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CAXETAK

VYBoa: Keanthu double-slit excriepumeHT je edekar mocmarpaya Ha KIACH4YHY JyHTOBY
mudpaknujy. Komarc tamacHe (yHKIHje moapazymMeBa PEIyKIHU]y CYIEPIIO3HIHjE CTarmbha
GyHKIMje eJIeKTPOMArHeTHOr Tajlaca Ha jeJHO CTame JICjCTBOM OKpyxkemwa. Double-slit
SKCIICPHMEHT CE CMaTpa 3a jeJIaH OJ1 HajJIeIIINX eKCIIepHMEHATa HKala U3BE/ICHUX.

Husb: Jlokazatu kxojarc TanacHe (pyHKIMje Y MHTEPAKTUBHOM I0JbY (POKycHpaHe MaXmbe
MepemeM ope)eHuX KBaHTHUX MapameTapa, Kao IITO Cy: KOPHYCKYJApHOCT, KOHTPACT,
KOJIMYHUK HMHTEH3UTETa EJICKTPUYHOT TM0Jba, MHTEH3UTET HHTepdepeHuuje Ha rpaduxy
CIEeKTpaJHe CHare, KBaHTHA MOBE3aHOCT, Xaj3eHOeproBa HeoApel)eHOCT.

Marepujan u Merone: ExcrniepuMeHT ce cacTtoju o1 (pu3Muke U (U3MOJIOIIKE MOCTABKE
cucrema. Y (U3MYKOM Jiely CUCTEMa BpUIMJIa CE€ pErucTpalldja 3aBUCHHMX Bapujadbiu
kopuinheweMm JsmHeapHe CCd kamepe, JOK ce y (DU3MOJIOMIKOM CHUCTeMy o0OaBibasia
perucrpaliyja He3aBUCHUX Bapujadiau paau KBaHTU(UKAILM]Ee CTamka CBeCHE Naxme. [ pyme cy
MOJIeJhbeHEe Ha KOHTPOJIHY TPYIy W TPU €KCIEpUMEHTAIHE TPyIe: pelakc Tpyma, rpyma ca
cy0jekTuMa y cTamy (POKyCHpaHe MaKmke U TPyIa ca Cy0jeKTHMa y IPOIIeIypH PETUCTPAIIN]je
korauTuBHOT noteHuujana 11300, koja je nasse monesseHa Ha Tpu noarpyne-E100, E300 u
E1000 nmpema BpeMeHy perucTpanyje 3aBUCHUX BapHujalin. Y eKCIIEpUMEHTY j€ y4eCTBOBAJIO
26 cybjekara, cBa CHUMama Cy BpIleHa TOKOM Tiepruoja o1 45 cekyHau TokoM 10 He3aBUCHHUX
CTyZIM]ja OJHOCHO CecHja.

PesyaraTu: Ca u3y3eTkoMm rpyme ca cy0jeKTUMa y CTamby pelakCUpaHe Maxkibe, Y CBUM
OCTAIMM TpylaMa JOKa3aHO je CHUTHHU(UKAHTHO TMoBehamke KOPITYCKYJIapHUX OCOOMHA
€JIEKTPOMArHeTHOT Tajlaca y3 KOHKOMHUTAHTHO CMameme MHTepdepeHiuje u Xaj3eHoeprone
HeoapeheHOCTH, Ka0 W MOpacT KBAaHTHE 3aIUICTCHOCTH W3Mel)y (u3HUKOr U (PU3UOJIOIIKOT
KBaHTHOT CHUCTEMa y nopehemy ca pe3yaTtaTuMa y KOHTPOJHO] TpynH. DUTOBAkEM pellalinje
3a jaudHy eJEKTPUYHOT M0Jba HA MyKOTHMHAMa AU(paKlMOHE pelIeTKe MoKa3aHa je 3HayajHa
IIPOMEHA Yy OJIHOCY Ha KOHTPOJIHY TPYIy Y CBUM €KCIEPUMEHTAIIHUM Ipylama ca U3y3eTKOM
penakc rpymne. KBantau mapameTpu OWiu Cy CTATUCTUYKU CUTHU(PUKAHTHO U3MEHECHU U TOKOM
npBux 100 MuUIUCEKyHAM y TPOIEAYPH PErucTpanrje KOTHUTUBHOT moTeHiujana 11300
nokasyjyhu backward time referral edexkar. [lokazano je u aejcro I1300 moreHnujama Ha
Bpeanoctu bomose dazne paznuke. Takohe, y rpynu ydecHuka y cramy (GoKycHpaHe MaxXmbe
HajBeha mMpomMeHa KBaHTHUX IapamMeTapa PErMCTpOBaHA je TOKOM MpPBE TPU CEKYHZE O
noOujamba BOKaJHE KOMaHJE 3a MOYeTaK KOHIIEHTpHcama Naxme. HeszaBucHe Bapujabie
MoKasalie Cy mopacT eHTPOIIMje U MOPacT JETEPMUHUCTHYKOT Xaoca.

3aksbyuak: JlejcTBoM (oKycHpaHe Nakikhe HacTaje KoJalc TanacHe (pyHKIMje, J0K 3HayajHa
KBaHTHA MOBE3aHOCT yKa3yje Ha KyIUTyHI (JOTOHA, Ka0 M Ha CIIPEry (GU3MYKOT U HEYPOHCKOT
KBaHTHOT cucTema. JlokazaHa je M MHTepBeHLHWja OynyhHocTH Ha jgorahaje y MpONUIOCTH.
IIpomeHe BpelHOCTH 3aBHCHUX BapHjabiu peduieKTyjy MpOMeHe y HEYpOHCKOM KBAaHTHOM
CHCTEMY, TaKO Ja C€ ONTUYKU CHCTEM MOKE€ KOPHCTUTH 3a JETEKLH]y CYNTUIHUX U3MEHA y
CBECHO]j MaXKIbH.

KibyuHe peun: KBaHTHA IOBE3aHOCT, AU(PAKIIN]jA, CBECHA MAXKbA



ABSTRACT

Introduction: A quantum double-slit experiment is an observer effect on classical Young
diffraction. Wave function collapse occurs when a wave function in a superposition of several
eigenstates reduces to a single eigenstate due to interaction with the external world. The double-
slit experiment is considered one of the most beautiful experiments ever performed.

Objective: To prove the collapse of a wave function in an interactive field of focused conscious
attention certain quantum parameters were measured, such as: corpuscularity, visibility, the
ratio of the electric field intensity, magnitude of interference on power spectral density graph,
quantum entanglement, Heisenberg uncertainty.

Material and methods: The experimental procedure was divided into the physical and
physiological set-up. In the physical part of the system, registration of dependent variables was
performed by using a linear ccd camera, while in the physiological system, registration of
independent variables was performed to quantify the state of conscious attention. The groups
were divided into a control group and three experimental groups: relaxed attention group,
concentrated attention group, and group for evaluating cognitive evoked potential effect on the
double-slit system, which was divided into three subgroups according to time point at which
data was recorded-E100, E300 and E1000. Twenty-six subjects took part in the experiment,
which underwent every second recording of diffraction pattern during 10 sessions, each of 45
seconds duration.

Results: With the exception of the group with subjects in the state of relaxed attention, in all
other groups there was a significant increase in corpuscular properties of the electromagnetic
wave with a concomitant decrease in interference and Heisenberg uncertainty, as well as an
increase in quantum entanglement between the physical and physiological quantum system
compared with the results in the control group. The electric field ratio, which was calculated
by fitting a basic equation for double slit diffraction, with exception for the relax group, showed
a significant change in all experimental groups compare to control group. The quantum
parameters were statistically significantly altered during the first 100 milliseconds in the
cognitive evoked potential P300 registration procedure, proving a backward time referral
effect. The effect of P300 potential on the values of the Bohm phase difference has also been
demonstrated. Also, in concentrated attention group, the largest change in quantum parameters
was registered during the first three seconds after participants started to concentrate their
attention. Independent variables showed an increase in entropy as well as increase in pattern
behavior known as deterministic chaos.

Conclusions: This study confirmed that focused attention causes the collapse of the wave
function, while significant quantum entanglement indicates photon coupling, as well as the
entanglement of the physical and brain quantum systems. Backward time referral effect has
also been proven. Changes in the values of dependent variables reflect changes in the brain
guantum system, so that the optical system can be used to detect subtle changes in conscious
attention.

Key words: quantum entanglement, diffraction, conscious attention
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1.1. Ilojam konarnca TanacHe QyHKIIMj€ U HETMHEAPHUX NTapaMeTapa CBECHE NaXHhe

OCHOBHO TOJIA3UINTE OBOT HCTPaKMBama je Ja C€ HCXOIUINTE CBECTH Hala3u Ha (OHY
coucTunmpane KBaHTHE (HU3MKE MW Ja ce cmpera u3Mel)y KBaHTHOT cucTeMa MO3ra U
CroJballliber (U3MUKOT CHCTEMa OCTBapyje IyTeM KBaHTHE IOBE3aHOCTH. HenmHeapHu
napaMeTpu CBECHE MaXKie, OJTHOCHO MapaMeTpH ACTEPMUHUCTUYKOT Xa0ca, MEpEeHH Cy paau
KBaHTHU(UKaIMje CYOjeKTUBHUX IapameTapa CBECTH, Kao LITO Cy (OKycHpaHa Maxma U
penakcupaHa maxma. Ha Taj HaumH 700MjeH je ceT HEe3aBUCHMX Bapujablid W TpyKEeHa
MOTYyhHOCT J1a ce TpoTpaTe eKCIpecHje CBECHIX aKTHBHOCTH YUECHHKA Yy €KCIIEPUMEHTY Ha
€JIEeKTPO(U3HUOJIONIKOM, OJHOCHO Makpo IUIaHy M J00Ouje YBHUJ Yy €BEHTYyalHY KBAaHTHY
MOBE3aHOCT Ca 3aBHCHUM Bapwjabiama CIOJbAlIber (PU3MUKO-ONTHIKOT cucTema. Komaric
TajmacHe (PyHKITMje ce JIelIaBa Kajla ce MHUIMjaTHa CYNEPIO3ullja CTamka TajacHe PyHKIHje
penyKyje y jeAHO CTame 300T MHTEPAKITH]e Ca CTIOJhAIIFbUM CBETOM, OJJHOCHO KaJia Ce PEeIyKY]Y
TaJacHe 0COOMHE Y3 MCTOBPEMEHH MOPACT YECTHYHHX, OJTHOCHO KOPITYCKYJIApHUX CBOjCTaBa
eJIeKTpOMarHeTHor Tanaca. [Ipyrum peumma, Oe3 mpucycTBa IMocMmarpada BepoBaTHOha
nosunuje (OTOHA EIEKTPOMArHeTHOT Taynaca AepuHUcaHa je Ha ocHoBy lllpemmuHrepore
(mem.Erwin Schrodinger) TanacHe jeqHaurHe U MPeACTaB/ba KBapaT aMILIUTY/IE Tajaca, ajlu
HakoH Kkojanca pynkuuje [Ipeaunreposa jefHaunMHA HE TUKTHPA BUIIE TTOHAIIAKHE YECTHIIE.
On 3Hauvaja je ga ce Harmacu aa je jour e bposs (dpani.Louis de Broglie) 1924. y okBupy
CBOj€ JJOKTOPCKE Te3€ MOCTYIUPA0 AYATUCTHUKY, Tj. TAIACHO-KOPITYCKYJIAPHY MPHPOJTY CBHX
yectuia marepuje. OBO je CyIpOTHO APUCTOTEIOBO] PEUCHHUIIM O HEKOHTPAJAUKTOPHOCTH, Ha
KOjy Ce HayKa Jyro ocliamaia u koja riacu: “Huje Mmoryhe aa jeman arpuOyT MCTOBpEMEHO

MpuUIaga ¥ HEMpUITaia uCToM 00jeKTy”.

1.2. Knacuunu double-slit ekciepumenT

Knacuyrn double-slit (enr. double-slit — mBocTpyku paspe3 wimm HBOCTpyKa MyKOTHHA)
eKCIIEPUMEHT M0 MPBHU TyT je AeMoucTpupao Tomac Jyur (eur.Thomas Young) 1801. roauwe,
IIpU YEeMY je YyOuMO M0jaBy IU(PAaKIMOHUX Mpyra. JyHI je OoBaj €KCIEpUMEHT MpeACTaBUO
Jlonmonckom KpasbeBckom yapyxemy 1803. rogune [1,2]. Kimunton (enr.Clinton Davisson)
u Jlectep (enr.Lester Germer) nemonctpupanu cy audpakuujy enekrpona 1927. ronune [3-
6]. Kiacuuna double-slit audpakiuja cBoj oOpasar peduiekTyje mpeko WHTEPPEepPeHITHOHUX

MUHHMyMa ¥ MakCUMyMa MOJYJIHCaHUX TudpakiroHoM eHBenonoM. Knacnunu double-slit



eKCIIEPUMEHT HCKa3yje ce mpeko cieachux penamnuja, mpu demy ce HHTEpeepeHIIMOHU

MaKCHMYMH TI0jaBJbYjy caMO y CIIy4ajy aKo je 3a/10BOJbeH cieachu ycios:
dsinf = nA (jennauuna 1)

I'ne je d pasmak m3mely mykortuna, 0 yrao, a A TamacHa Jy)KHHa €JIEKTPOMArHETHOT Tajaca.

WuTepedepeHIIMOHN MUHUMYMH C€ T10jaBJbYjy aKo je y IUTamy cienehn KOHIuIHoHAaT:

dsinf = @ (jennaumHa 2)

Wurtensuter nudpaxiuje y ciay4dajy single-slit (jenna mykotuHa) qudpakinoHe pemeTke

N3HOCH.
1(9) = Imax (%)2 GelIHaqHHa 3)

asin@
A

[Tpu yemy je a = (n ) (jemnauuna 4)

VY jemnaumnama Opoj 3 u 4, a je mMpUHA MYKOTHHE NU(pakmuoHe pemeTke, MoK je Imax

HWHTCH3UTCT HCHTPAJIHOI MaAKCUMYyMa.

Wutensurer audpaxuuje Ha double-slit qudpakimonoj pemerku koju ce 100Hja Ha eKpaHy

MOXe€ Ce MPEJICTABUTH ITyTeM cienehe penaruje:

1? (jemnauuna 5),

. (masin®
=1 2 (mdsinf sm( ) )
- maxcos 2 [ masin®

A

a je mupuHa MyKOTHHE AudpaKimoHe penieTke, d pasmak u3mel)y mykoTuHa, Imax MaKCUMaTHU
WHTEH3UTET UHTepdepeHnuje, a A je tamacHa AykuHa. MHTepdepeHnnja je mpeacraBbeHa
KOCHHYCHOM ()YHKIIMjOM Y jeIHauMHU 5 u oaurpasa ce Behom O6p3urom -ndy/Al, npu yemy je
Y YAaJbEHOCT O IIEHTPATHOI MaKCUMYMa, JIOK Judpakinrja ©Ma Mamby y4eCTaHOCT, OJHOCHO
Op3uny -may/Al, 1 npencraBbeHa je CHHYCHOM (YHKLIHjOM. JaunHa ENEKTPUYHOT MOJba HA

CBAaKOj OJ1 JIBE IYKOTUHE TU(PPAKIIMOHE PELIETKE, MOXKE C€ MPUKA3aTH KAo:
E, = Eypsinwt; E, = E,j sin(wt + ¢) (jennaunna 6)

ITpu uemy cy E1o 1 E2o MakcuManHu MHTEH3UTETH eNEKTPUYHOT M0Jba, a ¢ ¢a3Ha pa3nuka. Ha
OCHOBY IPETXO/IHE jeIHAaUMHE WHTEH3UTET Ha eKpaHy MpHUKa3zaH IyTeM u3pasa O6poj 5, Moxe

CC MIPHUKA3aTH U HA CJ'ICI[ChI/I Ha4YWH:

I = (Elo + Ezo)z = Il + 12 + 21,1112 COS(Q) GCILHa‘{I/IHa 7)



Onwucana imacuuna double-slit mudpakumja noapasymeBa mnocrTojarse yciaoBa  T3B.
dpaynxodepose (Hem.Joseph von Fraunhofer) mudpakiuje [7]. OcHOBHEH yci0B MOXe ce

Npe/ICTaBUTH Ha cieaehu HauuH:
a? .
T 1 (jennauuHa 8)

KBangpatHu KopeH y jeaHadnHu Opoj 7, MpencTaBiba HHTEpeEpeHIIN]y KOHIUIIMOHUPaHy Ha
cienehe HaunHe: ako je cos0>1 HacTaje KOHCTPYKTHUBHA UHTEp(EpeHIInja, TOK Y clydajy Ja je
cosO<l1 mHacTaje mecTpyKTHBHA HHTep(epeHnrja. Y TpaHUUYHOM CIIydajy Kajaa je KOCHHYCHa
byukiyja jeqHaka Hyau onaa je 1=l1+l.. Melyrum, nomro Jynrosa double-slit nudpaxmmja
nourBa Ha npoctopHoj koxepeHimju (Ci2(d)), u3pas ce Moxke MOMPUKOBATH U IPEICTABUTH

Ha cienehu HaunH:

[ =1+ 1, + 2/, cos(8) C;,(d) (jennauuna 9).

[IpeTxoaHa AricKycHja MITYCTPOBaHA je Ha CIIUIHM | T71e je mprKa3aHa audpakiuoHa pemerka

Y TIyTamka JiBa 3paKa eJIeKTPOMarHeTHOT Tajaca koju uarepdepupajy y Tauku P Ha ekpany.

Ciuka 1. S1 u Sz cy aBe mykortune double slit mudpakipone pemerke, 0 je yrao
audpaxiuje, 1 ¥ f2 je yaabeHOCT 01 CBake O]l MyKOTHHA JI0 eKpaHa, Y je YIa/beHOCT O]
LEeHTpaTHOT MakcuMyma y Tauku O 10 Tauke P Ha ekpany, d je koHCcTaHTa qudpaKoHe

pelIeTKe U MPEACTaBIba yIabeHOCT 3Mel)y IBe MyKOTHHE, JIOK je O MyTHa pa3iuka uzmely

JABa CBCTJIOCHA CHOIIA.



1.3. KBantnu double-slit ekciepument

KsantHu double-slit excnepuMeHT je y mMOYeTKy 3aMHIBEH Ka0 MHCAOHH U JIOHEKIIC
MoM(pHUKOBaHN JYHIOB €KCIICPUMEHT Ha TBOCTPYKOj mykoTuHH. [locTynmupan je o crpaHe
dejumana (enr.Richard Feynman) u ox ctpane ucror (usnvapa mporjaiieH 3a Hajaeiy u
HAJMUCTUYHU]U eKcriepuMeHT ukana [8-11]. Ksantuu double-slit ekcniepumenT npeTmnocrassba
JIEKOXEPEHIIN]y WIH CMambeibe HHTepdepeHIinje yeie KBauTHe nmoBesanocT usmely double-
slit ¢usmykor cucrema u APYror CUCTeMa, Tj. JETEKTOpa KOJU BPIIM JACTEKIH]Y MyTame
Kperama (POTOHA ejekTpoMarHeTHor Tamaca [12-14]. Ako TpeTIOCTaBMMO Ja JAETEKTOP
onpehyje which-way (enr. which-way - koju myTt) uHpOpMaIHjy HE3aBUCHO 3a CBAaKy O]l JIBE
NMyKOTHHE Au(paKIoHe pemieTke, oHaa ce Koprnyckynapraoct (exr. distinguishability) moxe

MMpEACTaBUTH HA cnenehn Ha4YuH:

D= \/1 — {d;1d;)|? (jennauuna 10)
d1 i d2 cy nBa HezaBucHa which-way crama.

VYKOJMKO je KOHTPACT, OJJTHOCHO BUJBUBOCT MHTEPE(EPEHIIMOHUX MPYyra Mama YTOJHUKO j& U
NpPEABUUBUBOCT TMyTa KpeTama (OTOHA e€JIeKTpOMarHeTHOr Taiaca Beha, OJHOCHO
KOPITyCKYJIapHa CBOJCTBA €JICKTPOMArHeTHOT Tajlaca Cy BHIIe u3pakena. Iy i I cy uHTeH3uTETH
CBETJIOCTH Kpo3 cBaky oj mykotuHa double-slit mudpakiuone perrerke. YKOIHMKO je HCITYHBEH
ycnoB aa je Iy < 12 wium 11 > |2 uarepdepennmja ce cmamyje, 1ok ce wWhich-way undopmarnuja
nosehaBa. Hemauku u3pas welch weg (vem. welch weg - kxoju nyT) je 106po mo3HaTH mpooieM
y cknany ca boposum (man.Niels Bohr) npunimmnom komiuiementapuoctu [15,16]. ITomenyTu
napamerap koHtpacta (V) je y aMpeKkTHOj Be3u ca koprnyckynaproinhy (D) u uspaxkasa ce
nyrem npenene Enrneprt-I'punbeprep-Jacunose (enr.Englert-Greenberger-Yasin) penamuje,

HaBEJICHY Y JaJbeM TEKCTY Kao jemHaumna 11 [17-20].
V2 + D? < 1 (jennauuna 11).

BuassuBocT ce Moxe MNpeaACTaBUTH U HA cnenehn Ha4MvH:

V = max=lmin _ ZJ1al2 Ci2(d) (jennaunna 12)

Imaxt+Imin I1+1



I'ne ¢y Imax I Imin MAaKCMIMaTHM M MUHHMAJIHU MHTEH3UTET Audpakiyje Ha exkpany, a Ci2(d) je
IIPOCTOpPHA KOXEPEHIINja M3pakeHa kKao: A%/Q, mpu ueMy je  IIpOCTOPHH yrao Koju je jeHak

KOJIMYHUKY KBaJparta JujaMeTpa v yAaJbeHOCTH U3BOPA 01 TU(PPAKIIMOHE PEIIETKE.

Tanacuy ¢ynkuujy ¢orona (V) mpe momacka Ha AUQPaAKIHOHY PEIIETKY MOKEMO

IIPpHUKAa3aTHu Ha CJ'ICIIehI/I Ha4YuH:
Y = Aexp(ikx) (jennauuna 13)

rlie je A UHTEH3UTET eJICKTPUYHOT M0Jba, | UMarnHapHu 4iaH, K TamacHu Opoj, a X JqucTaHna

KOjy Tayac npehe.

Henocpenxo Hakon mposacka kpo3 double-slit mudpakiuony pemierky TtamacHa ¢GyHKIH]ja

nobuja cneaehu uszpas:
¥ = A exp(ikx;) + A exp(ikx,) (jennaunna 14)

I'ne cy A1 | A2 MHTEH3UTETH EJIEKTPUYHOT M0Jba HA CBAKO] OJ] IBE MYKOTHHE AU(PAKIHOHE

peleTKe.

[Tomrro ce y ckiamy ca boproBum (mem.Max Born) mpaBmiom BepoBaTHOhA y KBaHTHO]
MEXaHWIIM W3pakaBa Kao KBaJgpaT aMIUIUTyIe TanacHe (yHKIHje, OHAa ce YKyIHa

BepoBaTHOha ourpaBama nudpakifje Ha eKpaHy MOXKE OTIUCATH Kao:
P = A + A3 + 2A,A;cos{= (x; — x,)} (jenmaummna 15)

V3 npernocraBky aa ce y mocrasiu double-slit ekciepumenta kopucte dyectuiie 6e3
TaJlACHUX KapaKTepHCTHKa YKyIHa BepoBaTHOha pacropesia 4ecTHIla Ha €KpaHy Owia Ou
jenHaka mpoctoM 30upy nBe BepoBaTHohe (3a jelnHy W OpYry HYKOTHHY Au]pakiroHe
pelieTke), MmMTO je mpukazaHo Ha ciuuu Opoj 2. Kiacmyan nudpakinumonu obOpasan y
ekcriepuMeHTy ca double-slit pemreTkom mprkasza je Ha cauiy 3. Y KIaCHYHOj MEXaHHIH
BepoBaTHOha ce u3pakaBa Kao 30Hp JBe BepoBaTHOle, IOK ce y KBAHTHOj MEXaHHIIU, KA0 IITO
ce BUIM M3 TNPETXOJHE penalMje, YKylHa BepoBaTHOha TmpeacTaB/ba Kao KBaApaT
NojeqMHAYHKUX aMmIUIuTyAa. [locneamy neo u3pasza y MPEeTXOHOj pelalujd OJHOCH ce Ha
uHTephepeHIrjy 1Ba POTOHA eIEKTPOMArHeTHOT Taaca.

Jeman on mpBux jmokasza y kopuct kBantHor double-slit ekcriepumenTa nao je Pamun
(enr.Dean Radin) ca koayropuMa y 4YyBeHOM eKcnepuMeHTy ca 21 ydecHukom [21].
[MapTUIMIIAHTH Cy UMAJIH 33/]aTaK J1a TOKOM [ap MUHYTa KOHIICHTPHIIY CBOjy axmby. CBe 0BO

Jje moHoBJbeHO TokoM 50 cecuja.



PaynuH je mputoM Mepro HHTEpPEPEHIN]Y KOjy je ucKa3ao Kao Z ckop u kao effect size
(enr. effect size - edekar BenMuUMHE) HAKOH PUTOPO3HUX CTATHCTUYKHMX KaJKyJjaluja.
Pesyaratu cy OWwiM MMIIPECMBHHM M JIOKa3alHd Cy CMambeie MHTEPPEPEHIHje y MPUCYCTBY
CBECHOT [IOCMaTpaya y CTamy KOHIEHTpHCaHe nmaxme. Takohe, PanuH je oapenuo u BenuunHy
KOJIMYHHUKA jaYMHE SICKTPUYHOT M0Jba SJICKTPOMArHeTHOT Tajlaca Ha CBakoj mykotuHu double-
slit mudpakumone pemieTke, Mpu 4YeMmy je NPETIOCTaBHO Ja CBaKM CKOp OJHOcCa JBa
MHTEH3UTETa PA3IMYMUT O] jeJMHUIIC yKa3yje Ha MPOMEHy y uHTepdepeHuuju. Pesynratu
Mepewma OBe Bapujabiie OuiaM cy Takohe CTaTUCTUYKU CUTHU(UKAHTHU, HEABOCMHUCIICHO
yKka3zyjyhu Ha koJarnc TainacHe (yHKIM]€ y IPUCYCTBY CBECHOT IocMaTpaya. Paaun u koayropu
W3BEJIU CY jJOIIl HEKOJIMKO CIIMYHUX CcTyauja ca kBaHTHUM double-slit ekcniepumentom [22-25].
Cnuare pesynrare 100wmo0 je u ['yepep (mopt.Guerrer), anu y ekcriepuMmenTy ca 171 ydecHukom
[26].

