization gnd gigher @redictive g
reliability.

Transfergntropy gnd @hicrostatesfision
The @sion ¢f Bicrostate ghd Qransfer Bntropy @atures @emonstrates g

a @ighly @ffective @epresentation gf GEG@ynamics, €sulting G 6trong g
discriminative @erformance @r gDA, §ILP @nd GVM @s Gresented th g

Tablesd® 17. Jhe Gwerage @raining Gccuracy @f @.8008 § @.0345 g
with gn gUC af §.8642 g §.0324 (pdicates hat the @hodel gffectively g
learned @lass-specific@emporal @nd @patial @atterns rom Ghe Gused g
features @vhen @lassified @ising §DA. Jhe @nean Gesting Giccuracy @f g
0.6266 g 0.1360 gnd 1 gcore @f 0.6419 g 0.1182 gonfirm Ghe To-
bustness@nd @eneralization @apability @f ¢he gusion gpproach. @pon g
evaluation @f @ther @elated @arameters, § @ @bserved ghat Jransfer g
Entropy Qutperformed ¢he @inary gs @ell gs @ll-fusion @f Gatures Gr g
MLP.

The Guperior @erformance @f Gusion, Gompared @ Ghe Ghdividual g
modalities Microstates @r, Jransfer Gntropy glone) Gemonstrates that g
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Table @
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Group @Hold Based ferformance O Gydividual @ature Gjodalities ODA.

Granger Qausality Geatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.6667 0.6798 0.6302 0.6541 0.7595 0.3333 g
g 0.5365 0.5729 0.2865 0.3819 0.5735 0.4635 g
g 0.6901 0.6973 0.6719 0.6844 0.7689 0.3099 g
g 0.8073 0.7783 0.8594 0.8168 0.7718 0.1927 g
g 0.6771 0.6382 0.8177 0.7169 0.7402 0.3229 g
@ean JED 06753 § 0934 06733 00693 06335 J@2010 06500 [ @1574 07228 (JQossa  0.3245 Qo972 O
Microstates Epatures
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.5651 0.5796 0.4740 0.5215 0.5951 0.4349 g
g 0.4740 0.4777 0.5573 0.5144 0.4740 0.5260 g
g 0.5625 0.5432 0.7865 0.6426 0.5382 0.4375 g
g 0.5365 0.5350 0.5573 0.5459 0.5338 0.4635 g
g 0.5339 0.5596 0.3177 0.4053 0.5666 0.4661 g
@lean JED 05420 O (0373 05392 (J 0367 05387 J@1579  0.5259 [ 0920 05412 (o440  0.4578 (J (0353 (

Transfer Entropy Epatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8281 0.8938 0.7448 0.8125 0.8685 0.1719 g
g 0.6536 0.6725 0.5990 0.6336 0.6697 0.3464 g
g 0.6250 0.6200 0.6458 0.6327 0.6397 0.3750 g
g 0.7344 0.7778 0.6563 0.7119 0.7807 0.2656 g
g 0.6615 0.6582 0.6719 0.6649 0.6113 0.3385 g
Mrean J G0 07005 O GJosss  0.7249 (J@1154 06636 (J P0535 0.6717 Q0751  0.6941 (1042 0.2995 (J o613 J

Table §

Group @Hold Based Gerformance O Bdividual @ature Ghodalities Gsing GILP.

Granger Qausality Geatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8490 0.8988 0.7865 0.8389 0.9034 0.1520 g
g 0.7630 0.7919 0.7135 0.7507 0.8534 0.2370 g
g 0.9505 1.0000 0.9010 0.9479 0.9459 0.0495 g
g 0.9010 0.8738 0.9375 0.9045 0.9523 0.0990 g
g 0.8828 0.8210 0.9792 0.8931 0.9790 0.1172 g
@rean JED 08695 0723  0.8771 J@0800  0.8635 (J@oses  0.8670 [ o767  0.9260 J o480  0.1329 § §o676 J

Transfer Entropy Epatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9427 0.9885 0.8958 0.9399 0.9559 0.0573 g
g 0.8958 0.9000 0.8906 0.8953 0.9730 0.1042 g
g 0.8359 0.8525 0.8125 0.8320 0.8839 0.1641 g
g 0.8464 0.8446 0.8490 0.8468 0.9469 0.1536 g
g 0.8307 0.8009 0.8802 0.8387 0.9100 0.1693 g
@ean JED 08703 § Qo549 08773 Q0736 08656 JG0319  0.8705 [ §0418  0.9339 (JP0406  0.1297 Qo455 Q

Microstates Epatures

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.4896 0.4895 0.4844 0.4869 0.4680 0.5104 g
g 0.4844 0.4831 0.4479 0.4649 0.4465 0.5156 g
g 0.4948 0.4958 0.6094 0.5467 0.4918 0.5052 g
g 0.5599 0.5673 0.5052 0.5344 0.5663 0.4401 g
g 0.5651 0.5839 0.4531 0.5103 0.5606 0.4349 g
@rean JE0 05186 Q00367 05239 (J@0411 05003 (J Qo681  0.5086 [ GJ0315  0.5066 Q (Jo4ss  0.4712 (J 0367 (

combining @nicrostate-based @emporal. Gptability @ith @he @irectional g
information ibw Chptured By Gansfer ghtropy Erovides ghore Cpmpre-
hensive @ature §pace,Bading @ gnhanced gassification gerformance.

The BOC @Qurves gcrossthe three Ghodels, & Gig. g0, Ghdicate Ghod-
erate gnd QGariable @assification @erformance. th the @rst @lot, Geveral g
folds @main glose @ Che diagonal, uggesting @imited discriminative g
ability, @hile gne @ld gerforms Gomparatively Better. Jhe Gecond@lot g
shows @nproved @ut @hconsistent @erformance gcrosslds. Fhe chird g
plot gemonstrates €elatively @tronger gnd @hore Gtable @iscrimination, g
with @nost @plds @chieving Gigher Gue @ositive Gates Gt ¢pwer Galse g
positive @htes, Bydicating Gomparatively Better generalization.

Resultsgnalysis

Among the @hree @ifferent @ature gets, Jransfer Gntropy @chieved g
the @ighest @iscriminating @esults @ith the gccuracy gf §7% gs gom-
pared @o Ghe @ther @wo Geature Gets, Granger Causality §86%) Gnd g
Microstates @atures (b4%) @r GILP. his @lls gs that JE § fficient § g
capturing €he gon-linearity @etween gifferent geuronal gegions @hile g
the @rain ¢ @ndergoing Gtrong Gnental Gctivity, Ghich Ghcreasesthe g
stress@vel. GC, Bowever, Gied @ Ouild Ghe Bhear Gausal thk Between g
brain @gions. Oh Gontrast @ Ghis, Gricrostates howed Gwer Gccuraciesg
of 1%, Qvhich @hdicate gmited @erformance. Jhese@esults ghdicate g
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Table
Group §-Fold Based Gaining @hd @sting Gerformance 6F Ghe Proposed §VM Gassifier Gsing Epmbined Yransfer Gntropy JE) Ghd g
Granger JQausality (5C) @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8743 0.8890 0.8555 0.8719 0.9467 0.1257 g
g 0.9479 0.9574 0.9375 0.9474 0.9887 0.0521 g
g 0.9661 0.9735 0.9583 0.9659 0.9929 0.0339 g
g 0.9616 0.9683 0.9544 0.9613 0.9944 0.0384 g
g 0.9297 0.9447 0.9128 0.9285 0.9825 0.0703 g
Grean G0 09351 J Qo358  0.9460 (J 0354  0.9235 Q0370  0.9354 [ Q0344 0.9813 0 @0192  0.0641 { Go330 J

Testing Berformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 g
g 0.9688 0.9787 0.9583 0.9684 0.9945 0.0312 g
g 0.8854 0.9744 0.7917 0.8736 0.9331 0.1146 g
g 0.9375 0.9667 0.9063 0.9355 0.9779 0.0625 g
g 0.9714 0.9840 0.9583 0.9710 0.9958 0.0286 g
@lean JED 09526 0453  0.9807 J §0103 09229 J Q0840 09497 [ §0416 09803 (JM0245  0.0474 Qo386 Q

Table @0
Group §Fold Based @Jaining @nd @sting Performance 6f Ge Proposed QDA GJassifier Gsing Gpmbined Pransfer Gntropy JE) ghd J
Granger Qausality @5C) @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8874 0.8940 0.8789 0.8864 0.9594 0.1126 g
g 0.8333 0.8055 0.8789 0.8406 0.9257 0.1667 g
g 0.7500 0.7270 0.8008 0.7621 0.8356 0.2500 g
g 0.8568 0.8495 0.8672 0.8582 0.9201 0.1432 g
g 0.8346 0.8002 0.8919 0.8436 0.9152 0.1654 g
MQlean QD 08324 § Q0504 08152 [ Qo644 08637 Q0379 0.8182 J Go46s 09116 J o448  0.1676 [ Qo481 Q