1.4. Edexar nocmarpaua

Edexar mocmarpaya moctynupan je jomn y IpBUM JaHUMa HacTaHKa KBaHTHE ¢usuke. [IpBu
HYyKJIeapHH (pr3nyapu Koju Cy ce 1mo3adaBmim 0BoM nojaBom Oumu cy Humc bop n Xajzen6epr
(mem.Werner Heisenberg). OBu ¢usnuapu mocTaBuin cy TeMesbe T3B. KoneHxareHcke Teopuje
KoJiarica (DyHKITMje €JIEKTPOMArHeTHOT Tajlaca, OJTHOCHO CJIoMa CYNEPIO3UIldje Y MMPUCYCTBY
mocmarpaya [27-29]. Tlocmarpau moke Outu u aerexktop. Pusmuapu Bumep (enr.John
Archibald Wheeler), Eseper (eur. Hugh Everett), Bepoy (eur.John D.Barrow) u Tumutep
(enr.Frank J.Tipler) cmatpajy na ce y xBautHoM double-slit ekcriepumenty moraha kosarc
TajmacHe (QpyHKIM]e, 3aKJbYYHMBIIHN Ja je edekaT mocMarpaya y Cp)kKu oBe mojaBe. Mahapcku
¢dusmuap Burnep (eur.Eugene Paul Wigner) tBpauno je 1a je coimmcu3aM KOH3HCTCHTaH ca
HayenuMa KBaHTHE MexaHuke. Takolhe, cmiuHoT pa3MHuIlLIbamba 0uo je u upcku ¢punozod [lopu
Bapkiu (enr.George Berkeley) mosuart no uyBeHoj peucHuiu-Esse est percipi (6utu jecte 6utu
onaxeH). 3axBasbyjyhu nocrojamy oBor edekra moryhe je o0jacHUTH Xaj3eHOEpIroB MPUHIIUIT
HeopeheHoCTH U KoJarc TajJacHe QyHKIIMje eIeMEHTaApHUX YECTHIIA W eJIeKTPOMarHeTHOT

Tajiaca.

[IpuHuun cynepno3unuje CTama JUKTHpPA HEOIMXOJHOCT oJabHupa caMo JeJHOT cTamba Y

npucycTBy mocmarpada. OBO ce MOKE HCKa3aTH IyTeM ciiejiehe penaryje:
Y = ), (jennauuna 16)

I'ne je n 6poj cyneprnoHUpaHUX CTambAa.



JlpyruMm pedrnma, y MpUCYCTBY MTOCMaTpada 00aBjba ce MEPEHE KOje M3a3uBa JCKOXCPEHIIU]Y
u KoJiarc tanacue pyHkiuje. Mepeme kouarnca tanacue ¢pynkiuje y double-slit ekcniepumenty
MOXKe ce 00aBUTH MOCPETHO KBAHTH(HKOBAWKEM HHTEpeepeHIje, OJHOCa MHTECH3UTETa
EJIEKTPUYHOT TI0Jba EJIEKTPOMArHETHOT Tajlaca Ha CBAKO]j OJ] IMyKOTHHA Ju(paKIOHE PEelIeTKe,
Ka0 W MepemeM KOHTpAcTa OIHOCHO KOPITYCKYJIApHOCTH €JIEKTPOMArHeTHOT Tajaca |
BpenHoCTH Xaj3eHOeproBor npuHIuna Heoapehenoctu. KoHTpact 1 KOpIycKynapHOCT Cy J1Be
KOMIUIEMEHTAapHE BapHjadiie McKa3aHe y jeqHauuHu 11, mpu yemy 30Mp BUXOBHX KBaJpara
MOXe OUTH jeHak uiau Mamu oA 1. OBo 3HA4M, 12 YKOJIMKO C€ BHUJBUBOCT, T].KOHTPACT Ha
expany double-slit cucrema cmamyje, moBehasa ce MmoryhHoct opeljuBama mosuije GoToHa,
Tj. TaJac-4yecTUIla TyaluTeT ce oMepa y npasity kopryckynaproctu [30-34]. Hajedpexkruuju
HAaUYMH Jia Ce W3padyyHa BUIJBUBOCT Y IIOMEHYTOM EKCIIEPHMEHTY je IIyTeM Mepema
MaKCHMAJIHOT ¥ MHHHUMAJHOT MHTCH3UTETa MHTEPEPEPSHIIMOHUX Ipyra Ha €KpaHy, IITO je
npukazaHo myreMm jeaHauwmHe 12. [lomeHyTo n€jcTBO Mepema, OJHOCHO IOcMarpavya Ha
Xaj3enbepros mpuHIUI HeoipeheHoCcTH uckaszyje ce 60/puM oapehuBameM MO3HUIH]E Y OJTHOCY
Ha UMITYJIC POTOHA EIEKTPOMArHETHOT TaJlaca.

VYKOJMKO je NETEKTOP MPEIM3HU]H YTOJIUKO je U eeKaT Ha KoJIarc TajJacHe QPyHKIHje
BehM, OJHOCHO KOpIyCKyiTapHa cBojcTBa (oroHa wmiam apyre dectume y double-slit
eKCIIepUMEHTY cy Beha.

Jenna on Haj3aHMMIBMBHMjUX TOjaBa Be3anumx 3a double-slit excnepument je wu
MoryhHOCT mojaBe WHTEepEepeHIMje YaK U KajJa Ce WHTCH3HUTET EJICKTPOMArHETHOI Tajiaca
peaykyje Ha BpemHOCT camo jemHor (oronHa. OBa mojaBa ce oOjammaBa MoryhHomrhy
HMHTepakiuje U uarepedepeniyje Gorona ca camum codbom. [Ipenn3HocT Mepema je Beoma
nobpo ommcana y paxy Kunkema (emr.Joschie Kincaid) u xoayropa u mpeacraBibeHa je

napameTpoM G, Kao ITo ce Buau y cienaehoj penanuju [35].

2xL 2txLY) -
P (x,t) =TXt (cosh (1-:Ct2) + 3, cos (1:;2)) (jennauuna 17)
(G
ex
[t = % (jemnaunna 18)

VKOJIMKO G TeXH HYIH OHJA U o TaKole TeXH HyIH U YTOJIHKO je MPEHU3HOCT Mepema Beha
a uHtepdepenmja Ha ekpany y double-slit exkciepumenty mama. M3pa3 cosh ogHocu ce Ha
XUnepoonuHy GYHKIHU]Y KOCHHYCa M MAaTeMaTHYKH Mpe/ICTaBba CyMy JBa ['aycoBa KBaHTHa

nakeTa Ha NyKOTHMHaMa JU(pPaKIMOHE pelieTke, JOK JAPYrM uiaH 30upa mpeicTaBiba



untepdepeHyjy, t je Bpeme, L ymameHOCT on nudpakimoHe pemieTke J0 SKpaHa, X je

yIaJbeHOCT u3Mel)y eHTpaTHOT MakCMMyMa M MakCUMyMa N-TOT peja.

Cauka 2. Pacriopes BepoBatHohe Ha ekpany y double-slit ekciepumenTy y cirydajy
E€MUTOBamba YecThlle 0e3 TalaCHUX CBOjcTaBa. bumoanHa kpuBa npeacTaBsba MpocT 30Up

BepoOBaTHONA 3a CBAaKM OJ1 IBa OTBOpa AUPPAKIINOHE PEIICTKE.

difrakciona envelopa

'd

interferencija

Ciuka 3. [ludppakunonu oopasar Ha double-slit perretku ca anppakinoHOM SHBEIOIOM
Koja oarosapa single-slit qudpaxuuju u Op>KOM OCIMIANINJOM KOja MPEACTaBba

uHTepEpeHIIH]y.



1.5. KBaHTHE OCHOBE CBECTH

KBaHTHe mocTaBKe CBECTH Cy J0OOWJIC Ha 3HA4Ya)y HAKOH HM3Y3ETHUX MHOHHPCKHX
pajioBa Ha OBOM I0JbY 011 cTpaHe Xamepoda (enr.Stuart Hameroff) u Ilenpoysa (exr.Roger
Penrose). TlomeHyTH ayTopu MOLUIM Cy OJl OINCEpBAllMje Ja CE HAKOH MPUMEHE T'aCcHOT
aHECTeTHKa XaJIO0TaHa MHXUOUPAjy MUKPOTYOYJie y HEYpOHHUMA [ICHTPAITHOT HEPBHOT CHCTEMA.
OBO omaxkame je MOCITYXHUJIO Kao OCHOBA 32 TEOPH]y KOja j€ MUKPOTYOyse MOCTaBWIa Kao
moryhe wusBopumte cBectn [36-39]. Maeja oa koje Cy MOILIM MOApasyMeBa TUMEPHY
CTPYKTYpY IpoTerHa TyOyuHa 1 rnojaBy bose-Ajuirajuosux (enr.Bose-Einstein) konaen3ara
y Onu3uHu MUKpoTyOyna [40-42]. Haume, MukpoTyOyIie ce cacToje 01 IBE MO IjeIUHHIIE o U
B TyOynuHa koju 3ajenHo rpage xerepoaumep. Came MHKpOTYyOysne Cy UMIUHIPUYHE
CTPYKTYpE ca 0COOMHOM 31aTHOT nipeceka. Ha ocHoBy paioBa ¢usmnuapa [Ierpoysa Bpeme Koje

j€ MOTpeOHO 3a IEKOXEPEHIIN]Y CYTEPIO3UIIM]jE Y HEYPOHY MOXKE C€ M3padyHaTH Kao:

h .
T= E (]e)lHaana 19)

VY naBenenoj jennaunau h je IlmamkoBa (mem.Max Planck) xoncranta, dok je Eg
TpaBUTAIlMOHA CHEpruja cemapalyje MPOCTOPHO-BPEMEHCKOT KOHTHHYyMa Ha OCHOBY
cymepriosuije maca. lleHpoy3oBa Teopwja je cinmuHa KomeHXareHCKoj TEopHju ciioMa
CyHepro3uIyje y IpucycTBy rmocMarpaya.

Hajsehu kputuvap uueje o kosancy TanacHe (yHKIHje y HeypoHuMa je Termapk
(mBen.Max Erik Tegmark), Koju cMaTpa Ja ce KOJIAIIC CYIEPIO3HIInje ACIIaBa CyBuIlIe Op30 y
nopehemy ca mporecuMa y OKBHPY MUKPOTYOYJIa | Jia He MOXE OUTH a/IeKBATHO ITOJIA3HIITE
3a Hjiejy 0 KBaHTHO] mpupoau ceectu [43,44].

[lo mpopauyHuMa OBOT (M3MYapa JIEKOXEPEHIUja CyHeprosuiyje aemasa ce Tokom 10713
CEKYH/IM IITO je HEYIOPEAUBO Oprke Y OJTHOCY Ha MPOIIeCe Y HEYPOHHUMA.

KBaHTHa OCHOBa CBeCTH OWJIa je T0JIa3Ha MPETIOCTaBKa OBOT €KCIIEPUMEHTA, a Koja je
WHIUPEKTHO JI0Ka3aHa MEPECHEM KBAaHTHUX MapaMeTapa y ClOJbAllEM ONITHYKOM CHCTEMY.

Quantum entanglement (enr. quantum entanglement — kBaHTHa TOBE3aHOCT)
MpeJICTaBJba /IejCTBO HA JaJbUHY, KOje ce MO CBOjoj mpupoau peduiekryje usmely o6mmno xoja

7IBa Tapa YecTHIIa U JIelIaBa ce TPEHYTHO 0e3 0031pa Ha BHUXOBO pacTojame [45].

OBa KBaHTHA 3aIJIETEHOCT Ce€ Y MOjOj CTYIMjU OJHOCH Ha Be3y u3mel)y nBa poToHa Ha
TU(PaKIMOHO] peIIeTKH, ald HUCTOBPEMEHO peduieKkTyje M KBAHTHY IOBE3aHOCT u3Mely

ONTHUYKOI' U HCYPOHCKOI' KBAHTHOI' CUCTEMA.
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BepoBaTtHoha ma cy aBe decTulle MOBE3aHEe HAa OCHOBY IpopadyHa Koje je u3Beo En
Hamu (ermm.Mohamed El Naschie) usnocu 9% [46,47]. Jlo oBe BepoBaTHOhe oImiao je
kopuctehu IlImutoBy nekomnosuimjy (Hem.Erhard Schmidt) 3a nse mapruxyne [48,49].

[Ipukazana je y cienehoj penanuju:
W) = al+).]+); — Bl-)1]—)2 (jeanauuna 20)
[Tpu uemy cy o 1 B 1Be KOHCTaHTE KOje 3a70B0OJbaBajy cieachu ycios:
a? + B2 = 1 (jennauuna 21)

Ha ocHoBy oBe penanuje BepoBaTHONy KBaHTHE MOBE3aHOCTH JiBe mapTukyie Xapau (Lucien
Hardy) je OpusbanTHO M3Be/ICO U MpUKa3ao myreM jeanaunte 22 [50-52].

— ((Ial—lﬁl)laﬁl

2 .
T (ag] )* (jennaunHa 22)

BepoBarHoha MakcuMmaiiHE KBaHTHE IMOBE3aHOCTH JBE MApTHUKYJE, HA OCHOBY TPETXOJHE
penanuje, moryha camo y cirydajy ako je a=0,4211, wm ako je =0,9070.

W3Benene cy u 6pojue Mmoaudukaruje kBantHor double-slit ekcriepuMenTa, Kao 1mTo je
MHCAaOHHU Xap/njeB Mapagokc y KOMe JBE aHTHUECTHUIIC MMajy U3BECHY BepoBaTHONY aa mpohy
Kpo3 aupaKkIHoHy pelieTky 0e3 aHaxuianuje, 3atuM BpemeHcku double-slit ekciepument y
KOMe ce TUdpakiija oIurpaBa Kpo3 BpeMEHCKY TyKOTHHY, & U3BEICHH Cy M EKCIICPUMEHTH ca
peBEpP3HUM IPOTOKOM BpeMeHa. CBe HaBENIEHO je BeoMa BAXKHO jep 3axBasbyjyhu ToMe 0Baj
SKCIIEPUMEHT 3aCIy’KEHO HOCH CBOj SIUTET, OJTHOCHO KaKo je pekao uyBeHu dejaman, double-
slit y cebu kpuje caMmo MUCTEPH]Y.

Moryhe nejctBo cBecTH Ha uHTepdepeHIM]y, OTHOCHO Ha (a3HH IOMaK
uHTEep(EPEHIIMOHMX MPyra, MOXKe ce 00jacHUTH U JejcTBoM AxapoHoB-bBomosor (enr.Yakir
Aharonov-David Bohm) enextpudtor epekra, 0HOCHO J€jCTBOM KOTHUTHBHOT €BOI[UPAHOT
noteniujana [1300 Ha ¢usmuko-ontuyku cucreM. Hamme, bomoB edekar ce ociama Ha
JICjCTBO E€JIEKTPUYHOT TOTCHIIMjAJIa & HE €JIEKTPOMArHeTHOT T0Jba, Kao MITO je TO Clyd4aj y
Makcgenosoj (enr.James Clerk Maxwell) reopuju. ¥V ciydajy mposiacka eneMeHTapHE YeCTHUIIC
kpo3 mudpakipony double-slit pemerky y npucycTBy 3aTBOPEHOT €EKPHYHOT MOTEHITHjAIA
YHja je BPEJHOCT CIoJba jeHaKa HYJH, JI0JIa3H JI0 TIoMaKa y npel)eHOM IyTy 4ecTHIIe, HITH JI0
(a3HOT OMaKa KOjHu e MOKE H3MEPHUTH.

VY nocebHoM ciydajy Moryhe je nerekroBaTd M MarHeTHH bomoB edekat, kana je
BPEJHOCT MAarHeTHOT I[10Jba jeJHAKa HYNIW, alli HE M BPETHOCT BEKTOpPa MAarHeTHOT

MOTEHIMjaa, IPU YeMY je pe3yJITaT MOHOBO (pa3HU mOMepaj.
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1.6. Jlerepmunauctryku xaoc u double-slit ekcnepument

VY cityuajy cBecHor cyOjekra y double-slit ekcriepuMenTy, Hap THIMITUPAHOT KAaO EKBUBAJICHTHY
CyOCTHTYIH]y 3a AETeKTOp y e(deKTy mocMarpada, KBaHTHa IMOBE3aHOCT je BeoMma J00po
o0jalImbelhe Y CMHUCTY Kay3alHOCTH TIPETIOCTAaBJBEHOT KoJjamnca TajdacHe (QYHKIH]e
€JIEKTPOMAarHeTHOT Tajlaca 0J1 CTpaHe CBECHOT IocMaTrpaya, KOju je Tpedaslo JeTeKTOBaTH U
npaBWiiHO U3MepuTu. [la Ou cyOcTuTylMja ca IeTeKTOpoM Ouia ajeKBaTHA, MOIIA0 caM OJ]
MPETIOCTAaBKE JIa je KOJIMUYMHA WH(]OopMaIrja ca KOJoM CYOjeKT Y €KCIIEPUMEHTY pacIoiake
3ampaBO MHIUKATOP MPEIHU3HOCTH Mepera y kBanTHOM double-slit excriepumeHnTy.

[lenon (enr.Claude Shenon) je mocTymupao €HTPOIHUjy CHTHajla Kao E€KBHBAJICHT
KOJIMYMHE nHpOpMaIHja Koja je mprcyTHa y curraiy [53,54]. Onucana entpomnuja gooumna je
no0ap KBaHTUTATHBHU HM3pa3 M3padyyHaBamkeM KOMIUIEKCHOCTH CHTHAJA, IITO j€ MPHUKA3aHO

nytem cienehe penaruje:

1

ToaN Yn_ plogp (jennauuna 23)

VY npeTxoHoj penanuju P mpeacTaBiba BEPOBATHONY jeiHe CTPYKTYpe, MoK je N ykyman 6poj
OBHX CTPYKTYpa.

Entponunja je makcumanHa u w3Hocu E=I, ykoinumko je BepoBaTHOha MIpPOCTOPHO-
BPEMEHCKUX CTpYyKTypa npubamxkna ["aycosoj (Hem.Johann Karl Friedrich Gauss) pacroaesm.
[TomeHyTa eHTpomnHja yBOAM HAac y pa3MaTpame BeOMa BaKHE TEOPHje JACTCPMUHUCTHYKOT
xaoca. Hamme, cucreM Koju ce Hala3W y CTamby JCTEPEMHUHHUCTHYKOT Xaoca uUMa jeqHy
napajoKcaiHy 0COOMHY, a TO je Jia C€ HEerOBO IMOHAIIAKE HE MOXKE MPEJABUICTH TO3HABAKHEM
MOYETHUX YCJIOBa KOjU BIaAajy y CUCTeMy Koju ucnutyjemo. lllta Buile, TakaB CHUCTEM je
BEOMa OCETJbHMB Ha TMOYETHE ycioBe. Amepuuku mereopotor Jlopenir (enr.Edward Norton
Lorenz) je mpobnem KkpeTama Ba3iyXa U HErOBE TypOYJIEHIIMje PEUIdo MPUMEHOM TpU
nudepeHiMjalHe jeHauYMHe, YMME je Ha CIeHY YBEO TIOTIYHO HOBY TEOpHjy T3B.

JeTepMHUHUACTHYKOT xaoca [55-63].

Haume, ykonmko onpeheHu cuctem cieau INpaBujia JIOTUCTHYKE Mare MpUKa3aHe
penamujom 24, MOXe Ce YOUUTH Jla C€ MPOMEHOM IapaMeTpa I BpEMEHOM CHCTEM YBOJAU Y

IOTITYHO HECTaOMIIHO U HCMIPCABUAJBUBO CTAKEC MO3HATO KA0 ACTCPMUHUCTUYIKH Xa0C.

Xpe1 =1X,(1—X,,); X €[0,1];7 € [0,4] (jennauuna 24)
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Ogaj npuHLHUI HeoapeheHocTH koju ce Hamehe, Beoma je cnmuuan Xaj3eHOeproBOM MPUHIIHITY
Heoipeh)eHOCTH Ha MUKPO IUIaHy, Tj. y CBETY eleMeHTapHuX yectuia. Ha ciunu 4, npukazan

j€ IeTepMUHHUCTUYKH Xa0c, HacTao oudypkuujom ycuen nosehama mapamerpa r.

1.0
08 /
0.6 ﬁ %
04 - stabilno stanje N /,( ]
3 ““\N
stanje haosa >
0.2 -
0.0 T T T T T T T T T T T 1

Cauka 4. budypkanujom HHIYKOBaH AETEPMUHUCTHYKH XaoC.

JIeTepMUHUCTHYKHU Xa0C CE OMUCYje IMyTeM opeheHruX HeIMHEapHHUX ImapaMerapa o] KOjux cy
Haj3HauajHUju KopenanuoHa auMensuja 2 (CD2), Jlujanynos (pyc. Aleksandr Mikhailovich
Lyapunov) ekcrmoHEeHT W TMoMeHyTa eHTpomnuja. KopenannoHna muMmeH3uja 2 u3padyHaBa ce
npumenom I'pacoeprep Ipokanuja (enr.Grassberger-Procaccia) jennaunte u oHa ykasyje Ha
KOPEIHMCAHOCT OJIMCKHUX Tayaka Ha atpakTopy [64-67].

3ampaBo, CUCTEM KOju JIeTyje y CTamy JeTePMUHUCTUYKOT Xaoca, y (hazHOM MpoCTopy MpaBH
TpajeKTopHje Koje KOHBEPrupajy jeIHOM 00jeKTy KOju ce Ha3uBa aTpakTop. Hajmo3natuju je

JIopeHIIOB YyIHU aTpakTop (ciuka Sa).
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Ha cnukama 50, 5B u 5T mpuka3zaHu Cy ONUCAaHH MapaMeTpH JIETCPMHHHACTUYKOT Xaoca,
onpehenn mpema Bpeanoctuma nodujenum y FP1 EED nepuBammju cybjekra y cramy
KOHIIEHTpHCcaHe naxme ynotpedbom Chaos Data Analyzer codreepa. Ha ciuim 56 Bugu ce
carypalyja KpuBe KOpenaluoHe AUMEH3HUje 2 KO0ja je HEONXO/HA 3a KOPEKTHY KalIKyJIalujy
BPEIHOCTH OBOT mapamerpa. EHTponuja Ha ciuiy 5B je mMpuKa3aHa Ha OCHOBY IOJaTaka U3
WCTE JepuBalldje W TNpuKaszaHa je y oxanocy Ha embedding dimension (eur. embedding
dimension — yrpahena aumeH3Hja), KOja 3ampaBO MPEACTaB/ba MHHUMAIHY THUMCH3H]Y
HEOITXOJIHY 32 PEKOHCTPYKIU]Y (PazHOT MpOCTOpa, OK je Ha CIUIM ST mpukazaH JIujamyHoB
€KCTIOHEHT.

3Hauaj aeTepMuHUCTHYKOT xaoca y double-slit excriepuMeHTy y mpHCyCTBY CBECHOT
rmocMarpaya je 'y TOMe, ITO ce YNOTpeOOM OBUX HEIMHEApHHX Ilapamerapa MOXKe
kBaHTH(UKOBaTH curHan enekrpoeredanorpada (EEI') u kopenupat BpeTHOCT EHTPOTIH]e
ca TpoMeHaMa y KBaHTHUM mapamerpuma (u3nuko-onTtudkor cucrema ca double-slit
TudpakioHoM pemeTkoM. To Ham omoryhyje U yBUJ y MOHAIIakbe HEYPOHCKOT KBAHTHOT
crcTeMa Ha Makpo IulaHy. LleHTpanHu HEpBHH CHCTEM Pagl y PEeXHMY JACTEPMUHUCTHIKOT
Xaoca, IITO IPETIOCTaBJba 3HAUajHy OCET/BUBOCT HA MOYETHE yCcIoBe. Y TOKY EMUICHTHYHUX
Harajga, BPEAHOCT KOpeNaluoHe TuMeH3Hje, JIMjarmyHOBOT €KCIOHEHTa M CHTPOTHje Ce
cMamyje, yKazyjyhu Ha cMameme KOMIUIEKCHOCTH Y pajy HeypOHA M IPENacKy U3 pekuma
JNETEPMUHUCTHYKOI Xaoca y KBazWIIepHOIWYaH pekuM pana. OBO cMameme IMapamerapa
JETEPMUHUCTHYKOT Xa0ca U KOMILJIEKCHOCTH CUCTeMa yKa3yje Ha IryouTak nHdopmaiuja, mro

ce Haj00JhEe MOXKE BUJICTH aHAJIM30M E€HTPOIIH]C.
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Cauka 5a. Ha ciiunu ce Buzie TpajakTopuje Koje KOHBeprupajy JIopeH1oBoM 4y iHoM

aTpaxkTopy.

Correlation Dimension

Dim = 2.612 +- 0.272
1

Cauka 56. Kopenanmona numensuja 2 u3padyHara Ha ocHOBY nojaraka u3z FP1 EET

JiepuBalyje Koj cy0jeKTa y cTalby KOHIEHTPHCAHE MaXHbe.

15



Correlation Dimension

Entropy = 0.402
.5

Embedding Dimension

Camuka 5B. Earponuja onpehena npema noganuma u3 FP1 EET" nepuBanuje ko cyojexra y

CTamby KOHIEHTPUCAHE TaXKHbe.

Lyapunov Exponent

Exp = 0.299 + 0.050
1

Cauka Sr. JIujanyHoB excrioneHT oapehen npema nogaunma u3 FP1 EEI" nepuBanuje kox

cy0jekTa y cTamby KOHIIEHTPHCAHE MaXKbe.
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1.7. CBecHa naxma u double-slit ekcriepumenT

ITo IlejmcoBoj (enr.William James) Teopuju eceHIMjaTHu ICIOBU NaXKbe CYy (pOKaTU3aIuja u
KOHIIEHTpanuja cBecHor crama [68-70]. Ilpe ommca 3Hawaja maxme 3a double-slit
CKCIICPHUMEHT, HEOIXOJHO j¢ YKPATKO OIMKCATH MOJKIAHE Tajaace KOju CE PErucTpyjy myrem

EET. TTocToje yeTrpy OCHOBHA TaJIaca Ha OCHOBY TO/IeNie Oa3upaHe Ha bUXOBO] PPEKBEHIIHH:

e [3(Gera) puram (13-35 Hz)
e o (anda) putam (7-13 Hz)
e 0 (rera) puram (4-7 Hz)

e 0§ (menra) putam (0-4 Hz)

[Topen oBHX OCHOBHHX Tajaca, TIOCTOJE jOIII /IBa Tajaca:

e v (rama) puram (35-100 Hz)
e [ (mu) puram (8-13 Hz)

[Tocnenmu onmcanm [l puTam mpekiiana ce mo (peKBEHIN]H ca 0. PUTMOM, Tl OH pedIeKTyje
aKTHBHOCT MIrror HeypoHa (eHr. Mirror — oryeaano) HeOKOPTEKca. & TalaCH CE jaBJbhajy TOKOM
IIT u IV ¢aze cnopoTanacHor criaBama, J0K je IojadyaHa aKTHBHOCT 6 Tanaca yodeHa TOKoM [
(aze copoTalacCHOT CIiaBamba.