Testing Berformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
a 0.6068 0.5735 0.8333 0.6794 0.7740 0.3932 g
g 0.6484 0.6278 0.7292 0.6747 0.7465 0.3516 g
g 0.5885 0.5733 0.6927 0.6274 0.5946 0.4115 g
g 0.6823 0.8070 0.4792 0.6013 0.6604 0.3177 g
g 0.6667 0.6739 0.6458 0.6596 0.7225 0.3333 g
Qrean QD 06385 Q0349 06519 § @1007 06560 (J@1405 0.6487 Q0310 06997 Q @o727  0.3615 § §o3sl J

Table QL

Group §-Fold Based @aining @nd @sting Gerformance 6f Ghe Groposed GILP Gassifier Gsing Gpombined Transfer Gntropy JE) Ghd g
Granger Jausality @5C) @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9590 0.9608 0.9570 0.9589 0.9894 0.0410 g
g 0.9661 0.9520 0.9818 0.9667 0.9965 0.0339 g
g 0.9753 0.9854 0.9648 0.9750 0.9964 0.0247 g
g 0.9583 0.9757 0.9401 0.9576 0.9934 0.0417 g
g 0.9186 0.8935 0.9505 0.9211 0.9780 0.0814 g
@rean J G0 0.9551 (0204 0.9535 (J 0361  0.9585 (J@o165  0.9551 [ 0195 0.9902 (0079  0.0445 (J 0204 {

Testing Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
¢} 0.6901 0.6398 0.8698 0.7373 0.7551 0.3099 g
a 0.7318 0.7032 0.8021 0.7494 0.8372 0.2682 g
g 0.6901 0.7325 0.5990 0.6590 0.7416 0.3099 g
g 0.7031 0.7321 0.6406 0.6833 0.8225 0.2969 g
g 0.7031 0.7532 0.6042 0.6705 0.7994 0.2969 g
Mrean QG0 0.7036 GQo166 07122 0451 07033 J@1015 0.6999 [ 0414  0.7913 @@0343  0.2956 { §oi72 g

that Gydividual @atures @re got Sufficient @ CGapture gnderlying Geural g direction. @Ve @btained Gew Gets @f Gopographical Ghaps Qvith @ de-
dynamics @hen @assified @sing GILP. fined Ghethodology Ghat Garefully Gepresentsthe Brain Fhages @ Gress-

This hay @e fecausethe Gortical @gion § gnder Gighly Gon-linear g ful @gtates. Jhe giscriminating @ower @f Gnicrostates fhdicates ¢hat the g
intrinsic @teractions, @hich @sult & @iminishing @ Ghear @roperties. § obtained @uasi-stable @rain gonfigurations Ghay Ghck ¢he Gne-grained g
The @hicrostate @aptured ¢h Gtressful @onditions & @ Telatively gewer g temporal Gependencies@®r @iscrimination @hen @ Jolation.
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Fig. @0. ROC Elrves @r Group Gfold Based Gplidation @r JE @hd GC @sion. DA Q@eft), §VM @enter), GLP @ight).

Table @@

Group §}Fold Bpsedhining &hd @sting Gerformance € e Goposed GVM assifier Gsing €pmbined Picrostates S) &hd Granger

Causality @5C) @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.8438 0.8235 0.8750 0.8485 0.0713 0.1562 g
g 0.9375 0.9375 0.9375 0.9375 0.9922 0.0625 g
g 0.9688 1.0000 0.9375 0.9677 0.0000 0.0312 g
g 0.8750 0.8750 0.8750 0.8750 0.0723 0.1250 g
g 0.8125 0.8571 0.7500 0.8000 0.1328 0.1875 g
Mrean QG0 08879 Q0613 0.8780 [ 0681  0.8750 (JP0670  0.8657 § §0625  0.2531 Q @4127  0.1321 { §0569 J
Testing Berformance
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.7500 0.7000 0.8750 0.7778 0.1250 0.2500 g
g 0.6250 0.5714 1.0000 0.7273 0.8281 0.3750 g
g 0.7500 0.8333 0.6250 0.7143 0.1406 0.2500 g
g 0.8125 0.8571 0.7500 0.8000 0.1094 0.1875 g
g 0.5625 0.6667 0.2500 0.3636 0.3281 0.4375 g
Mrean QG0 0.7000 § 0870  0.7257 @ @1047 07000 J@2735 0.6766 § @1726 0.3063 § 2954 0.3000 { §os70 Q
Table @8

Group §}Fold BasedGhining &hd @sting Gerformance §f Qe Gfoposed OPA fassifier @sing €pmbined Bicrostates GS) ghd Granger

Causality @5C) @atures.

Training
Gold Accuracy Precision Recall F1-Score AUC Loss g
¢} 0.9206 0.9228 0.9180 0.9204 0.9641 0.0794 g
g 0.8613 0.8413 0.8906 0.8653 0.9429 0.1387 g
g 0.8542 0.8358 0.8815 0.8580 0.9331 0.1458 g
g 0.8757 0.8611 0.8958 0.8781 0.9367 0.1243 g
g 0.8945 0.8976 0.8906 0.8941 0.9479 0.1055 g
Mlean QG0 0.8819 Qo285 08713 0382 08951 (J Q0282 0.8832 [ 0265 09445 § (0119  0.1187 { {0253 Q
Testing Gerformance
Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.6823 0.6434 0.8177 0.7202 0.7190 0.3177 g
a 0.6901 0.6798 0.7188 0.6987 0.8048 0.3099 g
g 0.5000 0.5000 0.4896 0.4947 0.4796 0.5000 g
g 0.6224 0.6667 0.4896 0.5646 0.6088 0.3776 g
g 0.7188 0.7561 0.6458 0.6966 0.7457 0.2812 g
Mrean QG0 06427 Q0820 06492 [ G0949 06323 JP1375 0.6350 J 0860  0.6710 § 1237 0.3573  Qoss6 J

The @usion @f GC@nd JE @sing @n @ttention Ghechanism @utper-
formed @e @dividual @jscriminating ower Of IBpth Gature §ptsenly ©@r g
the §VM @hodel. gor the @emaining §lodels, §ILP gnd QDA, the ginary g
fusion @erforms @orse Ghan Ghese ¢hdividual @eatures. @his ghdicates g
that @C's@inear gnd @E's gon-linear @apabilities gegrade the @verall g
holistic gffective Gonnectivity. Jhe @ision gf GC gnd §IS degraded the g
performance @s ¢pmpared @ Their Gdividual Bature sets. Gflects Ghe g
temporal-resolution @isparity Between GC@and §IS. GC, @hich & Basedd
on @me-series Gausality @nd Microstates, Gased @n Gpatial temporal g

clustering, @htroduce @xtract goise @uring @ision. loreover, g gignifi-
cant @egradation @) @erformance Gan ge §een@r Garious Gther Ginary g
pairs. §or gxample, §1S @ JE ghowed the gccuracy gf §2.66%, @hich g
is @orse @ @ Gignificant @xtent @hen ompared @ith their Ghdividual g
counterparts. @ §milar @attern gan ge gbserved gith YIS § GC, Ghich g
fails ® Gprove ghd ghggests@@eak §ynergy Between the Qvo Batures.
The @blation gudy @nd Gassification Gesults Gresented By @ising gll g
features §uggestthat the @illy @ised Gatures give @nproved @lassifica-
tion @sults Ghen Gassified gsing gDA. When the §gnals @re Passified g
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Five-fold Gpining &hd @sting Eerformance 6f Be ffoposed YLP fassifier Gsing Epmbined Picrostates MS) ghd Granger Jausality J

(GC) @atures.

Training Gerformance

True Positive Rate

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9850 0.9895 0.9805 0.9850 0.9996 0.0150 g
g 0.9583 0.9548 0.9622 0.9585 0.9860 0.0417 g
g 0.9831 0.9882 0.9779 0.9830 0.9990 0.0169 g
g 0.9844 0.9819 0.9870 0.9844 0.9980 0.0156 g
g 0.9902 0.9896 0.9909 0.9902 0.9989 0.0098 g
Mrean QG0 0.9808 J Q0125 0.9806 0137 0.9793 JP0109  0.9803 § 0122  0.9963 Q Goos2  0.0198 § Goi21 Q
Testing Gerformance
g 0.7917 0.7414 0.8958 0.8113 0.8494 0.2083 g
g 0.8307 0.8432 0.8125 0.8276 0.8643 0.1693 g
g 0.6771 0.6828 0.6615 0.6720 0.7486 0.3229 g
g 0.7995 0.8142 0.7760 0.7947 0.8703 0.2005 g
g 0.8464 0.8556 0.8333 0.8443 0.8747 0.1536 g
Qrean G 07891 g Qo614 07874 J Q0545 07958 (J@os49  0.7899 @067l  0.8419 J @0480  0.2109 § §0595 J
= =t B s S
Fold 3 — o Fold 3 i r
Fold 4 7 Fold 4 -
Fold 5 ; it 7 08 Fold 5 o8 =
% 06 é 0.6 7
8 2 )]
g o4 8 04l
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Fig. €0. ROC Eurves @r Group Efold Based Ghlidation @r ©S @hd GC fhsion. QDA Qkft), §VM @enter), LP Qight).