HutepecantHo je maa ce TokoM dase Il criopoTamacHOr criaBama mojaBibyje ¢ (CUrma)
putaM ¢pekBenmmje 12-14 Hz, koju ce cynepriondpa Ha OCHOBHY aKTHUBHOCT Tajlaca Hocaya
¢dpexBenmmje 3-6 Hz y cnektpy 0 tamaca. Ilocroje Tpu ocHoBHa HaumHa cHuMama EEI

CHUIrHajia:

1. PeructpoBame EEI" y pasu mupoBama.

2. PerucrpoBame mpoceunux BpeaHocTH EEIT akTHBHOCTH Koje Cy BpEMEHCKH
,»3aKJbY4aHHU y OJIHOCY Ha Mpe3eHTyjyhu curuai (ayIuTUBHU, BU3yenHu). OBa MeToa
MO3HAaTa je U Ka0 PErUCTPOBAE €BOLMPAHKX TOTEHIHjala.

3. PerucrpoBame mpoceunnx BpeaHocTH EEIT curnama npuMeHOM KOMIUIEKCHHX
ctumynyca. OBa MeToJa 3HAYajHA je 3a pEerucrpaiyjy KOTHUTHUBHHX EBOIIMPAHUX

MOTEHIHjaa.
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[TocToje OpojHU AOKA3M [a Cy aKiha U CBECHOCT TUPEKTHO TIOBE3aHM, Ha MpUMeED, Kaja target
(ewr. target — usb) CTUMYITYC MIPUBYYE MAXKELY CY0jeKTa, IPYTU CTUMYITYC KOJU ' CYKIIECUBHO
Clle/I y TEMIIOPAIIHUM OKBHpHMa OuBa HenpumeheH, mITo je mojaBa mo3nara kao attentional
blink (eur. attentional blink — Tpentaj naxme), kojy cy onucanu Pejmonn u capaguuim [71].

HapasHo, Mmoryhu cy u npyru ciieHapuju koje je moapoOHo omucao Jeroen J.A. van
Bohtel, anu nmybnukoBaHu Cy ¥ pe3ysiTaTH APYTUX UCTpakuBaya [ 72-74]. Y cramy poKycupane
MaXke, Ha OCHOBY pajJioBa HEKMX MCTpaKWBada, pacte amruiutyna B tamaca y EEL, nok ce
HCTOBPEMEHO cMamyje aMIuTyaa u putam O u 0 tanaca EEI" curnana. HapaBHo, pe3ynratu
HUCY ycaryameHu y3sumajyhu y o03up OpojHE KOHTpaAMKTOpHE Hajiaze. 3a morpede oBe
CTyIWje W3MEPEHH CYy EIeKTPOPH3UOJIONIKN TapaMeTpH-aMIUIUTY/a, CIIEKTpajHa CHara,
ayTrokopenaiuja u yHakpcHa kopenanuja EEI" curnana.

KoruuTuBHY eBOIMpaHu MOTEHIHjau Takohe umajy yiory double-slit ekcriepumenty,

Jjep je BHUXOBO TOjaBJFUBAE TOKOM PEIATUBHO KPaTKOT BPEMEHCKOT TIEPHO/a O] 3Havaja 3a
npaheme yTHIaja paHe CBECHE NaXkhe Ha KOJarlcC TajacHe (YHKIMje eIeKTPOMAarHEeTHOT
Tajaca y HOMEHYTOM eKcriepuMeHTy. Haume, T3B. KOTHUTHBHM eBoupaHu noteHujan 11300
ca jateHIoM mojaB/buBama oA 300 mumucekyHau (300 msec) ommTe je mpuxBaheHH
MOTEHIHjaj cBecHOCTH [75-77].
Kao y panmje momenyrom ciydajy ca attentional 6auHK edexkrom, cIMdHO “TIpoBJIayYcHE"
CTUMYJTyCa MCTIOJI TIpara CBeCHOCTH Moryhe je 7o0OUTH ako ce HaMEepHO MaKikha yCMepaBa Ha
MOTPEIIHO PELENTUBHO MOJbE, 0K C€ CTUMYITYC YCMepaBa Ha JPYro CEH30PHO MoApy4je, Ipu
yemy ce noreHnyjan 11300 e nmojaBiwyje.

EBoumpann moTeHIMjaTM ce€  HW3a3uMBajy  JICJCTBOM  Op3ux CcTUMyJyca ca
paHIOMHU3HUPAHUM I10jaBJbUBAEM 3HAYAJHOT CTUMYJIyCa.

[IpBU KOMIJIEKC €BOIMPAHOT MOTEHIMjalla, MPeACTaBba CeUUu(PUUHU OJIOTOBOP Ha
CTHUMYIIYC U CacTOju ce 0]l TpojHOT KomIuiekca oarosopa [11, H1, I12 koju ce mojaBibyjy TOKOM
npBux 100 MUITMCEKYHIU, IPU YEMY je OBaj KOMIUIEKC MPUIMYHO CTaOUIIaH.

Jlpyru aeo eBouupaHor noTeHujana npeacrasba H2, 3atum H3 u [13, ogaocuo 1300
MOTEHIM]jal, KOjU Cy HECTaOMITHU U He U3a3UBajy Ce Y 0JICYCTBY CBECTH MJIH Y OJICYCTBY CBECHE
naxme. Ha npumep ykonuko ce cy0jeKT MHCTpyHMIIe Ja NaXky YCMEpU Ha jeJaH HpCT, a
TAaKTHJIHUM CTHMYJYCOM MOJpaxyje Apyru mpcT, oBaj Aorahaj ce Moxke ogurpatu Ha GoHy
MOTIIYHE HECBECHOCTHM OBakBor jorahaja oa cTpaHe cyOjekTa, MITO j€ HCTOBPEMEHO

eJIeKTpo(hU3HOJIOIKY TponpaheHo 0JICYyCTBOM KOTHUTHBHOT noTeHujaita [1300.
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AYIUTHBHU €BOIMPAHM MOTEHIMjajl je KOIMJIEKC KOjU CE€ CacTOju 0] OOIMraTOpPHOT
komriekca I150, H100 (H1) u 1200, eBouupanu OWIO KOJUM 3BYYHUM CTUMYIYCOM H
notennujaia [1300 eBorupanor HeHPEKBEHTHUM M JUCTPAKTUBHUM CTHUMYJTYCHMA.

1300 ce cactoju ox [1300a u 113006 kommoHente, mpu yemy je [1300a aconmpan ca
HEBOJPHOM OPHjEHTALMjOM M WHXMOWIIMJOM OArOoBOpa Ha HE(PEKBEHTHE, PEIIETUTUBHE WU
HOBE CTHMYyJyce, HEpEJeBaHTHE 3a IIOCTaBJbEHU 3a/aTaK MCIUTHBAHOT cyOjekra. Y
KOMITapalyji ca HaBEICHUM, He(DPEKBEHTHU CTUMYIYCH CIHMIMTHPAJy TOTCHIIMjaJI, BUIIE
napujeTaaTHo JUCTpuOyrpaH, Koju ce o3HauyaBa kao 13000 [78,79].

Jenna Beoma MHTpHUraHTHa cTBap Be3aHa 3a noteHuujan cBecHoctu I1300 jecre u
YU-EHUIIA J]a ce ocehaj CBECHOCTH CTBapa ca KpahoM JIaTEHIIOM Yy OJTHOCY Ha OHY KOJy MMa
0Baj MOTEHIIM]aJl, OJTHOCHO CBECT C€ jaBJba ca JaTeHIIoM MamoM of 100 munucexkynau. OBaj
TEMIIOPAJTHH arcyp/1 OMo je MpeaIMeT u3ydaBarma o1 CTpaHe rcuxosiora Jludera (enr.Benjamin
Libet), koju je cHuMajyhu moTeHIujane pagehn Ha JbyIuMa J0IIao J0 BeoMa WHTPUTAHTHOT
otkpuha, o3HauaBajyhu ra Heomormsmom — backward time referral (enr. backward time
referral-yunasan y Bpemeny) [80-82]. ITo pesynraruMa 10 KOjUX je J0IIA0 OBaj HCTpakuBad,
Moryhe je 1a cTpena BpeMeHa Jieinyje peTpoOakKTUBHO, OJJHOCHO ca MHTEPBEHIIMjoM OyayhHOCTH
Ha jjorahaje y mpouutoctu. Hanme, y ciydajy n3a3uBama TaKTHIIHOT €BOIIMPAHOT TIOTCHIIH]aIa,
aKo je MpH TOME M3BPIICHO KOHAUIIMOHUPAKHE CTUMYIUIMJOM COMATOCEH30PHOT MEHjaTHOT
JEMHHUCKYyca TajlaMyca, M30CTaJy KOPTHKAJIHU TMOTEHIMjadd y HEOMXOJHOM BPEMEHCKOM
oaceuky oa 500 MUIMCEKYHIH 3a IMOjaBy CBECHOT JOXKHBJbaja, TO je JImber ommcao kao
M30CTaHaK HEYpPOHCKE aJIeKBaTHOCTU. Y JPYrOM CIly4ajy, ako je eleKTpO(U3HOJIOUIKO
KOHJUIIMOHUPAkE U30CTaNO0, IPOAYKY]Y C€ KOPTUKAIHU MOTEHIMjaJId TOKOM nepuoja oa 500
MUJIMCEKYHJIM U CAMUM THM jaBJba C€ CBECHU JI0°KMBJbaj Beh TokoM npBux 100 MunucekyHu.
[IperxonHa pacrpaBa nmpuka3aHa je Ha ciuiu O6poj 6.

Uneja je 6una ga y eKCiepuMEHTY MCIUTaM MOTYhHOCT na ju ce edekaT CBECHOT
JOKMBJbaja 3aucTa jaBjba TOKOM MpBux 100 mumucexkyHau, mepeht 0BO MHAWPEKTHO MPEKO

KBaHTHHX [apaMeTapa y croJsbainimbeM pusuukoM cuctemy ca double-slit pemmerkom.
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CTHMY.JIAIHja TaJaMyca

. HEYpPOHCKa
CECSCHH OOXMEJBA]
0e3 cBeCHOr aneKBaTHOCT
e B A T A A AT AT A YA
AU D A AT ATATAAA,
EII EII Backward
time referral
I T I T
BpeMe ~500 msec BpeMe ~500 msec

Camka 6. Ha rpaduky A mpuMmemyje ce akTHBHA CTUMYJIAIlKja TaJlaMmyca IITo pe3ynTyje y
peructpanuju eporupanor norennujana-Ell, anu n3ocraje ceecHu 10xkuBibaj. Ha rpaduky b
eNeKTPO(PHU3HOJIONIKA CTUMYJIAIIH]a CE HE IPUMEbY]je IITO PE3YyNITyje Y I0jaBH CBECHOT

JIOXKHUBJbaja yTeM HeypoHCKe ajekBatHocTu u backward time referral edekra.
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Kana je y nuTamy TeXHUKA HM3a3MBamba KOTHUTHBHUX €BOLIMPAHMX MOTEHIMjAJIA, OMINTE j&
npuxBahenu craB kopuirhemwa oddball (eur. oddball — uynHO) napagurme, Koja ce 3aCHUBA Ha
MPUMEHU CepHje CTUMYJIyca Ha Koje CyOjeKT He ycMmepaBa CBOjy MaXy, U MOBPEMEHHM
MIPE3CHTOBAKBEM 3HAYAJHOT CTHMYJyca y MOTIIYHO PaHIOMHU3UPAaHOM MopeTky. Ilpu Tome, y
ClIydajy MpUMEHE ayIMTUBHOT CTUMYITyCa, Kao IITO je OMo cydaj y OBOj CTYAH]U, IPUMCHCHA
je mapaaMrma ca JBa CTHMYyJyca, OaHOcHO jaBa ToHa [83]. HecurnudukantHH wu
CUTHU(DHUKAHTHU CTUMYJIYCH C€ MOPajy pa3iIUMKOBaTH MO (PPEKBEHLIMJU U UHTEH3UTETY TOHA.
VYKOJUKO je yuecTasjoCT IMojaBJbUBamka 3HAYaJHOT CTUMYJTyca Mama YTOJIUKO j€ U aMILTUTY/1a

KOTHUTHBHOT €BOLIMPAHOT MOTeHIMjajla Beha.
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Iln/beBH M xXUMoTe3e
HCTPAKUBAKA
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IlocraBspeHuU cy CHCHChI/I OUJBCBU UCTPAKHUBAbA:

1.

OnpenuTH yTUIaj] CBECHE MAXKIHE, U3PAKECHY IIyTEM U3MEPEHUX ENIEKTPO(HU3NOIOIIKUX
Y HEeNMMHEapHHX IapaMerapa, Kao W KOorHUTUBHOr morteHrwmjana [1300 ma BpemHOCT
MarHutyie WHTep(EepeHIIMOHOT “nuKa” Ha TpaduKy CIEKTpalHe TYCTHHE CHare
(U3HYKOT JIeNia CucTeMa, OJJHOCHO U3MEPUTH UHTEp(HEPCHIIN]Y Y GU3HIKOM CHUCTEMY.
W3pauyHaT yTHIaj CBECHE MakKikhe W KOTHUTHBHOT moTeHnujana [1300 nHa BpemHoCT
Xaj3eHbeproBor NpuHLKIA Heopeh)eHOCTH PU3NYKOT Jesia CUCTEMA.

W3pauyHaTi BpEIHOCT MapaMeTpa KOPIYyCKYJIApHOCTH €JIEKTPOMAarHeTHOT Tajaca y
(hbMBUYKOM JIeTy cucTeMa MpH JISJCTBY OAroBapajyhux kopenara naxme 1 KOTHUTUBHOT
noteniujana [1300.

Wcnuratn  yrumaj cBecHe — Maxme,  M3paXkeHy  IyreM  ojarosapajyhux
eNeKTPOPU3NOJIONMIKIX U HETMHEAPHUX TTapameTapa, Ha CTETeH IOBe3aHoCTH (quantum
entanglement) nBa goToHa Ha AMBPAKIIMOHO] PEIIECTKH, OTHOCHO U3Mel)y du3uukor u
(bM3HOJIOIIKOT JieNa CHCTeMa.

Metoaom HenuHeapHOT ¢GuTOBama jeaHaurne 3a double-slit mudpakuujy obe rpyme
¢busnukor nena cucrema, oapenuTd A u b mapamerpe jaunHe €NEKTPUYHOT MM0Jba,
MOjeIMHaYHO 3a CBaKW OJl JBa IyTa €JIEKTpOMarHeTHOr Tamaca kpo3 double-slit
pemetky. Onnoc A/b paznuuut ox jequHuile ykazahe Ha cMamemhe HHTEpdepeHnje, a
caMHUM THM U Ha KOJIAIlC TajlacHe (PyHKIU]e, ITO he ce CTaTUCTUYKH MPOBEPUTH.
Kopumihemem korautuBHOT noteHimjana [1300, kBaHTHE TOBE3aHOCTH JIBa CHUCTEMA U
OCTalMX KBAaHTHHUX IMapaMerapa npoBeputu Moryhuoct Jluberosor backward time
referral epexra.

MepeweM oaroeapajyhux mapamerapa y (U3MUKOM JIeNy CHUCTeMa JOKa3aTH
moryhHoct kopumihewma kBantHor double-slit excnepumenta y umiby aeTekmuje
IIPOMEHA CBECHE MaXKHbE.

Ucnurtatn yrumaj enextpuuHor bomoBor edekra Ha ¢a3Hu momMepaj y rpymnu ca
pEerucTpanmjoM KOTHUTHBHUX €BOLIMPAHUX MOTEHIM]jala.

W3meputu npoMeHe aMIUIUTY/AE Ha oJipel)eHOM BPeMEHCKOM OJICeUKy OAroBapajyhnx
EET" Tanaca Tokom jejcTBa Jyre (OKycHpaHe NaKike YYECHHKA Y eKCIepUMEHTY, a

3aTUM HMX YIOPEIUTH ca pe3yaTaTuMa J001jeHUM y (GU3HUKOM JIeNTy CUCTeMa.

23



10. UcniutaTtu na nu je y rpynu cy0jexata ca GOKyCHpaHOM Ma)KEOM U KOJIAIiCOM TaJlaCHe

¢ynkuuje enrpornuja EEI' curnana Beha, mTo 6m oxroBapano Behoj mpenu3HOCTH

Mepema.

XHUNOTE3€ UCTPAKUBAA!

1.

X10 IlpeTrnocTaBka je 1a y IpUCYCTBY CBECHOT TIOCMaTpada aKTUBHE U (OKycHpaHe
NaXikhe He HAaCTaje KOJIAIC TalacHe (QYHKIIHM)E eIeKTPOMAarHeTHOT Tajaca MPUINKOM
madpaxiuje Ha double-slit pemretku, n3paken mapamMerpuMa KOPIyCKyJIapHOCTH,
KOHTpacTa U UHTEH3UTETOM MHTep(EepeHLIrje Ha TpaduKy CIIEKTpaIHe I'yCTUHE CHare.
X1A IlpernocraBka je Aa y NPUCYCTBY CBECHOI IMOCMaTpaya akTHUBHE U (poKycupaHe
MaXHkHe HACTaje KOJIANC TalacHe (YHKIHMje eJIEKTPOMAarHeTHOT Tajlaca MPUIUKOM
madpakiuje Ha double-slit permerku, u3pakeH mapameTpuMa KOPIYCKYJIapHOCTH,
KOHTpAcTa U UHTEH3UTETOM HMHTepdEpEeHLIrje Ha TpaQUKy CIIEeKTpaJHe T'YCTUHE CHAre.
X10 IpernocraBka je 1a ce€ TOKOM €BOIMPamkEM KOTHUTUBHOT TTOTEHIM]aJIa, OTHOCHO
JIejCTBOM Op3e MaKikbe He HHyKYje Koarc TatacHe ¢pyHkmuje TokoM 100, 300 u 1000
MUJTUCEKYHTH.

X1A IlpernocTaBka je a ce eBOIMpameM KOTHUTUBHOT noTeHirjaia [1300 uaaykyje
koJiaric TanacHe ¢pynkije TokoM 100, 300 u 1000 MmunmucekyHau onpaxkasajyhu ce Ha
MIPOMEHE AyallHUX 0COOMHA eJIeKTPOMArHeTHOT Tajlaca y eKCIIepUMEHTANIHO] TPYITH.
X10 IlpernocraBka je 1a ce y MHTEPAaKTUBHOM I0JbY J€jcTBa (POKyCcHpaHE MaKIbE U
korHutuBHOr moTeHnujana I[1300 nehe cmamuTH BpeaHocT Xaj3eHOeprose
HeoapehenocTu.

X1A TlpernocraBka je 1a he ce y MHTEpaKTHBHOM I0JbY J€jCTBA (DOKYCHpaHE MaXKbE U
korauTuBHOT noTeHImjaia [1300 cmamutu BpennocT Xajzenbeprose HeoipeheHocTH.
X10 IlpernocraBka je na nejcTBo (OKyCMpaHE MakKikhe M KOTHUTUBHOT MOTEHIMjaa
ceecHoctu [1300 nehe kopecronaupaTy ca KBAHTHOM MOBE3aHOIINy JBa cHCTEMA.
X1A Ipernocraska je na he nejctBo Gpoxycupane naxme U KOTHUTUBHOT OTEHIHjalla
ceecHocTH [1300 kopecnoHMpaTH ca KBAHTHOM IOBe3aHoIIhy JBa cucteMa.

X10 IpertnocTaBka je 1a ce KOJHMYHUK jaurHe eleKTHYHOT nosba (A/B ratio) macepcke
CBETJIOCTU JTY)X MyTa Kpo3 AU(pakIMOHY pemeTKy Hehe mpoMEeHMTH HaKOH JejCTBa
(boxycupaHe cBeCHE MaXKmhe U KOTHUTUBHOT noTeHuujana [1300.

X1A TlpernocraBka je na he ce KONMYHMK jaynHe eiekTudHor mosea (A/B ratio)
JlacepcKe CBETIIOCTH YK IyTa Kpo3 TU(PPAKIUOHY PEIIeTKY IPOMEHUTH HAKOH JIejCTBa

(oxycupaHe cBeCHE MaXKmke U KOTHUTUBHOT noTeHuujana [1300.
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X10 IIpermocraBka je na konarc TanacHe (yHKIUje HUje HajBehH TOKOM MOYETHHX
HEKOJIMKO CEeKyHIM (OKycHpama MaXHkEe W Ja OBO HE KOpeiaupa ca IpoMeHama
ammututyzae oapehenor purma EET.

X1A TlpernocTaBka je na je Koiarc TanacHe (yHKIMje HajBehn TOKOM IOYETHHX
HEKOJIMKO CEKYHH (POKYCHpara Makibe U J1a OBO KOPEIHpa ca IpoOMEeHaMa aMILTUTYe
onpehenor purma EET.

X10 TlpernocraBka je na kormutuBHH noteHnujan [1300 mehe mpomenutn azny
Pa3NIUKy y eKCIIEPUMEHTATHO] Tpynu (PU3NYKOT Jiea cucTeMa 3a BpenrHocT bomoBor
(hazHOT TTIOMEPAja Yy OJTHOCY Ha KOHTPOJIHY TPYIy.

X1A TlpernocraBka je na he kornutuBHM mnoTeHinujan [1300 mpomenutu ¢asnHy
pa3NUKy y eKCIEePUMEHTATHO] Tpynu (PU3UYKOT Jiena cuctema 3a BpeaHoct bomoBor
(hazHOT TTIOMEPAja Y OTHOCY Ha KOHTPOJIHY TPYITY.

X10 IMpernocTBaka je ma ce KoJarc TajiacHe (PyHKIM]je He JlelaBa y Tpynu cyojekara
ca Behom entponujom EEI" curnana, onHocHo BehoM nmpenusHourhy Mepema.

X1A TlpernocTaBka je 1a ce KoJarnc TajacHe pyHKIHje AeiiaBa y rpynu cyojekara ca

Behowm entpormjom EEI curnana, omanocHo Behom nmpenuzHonthy Mepema.
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1]
Marepujaa u MeToae
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Kgautau double-slit ekcriepumenT ce cacToju o1 1Ba Aena: Gusnuke u GU3HOJIOIIKE TOCTABKE
eKcriepuMeHTa. TOKOM MCIUTHBAKba OBA JIBA Jieja Cy BPEMEHCKH CHHXPOHU30BaHH, OTHOCHO
CHMMamba Ce BPIIE TOKOM UCTOT BPEMEHCKOT ojiceuka. CBa HCIUTHBAMA PAIIIa Cy CE HA CKYITY
o1 26 MOCTaBKU (PU3HUYKOT Jiela CHCTEMa M KCTO TOJHMKO cybOjekara ((hU3HOJOIMIKH €0
cuctema) TokoM 10 cTyauja 0OTHOCHO cecHja, TP YeMY Ce CHUMAambE y (PU3UUKOM JIeTy CUCTeEMa
00aBJpaJio MPBO HA KOHTPOJIHOj TPYITH TOKOM 45 CEKyH[IH, 3aTUM Ha (PU3HUYKOM JeTy cHcTeMa
U Cy0jeKTHMa y CTamky peIaKCHpaHe MaKkhe TOKOM 45 CeKyH/IH, IOTOM Ha UCTHM CyOjeKTHMa
y cramy (pokycupane naxme TokoM 45 cexkynau. Ilay3a m3melyy crymmja je mpou3BOJbHA.
[Tocnenme Mepeme 00aBibaNio c€ HA UCTUM CYOjeKTUMAa U (DU3UYKOM JIeTTy CUCTEMa Y IHJbY
n3Bajama KorHutuBHOr mnoteHnujaita 1300, takohe y 10 ctynuja, onHocHo cecuja. CBaka
HOBa TIOCTaBKa (PM3MUKOTr jenia cucrema 300or Moryhux manux ¢iykTyanuja JiacepcKor
pe3oHaropa, kao u 30or ['aycoBe mpupoje TpaHCBep3aIHE aMILUIATYE JIAaCEPCKE CBETIOCTH U

7IejCTBA KBAHTHHUX HEJIOKAJTHOCTH MPEICTaB/ha y30paK 3a ceoe.

3.1. ®usnuka mocTaBKa eKCIIepUMEHTa

e omnTHYKa Kiymna ca Hocaunuma — Thorlabs dovetail optical rail,

e muonnu nmacep — Didactic laser DL1 red, tamacHe ayxuue 635 nm, cHare Imw,
JHjamMeTpa cHoma 2 mm;

e double-slit qudpakimona pemerka: mpoMep MyKOTHHE, Tj. KOHCTaHTa pemeTke a — 0,1
mm, mehypacrojame n3mel)y mykoTrHa, Tj. KoHcTaHTa pemerke d — 0,5 mm, nebspuna
100 pm;

e wHeyrpannu dunrep — Thorlabs neutral density filter, OD 3,0 u npyru HeyTpaiHu
dunrep — Thorlabs neutral density filter ontiuke rycrune OD 2,0;

e mHeapHa ccd (enr. charge-coupled device — ypehaj ca cipernHyTiM HaeJIeKTPUCAHEM )
kamepa (Thorlabs LC100 camera, 2048 mnmkcena, BenuumHe mukcenaldx54 pm,

criektpanne ocersbuBocTH 350-1100 nm).