Table @6

10

Group @-fold Gased Gaining @nd Epsting @erformance @f Ghe Groposed GVM @lassifier @sing Gombined Jransfer Gntropy @nd g

Microstates @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.9564 0.9511 0.9622 0.9566 0.9922 0.0436 g
g 0.9668 0.9723 0.9609 0.9666 0.9962 0.0332 g
g 0.9772 0.9754 0.9792 0.9773 0.9970 0.0228 g
e} 0.8210 0.8077 0.8424 0.8247 0.8991 0.1790 g
g 0.7760 0.7650 0.7969 0.7806 0.8490 0.2240 g
Grean G 08995 J Q0831  0.8949 0797 0.9085 § o757 0.9019 Qo780  0.9265 § Q0633  0.1005  Gosss Q
Testing Berformance
a 0.7396 0.7674 0.6875 0.7253 0.7678 0.2604 g
v} 0.4714 0.4796 0.6719 0.5597 0.4523 0.5286 g
g 0.5260 0.5410 0.3438 0.4204 0.5930 0.4740 g
g 0.6094 0.5778 0.8125 0.6753 0.6832 0.3906 g
g 0.5677 0.5448 0.8229 0.6556 0.6107 0.4323 g
Hrean G0 05824 JQoos1 05821 Q1070  0.6673 J Q1964 0.6078 J Q1074 0.6114 Q1160 0.4152 (J Q0964 J
vo [ rows o 10
Fold 2 i A
rold3 |
Fod s A
08 Fold 5 T 08
7~
V‘ 7
s / - 0.6 ’ 06

True Positive Rate

Fold 1
Fold 2
Fold 3
Fold 4
Fold 5

False Positive Rate

False Positive Rate

True Positive Rate

— Fold 1
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- Fold 4
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04
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Fig. g1. ROC Elrves @r Group Bfold Based Galidation @r Pransfer Gntropy Ghd Glicrostates @ision, QDA (eft), §VM @enter), GILP Jight).
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Table §6
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Group @-fold @ased Gaining @nd Gsting Gerformance @f Ghe Groposed YILP @lassifier gsing Gombined Jransfer Gntropy @nd J

Microstates @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
g 0.6302 0.6302 0.6302 0.6302 0.6684 0.3698 g
g 0.7500 0.8750 0.5833 0.7000 0.8874 0.2500 g
g 0.5964 0.5768 0.7240 0.6420 0.5596 0.4036 g
g 0.7318 0.7486 0.6979 0.7224 0.7897 0.2682 g
g 0.8750 0.9000 0.8438 0.8710 0.9706 0.1250 g
Mrean QG0 0.7167 Q0973 07461 1176 0.6956 JG0973  0.7133 § 0942  0.7759 Q §J1545 0.2633 { {0963 J
Testing Gerformance
g 0.5625 0.5583 0.5990 0.5779 0.6341 0.4375 g
g 0.5677 0.7708 0.1927 0.3083 0.7295 0.4323 g
g 0.5182 0.5131 0.7135 0.5970 0.4942 0.4818 g
g 0.6589 0.6432 0.7135 0.6765 0.6826 0.3411 g
g 0.7917 0.8784 0.6771 0.7647 0.8582 0.2083 g
Qrean G 06190 g Q0941 06727 §@1576 05799 J@1963 0.5849 Q1857 06793 O Q1475 0.3802 § G097 J
Table @7

Group g-Fold Based @faining @nhd @sting Gerformance 6f Ghe Proposed QDA Gassifier Gsing Gombined Gransfer Gntropy JE) Ghd g

Microstates (MS) @atures.