VYnammeHoct usmel)y audpakiuone pemierke n kamepe u3Hocwia je 25 cm. Ou3nyku Jieo

cucTeMa MpHUKa3aH je Ha CIULHU 7.
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3a notpebe crynuje y GU3MUKOM crcTeMy o0aBuia Cy ce Mepema Ha cienehum rpymama:
1. KoHTponHa rpymna cucteMa y K0joj Cy ce o0OaBHIia PEerHCTpOBama CBHUX 3aBHCHHX

Bapujabiau 6e3 mpucycTBa mocMarpaya,

2. ExcrepuMmeHTalHa TpyNa ca ONTUYKHM CUCTEMOM y MHTCPAKTUBHOM I0JbY YYECHUKA

y EKCIIEPUMEHTY;

CBe MaTeMaTHYKO-CTATUCTUYKE aHaiuu3e y (U3UYKOM Jelly cucTeMa o0aBJ/beHE Cy Ha
noJanMMa M3 KOHTPOJHE M EKCIIEPUMEHTAJIHE TPyNe CUCTEeMa, MPH JIjCTBY PelaKCHpaHe
naxme, Gokycupane naxme U KorHUTHBHOT moreHuujana [1300. Jla 6u ce gopmmupana u
NPaBUIIHO KOHIMIMOHHMpAa KOHTPOJIHA TPYIa 3aBUCHUX BapHujadiiv, mpe TOoYeTKa Meperma
o0aBJbeHA je Mpelu3Ha KanuOpaluja ONTHYKOI cHCcTeMa. 3a rnorpede oBe kanuOpainuje mnpe
uncrananuje Thorlabs kamepe, xopuinhena je takohe nmuneapra kamepa — CCD Caliens
camera POD010020.

OBa kamepa ciuykuia je 3a KanuOpanujy ekpana y XYZ ocu, 300T HEIITO Mame
OCETJBUBOCTH U JIaKIIIe NeUHUTHBHE KanuOpanuje y ogaocy Ha Thorlabs kamepy. Kon cBakor
Meperha KOXEPEHTHO TI0Jhe JaCePCKe CBETIIOCTH YCMEpaBasio Cce Ha JIBa HeyTpaiHa (uiarepa
pany pelyKiMje MHTEH3MTETa CHONa 3a BpeaHocT 10 mpe jonmacka Ha eKpaH JIMHEapHe
Kamepe, YMMe ce CrpevaBa IojaBa 3acuherma nukcena jguHeapHe CCd kamepe. Ha kamepu ce
MEpHO HMHTEH3UTET CBETJIOCTH, OIHOCHO HHTEP()EPEHIMOHMX MaKCHMyMa M MHUHHMYyMa
U3paXEH MpeKo Oe3IMMEH3MOHAHe BenuuuHe Ha ckanmu ox 0 no 1, kao m pactojame y
NUKCEIMMa TIPEBEICHO Ha MWJIMMETApCKy CKally paad JajbuX KalKyJanuja 3aBUCHHX
BapujadIu.

Takolhe, mpenm3HOM KaaHOpaIMjOM CHOTI JJaCEPCKE CBETIOCTH YCMEpaBao ce Ha IICHTap
nauHeapHe CCd kamepe 1a OM Mepema UHTep(PEPCHIIMOHUX MaKCHMyMa M MHHUMyMa Owia
cuMeTpuuHa. [Ipe cBakor ekcriepuMeHTa jacep je OMo CTaOMIM30BaH HEMPEKUIHUM PAZIOM Y
Tpajamy oa 15 munyta. [IpocTopuja y K0joj ce BPIIMIO PErHCTpPOBame OWia je yjeqHaueHe
Temreparype U 0e3 M3Bopa eIeKTPOMAarHeTHOTr 3padema. [Ipuinkom gopmupama GU3HUKOT
Jieia eKCIIEpUMEHTa KOPHCTHIIE CY Ce IMOCTaBKe 3a MOTpede Mepema ONTHYKe Audpakiuje y
OKBHpHMa HaIlpeJHNX Ja00paTOPHjCKUX HCIUTHBAbA, KA0 U IOCTABKE OMUCAHE Y TPETXOHUM
pamoBuMa [84].

Wuterpannono Bpeme kamepe cetoBaHo je Ha 100 munmcekynau. CBa Mepema, OCHM KOJI
aHaJIM3e JIejcTBA KOTHUTUBHOT eBoIpaHor noreHnujana [1300, Bpmmio ce ceKBeHIUjaTHUM
CHHMameM HHTep(epeHIIMOHNX 00pa3ala CBaKe CEKyHJe TOKOM Iepuona o 45 CeKyHIH y

cakoj ox1 10 cecuja ekcriepuMeHTa.
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CHumame y rpylu ca perucTpaiijoM KOTHUTHBHOT €BOIMPAHOT MOTEHIMjajla BPIIUJIO ce
Op3UM CEeKBEHIMJATHUM CHUMameM (QpekBeHIjoM o1 10 cHuUMaka y MUHYTH, IpU YeMy Cy
W3JIBOJEHH CaMO OHH CHUMIIM PETUCTPOBAHM TOKOM NPHUMEHE 3HAYajHOT ayAUTHBHOT
crumynyca. Panm mpaBuiHe perucrpainuje MOTpeOHHX MapaMeTrapa IMO3aJUHCKU IIyM Ce

corBepcku punrpupa. PU3NUYKU CUCTEM yIaJbEH j€ 2 METpa OJ] YUECHHKA Y €KCIIEPHMEHTY.

3.2. ®u3HOJIOIIKa TOCTaBKa €KCIIEPUMEHTA

3a motpebe perucrpaiuje enekrpoeniedanorpama kopumrhen je Neuron Spectrum-4/epm
enekTpodusnonomka jeauHuna (21kananHu enextpoeHuedanorpad ca 9 mnoaurpadckux
KaHasa, Op3uHa cemiuioBama 10 16 kHz), EEI" kana u ayauo-crumynatop (cnuka 7). Tokom
Mepema 3aBUCHUX BapHjadiau KOHTPOJIHE Tpyne (PU3NUYKOT Jieia CUCTEMa CBU YUECHHIIH CY
Owm (GU3NYKH OJIBOJEHH OJI ONTHYKE IMOCTaBKe ekcrepuMeHTa. [Ipe mepema cy0jektu cy
MPUIPEMIbEHH 32 PETUCTpalijy 00pagoM NOBpUIMHE MorjaBuHe kopuithemem NuPrep rena
(Weaver and Company) u konayktuBHO-anaxe3uBHe macte Ten20 (Weaver and Company).
Enexrpone enekrpoentiedanorpadcekor nena eaeKkTpopu3HOIONIKe jeIMHUIIE TIIIaCUpaHe Cy Ha
MOBPIIKMHY TOTJIaBUHE, KopulthemeM enexkTpodusnoonike kame ca 21 emexrpogom [85,86].
CpaMepemwa EEI" curnana n eBouupaHux MoTEHIM]jaIa BPIIEHA CYy TPEKO pedepeHTOoT cCucTeMa
10-20 u xopumihemem average electrode (enr.average electrode-npoceuna enekrpojaa) Kao
pedepenTHe enekrpoae (ciauka 8).

[Ipumemena je meToaa yHurojapHor peructpoBama EEIT motenmnujama. Ilpe cBakor
Mepema o0OaBe3Ha je Ouia MpoOHa perucTpamyja Ha CErMEHTy AYXKHWHE 5 CEeKyHIU paau

codTBEpCKE eTMMHHAIIM]E apTedakaTa.

PerHCTpaqua HOTeHI_II/IjaJ'Ia BplInJia C€ TOKOM TpHU NpOoUCAYypE:

e Perucrpamyja TokoM 45 cekyHu Ko/l CyOjeKTa y cTamy (GOoKycHpaHe MaxKbe, IPU YeMY
je ¢untep Benuke npomyctibuBoctr (high pass filter) moxerren wa 0,5 Hz, dunrep
mane npomyctibrBoctu (low pass filter) ma 35 Hz, notch ¢unrep y mosummju on,
CEH3UTUBHOCT je TocTaBbeHa Ha 10 pV/mm, Op3uHa ceMIUoBama je MoCTaB/beHa Ha
500 Hz, umnenanna enextpona Ouna je y pacnony 4-10 kQ;

e Perucrpamyja koj cy0jeKTa y cTamy pelakCHpaHe MaxKebe M0/ HCTUM YCIOBUMA Kao 3a

MPETXOAHY MPOLEAYPY;
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e Perucrpanuja KOTHUTHBHUX €BOLIMPAHUX MOTEHIMjaia, mpuMeHoM mnocedne oddball

napagurme y3 Kopuirheme ayTMTHBHOT CTUMYJTYCa;

AYJIUTHBHM CTHMYJIYC TIPE3CHTOBaH 3a TOTpeOC perucrpandje KOTHUTHBHOT
noternujana 11300 cacToju ce o 3Ha4YajHOT CTHMYIIyca, Ha 4Hjy M0jaBy cyOjeKkT (okycupa
CBOjy MaXkmYy, IIPH YyeMy cy npuMemeHa cienehe ceroBama EEI ypehaja-unren3urer curnana
100 dB, dpexsenmuja 1500 Hz, tpajame 1000 munmcekynu u BepoBaTHohoM mojase o1 30%.
Hesnauajau ctumynyc umao je marensurer 80 dB, dpexsennujy 1000 Hz u tpajame 1000
mucekyHu. CemruioBame je BpueHo Op3uHoM on 1000 Hz, Hucko npomycHu ¢unrep O6mo
je mocraBibeH Ha 75 Hz, Bucoko npomycHu ¢uurep Ha 0,5 Hz, Op3uHa ocBexxaBama Ouia je

ceToBaHa Ha 50 MIUIMCEKYH]IM, CKajla PETUCTpaIHje mocraBibeHa je Ha 50 mukpoBosta (50

HV).

Cauka 7. IToctaBka ekcriepuMenTa ca ¢pusuukum double-slit u pusnomomkum gemom

CUCTEMA.
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Cauka 8. Pactiopen enexkrpona kopumheweMm crangapanor 10-20 monxena
peructpoBama MOTEHIMjajla IPU YEeMY je average einexkrpojaa kopumheHa Kao

pedepeHTHA.

3.3. UcnutuBane rpymne kopuiheHe y eKCepuMeHTy

3a notpede cTynuje, cBa Mepema y pU3MUKOM /ey cUcTeMa MojesbeHa cy Ha ciezehe rpyme:
1.  Koumponmua 2pyna cucrema y Kojoj cy o0aBJb€Ha PETUCTPOBaIba CBUX 3aBHCHUX
BapHjabnu 6e3 mpucycTBa ocMaTpaya.
2.  Excnepumenmanna zpyna ca ONTUYKUM CUCTEMOM y HHTEPAKTUBHOM MOJbY:
a. pellakCUpaHe MaxHe
0. hokycupaHe maxxme

B. KOTHUTUBHOT eBoLMpaHor noreHuujana [1300
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[Mocnenma rpyma nojie/beHa je Ha TP NOArPYIe IpeMa BPEMEHY Y KOjeM je HAaUME-CH CHUMAK
OJTHOCHO perucTpanuja uHTeppepeHIoHor obpacia, U Ha OCHOBY KOjer Cy H3BpIICHE

KaJIKyJanuje 3aBUCHUX Bapujalin:

e E100-100 ms
e E300-300 ms
e FE1000-1000 ms

3.4. [lonymanuja

VY ¢dusznononikoM aeny cucrema KopuirheHa je rpymna cactaBjbeHa o1 26 cyojexkara. OCHOBHU
YCIIOBH 32 YKJbYYCHE UCIIUTAaHUKA Y €KCIIEPUMEHT OMIIH CY:

e cy0jekTH MOpajy OUTH MTyHOJIETHU

e cy0jeKTH MOpajy OUTH NICUXUYKH 3/1paBU

e CyOjeKkTH Mopajy OUTH TECHOPYKH

Uckspyayjyhu ycnosu 6unu cy:

e a0y3yc NCHUXOAKTHBHUX CYIICTAHIIN

® [ICHXHYKA 000JbEHa

e nopemehaj cimyxa

IToceban ycinoB mpeicTaB/bao je W BUCOK ckop Ha Tecty Tenerenose (enr.Auke

Tellegen) amcoprmmone ckaje, Koja ce cactoju on ¢opmynapa ca 34 murama Ha Koja ce
0JIroBapa ca Jia i He (Ta4aH OJIrOBOp je-/1a) U MPEeCTaBba J00PY MPOICHY CITIOCOOHOCTH 32
00aBJpakb€ MEHTATHUX 3aJjaTaka KOJU M3UCKY]y BHCOKY KOHIIETpaIujy naxme. [lormyHo je
JEeIHOCTaBHA W HEUIKOJJbMBA METOJA, 32 Y HE IMOCTOje MHTEPIPETAaTHBHE HOpPME, alld Ha
OCHOBY KJIMHUYKHX UCKYCTaBa IpoceyaH ckop je 20, Tako Ja je YCIOB 33 YKJbYUCHE Y CTYIAH]Y
6uo ckop Behu on 20. @opmynap TenereHoBe ckajie nmpecTaBibeH je y Tabenu 1. YuecHunu
Cy OWJM YIO3HATH Ca METOJOJIOTHjOM EKCIEpUMEHTAa M Jalld Cy IMHCMEHY CarjlaCHOCT 3a
JI0OPOBOJFHO YUECTBOBAKE Y €KCIIepUMEHTY. McruTuBaHa Momynairja, CX0AHO MEpemhUMa y
¢bu3nuKkoM U (PU3UOIIOLIKOM JeNly CHCTeMa, MPEeACTaBiba JIe0 EKCIIEPUMEHTAHE TpyIe Koja
oOyxBara:

e cy0jeKTe y cTamby pelakCHpaHe MaxHbe

e cy0OekTe y cTamby (POKyCHpaHe MaKe

e cy0jexTe y MpoLeAypH perucTpalrje KOTHUTUBHOT eBolMpaHor noreHnujana 11300
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Ta6esa 1. Tenerenosa ckana ca yKymHo 34 nurama Ha Koja ce Y A€CHOj KOJIOHH OJIroBapa ca

Ja 1in HE.

TesereHoBa ancopnuMoHa cKajia JIA/HE
1. [Tonekan oceham W TOKMBJbABAM CTBAPH KA0 Y JETHELCTBY
2. Ilokpehe Me eJTOKBEHTaH U MOCTHYAH je3UK
3. Jlok riesaM TB WIIM CIIyIIaM MY3HKY 3a00paBHM Ha CBE OKO MEHE, U TO JJO)KUBIJbaBaM
Kao J1a caM JIe0 hHX
4. HakoH mocMmaTparma HEKe CIIMKE JIOKUBJbaBaM je Kao Jia je oIl UCIIPEe MEeHE
5. [Nonekan ce oceham kao Ja MOj yM MOKe 00YXBAaTHUTH 11€0 CBET
6. Bomum na rienam pasHe oonmke o01aka Ha HEOY
7. Mory Tako *HBO Jia 3aMUCINAM ofipel)eHe cTBapH Jia MOT'Y JIpXKaTH MOjy Ay Kao
HekH puim
8. Mucnum J1a 3HaM Ha 1ITa M0jeAMHU JbYIU MHUCIIE Kajia TOBOPE O MUCTHUHUM
JIO)KMBJbAjUMa
9. INonekan “m3ahem” BaH ceOe U JOKUBUM IOTIYHO APYraduju oOJIHK MOCTOjarbha
10. TekcType nomnyT ByHe, Iecka WK JpBera nojcehajy Me Ha 00je WU MYy3UKY
11. Ilorekaa MOXKUBJFABAM CTBApH KAao JIa Cy BHUIIIC HET'O CTBAPHE
12. Kayia ciymam My3HKY Y)KHBHM Ce K20 Kao J]a HUIIITA IPYro HE IOCTOJU OKO MEHE
13. AKO IOXKeJIMM MOT'Y 3aMUCJIMTH Ja j€ MOje TEJI0 TaKO TEIIKO JIa CE He MOT'Yy IOMEPHUTH
14. TloHekaa MOTY OCETHTH IIPUCYCTBO JIPYre 0CO0E Mpe HEro MITO CaM je 3aucTa BUICO
I 9y0
15. TInaMenw je3ndIy BaTpe CTUMYJIHIIY MOjy MAIlTy
16. ITorekax ce Tako AyOOKO yayOuM y MPUPOTY WITH HAYKY TaKo J1a j€ MOje CTama
CBECTH NPUBPEMEHO U3MEHEHO
17. Pasue 6oje numajy moceOHO 3HAUCHE 32 MEHE
18. ITonekan, panehu pyTHHCKH 3a4aTaK TOIMKO CE€ YIYOHM Yy CBOj€ MHCIIH JIa TIOCTIe
HEKOI' BpeMeHa NIPUMETHM Jia caM 3aBpILHO 3aJaTaK
19. [Torekaa MpHU30BEM MIPOIILIE TOKUBIHAJE Ca TAKBOM jacHONOM H >KHBOIITNY Kao 1a cy
CTBapHa
20. imam nioceban ocehaj mpema cTBapmuMa Koje APYTHM JbyAMa HeMajy 3Hada]
21. JIok TIyMHUM Tako peasHo ocehaM eMollrje THX JINKOBA, /1a 33 TPEHYTaK MOTY
[IOCTaTH Ta ocoba
22. Moje MHCIH 9ecTO HHUCY peun Beh cimke
23. YUecTo ce ojylIeBbaBaM MaJIUM CTBAPUMA
24. Jlok cirymiam jaky My3uKy ITOHEeKaJ MaM ocehaj kao 1a cam Ha HeOy
25. IloHekag MOTY IPOMEHUTH OYKYy Y My3UKY Ha HA4HH 2 j€ CIyIIaM
26. Mupucu 1 yKycH 9ecTo PH30BY HEKa MOja BeoMa JknBa ceharmba
27. Ilojennnaa My3uka nojceha Me Ha ciuKe Win Ha 60je
28. [lonekay 3Ham mTa he HeKo pehn mpe Hero MTO TO CTBAPHO M KaXe
29. Ilonekag nmam “dusndka cehama”, TAaKo Ja MOTY OCETHTH BOJY HAKOH IIJIMBAFhA
30. 3ByK r1aca je 4ecTo TOIMKO (DacllMHAHTAH 32 MEHE J]a Ta MOTY IyTO CIYIIaTH
31. Tlonekax oceham mpucyTBO 0CO0€ KOja HUjE TY
32. IloHekasa MU J1071a3€ CIIMKE M MUCIIM 0€3 MMaJIo MOT TpyAa
33. Hanma3uM /1a pa3Hu MUPHCH UMajy pasnuante 0oje
34. 3ana3zak cyHIIe MOXKE M€ AYOOKO JUPHYTH
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3.5.CodBep

CBa Mepema y cucTeMy akBUpHpaHa cy u oopahena xopunihemem ciieneher codraepa:

e Chaos Data Analyzer (The Professional version2.2 (c) 2012 by J.C.Sprott) academic
software

e Dataplore (v.2.2-2 (c))

e Matlab (R2015b)

e Neuron-Spectrum EEG and EP Digital Neurophysiological System Software, Version
1.6.10.16 from 11.5.2017 (64-bit)

e Splicco software version 4.3.0

e Caliens program

3.6. [Ipenpoiiecyupame 3aBUCHUX BapujaldiIn

3aBucHe Bapujabiie KopuirheHe y 0Boj CTyIMju TTOKa3yjy 3Ha4ajHy ayTOKOpealujy, 300r yera
je 3a moTpebe CTATUCTUYKUX aHajgu3a OWJI0 HEONXOJHO YPaJIUTH TPOILECYHPAmE y IUIbY
cMamema ayrokopenamuje. [Ipopauynom Bpeanoctu Xypcrosor (enr.Harold Edwin Hurst)
€KCIIOHEHTa, KOjU TOBOPH O AYTOPOYHUM ayTOKOPEJIAlMjCKUM CBOJCTBHMA BPEMEHCKE cepHje,
U BPEIHOCTH CTAaTUCTUYKE 3HAYAJHOCTH ayTOKOpelaluje 3a BpeaHoCT movetHor time lag-a
(eur. time lag — BpeMeHCKO KallllbeHhe) 3a KOHTPOJHY TIpylmy JAOILIO Ce 0 Mojaraka
npukazanux y tabemu Opoj 2. Bpemnoctu XypcroBor ekcroHeHTa u3Haa 0,5, kao u p
Bpennoctu bokc-JIuynr (enr.Box-Ljung) tecra ayrokopenammje mcmox 0,05 ykasyjy Ha
3HauajHy aytokopenauujy. Ilpempouecyupame je HM3BpPIICHO METOJIOM JMHEAPHOT
JeTpeHI0Bamka MoJlaTaka, a 1a Ou ce M30eriau Hariu cKokoBu ¢ase kopuiheHa je MeTona
unwrap (eHr. unwrap — oAMOTaTH), MOCJE 4era ce 100Mja KOHTHHYyalHa ¢a3zHa (yHKIH]a.
Bpeanocrtu ayrokopenaiyje 3a napaMerap aMIuIMTyie HHTEPPEpEeHIIMOHOT KA Ha Irpaduky
CIIEKTpaliHE TYCTHHE CHare, Kao M 3a JAETPEHJ0BaHE BPEAHOCTH HCTOT MapameTpa 3a MpPBHUX
1000 ¢pejmoBa KOHTpOJIHE Tpyle NpUKa3aHe cy Ha ciauud 9. Moxe ce youuTH maj
ayTOKopenalyje 3a AeTpEeHJ0BaHe BPEAHOCTH Yy OJTHOCY Ha MOJaTKe ca PealHUM BpEHOCTHMA.
[IpuMeHOM omHCcaHOT Mpenpolecyrpama J00HjeHH MOoJalH cy U3TYOUIN ayTOKOpenalnujy u
MOCTaJIM HEe3aBUCHU (Ha cauuu 9 To je KpuBa obenekeHa IpBEHOM 00joM), UUME Cy MOCTAIH

CIPEMHH 3a JJaJby CTAaTUCTUUKY 00pay.
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Statistical Variables
parameters I Corpuscularity | Entanglement | Uncertainty | Interference | A/B ratio
Hurst exponent 0,904 0,901 0,873 0,872 0,907
p <0,01 <0,01 0,013 <0,01 <0,01

Tabesa 2. Bpegaoctu XypcToBOT €KCIIOHEHTA U CTATHCTUYKA 3HAYAJHOCT ayTOKOpEaImje

BPEMEHCKE CepHje 3aBUCHUX Bapujaliii y KOHTPOJIHO] TPYIIH.

1 T | T

Interference
0.8 Detrended interference | |

06 [

04 - -

0.2

Autocorrelation

-0.2

| | | | | | |
-04
1000 900 800 700 600 500 400 300 200 100 0

Lag (frames)

Cauka 9. IIpukasane cy 1Be KpUBe 3a apaMeTap aMILTUTye uuTepdepenuuje, npe (miasa

KpuBa) H mocJje (IpBeHa KpuBa) JAeTpeHaoBama 3a mpeux 1000 ¢ppejmoba.

3.7. CtartuCTHUKE aHAIN3E

JuctpuOyiija moaaTaka nmpoBepena je kopuiihemem [llanupo-Bunkosor (enr.Shapiro-Wilk)
craTucTudkor tecra. [lonaszehu oj unmeHHIE 1a CYy CBU MOJAIM CTOXACTHYKH HE3aBHCHH,
3axBasbyjyhiul MeTo/IM mpenporecynupama, CBe 3aBUCHE Bapujadlie U3 eKCIIepUMEHTAITHE TPYyIIe
¢du3MYKOT Nena eKcrepruMenTa nopel)eHa cy ca KOMILIEeMEHTapHUM MOJaluMa 3 KOHTPOIHE
rpyre kopuitheseM Men-Buthu (err.Mann-Whitney) V tecta. Z ckop 100ujeH OBUM TeCTOM
3a cBaKy Bapujadiy moceOHO o3HaueH je kao Z(V) ckop. OBaj cKop je 3aTHM TpaHC(HOPMHUCAH
y kKomrio3uTHU Z(C) kopumhemeM Z ckopa dase unreppepennuje (Z(ph)) na ocnoBy cnenehe

penanuje:
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Z(w)+Z(ph)

Z(c) = 5

(jemnaumHa 25)

Itodepos (err.Samuel A.Stouffer) Z(s) ckop sa cBe cecuje (N) oapehen je motom

KopumhemeM jeaaaunne 26:

Z(s)=YN, % (jennaunna 26)

Konauno, ma 6u ce n30eriu apredakTy ¥ rpenike yciea CTATHCTUYKAX OCIHIIAI]a 01 MePEeHha
1o mepema llTodgepos ckop ynopehen je ca komijyrepcku oapeheHUM CKOpOM KOpHUIThembeM
METOJIC IUPKyJIapHOT HemapameTapckor bootstrap tecta (enr. bootstrap - ri. momohu cam
ceOu, uM. rajka Ha yn3mama). Llupkynapau Oyrcrpan je ekcTeH3uja OyTcTpana ca NoKpeTHUM
OJI0KOM IIPU Y€MY CYy MIOCTUTHYTE 00JbE€ 0COOMHE KOHAYHOT Y30pKa jep Cy M0Aalll CEMIJIOBaHU
ca Mmo/Ije THakOM BEpOBaTHONOM, IIpM 4eMy ce OHU Hajla3e Ha KPYT'y M 33JJ0BOJbaBajy yCJIOB Ja
je y(t+1)=yl, y(t+2)=y2,....utn. Bootstrap je Beoma TenIko MpeBOJUB M3pa3 U HACTAO je Ha
OCHOBY mpuue 0 bapoHy MuHXxay3eHy, Mo K0joj j& OH HaBOJIHO caM ceOe M3BYKAo ca JIHa je3epa
nosrnauehn cBoje ym3me. OBa MeToJa ce Jend Ha IMapaMeTapcKky W HemapaMeTapcKy
npoueaypy, Npu dYeMy I[apaMmeTrapcka IoJpa3yMeBa TIO3HaBame AUCTPUOYyIHje ma ce
BPEIHOCTH 3aMEHY]y HOBUM Y3 OUyBamke OCHOBHE pacnojenie. Mehyrum, oBa mporenypa je 3a
OBaj EKCTIIEPUMEHT HEMPHUXBAT/bUBAa 003MPOM Jla C€ BPEIHOCTH J0OHjeHe Y (DU3UUKOM ey
CUCTEMa HE CMeJy MemaTH, Beh WX je MOTpeOHO caMo pEeceMIuIoBaTH paau JoOujama
CTAaTUCTUYKHU CIIy4ajHOT y30pka. Ha oBaj HaumH 100HjeH je paHAOMH3UpaHu apTedUIIHjaTHN
BEKTOp MOJaTraka 3a CBe Ipyle, Tako ILITO Cy MOJAlld 3a CBaKy Bapujadily MOHA0co0
nepmyroBanu TokoM 1000 mukiyca, a 3aTuM MoHOBO oOpaheHu kopuithewem MeH-ButhHu
TeCTa 3a CBaKy O] mepmyranuja. Tako cy y Mo4eTKky A00HjeHu HOBH pe3ynratu MeH-Buthu
TecTa, a 3aTUM Cy OHM oOpal)eHM Kao MITO je MPETXOJHO OMMCAHO 3a peajHe MOJaTKe,
kopumtheweMm penanuja 25 u 26. 3a oBako A00ujeHYy MOmyJlanujy apTeduuujasHor

[ItodepoBor ckopa oapeleHa je cpeama BpeAHOCT-|L U BPEAHOCT CTaHIapAHe aeBHjaruje-Sd.
Yxynuu HoBU Z ckop onpeler je kopumrhemeMm cienehe penamnuje:

Z — Z(S)_H

7 (jemnaumna 27)

[Tomenyre aHanmu3e Cy y JOMEHY MeTa aHajiu3a, Tako Ja je 3a norpede cryauje Ouio
HEOIXOTHO oApeuTy u BpeaHoct effect Size mto je yunmeHo nesbemeM PETX0HOT CKopa ca
KBaJ[paTHUM KOpPEeHOM Opoja cecHja, oAHOCHO crynuja. CTaHaapHa rpelika HacTajla TOKOM

Mmepemba effect Size mporemeHa je Ha OCHOBY PEIMIIPOYHE BPEJHOCTH KBAAPaTHOT KOpeHa Opoja
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CTyAHja, TaKO Jla je OHAa HMCTa 3a CBa Mepema. ¥ HaMepH Ja ce JNo0Hje IITO NPEUU3HHjU
pe3yiTar, cBa HaBEJCHE KaJKylaluje Cy MOHOBJbEHE METOJOM IOMepama BPEAHOCTH M3
eKCIIEpUMEHTAJTHE TPYIe yHa3all 3a jeJJaH TOKOM mepuoaa oa 11 cekyHnmu, 4mMe je H00HjeH
YBHJl Yy KpeTame CKopa M3 jefHauyMHe 27 TOKOM IMPBHX HEKOJMKO CEKYHJM HaKO IITO CY
YUECHHIIHM Y TIPBOj €KCIIEPUMEHTAIHO] TPYITH, Tj. Y TPy ca (GOKyCHpPaHOM MaKHOM JT00MIH
KOMaHJy J1a 3al04YHy KOHIICHTPALUjy CBOje CBECHE MaKie. BpeHOCTH 3aBUCHUX BapHjadin
M3paKEHE Cy Kao CBEYKYyITHAa Cpeliba BPEJHOCT TOKOM CBUX JECeT CTyIHjatcTaHaapaHa
nesujanuja. HesaBucHe Bapujalie wu3pakeHEe CYy Kao Cpelma BPEIHOCTECTaHIap/IHA
nesujanuja. Ilopehema HezaBUCHUX Bapujabiau, OJHOCHO HenuHeapHux mnapamerapa EED
u3BpiieHa cy kopuinhewmem @PpuamanoBor (enr.Milton Friedman) rtecra 3a moHOBIJbeHa
Mepema. CTaTUCTHYKA CUTHH(PHKAHTHOCT je TmocTaBjbeHa Ha BpemHoct pP<0,05. Cse
CTaTUCTUYKE aHanu3e usBpiieHe cy kopumhemem IBM SPSS Statistics Version 23 u Matlab

(R2015b) codtrepa.