Training Gerformance

Gold Accuracy Precision Recall F1-Score AUC Loss g
ag 0.8053 0.8106 0.7969 0.8037 0.8692 0.1947 g
a 0.7943 0.8046 0.7773 0.7907 0.8306 0.2057 g
g 0.8542 0.8542 0.8542 0.8542 0.9152 0.1458 g
g 0.7643 0.7804 0.7357 0.7574 0.8522 0.2357 g
g 0.7819 0.8080 0.7396 0.7723 0.8557 0.2181 g
Mrean QG0 0.8008 § @0345 0.8111 0310 0.7807 (JPo486  0.7957 § §0350  0.8642 § 0324 0.2000  §0338 J
Testing Berformance
g 0.4948 0.4956 0.5833 0.5359 0.5158 0.5052 g
g 0.6797 0.7170 0.5938 0.6496 0.6712 0.3203 g
g 0.4922 0.4935 0.5885 0.5368 0.4462 0.5078 g
g 0.6328 0.6114 0.7292 0.6651 0.6866 0.3672 g
g 0.8333 0.8810 0.7708 0.8222 0.8629 0.1667 g
rean JED 06266 O O1360 0.6397 J@1607 05931 J@os51  0.6419 Q1182 0.6369 § @1423 0.3734 § 1300 g

using Gpdividual @atures, the @ccuracy gnd Qther @arameters give @w g
performance, @hdicating Chat @hdividual @patures gre got Gufficient @ g
capture Ghe @iscriminative Qatterns.

The gitention ghechanism gensitively €aptured the Gformation Gom g
each @hodality By @daptively @eighting the Gontribution asedgn Gisk g
relevancy. @his @ynamic @eighting @f @atures giminishes the gimen-
sional @nbalance gnd goise @eduction @hich @ @resent ¢h gtandalone g
feature gets.rom Ghe Pattern @bserved Gom Opdividual, @artial @ision g
and @Il @ision of @atures, I § Gvaluated Ghat Go §fngle Ype Of Bature g
is @ufficient @or @apturing Ghe @lense@nultifaceted Gature @f Geural g
dynamics @nh @nental @tress@ctivity. @nstead, Ghe Gusion @f Gotential g
and @iverse @ature 6etsOptegrates the @iverse gnderlying Giformation, g
particularly Gh @ases@here @oth near @nd Gon-linear Ghformation g
transfer § Grucial. This @Gchnique @irther Bighlights @he Gnportance 6f g
combining Gonnectivity @atures B Geurophysiological gnalysis.

Discussion

The Gesults gre gresented ) Qables §0B Qustrate the Ghportance of g
feature-level @usion gf Ghultiple GEGghodalities @h the Gask gf Ghental g
stress@assification. Jhe gvaluation Garameters show Gw Performance g
of gll three Getsgf Gpatures hen gsed Gpr glassification ghdividually. g
For gstance, Ghe &ccuracy 6f Ge Wised @ature Setithproved By 4P.76%, g
46.47% @hd 88.92% & ¢pmpared ©§ Ghe @dividual @ature gpt €ktracted g
from @ranger @ausality @sing VM @nd QDA. @vhereas@ith ®ILP, @ J
slight Gecreaselh @erformance gf gbout 8.98% § gbserved.

Similarly, €he @ttention-based @Qised @ature get §hows gn Gnprove-
ment Of 85.87%, §82.53%, 60.99% &nd 86.29%, g1.19%, §07% Ghen g
compared @ith Ghdividual @esults gbtained Gom @licrostate-based gnd g
Transfer Bntropy ¢Jassification @sing §VM, ODA gnd §ILP, @spectively. g

It © gbserved that @r GILP, the JE Gatures Qutperform @he @ill-fusion g
results.

The §ame @end @as gbserved @hen the Ghodel @ision gesults Gere g
compared @vith @Ghe Ginary @usion @f Geatures. Gror xample, Ghe Gi-
nary @ision gf Granger Gausality gnd Jransfer gntropy grovided @bout g
0.22%, §4.91% gnd ¥8.66% @nprovement Gy ¢he Qlassification @sults g
compared @ith €heir @ill-fusion @erformance @f goth @ature Gets, g-
spectively @r §VM, gDA gnd GILP.

For VM, the @Qilly @ise ehodel ghowed gbout §6.39% Gnproved gs g
compared @ith Granger Gausality+ Hlicrostates gnd gbout §3.90% gnd J
6.03% @mprovement @or §DA @nd ®ILP. @ombining Wicrostates @nd g
Granger Qausality gives g gignificant @nprovement ¢h gccuracy. Goth g
features @re @bust O g Gay Ghat Ghey @rovide Gomplementary Ghecha-
nisms @xplained gue @ @istinct Gpteraction Ghodels. Granger Gausality g
and Mlicrostates §howed Gpmplementary fiision. Granger Gausality Cap-
tured hear €pusality, @hd BIS hcodesthe Gacro-level gpatial Grganiza-
tion. Oy Gpis Gay, both Of Bhese Batures Captured Geal gnd Gobal Brain g
responses@hile gnder @tress.Gimilarly, ¢r HYlicrostates gnd gransfer g
Entropy, VM @gchieved gbout §3.93%, gDA gbout §7.85% gnd §ILP g
about 85.54% Onprovement.

Transfer gntropy gevateste Gonlinear Gformation @pw, Ce. Gnder g
the @tress@ondition, g¢he Grontal(including @mygdala, Gypothalamus) g
regions @f the @rain gre gctivated. Jhese Gegions gend Etrong Get Gon-
linear gnergy Qursts, Ghdicating the @igh gctivity g@merging 0 the @re-
frontal @ortex. Jhe @on-linearity ¢h Ghe @re-frontal Gortex ¢ Gue @ g
sudden @esponse@ @ttention @Gnd Gremory @ircuits Rasheed@t @l., g
2021). Gransfer gntropy Gaptures Gpformation @ansfer Gom the Gnbic g
and @motional greas@jto Ghe @refrontal Qortex (Rasheed@t §l., g021). g
The @assification gesult gf gbout @0.05% Qrable @y §7.03% Qrable ggg
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Microstate Transition Entropy: Stress vs Relax
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Fig. @2. Qicrostate Gansition Gntropy @r Eress@hd Glax §ate.

and §1.25% Qrable gy ghowed €hat Jransfer ntropy gan gapture the g
high @yformation @ow Quring §tressgonditions.

Granger Qausality gepresents the directed @near @hfluence gf gow g
one @art gf the @rain gegions Gtatistically Gpfluences ¢he @ther @gions g
of the Brain. Gs Be gctivity @ The Pre-frontal ortex Pereases,ghowing g
the Bcrease @ @ttention @nd Gorking Giemory, Ghe Shorter gindowing g
mechanism @duces e directionality gnd @ads ® ©ss Of cpntrol ghen g
there § Gduced pgnitive §ability. By Gis Gay, Ghe gindowed Granger g
Causality Ghethods ghow @hen, Oe. B @hich @gindow @nd Gow Gist the g
directions ¢f @ctivities change O Ghat gindow i 6t §l., g022).

Microstates @Gre @uasi-stable @onfigurations @f @lobal @rain Gcti-
vation Ghat @ast Goughly @O0 gns. @nder Gtress, Ghe @robability @nd g
speed@f Gansitioning lom Ohe §ate @ ghother Perease, Ghich hakesg
the Mlicrostates @hore @nstable. @his Gheans Ghat Gvhen @nder Gtress,g
the Mlicrostate guration gecreasesgnd gntropy fhcreases.8y gntropy g
mean the heasure @f gnpredictability @f the @ext gtate. gnlike G the g
resting Gtate, the @licrostate @atterns gre got Gandom. Gig. gg Gepre-
sents fhe Mlicrostate Gansition Gntropy @r Poth Etress@nd Gplax Efates. g
Higher @ntropy @f @tress@1.82) @epresents @hore @npredictability @sg
compared @ @sting-state gntropy (1.68). This Ghdicates the Gapid Gog-
nitive @rocess@uring @tressful gonditions. Jhe gecreaselh licrostate g
duration @hd gcrease® §vitching Pdicate Be Ygilance ghd lGss§able g
activity g<hanna gt @l., go15).

Limitations

Despite @hese @romising gesults, Ghe Groposed Gnethodology thas g
some @hortcomings. Mlicrostates gre gensitive ¢ Gansient ghangesth g
the @rain. @he @xtracted Mlicrostate Get & gighly gubject-specific gnd g
may @ot @e @eneralizable @ @ross-subject@ariations. G\s ghentioned g
in Ghanna @t gl. gz015), the generalization gf Glicrostates ¢pr Gtudy-
task-based@ignals @ §till gnderdeveloped gnd @quires g Guge gohort g
of @tandardized licrostates, @ested ggainst g @est get, @ gnsure their g
reliability, Gwus gnabling Gheir dse @r gross-subject@valuation.

Interpolation @cross@dividual ature Sets@ gssential @r gfandard-
izing @Il Geatures @nd @nsuring @onsistency @or Ghe @ttention @usion g
model @Chiarion @t gl., §023). Glowever, @ @ gnportant @ @ote Chat g
interpolation @an @isrupt @he Gemporal @ynamics Ghherent Gh Ghese g
features.