3.8. 3aBucHe Bapujabie (pusnuke Bapujabdie)

3.8.1. Uutepdepennuja (interference). Bpeanoctn uHTEpPEPCHIMOHOT MHKA H3PAKEHE Y
nermoenuma (dB) Ha rpaduky crektpanmHe TyCTHHE cHare, nmooujajy ce myrem dypujeose
(ppanm.Jean-Baptiste Joseph Fourier) tpancdopmanuje u goraputmoBama. OBa mocie/ma
IpoIielypa HEOMX0HA je paly OTKIamamka CMETHHH TOKOM PErHCTpalije, OJHOCHO THME Ce
aHyJIMpajy JejcTBa OKOJHMHE (TeMIeparypa, eleKTpUYHa 1MoJba, UT/A.) Ha nudpakmujy. [IpBu
MaKCUMyM Ha TpaduKy CIEKTpaIHE CHAare oarosapa cropujoj ppexkpeHuju mudpakimje, 10K
JIPYrd MakCHUMYM W HETOBH XapMOHHIIM OJAroBapajy Opikoj GppeKBeHLHju HHTEepdepeHinje

KOja MpeJcTaBiba TPaXKeHy BapHjalily Koja ce MEpuiia y MOjoj CTyIU]H.

3.8.2. Xajzen0eprosa wHeoapehenoct (uncertainty). Heoapehenoct ce wuspakaBa vy
jemuHunuMa JS u pediextyje ce Kpo3 penanujy:

AP x AX > % (jennaunHa 28)
rne je AP Heonpehenoct ummynca, AX HeonpeheHocT koopaunare, a h [lnankoBa KOHCTaHTa.
®oToH KOjU TpoJIa3u Kpo3 MyKOTHHY MMa HeoapeheHocT koopauHate AX=a, Tie je a mupHuHa

MyKOTHUHE, JO0K je HeonpeheHoct ummyrnca:

h .
AP, = Zsm ®, (jennaunna 29)
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VY penamuju 29, O1 je yrao npBor MaKCUMyMa.
3a moTpebe cTyauje HeoapeheHocT ce Mepuiia Kao MPOU3BO/I CTaHAApAHE ACBHjallH]e UMITyJICa
U KOOpAMHATE TpBa JBa HHTCPPEPCHIIMOHA MaKCMMyMa ca o00e CTpaHe LEHTPaTHOT

MakCHUMyMa, Kao IITo je nmpuka3aHo penarujom 30 [87,88].
6P * 6X > ﬁ (jennaumna 30)

3.8.3. Kopmyckymapnoct (corpuscularity). Bpennoct oBor mapamerpa Mepwia ce ce Ha

BpPEHOCTHUMA MIPBOT MaKCUMyMa MpeMa MPEeTX0IHO MPEICTaBJbeHUM penanrjama 11 u 12:

Imax - Imin _ 2\/ 1112

V = =
Imax + Imin 11+12

Ci2(d)

V2+D?*<1

3.8.4. Bummupocr (visibility). Ilapamerap KkOMIUIEeMEHTap TPETXOJAHOM MapaMeTPy
KOPITYCKYJIapHOCTH, Ta jeé CTOTa W JI0OMjeH KOpUIIhemeM MPEeTXOIHO MoMeHyTre Enrmept

I'punbeprep Jacunose penanuje 11:

I — Lni
V= max min

Imax + Imin

3.8.5. Crenen kBaHTHe moBe3anocTu (entanglement). OBaj mapamerap oapeljyje ce myrem

crnenehe penarmje 31 [89].

1+V 1+V 1-v

1-v .
E=-— TLOgT - TLOgT (JG,I[Ha‘lI/IHa 31)

rze je E crenen nosezaHocTH, a V KOHTPACT WM BUAJBUBOCT. CTENEH KBaHTHE OBE3aHOCTH
HHUje caMO Mepa 3arIeTeHOCTH JBa POTOHA (KBAHTHU KYILTYHT) KOjU YU4E€CTBY]Y Y
mudpakuuju, Beh je u peduiekcrja moBe3aHOCTH PU3NUKOT U (PUIUOJIONIKOT CHCTEMA Ha

OCHOBY KBaHTHOT JiaH1a u benosux (eur.John S. Bell) nejennakoctu.

3.8.6. A/B xosmunuk (A/B ratio). Oaj mapaMerap MpeACTaB/ba KOJMYHHK HHTCH3HMTETA
SNeKTPUYHOT 10Jba Ha CBaKoj 01 ABe mykotune double-slit nudpakione pemrerke. la Ou ce
JOILIO JI0 HKEroBe BPEAHOCTH HEOMXOAHO je ¢uroBaTH OasmuHy penauujy 3a double-slit
nudpaxuujy kopuctehu mapamerpe u3 GU3HUYKE OCTABKE SKCIIEPUMEHTA.

a?sinfysinp,

— 2 asin,81 2 2 asin[i’z 2 2_7'[ _ .
I=A (—r131 )+ B (—T1B1 )* + 2AB —— cos(/1 (r, — 1)) + Ipc (jennaunna 32)
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B, = —2—: B, = ——=2_ (jexnaunna 33)

)
/ 2 / 2
A |D%4x% A |D2+x3

X4 =x—%(a+d) P Xp x+%(a+d) (jemnaunna 34)

X je TO3WIMja IEHTPATHOT MaKCHMyMma, a je IMpuHa mykotwHe, d je pacrtojame m3Mel)y
MyKOTHHA, 1 and r2 KopecroHaupajy ca eKCIPECHjoM y KBaJpaTHOM KOpPEHY jeaHadynHe 33, A
je TamacHa Iy)KWHA JlacepcKe CBETIOCTH, L je pactojame m3mel)y mudpakimoHe pemerke u
eKkpaHa kamepe, Ipc je MHTeH3UTET M03aJMHCKOT CBETIIA.

[Tapamerpu xopumrhenu 3a ¢utoBame penanuje 32 usznoce: a=100 pm, d=500 pm,
L=25 cm, A=635 nm u nipeicTaBIbajy mapaMeTpe Ha OCHOBY KOJHUX je OMO NOCTaBJbeH (U3HIKU

CHCTEM TOKOM M3BOleHa eKCIIEpUMEHTA.

3.8.7. Amniuryna nuka (peak amplitude). Mepu ce qupektHo myTem JrHeapHe CCd kamepe,

a 32 BETOBY BPEIHOCT y3MMa C€ MarHuTyja MPBOT TTHKA.

3.8.8. MMo3unuja muka (peak position). Pauyna ce kao ymajbEHOCT MPBOT MTHKA OJ1 IICHTPATHOT
MakcuMyMmMa HWHTep(epeHIInOHe KpHBe A00HMjeHe JmHeapHOM CCd KamMepom, Tako IITO Ce

MUKCEIH MpeBely Ha MUJIMMETapCKy CKaiy.

3.8.9. bomoBa ¢a3na pasauka. [lomepaj ¢ase pauyHa ce myTeMm penainmje 3a eICKTPHIHH

bomoB edexar.
Ap = quc (jennauwHa 35)

A je daznu nmomepaj mpBor UHTEPHEPEHITMOHOT MAKCUMYMA, ( j€ HACICKTPHCAhE SIIEKTPOHA,
V je BpenHocT korHuTHBHOT moTeHuujana [1300, t je Bpeme mposiacka Kpo3 AudpakiuoHy

peuietky, h je penykoBana [InankoBa koncranra (h/2m).
3.9. HezaBucHe Bapujabdiie
3.9.1. Cpeama Bpeanoct ammiutyde EEI' curnana. OBaj mapamerap u3pakeH je y

MUKpOBoJITUMa (V) 1 MepeH je y TPYIH ca cy0jeKTUMa y cTamby (POKyCHpaHe U pelakcupaHe

MaXXhe Y IEBETHAECT JIepHUBaIlHja.
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3.9.2. Uunexc EEI" purma. OBaj napamerap mepet je 3a Bl tanac (12-16 Hz), B2 tanac (16-
20 Hz), o putam (8-12 Hz), 6 putam (4-7 Hz) u 6 Tanac (0.1-3 Hz) y rpymu ca KOHIIEHTpUCAHOM

U PEIaKCHPAHOM MaXHOM Yy JIEBETHAECT JCPHUBAIIH]a.

3.9.3. Ilpoceuna cmekTpajgHa cHara W KoepuIHjeHT ayTokopejauuje. Bpemnocr
CIIeKTpalHe CHAre mapameTpa Mepu ce y UV2, 10K je Koe(HIHjeHT ayToKopenaluje
0e3muMeH3noHaHa Bapujadia. O0a mapamerpa oapelhenn cy 3a neBetHaect aepuBanuja EET

CHUT'HaJ1a.

3.9.4. Ykpmirtena kxopeianuja EEI' curnmama. OBuM mapamMeTpoM MeEpH ce Kopemaruja
n3mely cumerpuunnux nepuBanuonux oasoaa: FP1-FP2, F3-F4, C3-C4, P3-P4, 01-02, F7-
F8, T3-T4, T5-T6.

3.9.5. Kopenanuona aumensuja 2 (CD2), JIujanynoB excronent (Lyapunov exponent),
Enrtponuja (Entropy). OBu nmapamerpu u3padyHatu cy 3a npse yetupu cekynae EET curnana
y FP1, FP2, F3 u F4 nepuBanuju y rpynu ca cy0jeKTHMa y CTamkby KOHIICHTPHUCAHE WITH
pelnakcupaHe Naxme, 0K Cy Yy TpPylH ca PEerucTpanydjoM KOTHUTHUBHOT €BOIIMPAHOT
MoTeHIMjana oApeheHn 3a MpBa YETUPU 3HAYajHA ayJAUTHBHA CTHUMYIyca. Y MPO3auvIHOM
CMHUCITy OB€ BapHjabiie mpeIcTaB/bajy HEJIMHEApHE apaMeTpe CBeCHe maxme. Kopenannona
TuMeH3Wja 2 je ojapeheHa HaKOH (GopMHpama XHUIEpIUMEH3UOHATHE cdepe aJcKBaTHE
muMensuje (embedding dimension) u paaujyca, HaKOH yera ¢y ypalheHu GppakTaaHu IpopadyHu
3a pa3aMyurTe BPEAHOCTH pajujyca YHyTap oBe cepe U 3aTUM MPEJICTaBJbEHU Kao JIOTapuTaM
(bpakTaTHUX BPEIHOCTH MpeMa BpeAHOCTUMA JiorapuTMa paaujyca. Kopenannona aumensuja
je 3atum oxapehena kao Haru® KpHBE U 3aXTeBajla je MPHUCYCTBO IJaTOoa HAa KPUBHU paju
KOpEeKTHE Kalkynaiuje. JIjamyHoB €KCIIOHEHT je Mepa AMBeprupama Tpajekropuja ¢gasHor
MPOCTOPa M XaOTUYHO MOHAIIAKkE y CHCTEMY 3aXTeBa MO3UTHBHE BpeAHOCTH JlujamyHoOBOT

CKCIIOHCHTA.

Entponuja je Mmepa Heypel)eHOCTH cucTeMa M MpeacTaBjba CyMy MO3UTUBHUX JIMjanmyHOBUX

CKCIIOHCHATa.

3.9.6. Koruutnuu norennmjan I1300. OBaj noTeHuujan ce u3paxana y MUKPOBOJITUMA U
CIlyy)KM 3a KBaHTH(]HKanujy cBecHe mnaxme TokoMm oddball mpouenype u perucrpanmje

uHTepdepeHonux odpaszaua y Tpu noarpyne E100, E300 u E1000.
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4.1.Pe3ynratu GU3HOIOMIKOT Jieja €KCIIEpUMEHTa

Bpennoctu ammmryne EEI curaana peructpoBaHu TOKOM CTama pellakcupane u poxkycupane
MaXXke, OJTHOCHO y JIBE CKCTIICPUMEHTAIHE Ipyre o 26 ydecHHKa y cTyauju. Y Tabenama 3a,
36 u 3B mpuKazaHe Cy MPOCEYHE BPEIHOCTH aMIUTUTYAE KOJ 26 ydecHHKa €KCIIEpUMEHTa y
MOjeIMHUM JIepUBaIljaMa y KOHIEHTPHUCAHO] W pPeNlakC TPYNMH Kao U KopecnoHaupajyhe
BPEIHOCTU CTaTUCTHYKE 3HayajHocTH DpuaMaHoBOr Tecta. MoXke ce YOUHTH CTaTUCTUYKH
CUTHU(UKAHTHO OMaJiakbe aMIUTUTY/E o, O U O putma y BehuHu aepuBaiuja y3 UICTOBPEMEHHU
nopact ammuiure Bl u B2 purma y rpynu ca GOKyCHpaHOM MaXHOM y OJHOCY Ha Ipymy ca
pellakCUpaHOM MaXHkOM. Y MOjJeIMHUM JepuBalldjaMa PErUCTPOBAHO j€ M MapajoKCaTHO
noBehame aMIIUTy/Ie & pUuTMa KOJI cy0jeKara y CTamby KOHIIEHTPUCAHE TTaXKIbE.

Ha rpaduky 1 mnpukazaHe cy MpoOIEHTyaJHE BPETHOCTH IPOMEHE AaMILIATYIa
nojenunux EEI Tanaca ko 26 yuecHUKa y cTamby KOHIIEHTPUCAHE NAXHE Y OJHOCY Ha TPYIy
HCTHX YYECHUKA y CTamby pellakCUpaHe Nakme. YouaBa ce mopacT amruurynae Bl purtma y
rpynu ca GoKycupaHoM naxmoM 3a 5,93 % u B2 purma 3a BpenHoct 27,65 %. KonkoMutanTo
OBUM TIPOMEHaMa, aMIUTUTY/a o puTMa omnaia je 3a Bpeanoct 20,79 %, 0 putma 3a 20,49 %,
JIOK j€ TaJl aMIUTATY/e O puTMa u3Hocuo 8,64 %.

Ha rpaduxy 2 npukazane cy mpoMeHEe HWHIEKCa pUTMa KOJ cy0Ojekara y cTamy
KOHLIEHTPUCaHE MaXXe Y 0OJHOCY Ha UCTE CYOJeKTe Yy CTamy pejakcupaHe naxme. Moxe ce
Busiety nopact Bl purma 3a 11,6 % u B2 putma 3a 15,8%, xao u peaykuuja & purma 3a
BpenHocT 21,6% u o putMma y BpeaHocTu o1 4%.

VY tabenu 4 npukasane cy cpeliibe BpeAHocTH IpoceuHe cHare EEI” putMoBa u3paxeHe
y WV2, y neBeTHaect mepuBanuja Koj 26 ydecHHMKa y eKCIIEpUMEHTY, Kao U ojrosapajyhe p
BpeaHocTd PpuUIMaHOBOT HEMapaMeTapcKOT TeCTa 3a MOHOBJHEHA MEpEeHa, Tj. MEPEHO je Y
necer cecuja onHocHo y 10 He3aBucHux crynuja. Y BehwHHM [epuBalyja HU3MEpEH je
CTaTUCTUYKU CUTHU(MKAHTAH TaJ CHare y rpynu ca cy0jeKTHMa y CTamby KOHIIEHTPUCAHE
MaXKke HaclpaM YYECHHKA y CTamy penakcupaHe naxme, ocuM y Ol u O2 rae je cHara
3HauyajHO nmoBehaHa.

Koedunujent ayrokopenanuje EEIT curmama usmepen je Takohe y [aeBeTHaecT
JiepuBalMja y JABe rnopeadeHe ekcriepuMeHTalIHe rpyrie, HITOo je MpUKa3aHo y Tabemnu 5.

H3mepeH je craTUCTHUKH CUrHU(UKaHTaH naja ayrokopenamuje (p<0,001) y cBum
JepuBaljaMa y KOHIeHTpucaHoj rpynu, ocuM y F8 (p=0,362) u F7 rae je 3HauajHo nosehan.

VY tabenu 6 mpuKazaHe Cy BPeIHOCTH KOe(HIMjeHTa YKpILITEHE Kopenaiuje, Kao H

onrosapajyhe BpeHOCTH CTaTUCTHYKE 3HAYajHOCTH nopehemeM rpyme cydjekara y cramy
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KOHIICHTPHUCAHE TaXKIbE U IPyIe ca cy0jeKTUMa y CTamy pelakcupaHe naxme. CTaTHCTHUKH
CUrHU(HUKAHTAH NaJl YKPIITEHE KOpealyje y TPy ca KOHIICHTPHCAHOM MaKHoM cy0jexaTa
npumehen je y FP1-FP2, F3-F4, P3-P4, a necurandukantan y O1-0O2, nok je curaugukantan
nopact peructpoBan y C3-C4, F7-F8, T3-T4, a necuraudukanTan mopact 3a0eexeH je y
CUMETPHYHHUM JiepuBaiujama 15-T6.

Bpennoctu neTepMUHUCTHYKOT Xaoca MpHKa3aHe cy y tabemu 7. Entpornuja je Ouna
3Ha4ajHo nmoBehaHa y KOHIIGHTPHUCAHO] TPYIH y 0J1HOCY Ha penakc rpymny y FP1 (0,40£0,05 vs.
0,37%0,05 p<0,05), FP2 (0,42+0,05 vs. 0,36+0,04, p<0,01) u F4 nepusaruju (0,43+£0,04 vs.
0,37%0,03, p<0,01), nok je HecurHuPUKAaHTHU WHKpeMeHT npumeheH y F3 nepuammju. Y
IPYIH ca perucTpanijoM KOrHUTUBHOT €BOLIMPAHOT OTEHIIMjalla, eHTponuja je Ouna yBehana
y CBUM JIepHBaIlijama, ajii je 3HadajHa pasnuka npumehena y FP2 (0,41+0,06 vs. 0,36+0,04,
p<0,01) u F4 nepusaruju (0,40£0,04 vs. 0,37£0,03, p<0,01). Kopenarrona aumensuja 2 Guia
je curauukanTHO yBehaHa y CBUM JepHBalfjaMa y IpyId ca KOHLEHTPUCAHOM MAXKHOM Y
OJTHOCY Ha TPYITY ca PeTaKCUPaHOM MaXKEOM.

VY ucro Bpeme, JlujanyHoB eKCHOHEHT Ouo je 3Hayajuo yBehan y F4 nepuBanuju
(0,35+0,05 vs. 0,32+0,04, p<0,05) a necuraudukantao y FP1, FP2 u F3 nepuBaruju rpyme
ca KOHIICHTPUCAHOM MAXKHOM, IITO je y3 BEeroBe MO3UTHBHE BPEAHOCTH MHIANKATOP XaOTHYHOT
MOHAIIaka. Y TPYIH ca PETUCTPAIIjOM KOTHUTHBHOT €BOIMPAHOT MOTEHIMjajIa KOpeIanuoHa
nuMen3uja 2 Owna je 3Hauajuo yBehama y FP2 (2,72+0,17 vs. 2,63+0,16, p<0,05) u F4
nepuBanuju (2,75+0,12 vs. 2,69+0,09, p<0,05), cynpotHo y oanocy Ha F3 nepuBanujy rue je
owta HecuraupukanTHo yBehana u FP1 nepuBarujy rie je Ouna HeCUrHU(UKaHTHO YMambeHa.

JlujanyHOB ekcrioHeHT Ouo je HecurnudukantHo yBehan y FP2 u F4 nepuBanuju, ca
n3yzerkoM F3 nepuBanuje, riae je yOo4eH HECUTHH(UKAHTHH JEKPEMEHT y TpPynu ca
PErUCTPaIjoM KOTHUTHBHOT €BOLIMPAHOT MOTEHIIUjaIa.

Bpennoctu naTeHne KOrHUTUBHOT eBoumpanor norenujaita [1300 kao u BpegqHocTH
HETrOBE aMILIUTY/IC IPUKa3aHe cy y Tabenu 8.

[Mepuonorpamu nojequuux EEI Tanaca y penakc u pokycupaHoj TPy NpUKa3aHu Cy
Ha rpadunuma 3 u 4. Moxe ce younTH MpOoLEeHTyaIHu nopacT B2 Tanaca, y3 KOHKOMUTaHTHO
MIPOLIEHTYaTHO CMamkebhe CIopujux putMoBa. Takole, Ha cimiy 10 mpuka3aHu ¢y KOTHUTUBHU
€BOILIMPAHU NOTEHIMjanu 26 yuyeCHMKa TOKOM CBHX JIeCeT CTyIHja JOOMjeHH CYMHpPambeEM,
onHocHO cmajakbeM EED enoxa M um3aBajakbeM KOMIIOHEHTH KOTHUTHMBHOI €BOLIMPAHOT
noreniujana-H1, I13 (I1300a) u 11300 (IT3000), nok je Ha ciuy 11 mpukazaHo Mamupame
oBUX mnoTreHIMjana. Hajsehy akTuBHOCT (TMoapydja ca IpBeHOM ©Oo0joM) crneuuduyHe

komnoHeHTe H1 KomIulekca eBOLMpaHOr MOTEHIWjajla MUMajy (pOHTaIHE W MapHujeTalHe
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peruje, NOK HecrenuuyHU €0 oaroBopa mpencraBibeH tamacuma I[13 u I1300 Hajpehe

MOTEHIMjaj]le UMa NapujeTaTHO U OKLIUIHTAIHO.