Features@uch @s Jransfer Gntropy @nd @Granger @ausality @hatri-
ces(tilize @indowing @chniques, @hich gelp §ccommodate g gegree g
of gon-stationarity @nd @mporal §egmentation. Ghterpolation gecomesg
necessary,@specially @or @arget @eature Gets Ghat @re Gomputed @ver g
specific @indows @ather ghan Ghe @ntire Gignal @ength. Gor @xample, g

transfer @ntropy @ @alculated @sing @vindows @ @apture gon-linear g
relationships, @hile Blicrostates @re gvaluated Gver Ghe Wil Guration Of g
the §jgnal @ @present @obal Getworks. Bjterpolation gds i@ §mnoothing g
out @brupt Gansitions Gaused @y Gtress@nd @ognitive Gwitching. Jo g
enhance e @bustnessof e @sults, ohe €puld €pnsider @placing €pn-
ventional @hterpolation @ith @lternative @chniques, guch gs gdaptive g
window-based @jiterpolation.

Future @orks

The GEG-basedghulti-model @usion @hethod @rovided @rofound €e-
sults; gowever, @ @till geeds@urther gnprovement gnd @evelopment. g
For Bstance, §1S, GC and JE grovided @ fyst etep @r @ision; Bowever, g
the get Of Ghodalities @ghich @re @ised Gan Be Gxtended @ OGther distinct g
feature-setsguch @s ime-domain gd Gequency-domain @atures. G This g

context, @he @ollowing @eatures Gould Ge Ghtegrated Go @nhance Ghe g
functionality @nd gsability:

+ Deep-learning @rchitectures ¢an Be gsed @ Ghodel Gon-linear gnd g
spatial @ependencies@mong Jransfer ntropy, Mlicrostates gnd g
Granger Qausality. Jhe geep @Garning €hodels gre getter gt gap-
turing @nderlying @hter-dependencies. @lso, ¢he @ttention-based g
fusion @chnique gan @e @nproved @y gsing g Gansformer-based g
encoder @r gdaptive @mporal @eighting.

Thought @r @tatic ghethods ke Granger Gausality gnd gransfer g
Entropy, @gindowing § Gsed ® preserve Bhe Gmne-related @forma-
tion, Ghe dynamic @ends Gan Ge Bnproved By Gxploring Aynamic g
Functional gnd gffective Gonnectivity @ethods.

The @roposed @lamework @ Geveloped @ith e Students gs Gheir g
target gudience, @ho @ften kel gtress@ue @ gxams@gnd Ghental g
workload. gowever, this @amework gan ge gxtended @ Galidate g
further @n @ther @ypes @f Gtress@aradigms Gther Ghan Gnental g
arithmetic §fress,uch @s the gtroop @st, focial Etress@st, gtc.

To @nprove @s Gal-world gpplicability, the Gised get Of Gatures g
can @e gxtended @ @ther @eripheral @hysiological gignals gCheng
et @l., @022) Guch @s Geart Gate Gariability @nd @alvanic gkin g
response,gtc.

Conclusion

In ¢his @ork, g @ew @hulti-feature-based geuromarker @r gccurate g
and @ffective Gtress@lassification ¢por Gtudents Gased@n GEEGGignals g

is @roposed. @By Gusing Ghree @mportant GEGdeatures, @e. Gemporal g
microstates @eatures, gon-linear gonnectivity @natrix, §uch gs gansfer g
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entropy @nd @near @onnectivity @hatrix Granger @ausality, @hich gre g
combined gsing gn @gttention @ision gnodel. Fhis Gised get gf Gatures g
provided @he @lassification @esults @f @8% @ccuracy @vhen @lassified g
using @roup @-fold @inear @iscriminant @nalysis. Jhis @vork G5 @re-
sented @ @e the @rst Gork @ Qombine licrostates, Jransfer ntropy g
and Granger @ausality pr gtress-basedgignals. ¢loreover, Gnicrostate g
analysis @one On §fress-based§ignal grovided g@ew Skt Of G Gfstinct G-
crostates @hich @ffectively Gaptured gfress-baseddynamics. Jhe @ision g
results @ere @valuated gn the GAM40 @ataset ¢pr Ghental grithmetic-
based@tressgnd €elax gignals. Ghe @roposed €hode & gompared @ith g
classification @sults of Gydividual @atures gs @ell @s the Binary @ision g
of Ghe Same patures. Ghis gork got Only grovided @ @liable Biomarker g
for gtress@lassification, Gather @ & glso Gased@n Gultiple @hodalities, g
each @f ghich Presents g @istinct Gerspective Gf iress@ynamics.
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