EET nepuBanuje EET puram y
€KCII.
FP1 FP2 F3 F4 P3 P4 o1 02 rpynama
7,00+1,27 7,59+1,71 | 6,46+1,56 | 6,80+1,63 | 7,04+1,48 | 6,65+0,96 | 10,09+1,46 | 10,28+1,30 o peJakc.
6,59+1,45 7,06+1,35 | 5,74+1,53 | 555+1,32 | 5,23+1,27 | 5,47+1,39 | 7,57+1,73 6,31+1,49 0, KOHII.
0,006 0,027 0,001 <0,001 <0,001 <0,001 <0,001 <0,001 p
4,03+0,86 4,79%£1,23 | 3,37+0,95 | 4,02+1,27 | 3,96+1,14 | 3,56+0,88 | 5,47+0,96 4,79+1,11 B1 pemakc.
4,41+0,67 5,73+1,36 | 4,12+1,13 | 4,60+1,11 | 3,55+0,82 | 4,13+0,87 | 5,44+1,21 5,26+0,74 B1 xoHm.
0,004 0,002 0,000 0,017 0,004 0,002 0,775 0,006 p
4,05+0,65 4,70£0,91 | 3,13+0,69 | 3,36+0,67 | 3,63+0,66 | 3,54+0,50 | 6,68+1,05 6,21+0,86 B2 penakc.
5,50+1,24 9,06+3,72 | 4,37+1,16 | 5,60+1,15 | 3,91+0,73 | 5,30+1,08 | 6,40+1,39 5,92+1,55 B2 xoHm.
<0,001 <0,001 <0,001 <0,001 0,015 <0,001 0,057 0,108 p
9,2045,24 | 12,46+3,93 | 4,18+2,89 | 4,57+2,16 | 541+2,56 | 9,96+5,27 | 7,35+6,53 7,98+4,29 d pernaxc.
10,12+3,64 | 11,80+3,59 | 2,96+2,12 | 3,20+0,95 | 8,06+2,82 | 9,45+5,89 | 4,88+4,06 6,37+2,01 8 KOHIIL.
0,184 0,325 0,002 0,011 <0,001 0,309 <0,001 0,025 p
6,65+2,61 7,91+2,35 | 5,15+2,07 | 531+1,88 | 4,95+1,64 | 6,51+2,73 | 6,46+2,48 5,75+2,21 6 penaxc.
6,44+1,71 7,39£1,38 | 4,53+1,18 | 4,62+0,92 | 4,36+0,99 | 5,86+2,22 | 5,81+1,38 4,82+1,05 6 koHII.
0,936 0,246 0,133 0,053 0,234 0,090 0,161 0,042 p

Tabesa 3a. Bpennoctu anmiutyaa oarosapajyhux EEI” putmoBa y ocam nepuBanuja ase

CKCIICPUMCHTAJIHE I'PYIIC Ca KOpGCHOHI[Hp&jytlHM P BpeaAHOCTHMA CTATUCTHUYKE 3Ha‘{ajHOCTI/I.
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EET nepuBanuje EET puram y
Pz F7 F8 T3 T4 T5 T6 eKcil. rpynama
720+128 | 7,07+1,75 | 6,94+1,07 | 6,13+1,49 | 625119 | 7,41+161 | 6,92+1,11 | o penaxc.
5874130 | 568t1,22 | 639142 | 557+1,44 | 6,00+133 | 575+1,43 | 6144122 o KOHI,
<0,001 <0,001 0,001 <0,001 <0,001 <0,001 | <0,001 p
3284079 | 3,74+101 | 4,14+0,77 | 3,35+0,87 | 4,20+159 | 4,68+1,23 | 3,62+1,03 | Pl penaxc.
359+1,00 | 4,03+1,01 | 4,71+0,73 | 3,78+0,71 | 4,57+0,83 | 4,54+1,03 | 4,010,78 B1 xomm,
0,135 0,090 <0,001 0,247 0,734 <0,001 0,019 p
3,20£0,67 | 3,94:078 | 4,07£0,66 | 3,00:0,64 | 4,03+119 | 4,18:0,80 | 3,52+0,85 | B2 penaxc.
3,8140,88 | 555¢1,26 | 6,25+1,46 | 4,2940,99 | 7,21+178 | 522+1,06 | 579+152 B2 xomm,
<0,001 <0,001 <0,001 0,065 <0,001 <0001 | <0,001 p
4,932,690 | 19,00+951 | 9,75:4,44 | 9,62+4,94 | 11204571 | 5124206 | 6,88+4,91 | & penakc.
5564552 | 14,10+516 | 8,64+3,64 | 7,4942,79 | 9,52+461 | 572+2,00 | 892+4,40 $ xour,
0,350 0,006 0,026 0,001 <0,001 0,496 0,013 p
5,62+2,07 | 9,88:354 | 7,02¢2,29 | 6,88+2,83 | 7,64+2,86 | 538+178 | 6,83t2,50 | 0 penakc.
4924124 | 9,08+316 | 546+1,40 | 478+1,54 | 558+1,27 | 4,691,07 | 5,20+143 0 KorL
0,064 0,028 <0,001 | <0,001 0,328 <0,001 | <0,001 p

Tabena 36. Bpegnoctu anmuntyna oarosapajyhux EEI” putmoBa y ocam aepuBaiuja ase

eKCIIEpUMEHTAJIHE TPpYIe ca KOpecHoHaupajyhum p BpeIHOCTHMA CTaTUCTUYKE 3HAYaJHOCTH.
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EEI puram y
€KCIIL.
rpynama

EEI nepuBanmje

Fz C3 C4 Cz

5,66+1,05 5,67£1,50 | 6,06+1,30 | 7,04+1,48 0. peJiaxc.

5,49+1,24 4,86+1,45 | 4,27+¥1,29 | 5,23+1,27 0o KOHII.

<0,001 0,247 <0,001 <0,001 p

3,30+1,11 3,21+1,08 | 3,03+0,75 | 3,96+1,14 B1 penakc.

2,74+0,47 4,32+1,10 | 2,54+0,50 | 3,55+082 B1 xoHm.

0,722 0,003 <0,001 <0,001 p

2,69+0,62 2,8240,95 | 2,32+0,65 | 3,63+0,66 2 penaxkc.

3,72+0,87 5,30£1,36 | 2,83+0,76 | 3,91+0,73 2 xoH.

<0,001 <0,001 <0,001 <0,001 p

9,24+5,65 2,43+1,20 | 8,99+5,41 | 5,41+2,56 d pernaxc.

10,50+5,58 | 1,58+0,61 | 7,35+4,81 | 8,06+2,82 O KOHII.

0,237 0,131 <0,001 0,011 p

6,02+1,96 6,90+2,71 | 4,47+1,65 | 6,42+2,98 0 penaxc.

513+1,16 | 4,97+1,53 | 3,62+1,09 | 3,80+1,38 0 KoHII.

<0,001 <0,001 <0,001 <0,001 p

Tab6ena 3B. Bpennoctu anmiutyna oarosapajyhux EET putMmoBa y uetupu aepuBaiuje ase

eKCIIEpUMEHTAJIHE TPpYIe ca KOpecHoHaupajyhum p BpeIHOCTHMA CTaTUCTUYKE 3HAYaJHOCTH.
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Rhythm amplitude changing diagram
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I'padux 1. Bpegnoctr mpoMeHe aMIUTATY/IE U3pakeHe y ponieHTuMa nojeauanx EET

PUTMOBA Y TPYIU ca KOHIIEHTPUCAHOM NaKHOM y OJHOCY Ha peJlaKc TpyIly.

Rhythm index changing diagram
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I'paguk 2. /Tujarpam nokasyje npoMeHe puTMa y NpOLEeHTHMA KOMITapalujoM rpyme
cybjekara y cTamy KOHLEHTPUCAHE NAXHE y OJIHOCY Ha IpyIy cy0jexaTa ca pelakCupaHoM

TaXXKBOM.
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Period hystogram, %
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I'pagux 3. Ilepronorpam mojequanx EEI Tanaca y pemakc rpymnm.

Period hystogram, %
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I'padmk 4. [lepuonorpam y rpynu cydjexara y cramy (HOKycHpaHe Maxbe.
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EEI" nepuBanuje Pesiake rpyna Konu.rpyna p
FP1 7,42+3,20 5,05+2,08 <0,01
FP2 7,17+2,69 4,69+1,91 <0,01

F3 6,64+2,82 4,76+2,06 0,02

F4 7,58+3,33 5,08+2,59 <0,01
FZ 7,45+3,05 4,36+2,31 <0,01
C3 14,13+6,60 7,36+3,35 <0,01
Cc4 13,69+10,23 7,31+3,39 <0,01
Ccz 20,80+10,50 8,61+3,98 <0,01
P3 10,65+4,57 5,71+2,03 <0,01
P4 8,35+3,78 8,11+3,03 0,927
Pz 6,55+2,85 9,16+2,90 <0,01
01 5,63+2,76 6,99+2,30 <0,01
02 4,93+1,93 5,40£1,52 0,049
F7 6,79+3,85 5,99+1,80 0,387
F8 6,33+2,62 5,67+1,67 0,194
T3 6,34+2,61 5,86+1,76 0,616
T4 8,68+2,99 7,11+2,38 <0,01
T5 8,73+4,38 8,85+3,56 0,439
T6 9,99+3,10 9,97+3,36 0,873

Ta6ena 4. [Tpoceuna cuara EEI" curnana (uspaxena y pV2) nusMepena y eBeTHaecT
JiepyBallija JIBE €KCIEPUMEHTAIHE IPpyIe ca oAroBapajyhuM BpeJHOCTUMA CTATUCTUYKE

3Ha‘lajHOCTI/I CDpI/I)IMaHOBOF TCCTA.
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EEI" nepuBanuje Penakc rpyna Konu. rpyna p
FP1 0,19+0,04 0,13+0,03 <0,01
FP2 0,23+0,04 0,11+0,03 <0,01

F3 0,16+0,03 0,12+0,03 <0,01
F4 0,18+0,03 0,10+0,03 <0,01
FZ 0,16+0,03 0,09+0,02 <0,01
C3 0,15+0,02 0,11+0,03 <0,01
C4 0,15+0,04 0,08+0,02 <0,01
Ccz 0,14+0,02 0,07+0,01 <0,01
P3 0,18+0,03 0,10+0,02 <0,01
P4 0,1940,04 0,08+0,02 <0,01
Pz 0,20+0,03 0,09+0,02 <0,01
01 0,17+0,03 0,08+0,02 <0,01
02 0,18+0,03 0,08+0,02 <0,01
F7 0,14+0,01 0,15+0,02 0,021
F8 0,14+0,02 0,13+0,03 0,362
T3 0,15+0,02 0,13+0,02 0,038
T4 0,13+0,03 0,09+0,02 0,01
T5 0,16+0,03 0,09+0,02 <0,01
T6 0,18+0,03 0,10+0,02 <0,01

Ta6esa 5. [lopeheme Bpeanoctu koeduiujenta ayrokopenanuje EED curnana y gesernaect
nepuBanuja usmely cy0jexara y ctamy (pokycupaHe naxmme 1 cy0jekara y CTamy

PEIaKCUPAHC ITAXKLC.
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EEI nepuBanuje Penakc rpyna Konu. rpyna p
FP1-FP2 0,30+0,05 0,22+0,04 <0,01
F3-F4 0,22+0,04 0,16+0,03 <0,01
C3-C4 0,09+0,02 0,12+0,03 <0,01
P3-P4 0,27+0,05 0,24+0,05 0,011
01-02 0,39+0,04 0,38+0,04 0,820
F7-F8 0,11+0,01 0,21+0,05 <0,01
T3-T4 0,14+0,02 0,18+0,04 <0,01
T5-T6 0,14+0,04 0,15+0,02 0,524

Tabena 6. Bpenmnoctu ynakpcHe (yKpIITeHE) KOpemaluje U oaropapajyha cTaTUCTHIKa
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ITapamerpu

Jlepupatuije T'pyne CD2 Entropy Lyapunov exponent

pernaxc. 2,68+0,27 0,370,05 0,29+0,08

FP1 KOHII. 2,720,112 0,40+0,05% 0,31+0,07™
EBOLMPAHH 2,66+0,22" 0,39+0,04™ 0,29+0,05™

pernaxc. 2,63+0,16 0,36+0,04 0,28+0,07

FP2 KOHLL. 2,78+0,11° 0,42+0,05" 0,310,08"
eBOLpaHH 2,7240,172 0,410,06" 0,30£0,07"

pernaxc. 2,68+0,09 0,38+0,03 0,33+0,05

F3 KOHII. 2,74+0,08 0,400,04™ 0,34+0,06™
€BOLMPAHH 2,73+0,14™ 0,390,03"™ 0,320,04"™

pernaxc. 2,69+0,09 0,37+0,03 0,32+0,04

F4 KOHLL. 2,78+0,07° 0,430,04" 0,35:0,05°%
CBOLMPAHH 2,750,122 0,40+0,04° 0,33+0,05"

Tabesa 7. [lapamerpu neTepMHUHUCTUYKOT Xaoca oJpeleHn 3a YeTHpu AepuBaluje y Tpu

ekcriepuMenTainHe rpyne. CtatucTnuka 3Hauajaoct: 2p<0,05, °p<0,01, ™ HecuranduKaHTHO.
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300 norenuujan

11300 naTenuuja (MS) Wv) EET [lepuBanuje
310,86+29,01 1,95+1,46 FP1
310,86+29,01 3,57+3,33 FP2
310,74+29,41 0,98+0,63 F3
310,64+29,31 1,53+1,05 F4
310,19+29,24 1,06+0,90 FZ
310,36+29,23 0,61+0,45 C3
310,24+29,35 1,09+0,68 C4
310,14+29,25 0,25+0,11 Cz
310,31£29,35 1,44+1,20 P3
310,49+28,84 1,49+1,08 P4
310,54+29,03 1,24+0,94 PZ
310,89+28,94 3,68+2,58 02
310,58+29,08 1,48+1,03 F7
310,30+29,06 2,11+1,42 F8
311,14+28,76 1,17+0,88 T3
311,07+28,82 1,72+1,06 T4
310,48+28,68 1,99+1,68 T5
311,61+28,04 1,88+1,42 T6
312,03+27,59 3,44+2,24 01

Ta6esa 8. Jlatenua y MusircekyHiama u aMILUTUTyJa Y MUKPOBOJITHMA KOTHUTUBHOT

esouupanor noteHiyjana [1300 y 19 EEI" nepusanuja.
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Cauka 10. Korantnau eBonmpanu noteHmujan [1300 nobujen cymupamem EEI emoxa

TOKOM JIECET CeCHja eKCIIEPUMEHTA.

Cauka 11. Manupamwe komnonenty H1, I13 u [1300 korHUTUBHOT €BOLIMPAHOT TOTEHIHjala

cymupameM EEI" enmoxa 26 yuecHuka TokoMm cBux 10 cecrja y eKCIEpUMEHTY.
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4.2. Pegynratu pU3NUYKOT Jiefia eKCIIEPUMEHTA

Judpaxronn odpacy CHUIMaHH Cy Y CBaKOj IpyIH (PU3HYKE MOCTABKE eKCTIEPUMEHTA TOKOM
45 cexyHau Tako 1a je ykymnas 0poj caumaka 1170. Ha rpaduky 5 npukasan je qudpakunoHu
oOpasall CHUMJbEH TOKOM KaymOpariuje (GpU3HUYKOT Jeja CHCTeMa JiMHeapHOM CCd kamepom
Caliens POD010020. YcpenmaBameM BPEAHOCTH aMILTUTYIE, OJHOCHO IIPUMEHOM averaging
(enr. averaging - ycpeamaBame) METOJE Ha MojalMa JOOHjeHHM TOKOM CHHUMama Yy
KOHTPOJHO] rpynH, Ha rpaduky 6 MpHuKazaH je TUIOUYAH rpapuKk HHTEPPEPEeHIIUMOHUX
MakcuMyMa U MmuHuMyMma y double-slit exciepumenty. Ha npukazanum rpaduima Moxe ce
YOUHTH EHTPATHA MAKCUMYM M CHMETPUYHO pacriopel)eHu ocTaim MakKCHMYMH U MUHUMYMH.

Radiance
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I'paduk 5. Tudpakunonn obdpasan y double-slit ekcriepumenty no6ujen KkopuirhemeM
Caliens POD010020 nuneapHe ccd kamepe TOKOM mpolieca Kanuopaiuje GU3ndKor aeaa
crcTeMa eKCIIepUMEeHTa. X 0ca MpeCTaBiba YAabeHOCT Y MUJIMMETPUMA, JIOK je Ha Y och

npeacTaBJbCHA pazuxljcha.
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I'paduk 6. Murepdepenimona kpusa y double-slit ekciepumenTy, no0ujeHa averaging

METO/IOM Ha CeTy M0iaTaka PEruCTPOBAHUM y KOHTPOJIHO] TPYIIH.

BpeaHocTn 3aBHCHUX BapHja0Jid WM3padyHaTe MPUMEHOM TIPETXOJHO OIMCAaHUX pelialuja
(jenmaumne 28-32) npukasane cy y Tabenu 0poj 9a u 96. Takohe, y uctoj Tabenu nprkaszaHa je
CTaTUCTHYKAa CHTHU(HKAHTHOCT HAa OCHOBY mopehema mojaraka KOHTPOJIHE W OCTaJMX
EKCIIEpUMEHTATHUX Tpyna. 300or oOaBibeHux 10 HE3aBHCHHUX CTyAHje U TPUMEHCHE MeETa
aHaJM3e y CTaTUCTHYKOj 0Opaau mojgaraka BpeaHoctu effect size mpukasane cy y tadenn 10.
Mopa ce HarIacuTH J1a Cy BpeIHOCTH cTaHaapaHe rpeiike 3a effect size (ckp.es) yBek ucre u
n3Hoce 0,32, mTo je peuunpoyHa BPEAHOCT KBaJIpaTHOT KOpEeHa Opoja CTyauja, OJHOCHO
00aB/bEHUX HE3aBUCHHX CeCHja MCIUTHBama. Ha rpadunmma 7-10 npukazane cy BpeTHOCTH
MOjeAMHUX IMapaMeTapa (PU3UYKOT Jiea CUCTeMa MpuKa3aHux y Tabemama 9a u 96.

Y 0JHOCY Ha KOHTPOJIHY TPYIy KOPIYCKYJapHOCT c€ CUTHH(HUKAHTHO moBehana y
rpymnu ca konientpucanom naxmom (0,308+0,054 vs. 0,293+0,045, es. -0,80+0,32, p=0,01),
JIOK Ce y TPYIH ca PEIaKCUPAHOM MaXKEHOM KOPITYCKYJIAPHOCT Takohe moBehama anu Huje
nocturia HUBO cratuctuuke 3Haudajuoctu (0,301+0,048 vs. 0,293+0,045, es. -0,54+0,32,
p=0,08). VYV moarpymama TIe je H3BpIICHA pPETUCTpalja KOTHUTHBHOT EBOIUPAHOT
noteHuujana 1300, kopmyckynapHocT ce Takohe curHupukantHo yBehaBana. Y moarpymu
E100: 0,301+0,048 vs. 0,293+0,045, es. -0,66+0,32, p=0,03, y moarpynmu E300: 0,306+0,049
vs. 0,293+0,045, es. -0,88+0,32, p<0,01, nok je y moarpynu E1000 oBo noBeharme u3HOCHIIO:
0,315+0,045 vs. 0,293+0,045, es. -0,97+0,32, p<0,01.

KBaHTHa MOBe3aHOCT ce ca U3y3eTKOM T'pyIie cyOjeKaTa y CTamy pelaKkCupaHe Maxmbe,
rae je Ouna cMameHa, CTaTUCTUYKM CHTHU(UKAHTHO TioBehama y CcBUM ocTamum

€KCIIEPUMEHTAJIHUM Ipyliama y OJHOCY Ha KOHTPOJIHY Ipyny. ¥ Tpylnu ca KOHLIEHTPHUCAHOM
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naxmoM To noBehame je m3nocwmo 0,116+0,031 vs. 0,106+0,025, es. -0,83+0,32, p<0,01, y
E100 rpynu taj uakpemenT je uznocuo: 0,112+0,025 vs. 0,106+0,025, es. -0,64+0,32, p=0,04,
y E300 rpymu curyanwmja je cnemeha: 0,114+0,028 vs. 0,106+0,025, es. -0,82+0,32, p<0,01,
nok cy y noarpynu E1000 onpehenn cnenehu mapamerpu: 0,120+0,026 vs. 0,106+0,025, es. -
0,94+0,32, p<0,01.

Xaj3enoeprora Heoapehenoct (uncertainty) ce ca cTaTUCTHYKOM CHTHU(pHKAHTHOIINY
MIPOMEHMJIA Y CBUM TpyliaMa, ¢’TOM Pa3iIMKOM IITO je Y PeJlaKC TPYIH alcOJIyTHAa BPETHOCT
Heonpehenoctn Owra Beha y omHOCY Ha BpemHOCTH y KOHTponHOj rpymu: 1,209+0,263 vs.
1,165+0,244, es. -0,93+0,32, p<0,01. ¥V rpynmu ca KOHIICHTPUCAHOM ITAKHOM CMAaFbCHE
HEU3BECHOCTH M3HOCHIIO je: 1,122+0,267 vs. 1,165+0,244, es. -0,96+0,32, p<0,01. Beoma je
3Ha4YajHO U cMamewe y moarpymu E100: 1,143+0,260 vs. 1,165+0,244, es. -0,90+0,32, p<0,01,
kao n 'y noarpynu E300 u E1000.

Hurtepdepentuja je, kao mro je Beh pedeHo y morniasiby 3.8, oapehena Ha oCHOBY
BpPEAHOCTH JIPYror MuKa rpaduka crekTpajaHe rycThHe cHare uarepdepenuuje. Ha rpapuky
11 mpuka3an je rpaduk criekTpaiHe cHare HHTepdepeHInje y KOHTPOJIHO] TPYIH, Ha OCHOBY
CpemmUX BPETHOCTH MapaMmeTpa MHTepdepeHImje 3a cBe cyOjekTe TokoM cBux 10 cecwuja.
HuTtepdepeniyja je y U3BpIICHOM €KCIIEPUMEHTY OWJia CMamkeHa Y CBUM TpyIlaMa, ajil CaMo
y Tpynu cyOjekaTa ca pEeIaKkCUpPaHOM MaXHOM HH]Ee JTOCTUIJIA CTAaTHCTHYKY 3HAYajHOCT.
Hawume, y rpynu ca ¢oxycupanom naxmom: 20,51+0,116 vs. 21,96+0,056, es. -0,90+0,32,
p<0,01, y rpymnu ca pesakCUpaHOM MaXHBOM BpeaHocTH cy ome: 21,63+0,218 vs. 21,96+0,056,
es. -0,57+0,32, p=0,07, 1ok je cMameme HHTEpPEPEHIIHje Y TOATrpYyIaMa ca PEruCTPaIijoM
KOTHUTUBHOT eBonupanor noteHnujana [1300 uznocuna takcarupao- E100: 21,20+0,443 vs.
21,96+0,056, es. -0,72+0,32, p=0,02, E300: 20,53+0,393 vs. 21,96+0,056, es. -0,86+0,32,
p<0,01, E1000: 20,53+0,270 vs. 21,96+0,056, es. -0,89+0,32, p<0,01.

A/B KOJIMYHUK 3HAYAJHO CE CMAbHO Y CBUM €KCIICPUMEHTATHUM TpyIiaMa, ajld [IOHOBO
CUTHU(HUKAHTHOCT HUjE JOCTUTA0 caMo Yy rpymu cy0jekara penakcupane naxmme: 0,857+0,013
vs. 0,893+0,001, es. -0,61+0,32, p=0,051.

Y rpymnu cybjekaTta y cTamkby KOHIIEHTPUCaHe NMaxme npuMmeleH je curuudukanTan naj
KOoJM4HUKa enekTpuyHor noska: 0,831+0,009 vs. 0,893+0,001, es. -0,90+0,32, p<0,01. ¥ E100
MOATPYNH Takole je JEeTeKTOBaH CTAaTHCTUYKW 3HayajaH MajJ KOJMYHHUKA U CHUTyalja je
cneneha: 0,839+0,018 vs. 0,893+0,001, es. -0,62+0,32, p=0,04. 1 y mpeocrane aBe rpymne
KOJIMYHUK je OMO 3HadajHO cMmameH, nma cy 3a E300 rpymy nahene cnenehe BpemnocTu:
0,840+0,018 vs. 0,893+0,001, es. -0,70+0,32, p=0,025, a 3a E1000 rpymy: 0,837+0,013 vs.
0,893+0,001, es. -0,75+0,32, p=0,017. HaBenenu pe3ynratu 3a A/b KOIUYHHUK MPUKA3aHU CY
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y Tabemu 96 u Tabenu 10, kao u Ha rpaduuma 9 u 10, a Z ckop Ha noceGHUM rpaduima 12-
16.

WHTeH3uTeT, 0OTHOCHO aMILIUTY/Ia MPBOT MHKa je TmapaMeTap AUPEKTHO MEPEH IIyTeM
nuHeapHe CCd kamepe W OHMO je 3HAYAJHO MPOMEHEH y EKCIEPUMEHTAIHHM Yy OJHOCY Ha
KOHTpOJIHY rpymy. Tako je y KOHIEHTpHUCaHO] rpynu npumeheH cuUrHupukaHTaH mopact
0,65740,043 vs. 0,575+0,006, es. -0,93, p<0,01, mok je y ocTayiuM rpyrmama JIeTEKTOBAHH I1a]]
BpPEIHOCTH OMO CTaTUCTHYKUA CUTHH(HKAHTAH Ca M3y3€TKOM pelakc rpymne. Y HCTO BpeMe y
E100 rpymu BpenHoct mHTeH3uTeTa je Omna: 0,557+0,107 vs. 0,575%0,006, es. -0,72, p=0,02,
y E300 rpymua: 0,516+0,106 vs. 0,575+0,006, es. -0,76, p=0,016, u Ha xpajy y E1000 rpymu:
0,501+0,091 vs. 0,575+0,006, es. -0,89, p<0,01.

Kana je y nuramy mos3umuja npBor nuka MHTEpQEpEHLHOHUX Ipyra y OAHOCY Ha
LEHTPAJTHU MaKCHUMyM Yy CBuUM rpynama ca usyserkoM E1000 rpyme 3abenexeH je
curHu(MKaHTaH TaJl BPeIHOCTH Ha MUiIuMeTapckoj ckanu. Hanme y E1000 rpynu BpemHOCT
Ce HHUje MPOMEHWJIA Yy OJHOCY Ha KOHTPOJHY rpymy, ma je usnocwma: 0,292+0,0370. vs.
0,29240,053, es. -0,38, p=0,22. Yak je m y pejakc rpynu JeTEKTOBaHA CHTHU(UKAHTHA
MIPOMEHA y TIO3MIINjH TTPBOT MHTEPPEPEHIIMOHOT TTHKa, Ta je Tako oHa 6una: 0,2730,078 vs.
0,292+0,053, es. -0,91, p<0,01. Y unTEpaKTUBHOM MOJBY IpyIie Cy0jeKkaTa ca KOHIIEHTPHCAHOM
MaXHOM, Takohe je wu3MepeH curHudukaHTaH maa oBe Bapujadme: 0,289+0,059 vs.
0,292+0,053, es. -0,90, p<0,01, nok je y rpynama E100 u E300 u3mepena uieHTHyHa BpeTHOCT
MO3UIIMje TIHKa, 1A je To mpema Tadenu 10 curHupHUKaHTHA TIPOMEHA y OJIHOCY Ha BPEIHOCTH
3a KOHTpOJHY Tpyny, kKoHkpetHo-E100: 0,290+0,043 vs. 0,292+0,053, p<0,05; E300:
0,290+0,044 vs. 0,292+0,053, p<0,05.
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Variables Groups Results
Control 0,954+0,013
Concentrated 0,949+0,016°
S Relaxed 0,952+0,013°¢
Visibility
E100 0,952+0,015%
E300 0,950+0,015%
E1000 0,947+0,014°
Control 0,293+0,045
Concentrated 0,308+0,0542
) Relaxed 0,301+0,048°
Corpuscularity
E100 0,301+0,044?
E300 0,306+0,049°
E1000 0,315+0,045°
Control 0,106+0,025
Concentrated 0,116+0,031°
Relaxed 0,111+0,028°¢
Entanglement
E100 0,112+0,025%
E300 0,114+0,028°
E1000 0,120+0,026"
Control 1,165+0,244
Concentrated 1,122+0,267"
_ Relaxed 1,209+0,263"
Uncertainty (*h)
E100 1,143+0,260°
E300 1,133+0,2612
E1000 1,127+0,259°

HeCI/Il"HI/I(l)I/IKaHTHO .
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Tabesa 9a. BpenHoCTH YyeTHpU 3aBUCHUX Bapujabiid MEPEHHUX Y KOHTPOJIHO] U TPU
eKCIIepUMEHTAaJIHE TPpYIe: Tpyma cy0jekara y cTalby KOHIIEHTPUCAHE MaXbe, rpyra
pellakcupaHe NaxKbe, U TPU HOATrpyIie y OKBUPY IPyIE ca PErUCTPaIijoM KOTHUTHBHOT

noteHnrjaga. CTaTHCTHYKa CUTHU(GUKAHTHOCT MpHKa3aHa je kao: 4p<0,05, bp<0,01, ¢




Parameters Groups Statistics
Control 21,960,056
Concentrated 20,51+0,116"
Relaxed 21,63+0,218°

Interference (dB)

E100 21,20+0,443?
E300 20,53+0,393"
E1000 20,53+0,270°
Control 0,893+0,001
Concentrated 0,831+0,009°
AJB ratio Relaxed 0,857+0,013°
E100 0,839+0,018%
E300 0,840+0,018*
E1000 0,837+0,013%
Peak amplitude Control 0,575+0,006
Concentrated 0,657+0,043"
Relaxed 0,569+0,010°
E100 0,557+0,107%
E300 0,516+0,106%
E1000 0,501+0,091°
Peak position Control 0,292+0,053
(mm) Concentrated 0,289+0,059"
Relaxed 0,273+0,078°
E100 0,290+0,043%
E300 0,290+0,044%
E1000 0,292+0,037¢

HeCI/Il"HI/I(l)I/IKaHTHO.
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Tabesa 96. BpenHocTH yeTHpy 3aBUCHUX Bapujablii MEPEHUX Y KOHTPOJIHO] U TPH
eKCIIepUMEHTAaJIHE TPpYIe: Tpyma cy0jekara y cTalby KOHIIEHTPUCAHE MaXbe, rpyra
pelakcupaHe MaxKibe, U TPU NOATrpyIe y OKBUPY IPyIE ca PErUCTPaIijoM KOTHUTHBHOT

noTennujana. CTaTHCTUYKA CUTHU(UKAHTHOCT MpHKa3aHa je kao: 2 p<0,05, ® p<0,01, ¢




Groups
Parameters Statistics
Relaxed Concentrated E100 E300 E1000
) Z score -1,73 -2,55 -2,09 -2,79 -3,09
Corpuscularity i
effect size -0,54 -0,80 -0,66 -0,88 -0,97
Z score -1,55 -2,36 -2,27 -2,26 -2,85
Visibility
effect size -0,49 -0,75 -0,71 -0,71 -0,90
Z score -1,87 -2,64 -2,03 -2,60 -2,99
Entanglement
effect size -0,59 -0,83 -0,64 -0,82 -0,94
) Z score -2,95 -3,05 -2,87 -2,49 -3,06
Uncertainty i
effect size -0,93 -0,96 -0,90 -0,78 -0,96
Z score -1,82 -2,84 -2,28 2,71 -2,82
Interference
effect size -0,57 -0,90 -0,72 -0,86 -0,89
) z score -1,95 -2,86 -1,97 -2,23 -2,37
A/B ratio
effect size -0,61 -0,90 -0,62 -0,70 -0,75
) zZ score -1,92 -2,93 -2,27 -2,39 -2,82
Peak amplitude i
effect size -0,60 -0,93 -0,72 -0,76 -0,89
- zZ score -2,90 -2,85 -2,20 -2,29 -1,21
Peak position i
effect size -0,91 -0,90 -0,69 -0,72 -0,38

Ta6ena 10. V tabenu cy npukasane Bpearoctu Z skora u effect size ma ocHoBy craTucTruke
KoMITapaiyje usmely ekcriepuMeHTanHe 1 KOHTPOJIHE TPyIie 32 BPEAHOCTH 0CaM 3aBHCHUX

BapHjadIIH.
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Visibility Corpuscularity
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I'paduk 7. Bpenqnoctu yetupu nmapameTpa 3a KOHTPOJIHY U IBE €KCIIEPUMEHTAJIHE TpyIIe.

* *x
o3HauaBa HUBO curHuukanTHocTH <0,05; = curaudurantHocT <0,01.
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I'paguk 8. BpeanocTtu yetnpu napamerpa 3a KOHTPOJIHY ¥ TP €KCIIEpUMEHTAITHE TPyIIE.

* *x
o3HauaBa HHBO curHUuKanTHocTH <0,05; = curandurantHoCT <0,01.
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Interference A/B ratio
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I'padux 9. Bpennoctu yetupu nmapameTpa 3a KOHTPOJIHY U IBE €KCIIEPUMEHTAJIHE TpyIIe.

* *x
o3HauaBa HUBO curHuuKanTHocTH <0,05; = curaudurantTHOCT <0,01.
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Interference A/B ratio

~
[N
«
13
o
~

22 09
%*
g2s 0.88
bl e %
o o * *
§ n £ 086 *
g @
% 205 3084
E 20 082
195 08
19 0.78
control E100 E300 E1000 control E100 E300 E1000
Groups Groups
Peak amplitude Peak position
07 0.293
" * 0.2925
: * *x 0292
° 05 E 02915
° £
2 < 0 * -
3 04 S 02905
£os % 020
x Q
© ~ 02895
=02 8 0289
b 0.2885
0.288
0 0.2875
Control £100 £300 £1000 Control £100 £300 £1000
Groups Groups

I'paguxk 10. BpemHoctu yeTnpu mapaMerpa 3a KOHTPOJHY U TPU €KCIIEPUMEHTATHE TPYIIE.

* *x
o3HauaBa HHBO curHUuKanTHocTH <0,05; = curandurantHoCT <0,01.
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y domain
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I'padmk 11. I'paduk criekTpanmHe cHare 3a CBEYKyIHY Cpehy BPEIHOCT Mapamerpa
uHTepdepeHije y KoHTpoiaHoj rpynu. Ha X ocu npuka3zana je ppekseniuja y kHz, na ¥V
ocu marautyaa uaTepdepennnje y dB. Bpeanoct apyror nuka oaroBapa uatephepeHIujm,

JIOK BPEHOCT MPBOT MHUKa 0AroBapa Au(pakxiiuju.
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Z Score
)
o
T
|

| | | | | | | |
corpuscularity visibility entanglement uncertainty interference A/B ratio peak amplitude  peak position
Variables

I'paguxk 12. BpenHoctu Z ckopa 3a 0caM 3aBUCHHX BapHjaliid y eKCIIEPUMEHTAITHO] TPYITH

cybjekaTa y CTamy pellaKCHpPaHEe MaKbe.

2

Z Score
)
[4,]
T

3+

35

4+

1 1 1 1 I L 1 |

-5
corpuscularity visibility entanglement uncertainty interference A/B ratio peak amplitude peak position

Variables

I'padux 13. Bpennoctu Z ckopa 3a ocaM 3aBHCHHX Bapujaliid y eKCIIEpUMEHTAIHO] TPYIU

cy0jekara y CTamby KOHLIEHTPUCAHE MaXHbeE.
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Z Score

| | | l I | |
corpuscularity visibility entanglement uncertainty interference A/B ratio peak amplitude peak position
Variables

I'paguk 14. BpenHoctu Z ckopa 3a 0caM 3aBUCHHX BapHjaliid y eKCIIEPUMEHTAITHO] TPYITH

E100.

Z Score
o
(]

5 I | | | | I | |
corpuscularity visibility entanglement uncertainty interference A/B ratio peak amplitude peak position

Variables

I'padux 15. Bpennoctu Z ckopa 3a ocaM 3aBHCHHUX Bapujaliid y eKCIIEpUMEHTAIHO] TPYIU

E300.
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I'paguk 16. BpenHoctu Z ckopa 3a ocaMm 3aBUCHHX BapHjallid y eKCIIEPUMEHTAITHO] TPYITH

E1000.

Bpennoctn Z ckopa w3 Ttabenme 10 mpukazanu cy Ha rpadurmmma 12-16. YV rpymum ca
peructpanujom KorauTuBHOT noTeHrjana [1300 y 1000-0j munucexkynau (moarpyma E1000)
3abenexeHe cy Hajaehe HeraTUBHE BPETHOCTH 3a MPBA YETUPH U3MEPEHA KBaHTHA TMTapaMeTapa
y OJTHOCY Ha OCTaJjie TpyIe, Tako Ja je 3a KOPIyCKyJIapHOCT Taj ckop -3,09, 3a koHTpacr -2,85,
3a KBaHTHY ImoBe3aHoCcT -2,99 m 3a XajzenOeproBy Heonapehenoct -3,06, mok je 3a
uHTepdepeHjy usHocuo -2,82, a 3a A/b xommyHMK -2,37 y OZHOCY Ha Tpymy ca
KOHIICHTPHCAHOM MAKEOM TJIE Cy 3a/iha JIBa MapameTpa umaina Behy HeratuBHy BpenHocT: Z
ckop uHTep(depeHnnje u3HocHu -2,84, a KOJUYHHUK EJICKTPUYHOT 1moJba -2,86. Bpemnoctu Z
ckopa XajzeHOeprose HeoipeheHoCcTH cy BeomMa BHCOKE U Y pejlake Tpynu -2,95, anu ce npu
ToMe, Kao mTo je Beh peueno, oBa HeonpehenocT yBehaa y oqHOCY Ha ocTalie Tpyrie Iae ce
Heoipeh)eHOCT CMamKiIa y OJHOCY Ha KOHTPOJIHY TPYITY.

VY uuIby mITO pUrOpo3HUjEr mpopauyHa Z cKkopa IpuMemeHa je moceOHa cTaTUCTHYKA
Meroaa. OBa MeTosia oMoryhuia je ia ce y rpynu cydjekaTa ca KOHIIEHTPHUCAHOM MaXKEHOM
onpenu Bpeme HajBehe pokycupaHOCTH NaKke, HAKOH OJroBapajyhe BOKalHe KOMaHJe Ja
CyOjeKTH 3all04YHY ca OBUM 33/IaTKOM. Y HACTaBKYy, y KaJKy/Ialujy je yBeneH T3B. lagging (eHr.
lagging - kammeme) ca IHJbeM [a Ce IMITO MpEIM3HUje H3Mepe MPOMEHE MHaxKmke U
KopecnoHupajyher Z ckopa y Tpynu TJe ce OHa OJip)KaBa MPUWIMYHO AYro jep je mpema
[IpONo3HIIKjaMa eKCIIEpUMEHTa BpeMe Tpajarba CBAaKe CTYMje OUII0 MOCTaBJbEHO HA BPEAHOCT
45 cekyHu.

OBa TexHMKa TMOJpa3yMeBa IOMEpAmE YHa3aJ BPEMEHCKE CcepHje M3pauyHaTUX

Bapujabiu M3 TOMEHYTE EeKCIIEpUMEHTallHe TIpyle 3a jelaH, 3aTUM H3Boheme CBUX
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CTaTUCTHYKUX TPOIeypa ONMHUCAHUX Y MOrjiaBiby 3.7 na Ou ce moOmia BpegHOCT Z cKopa
npema jeaHaunHu 27. OBO ce TMOHaBJba y CKJIQAY ca 0Ja0paHOM JY)KHHOM BPEMEHCKOT
CerMEHTa KOjU j€ Y MOM €KCIIEPHMEHTY MocTaBJbeH Ha 11 cexyHam on moyerka GpoKycupama
MaXHbe.

[IperxonHe cryauje cy mokasaje Ja je naxma Hajseha y mepuoay o 2-4 ceKyHAe O]
nmoyveTka 3anarka. Ha rpaduky 17 npukazane cy KBaHTHe Bapujadiie 3a nmepuo o 11 cexyHau,
pu uyemy cy Hajpehe BpennocTu 6mite y Tpehoj cexynau. Jla 6u mpopauyH Z cKopa MojeJHHIX
Bapujabau ca rpaduka 17 OMo mTO peasTHuju, HUBO CTATUCTUYKE 3HAUYaJHOCTH ) KOPUTOBAaH je
y ckiany ca bougeponujeom (utam.Carlo Emilio Bonfferoni) xopekiujom 3a moHoB/beHA
Mepema. Taunuje, 003upoM 11a ce HajBeha BpeIHOCT CKOpa a caMUM THM U (POKYCHUPAHOCT
MaXmbe OYeKyje TOKOM IpBe 3-4 ceKyHAe KOpEeKIMja HMBOAa 3HA4YajHOCTH CETOBaHa je Ha
BpenHocT nobmjeHy cieaehom kankymarmjom: 0,05/4=0,0125 mro oarosapa BpeaHOCTH Z
ckopa ox -2,495. Ha rpaduky 17 3anaxajy ce cieache Bpenmnoctn Z ckopa y Tpehoj cexynmu:
A/b xommunauk -3,16, wHTepdepenmmja -3,275, cTenmeH KBaHTHE ITOBE3aHOCTH -3,24,
KoprnyckymapHoct -3,275, XajzenOeproa Heojapehenoct -3,33. CBe KopecnoHJEHTHE P

BpEIHOCTH Z CKOpa Cy AaJIeKO MCTIOJ Ipara nooujeHor boHhepoHnjeBOM KOPEKIIH]OM.

-1 T T i

corpuscularity
entanglement y
15 uncertainty Via

£— interference 4
—— A/B ratio //

Z Score

-25'% > B 3 A 2

Lag (seconds)

I'paguxk 17. Ha cauuu je mpuka3aHa BpetHOCT Z CKopa 3a IeT KBaHTHUX BapHjadiy,
oJpeheHa CTaTUCTUYKOM KOMIapalujoM Ipyme ca KOHIIEHTPUCAHOM MaXXEOM M KOHTPOJIHE
IpyIe 3a CBakM BPEMEHCKH 0Jice€4ak MoceOHO Ha cKainu o4 11 cekyHIu NpuMEeHOM jeJTHauYnHe

217.
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4.3. ITopeheme GpU3NUKuX U €IEKTPOPHU3NOIOIIKUX pe3yiTaTa

VY ke Ja MOKAXKEMO J1a Cy Pe3yiTaTH (GU3UUKOT JIesia eKCIEPUMEHTa PEaTHH a HE MPOIYKT
aprepunmjanHux edexara omerajyhux ¢axrtopa, momanu npukazaHu Ha Tpaduky 17
ynopeheHn cy ca pesyntaruMa (QHU3MOJIOMIKOT Jefla eKCIIEpUMEHTa JOOHjeHUX Yy JBe
eKCIIEPUMEHTATHE TPYIe-pelakc W KOHIEHTpHcaHOo] rpymnu. Enekrpodusnononka odpanga
npBuX 1mecT ppexBeHnmonnx noapyyja EEI' curnana m3Bpmena je ynorpebom T3B. Xapose
(mah.Alfred Haar) wavelet (enr.wavelet-ranacuh) ananuze. OBa aHaiu3a KOPUCTH CEKBEHIIE
dbyHKIIM]a “KBagpaTHOT 00JIHKa™ M IO CBOjO] Mpupoau ciudHa je dypujeBoj Tpanchopmaiuju.
Mehytum, 3a pasauky ona ®PypujeoBe Tpanchopmaimje, wavelet rpanchopmariuja KopucTu
“ycke 1mpo3ope” Ha BHCOKMM (pekBeHIMjaMa U “IIMPOKE MPO30pe Ha HUCKUM
(dbpekBeHIMjamMa’, yuMe ce cTBapa J00pa pe3ojylija W Ha HHUCKUM M HAa BHCOKUM
bpexBennujama. OBa aHanu3a Moke ce m3BpmmMTH Ha (pexkBentHoM (frequency slice) u
BpeMeHCKOM ojiceuky (time slice). 3a motpebe oBe cryauje KopuiihieHa je MOMEHyTa aHaIu3a
BpeMeHCcKuX ojceyaka (time slice) mpsor cermenTa nyxune 9,4 cekyuau uzasojeror u3 EEI
3anuca. CTaTUCTHYKA aHAJIM3a OBUX CETMeHaTa ypaheHa je u3aBajarbeM MUHUMYMa (PyHKITH]E,
Ta4HHje MUHHUMYyMa TNPBOT HHUCXOJHOT Jejia KpPHUBE, a 3aTUM W KaJKylTallhjoM CpPEImUX
BpPEIHOCTH BpEMEHA W3/IBOjeHUX MUHUMYMa. [[oOunjeHn pe3ynraTtu nmpuka3aHu cy y Tabenu 11.

Ha rpadunuma 18-21 mpukazane cy cCpelame BpPEIHOCTH aMIUIMTyJa J0O0WjeHHX
npumenom Haar wavelet ananmse BpeMeHCKHX ojcedaka ayxuHe 9,4 CeKyHIH TPBUX 6
nojacaux ¢pexsennnja FP1,FP2, F3 u F4 nepuBanmje, y rpynu ox 26 cybjekara Tokom 10
cecuja. Ha mpuka3zanum rpadummma jacHo ce yodasa naja ammumtyne EED curnana uspaxken y
MHUKPOBOJITUMA TOKOM MpBHX 2-4 CEKyHAM, WITO TPUOIMKHO OJAroBapa pe3yiTraTuMa
nobujeHuM y ¢dusmukom geny excnepumenta (rpadux 17). Takobhe, oBu momauu cy y
CarjacHOCTH Ca pe3yJiTaTHMa NPeTXOAHUX crynuja. Hamme, mpod.Pagun wu capagHuim
y3MMajy BPEMEHCKHU UHTEPBa 2-4 CEKyH/IE Kao Mepuo/1 ca Hajsehum Z CKOpOM HaKOH TPUMEHE
lagging metome kankynanuje ykymHor IIItodepoBor ckopa. Y HBHUXOBOM EKCIIEPUMEHTY
NpaTWId Cy MapaMmeTap uHTepdepeHluje, U NOOMIM jacaH YBHJ Ja je KOJalc TajacHe

¢yHkuuje Hajsehn oMax HaKOH MOYETKa eKCIIEPUMEHTA.
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Haar wavelet FP1 (0.5-2.8 Hz) Haar wavelet FP1 (2.8-5.1 Hz) Haar wavelet FP1 (5.1-7.4 Hz)
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I'padux 18. Cpenmbe BpeAHOCTH aMILTATY/IE BPEMEHCKHX OJIceYaKka Ha CerMEeHTY aykuHe 9,4
sec. FP1 nepuBanuje y mect ppeKBEHTHHUX OTICETa, Y €KCIIEPUMEHTATHO] TPYyIH o1 26
cybjekaTa y ctamy GhoKycupaHe naxmme, TokoM 10 ekcriepuMeHTaIHuX cecuja. Bpeme je

M3paxeHo y CeKyHaaMa, aMIUIuTyaa y HV.

72



Haar wavelet FP2 (0.5-2.8 Hz) Haar wavelet FP2 (2.8-5.1 Hz) Haar wavelet FP2 (5.1-7.4 Hz)
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I'padux 19. Cpenme BpeIHOCTH aMILTUTY/IC BPEMEHCKHX OJICEYaKa Ha CErMEHTY ayXuHe 9,4
sec. FP2 nepuBanuje y mect (ppekBEHTHUX OTICETa, y EKCIIEPUMEHTAIIHO] TPYIH 011 26
cybjekaTa y ctamy GoKycupaHe naxmme, TokoMm 10 ekcnepuMeHTaTHUX cecuja. Bpeme je

M3paXeHo y CeKyHaaMa, aMIUITUTyaAa y uV.

73

94



Haar wavelet F3 (0.5-2.8 Hz) Haar wavelet F3 (2.8-5.1 Hz) Haar wavelet F3 (5.1-7.4 Hz)

Amplitude (uV)

Amplitude (uV)

Amplitude (uV)
=

0 1 21 31 42 52 63 73 83 94 0 1 21 31 42 52 63 73 83 94 0 1 21 31 42 52 63 73 83
Time (seconds) Time (seconds) Time (seconds)

Haar wavelet F3 (7.4-9.7 Hz) Haar wavelet F3 (9.7-12 Hz) Haar wavelet F3 (12-14.3 Hz)

Amplitude (uVv)
Amplitude (uV)
> o
Amplitude (uV)

0 1 21 31 42 52 63 73 83 94 0 1 21 31 42 52 63 73 83 94 0 1 21 31 42 52 63 73 83
Time (seconds) Time (seconds) Time (seconds)

I'padux 20. Cpenmbe BpeHOCTH aMILTUTY/IC BPEMEHCKHX OJIceYaKa Ha CerMEeHTY ayXuHe 9,4
sec. F3 nepuBaruje y mecT GpeKBEHTHHX OTICETa, Y €KCIIEPUMEHTATHO] TPYyIH 011 26
cybjekaTa y ctamy GoKycupaHe naxmme, TokoMm 10 ekcnepuMeHTaTHUX cecuja. Bpeme je

M3paXeHo y CeKyHAaMa, aMIUIUTyAa y uV.
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Haar wavelet F4 (0.5-2.8 Hz) Haar wavelet F4 (2.8-5.1 Hz) Haar wavelet F4 (5.1-7.4 Hz)
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I'padmk 21. Cpenme BpeTHOCTH aMILUTHTYIE BPEMEHCKUX OJiceYaka Ha CETMEHTY ayxuHe 9,4
sec. F4 nepuarmuje y mect (peKBEHTHUX OIICETa, Y €KCIIEPUMEHTATHO] TPYIH 011 26
cybjekaTa y ctamy GoKycupaHe naxmme, TokoMm 10 ekcnepumeHTaTHUX cecuja. Bpeme je

M3paXeHo y CeKyHaaMa, aMIUIUTyAa y uV.
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®pexBeHnje FP1 FP2 F3 F4
0,5-2,8 Hz 2,85 3,35 3,04 2,42
2,8-5,1 Hz 3,23 3,42 3,00 2,50
5,1-7,4 Hz 3,12 2,73 3,00 2,62
7,4-9,7 Hz 3,31 2,96 2,92 2,73
9,7-12 Hz 3,08 3,12 3,35 3,04
12-14,3 Hz 3,35 3,08 3,27 2,58

Tabena 11. Cpeame BpeJHOCTH BPEMEHCKUX MUHUMYyMa €KCIIEpUMEHTATHE Tpyre cybjexara

ca ¢pokycupaHOM NaxkkoM oipel)eHo 3a mect ppexkBeHTHUX oricera y uetnpu EEI" nepuBanuje.

4.4 Bpennoctu Z ckopa bomoge ¢aszne paziuke

bomoBa ¢a3zna pasznuka oapeheHa je pauyyHCKMM TyTeM Yy TPYNU Ca PETHCTPALAjOM
KOTHUTHUBHOT eBolupaHor moTeHnujana [1300: Hamme, kopumheHe Cy BpPEIHOCTH
KOTHUTHUBHOT TMOTEHIMjaja Jna OW ce oApeauo enekTpudHu bomoB ¢aszHu momepaj y
eKCIIEPUMEHTAIHO] TPYIH, a 3aTUM je, MOJ HPETIIOCTAaBKOM Ja Ce OH JemaBa edexTom
rnocMmarpauda, 0Oy3eT o] BpeaHOCTH (a3e noOHjeHe CHUMameM U yrmopehen ca BpemqHocTMa
¢daze y KOHTPOJIHOj TPYNMH KOpUIINEHEM CIOKEHHX CTATUCTUYKHX METOJa OMHCAaHHX Y
nmoryiaBjpy 3.7. XuIoTesa je Aa Ja ce Tako jAo0ujeHa BpeaHOCT Hehe pa3nukoBatd of (aze
KoHTpojHe rpyne (2n/A*yd/1). Ha Taj HaunH 61 noka3anu 1a je moMaK HacTao yrpaBo J€jCTBOM
nocmarpaua. Y tadenu 12 npukaszane cy BpeaHocTu Z ckopa u oaroeapajyhe pegnocru effect
size oapehene pauyHckum myrem y nepuBandjamMa FP1 u FP2 Ha ocHoBY penaruje 27.

VY o0e nepuBanyje HUje AOCTUTHYTa CTaTMCTUYKA CUTHU(DUKAHTHOCT, HAIPOTHUB
noOujeHe cy BeoMa Maie BpelaHocTH Z ckopa u onoroBapajyher effect size, unme je mokazana

XUIIOTE3a J1a eeKTpUYHN boMOB edekar Moke OUTH y3pok (a3zHOT momepaja.
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I'pyne EED y4 es
Py AepuBanuje P
FP1 0,037 0,011 0,97
E100 FP2 -0,461 -0,145 0,64
FP1 0,092 0,029 0,93
E300 FP2 -0,561 -0,177 0,57
FP1 0,008 0,0025 0,98
E1000 FP2 -0,517 -0,163 0,69

Tadena 12. Bpeanoctu Z ckopa (Z), effect size (es) u craructuuke 3Hauajuoctu (p) 3a
BomoBy ¢asny paznuky, oapehene pauynckuMm mytem 3a nse EEI" nepuBanuje y rpymnu ca

perucrpaimjoM KOrHUTUBHOT eBolpaHor norenuujaia 11300.
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HeypoHcku mpouecu ¢y Mo CB0Ojoj IPUPOIH HEIMHEAPHOT OCHMIIATOPHOT TUIA KOje IpaTe
MHOT€ TMoBpatHe crpere. Moxe ce pehu ma je Mo3ak HeIHMHEapHU KBAHTHU CHUCTEM KOjH
MoKa3yje M3pakeHy CTOXacTHUKy akTHBHOCT [90-93]. KoMriekcCHOCT HEYpOHCKHX Ipoleca
orJie/ia ce Uy lbMXOBOM IapajeTHOM pajay Ha (JOHY KBaHTHUX (UIYKTYallHja jep ce KIaCHIHOM
(U3MKOM OBaKBU TPOIECH HE MOTYy y moThmyHocTH obOjacHuTH. lloctojame onpeheHor
MOJKJAaHOT PUTMa KOjH BPIIM JEKOXEPEHIN]y HEYPOHCKUX Ipoleca je Takohe MHTpUraHTHA
YUIHCHMIIA, jep CE CMaTpa Jia CBECT HACTaje YIPaBO TOKOM 25 MIUIMCEKYH]IH, a TO j& 3alpaBo
penunpoYHa BpeaHoCT ppekBeniuje y Tagaca [94-96]. Jlakie, y TOKy je pa3Boj jeIHOT HOBOT
NPUCTYIa HEYPOHCKUM TMpoliecuMa, 0a3upaH Ha MPUHIMIIMMA KBaHTHE MexaHuke [97,98].
KBanTHM mpomecH y (U3MOJIOMIKAM MpoOIleCHMa Cy TMO3HAaTH W J00po JnedUHHCaHU.
Beposarnoha na he HaenexkTpucana yectuiia, O JHOCHO JoH, mpohu kpo3 MeMOpany henuje BaH

JOHCKHMX KaHaJla U3HOCH:

_Aw
P = e RT (jennaumHa 36)

VY ropmoj penaruju AW je noteHiujaina 6apujepa henmjcke memOpane, Koja 3a JOH HaTpHjyMa
n kxamujyma um3Hocu 400 KJ/mol, a R je momapHa racHa KoHCTaHTa wWix Puabeprosa
(mBem.Johannes Rydberg) komcranrta. Ilporecu ¢orocuHTe3e ce Takohe onaBHjajy IO
KBaHTHUM 3akoHuma [99-101].

KBanTHO TyHenmoBame (jenHaunHa 37) Ka0 OCHOBa MHOTHUX OMOXEMHJCKHX Tpolieca Takohe je

MMaHCHTHHU KBaHTHHU JloTahaj.

VY ropwoj penauuju T je TpancMmucuja Kpo3 noTeHuujanny Oapujepy, V u E cy enepruje
Oapujepe u mocMaTpaHe eJIeMeHTapHe decTulle, h je peaykosana [InankoBa KoHCTaHTa.
®dusnuke ocHoBe double-slit ekcrmepumenta 3acHuMBajy ce Ha  (QyHKIHUjH
BepoBaTtHOhe.3aTO MITO Cy MMIYJIC W KOOpAMHATA TI0JIOKAja YECTHIE Koja Mpojasu Kpo3
double-slit HekomyTHpajyhe BennunHe, mocMaTpaHa MapTUKyJia YBEK UMa HeopeljeHoCT y y-
KOMITOHEHT MOMEHTA UMIIYJICa, I YeMy j& Py, = psind rae je —n/2< 0<n/2. BeposaTHoha

na he yectura Hamycrutu double-slit ca MomenTOoM py je oHIa HaTa M3pasom:

Poo, = l(py|W)]” = (1 + cos(p, /h)d)/2m (jemsammma 38)

I'ope HaBeneHa penanmja npeacTaBsba QYHKIH]Y BepoBaTHONe KBaHTHE UHTEp(EpeHInje, Ipu

yemy je d KOHCTaHTa pelmieTke, OJHOCHO pacTojame u3Mely /Be MyKoTHHE. AKO y3MEMO Y
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003up u nudpaxirjy Kpo3 CBaKH 01 0TBOpa AU(DPPaKIIMOHE PEIIETKE, OHJIA j€ MTOPE]l KOCUHYCHE

(yHKIIHje HEOIXOIHO YBECTH ¥ CHHYCHY QYHKITH]Y 3a TudpaKiujy, Tako 1a ce 1oouja ciencha

penanuja:
) - Za[cosZ(?(siZ“)Z] (jeauia 39)
¢ = pd;ﬂ (jennaumna 40)
a= apshﬂ (jennaunHa 41)

Hagenena penaruja 39 npeacrasiba ontuuky Gopmy kBanTHor double-slit ekciepumenTa.

VYkonuko y npopauyH yBenemo ['aycoBy nuctpuOyinjy MHTEpPEpEeHINOHUX MaKCUMyMa U
MHUHHMYMa Ha €KpaHy Kamepe, HEOTXOHO je Y KaJIKyJallije YBECTH CTaHIapIHYy JIEBUjaIIH]y
MOJIOKaja ¥ MOMEHTa HWMITyJca, ITO je OWIO KPYIMjaHO 3a TpopadyH Xaj3eHOeprose

Heo/ipel)eHOCTH y OjeTMHUM eKCIIepUMEHTAIHUM IpynamMa. Ancrpaxyjyhu ¢a3y u ysohemem
y nmpopadyH (pyHKIH]y aMITUTyIHE BepoBaTHohe - (1)(x,t) MapTUKYyJE y BpeMeHy t, kao u
HOpMaJIM30BaHe TajlacHe GyHKIH]e (X/p) MapTUKYJIE Ca MOMEHTOM P Y jeTHOMMEH3UOHATHOM

MPOCTOPY J10J1a3u ce A0 cieaehux pemanuja:

p(x,t) =

1

(rat)i/s € ~x*/49% (jenmaunna 42)
X

(x/p) = %e“"’x/h (jemHaunHa 43)

_ipx »
o(p,t) = ﬁ f::o dxe n e~**/*% (jemnaunna 44)
21Oy 4

Pauynamem ["aycoBor uterpana y jeqHaunau 44 nojasu ce 7o cieaehe pemnamnwje:

e—205p%/n? 1 —p2/262 -
¢, t) = T= 1 e7P"/29 (jenmaunna 45)
(2mh?/403)%  (2m03)*

Ha ocHoBy mpopauyHa y rope HaBeIeHUM pefalyjaMma jacHo je Ja je MpOou3BOJ dxX0p=h/4m,
LITO je HEONXOJHa penalyja 3a MpopauyH Xaj3eHOeproBor NpUHIMIIA HeojapeheHocTn y
EKCTIIEpUMEHTY.

[perxonHe cryauje Ha nosby kBanTHOT double-slit ekcriepumenTa cy o npBU MyT 0Baj
MHCAOHH €KCIIEPUMEHT, MPBOOUTHO IMpeUIoKeH o] cTpaHe PejHMaHa, Jokasaie Ja je Moryh u
Takol)e MOTBpIMIIE HEroBy Beh MOMEHYTYy pedyeHHUIly J1a jeé OBO HajIelIIN eKCIEpUMEHT Ha

CBETY KOjU y cebu Hocu camo Muctepujy. Pesynratu npod.Paguna u koayropa y cTyauju ca
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21 ydecHUKOM IOKa3aju Cy Ja Cy BpeAHOCTH Z ckopa uHTepdepeHnije u dase oOmmm Hajsehu
(z=-5,16) npu BpemeHckoM Kaimbewy (lag) o 3 cekyHe, IITO 0JroBapa pe3yaTartumMa y Mojoj
crynuju. CIMYHO, YyOUWIIH Cy W 3Ha4YajHE MpoMeHe y Z CKOpy Kaja je y MUTamy KOJUYHUK
SIICKTPUYHOT 10Jba 32 CBAKH OJ1 JIBa CHOIIA €JICKTPOMAarHeTHOT Tajiaca Kpo3 mykotuse double-
slit perrerke (z=4,38) y rpynu ca KOHIEHTPUCAHOM HaXKHOM HACIIPaM Ipyle y4YeCHHKa ca
peakCUpaHOM TaKKOM, a TOTIYHO HCTO j€ YOYEHO M Y M0joj cryauju. OBU H3BaHpEIHU
pesyiararu npod. PaguHa v koayTopa 1Mo npBH MyT Cy JoKa3aiu peanHocT kBantor double-slit
excriepuMenTta. Cnnuna ctyauja ['yepepa ykipyumna je 171 yuecnuka. Pesynratu oBe cTyauje
MOKA3aJIM Cy 3HAYajHY PA3JIMKy Yy TPy ca (GOKYCHPAHOM MaXXKHOM Y OJIHOCY Ha pelakc Tpymny
(p=6,02 x 107%) mompskxaBajyhu TeopHjy 0 €r3MCTEHIMjH HETOBOJHHO TO3HATOT MOJANHTETa
MHTEpaKIyje n3Mel)y CBeCHOT TIocMaTpaya M CIIOJhalliber (PHU3UIKOT CUCTEMA.

Y M0joj cTynuju OTKpUBEHA je U Ha OCHOBY pe3yJiTaTa JoKa3aHa KBaHTHA TIOBE3aHOCT
0 TUITYy KBaHTOT JIaHIA U3Mel)y CBECHOT TIocMaTpada M CIoJhalliher ONTHIKOT cuctema. OBa
KBaHTHa TOBE3aHOCT je Haj0osbe objammeme ['yepepoBor MakcBenor JaeMOHa KOju ce To
MUILJBEHY OBOT MCTpakuBauda Kpuje y MelycoOHO] MHTepaklMju mocmarpada U ONTHYKOT
cucrema.

I[Tomohy Enrnepr-I'punGeprep-JacunoBe penanmje Joka3zaHo je  moBehame
KOPITYCKYJIApHUX OCOOMHA €JCKTPOMAarHeHTOr Tajaca, OJHOocHO moBehame “which-way”
nHpOpMaIrje Ha OCHOBY bOpOBOT MPHHIIMTIA KOMIUIEMEHTAPHOCTH.

BepoBarHoha na cy Owiio Koje JBE YECTHIIC TOBE3aHE y YHUBEP3yMy Ha OCHOBY
[ImMuToBe nexommosumuje n3uocH (5V5-11)/2, omrocHo 9%. OBO Ce MOXe MPEACTABUTH H
IIPEeKO MapaMeTpa 3JIaTHOT mpeceka ¢ kao: ¢°, npu yemy ¢ msnocu: (1-+V5)/2. Vaumajyhu y
003up CHary eJeKTpOMarHeTHOT Tajaca Jiacepa Kao W Opoj joHa y eKCTpaueayaapHOj U y
MHTpAIeNyIapHO] TEYHOCTH MO3Ta YKyIHa BepoBaTHoha je cacBUM JIOBOJbHA 32 HbHUXOBY
MelycoOny nntepakuujy. Ctyauja Paguna u koayTopa, HUje IOoKa3ajia arcoIyTHE IPOMEHe
napamerpa uHTepdepeHiirje, Tako Jia je 0CTao HejacaH cMep MpoMeHa OBe Bapujadiie.

Kana je y nuTamy KOJMYHUK SJICKTPUYHOT [10Jba, IPOMEHA Y OMJIO KOjeM CMepy yKa3zyje
Ha cMameme MHTepdepeHuuje M caMMM THM Ha KoJjanc TajacHe (yHKOMje, WTO je
WIYCTPATUBHO M MOKA3aHO y CTYJUjH OBOT ayropa. HeonmxoaHOCT pUropo3HUX CTATUCTUUYKHX
KaJIKyJaluja Mpou3uiasd U3 Mnocrojama ['aycoBUX CTOXaCTHYKUX OCIMJIAIMja UHTEH3UTETa
€JIEKTPOMArHeTHOI Tajaca, Kao M 300or Moryher cnospammer apreduiujaaHor edexTa

OKOJIMHE.
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Taxohe, mapamerpu mokasyjy 3Ha4yajHy ayTOKOpEIalnjy ma ¢y CTora, 003upoM Ha Jyro
BpeMe CHUMama KaMepoM, HEyNnoTpeOJbMBH 3a [ajbe aHAIM3e M 3aXTeBajy NPUMEHY
JeTpeHI0Bamka U OyTcTpana mro je u npod. Pagun ymorpedro y cB0joj cTyauju.

Komnamnc Tanacue ¢pynknuje u moBehame 4eCTUIHUX 0COOMHA Tajlaca HajOooJbe ce BUIM
ynotpeboMm HaBenene Earnept-I' punbdeprep-Jacunose jeqnaunne, mpu uemy je 30up KBajapara
BUJ/UBMBOCTH W KOPIYCKYJIapHOCTH YBEK MamH O]l jeAuHUIe. MepemeM BpEeIHOCTH
MaKCHMaJTHOT ¥ MHHHMAIHOT HWHTCH3UTETa CBETIOCTH Ha IPBOM HHTEPPEPEHIIMOHOM
MakCUMyMy J0OHMjeHE Cy CTAaTUCTUYKM CUTHU(GUKAHTHE TMPOMEHE Yy HapaMerpy
KOPITYCKYJIapHOCTH Ca U3Y3€TKOM peJlakc rpyme, rie je oHa takohe moBehana y omHocy Ha
KOHTpOJIHY Tpyny anu 6e3 cratuctuuke 3HadajHoct: 0,301+0,048 vs. -0,293+0,045, es. -
0,54+0,32, p=0,08, mro je mpukazano y Tadenu 9a u tabenu 10, kao u Ha rpadunuma 7 u 12.
VY ocranuMm rpymnama Hajehu mopact y 0oJHOCY Ha KOHTPOJHY Tpyny 3abenexen je y E1000:
0,315+0,045 vs. 0,293+0,045, es. -0,97+0,32, p<0,01 (tabena 9a u Tabenal 0; rpaduim 8 u 16),
JIOK je y KOHIIGHTPUCAHO]j TPpylu OBO mMoBehame y OJHOCY Ha KOHTPOJIHY TPy U3HOCHIIO
0,308+0,054 vs. 0,293+0,045, es. -0,80+0,32, p=0,01 (Tabena 9a u tadena 10; rpaduu 7 u
13), npu yemy Tpeba HarlaCHTH Ja j¢ HaKOH mpuMene lagging metozae BpeaHocT Z ckopa y
tpehoj cexynau O6una Beha u u3Hocuina je -3,275, effect size -1,036, craructiuka 3HaAYajHOCT
p<0,01 (taunmje 0,001057), mto ce moke BuaeTH Ha rpaduky 17. Kana je y muramy rpymna
E100, noGujeHe BpeAHOCTH c€ TUCKYTY]y KacHH]E.

[TapameTap KOMILJIEMEHTapaH KOPIYCKYJIapHOCTH je BUIJBUBOCT MJIM KOHTPACT, KOjU
ce Takolje MOXKe KOPHCTUTH 3a JETEKIHjy MPOMEHa JyaTHHX OCOOWHA €JIEKTPOMAarHETHOT
Tajaca, 0JIHOCHO (JOTOHA JIACEPCKOT CHOIIA KOjU je KOpUIIheH y 0BOj CTyauju. Bpemnoctu oe
Bapujabiie ce y MHTEPAKTUBHOM MOJbY cyOjekaTa ca (POKyCHpaHOM MaXHOM CMamyjy, Tj.
CYIPOTHO OJI CMepa MpoMeHa mapaMmerpa KopmyckyrnapHoctd, na je tako 0,949+0,016 vs.
0,954+0,013, es. -0,75, p=0,018 y koHIEHTpHUCaHO] TPYNH y OJHOCY HA KOHTPOJIHY, U
0,952+0,013 vs. 0,954+0,013, es. -0,49, p=0,12 y penakc rpymnu, ITo ce MOKe BUAETH y Taberau
9a u 10, kao u Ha rpaduuma 7, 12 u 13.

CreneH KBaHTHE NOBE3aHOCTHU KOjH je J€Ta/bHO UCIUTAH Y MOjOj CTYAUJU j€ JUPEKTHO
MOBE3aH ca OMMCAHOM BepOBaTHONOM KBaHTHE MOBE3aHOCTH JIBE EIEMEHTAPHE YECTHIIC.

Hajseha BpeHOCT mapamMeTpa cTeneHa KBaHTHE MOBE3aHOCTH U3HOCH Ln2 y ycroBuMa
HYJTOT KOHTpAacTa, OJHOCHO BUJBUBOCTH, Kajia je mpeMa Enrieprt-I'punbeprep-JaciuHoBoj
€KBalllji KOPITYCKYJapHOCT MaKCHMallHa, IITO 3HAYM Ja Cy MOJ TUM YCIOBUMa (OTOHU
3aJ00MJIM YEeCTHYHA CBOJCTBA M IIOKa3yjy MaKCUMaJIHy KBaHTHY IoBe3aHOcT. KBaHTHa

MOBE3aHOCT, oJpeheHa myrem penanuje 31, ca M3y3eTKOM pellakc Ipyne 3HadajHo je Owmiia
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yBehaHa y CBMM OCTaJUM EKCICPUMEHTAIHMM TpylamMa HW3BpIICHE CTyauje. Y TpymH ca
KOHIICHTPUCAHOM MaXXHOM y OJHOCY Ha KOHTPOJIHY Tpyny To mnoBehame je HM3HOCHIIO:
0,116+0,031 vs. 0,106+0,025, es. -0,83+0,32, p<0,01, y E100 rpymu BpeaHOCT KBaHTHE
MMOBE3aHOCTH M HUBO CTATUCTHYKE 3Ha4dajaoctu Owmm cy: 0,112+0,025 vs. 0,106+0,025, es. -
0,64+0,32, p=0,04, y E300 rpynu 3abenexene cy Behe BpeIHOCTH IMapamMeTpa ¥ BUIIN HUBO
craructnuke 3Havajuoctu: 0,114+0,028 vs. 0,106+0,025, es. -0,82+0,32, p<0,01, mok cy y
noarpynu E1000 moOujene Hajehe BpeJHOCTH MCHHUTHBAHOT ITapaMeTpa HHUBOA KBAaHTHE
nmose3anoctu: 0,120+0,026 vs. 0,106+0,025, es. -0,94+0,32, p<0,01. HaBenenu pesynratu
Ipe3eHToBaHu cy y Tabenama 9a u 10, xkao u Ha rpapunuma 7 u 8. AKO HPETIOCTaBUMO
MOCTOjar-€ KBAaHTHOT JIAHI[A, OH/A CE CTETIEH KBAHTHE MTOBE3aHOCTH MJIU 3aIIETEHOCTH O/THOCH
1 Ha Be3y u3Mel)y (pr3HOIOMKOT U ONTHYKOT CHCTEMA, a HE caMO Ha KYIUTYHT (pOTOHA Koju
mpoJia3e Kpo3 AU(PpakImoHy PeleTKy U3pakeH Mpeko ucte Bapujadbme. Moxe ce pehu ma y
jemnaunnun 10, d1 u d2 mpecTaBibajy ABa CTama ICTEKTOPA, TAKO Ja YKYITHA TajdacHa GyHKIHja
1 BepoBaTHOha (POTOHA HAKOH TpOJIaCKa KpO3 CBAKW OJ JIBa OTBOpPA MU(PpaKIIMOHE pereTKe
W3HOCE:

W(x) =, (0)|d,) + P, (x)|d,) (jenHaumna 46)

WO = [y ) 1*(dy |dy) + [, () [*{d|d) + i ()P, (x){d; |dy)+; (), (x)(d,|d,) (jeIlHa‘H/IHa 47)
3agma 1Ba u3paza y pemanmju 47 omHoce ce Ha umHTepdepeHuujy (Y;(x) m P3(x) cy
KOMIUICKCHH KOIbYTraTH), TaKO Ja y Cclydajy TeppeKTHOr Mepema U CKCIUIMIUTHE
oproronanHoctu di u dp uaTepdepenmja Hecraje (mormyna which-way nundopmariuja), jep cy
tana (d,|d,) u (d,|d;) jennaku Hynmu.Takohe, ako moheMo oJ1 YMmEHUIIE Ja JaBa (OTOHA MOTY
MMaTH CIMH Ha rope (1) u cruH Ha jnoJie (|), a 1a ce ’BHXOBa OKOJIMHA, OJJHOCHO MocMaTpad,
Mmory Hahu y cramy 1 ¥ cTamy 2, OH/a ce KBaHTHA 3aruieTeHocT (usnonomkor u double-slit
CHCTEMa MOYKe MpeacTaBuTH Kao: ad1g1+tbd P2, mpu vemy je BepoBarHOoha ma he mocmarpau
M3MEPUTH ClIMH (OTOHA Ha Tope-aZ, a cruH GoToHa Ha gone-b?. Cutyanuja nocraje coxkeHuja
KaJa CYIepIo3ulMjy JBa 3aruieTeHa (GOTOHA WIM JBa pa3inyura cucreMa ((QU3WYKH |
(HU3HOJIONIKHM), KOjU Ce CHMOOJIMYHO y KBaHTHO] (pu3uiiy o3HavaBajy kao Asnucus (Alice-4) u
Bbo6oB (Bob-B) ¢hoToH, mpeacTaBuMo MaTeMaTH4KU Ka0 KOMOWHAILIM]Y CITHHOBA (Ha jeTHOj OCH)

KOje He MOXKEMO 3HATH IIpe Mepema:
1 .
% (YAYE — YAWP) (jennaunna 48)
Amn, ako Anuca n bo6 Mepe crimHOBe oTOHA He y jeqHOM, Beh y ABa pa3mu4uTa MpaBIa, Mo

onpehenum yriom 0, oHzaa je mpema benoBuM HejeHAKOCTUMA KOpenalyja Wik BepoBaTHOha
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Mepema 3a N pa3IMuuTHX KOMOMHAIM]a KOja YKJbydyje Yak M KOMOMHAIM]je UCTHX CIIMHOBA

jemHaka:

Jlakne, BepoBaTHOha Moke OWTH jeHAaKa WM Mama OJ jeJMHHIE, Te ce 30Be bemoma
HejenqHakocT. Melyytum, pe3ynTaTi KBaHTHE MEXaHUKe ITOKa3yjy Jia ce 0Ba BepoBaTHoha Mema
Kao KocuHyc yria (cosf), Te je ona Ha pacniony yria oz 0 1o 90 crenenu yBek Beha o1 benoBux
BpeaHoctu. CxoaHo benoBoj HejeIHaKOCTH, jeIMHN HAuMH Jja ce oBeha KBaHTHA MMOBE3aHOCT
jecte na ce cMamK Opoj uHBep3HO 3aruieTeHux crama (Np mim Njp) y3 moBehame 6poja Nipg
niu N, a KOju y OBOj CTYJMjH NPEACTaBIbajy crpery GU3HOIO0MIKOT U (PU3HUKOT CUCTEMA Kao
mTo cMo Beh objacHunu. Ha Taj HaumH ce ykynaH Opoj cemnapaTHHUX CTalkba MEHba Y KOPUCT
3alJIeTEHUX CTamba KOja HM MO jeaHoM wiaHy He cienae T3B.Kponekepor (mem.Leopold
Kronecker) mpoaykr. M3 mperxoiHe IHCKyCHje MOXE C€ 3aK/by4HTH Ja Ce KBaHTHA
JEKOXEpeHIIMja y HEYpOHMMa y YCIOBHMAa CBECHE IMAXHEe IpeciIrKaBa ITyTeM KBaHTHE
3aIUIETEHOCTH Ha ONTHYKH CHUCTEM TJIe C€ I0jayaBajy KOPITYCKyJIapHa CBOJCTBa Tajlaca
CTerneH KBaHTHe 3arieTeHocTH Mehy poronnma Ha ocHOBY penanuja 31, 47 u 49.

Jlakie M"HIUPEKTHO, PEKO To1aTaka JoOUjeHUX y GU3HYKOM ISy CHCTEMa, JI0JIa3H Ce
70 3aKJbydKa O KBAaHTHMM OCHOBaMa CBECTH MPEKO HCHHUX pediekchja Ha TMOHAIIame
CTOJbaIIbEr (PU3HYKOT CHCTEMA.

EBeHTyanmHu KoJjarc Cyneprosuiidje y HEYpOHCKOM KBAHTHOM CHCTEMY C€ IyTeM
KBAaHTHE MMOBE3aHOCTH MPEHOCH Ha ONTHUYKU CHUCTEM, Y3pOKYjyhu KoJjarc TajmacHe QyHKIUje
JJaCEPCKe CBETJIOCTH, INTO jeé W JACTEKTOBAaHO y Mojoj cryamju. OBaj KBaHTHH JiaHAIl
MOBE3aHOCTH Ka0 TaKaB MOTao OM Ce KOPUCTUTH 3a JIETEKIH]y Y MPOMEHaMa CBECHE MaXKIbe,
IITO je U JI0Ka3aHo y 0BOj cryauju (rpaduk 17).

JeqHa Beoma BakHa KapaKTEPHCTUKA KBAaHTHE HMHTEp(EpeHIMje NpeicTaB/ba U U
XajzenOeproB mnpuHUUI HeonpeheHocTn wu3pakeH mnyreM penanuje 28. Heoapehenoct
UMIyJIca Ay Y-Oce TpeCTaB/beHa je penamnujom 29, 0K ce 3a HeoApeheHOCT moJioxkaja JIyxK
X-0ce y3uMma JMMEeH3Hja MyKOTHHE TU(pPaKIUOHE penleTke (mapaMeTap a peuerke), 0AHOCHO
UHTep(EPEHIMOHE TUCTAHIE HA eKpaHy, PeJICTaBJbeHE Kao pacTojambe n3Mel)y HeHTpaIHOT U
OCTaJIMX MaKCHUMyMa, IIPU YEMY C€ HapaBHO y3uMa CTaHJap/Ha JAeBHjallija OBOT pacTojama o
4yeMy je MpeTXoAHO Beh AuCKyTOBaHO.

VY UMHTEpaKkTHUBHOM MOJbY KOHIIEHTpUCAHE NaXKme HeoApeheHOCT ce CUrHU(UKAHTHO

CMamujia, Ia TaKO BPECAHOCTHU Y KOHI_IGHTpI/IcaHOj rpymnu 'y HOpChCH:y Ca KOHTPOJIHOM HM3HOCC
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1,122+40,267 vs.1,165+0,244, es. -0,95, p<0,01. Hajgehu mag ueompehenoctu y rpymu ca
perucrtpanujoM KorautuBHOT nmoteHujana [1300 uzmepes je y E1000 nmoarpymu: 1,127+0,259
vs. 1,165+0,244, es. -0,96, p<0,01 (Tabena 9a u 10).

WnuTepecantHo, y Tpynu cy0jekata y CTamby pelakCHpaHe NaXmke YO4eH je
curandukanTan nopact Heoapehenocru: 1,209+0,263 vs. 1,165+0,244, es. -0,93+0,32, p<0,01
(rabena 9a u Tabena 10, rpadurm 7 u 12), mTo uae y NPUIIOT YHEHCHUIIE Ja ce 0e3 MPUCyCcTBa
YUECHHKA y CTalkby aKTUBHE MaXXKEHE MOTY 3a0€NeKUTH M Hau3IJIe] MapaJoKCallHe MPOMEHE
HeopeheHocTu.

Mehytum, pesynratu enekrpuyHor bomoBor edekra 3a (da3Hy pasznuky Aajy jacaH
YBHUJI y TOHAMIAKkEe CUCTEMa y MPHUCYTBY KOTHUTHBHHUX €BoLMpaHuX noreHnujara 11300 kao
WHJUKaTopa Op3e akTUBHE Naxme. bOMOB enekTpuuHu edekar je mHTepakiuja usmehy
MOXIaHOT enekTpuiuTeTa u GoroHa y3 Jlyj ne bpospeBy npernoctaBky aa je GOTOH 3ampaBo
Gby3Hja eleKTpUYHOT ¥ MarHeTHor (oToHa, 0OJHOCHO Kommo3uidja a8e Jupakose (enr.Paul
Dirac) gecrturie [102].

Jlakne, 6e3 mpUCycTBa €BOIMPAHHMX MOTEHIMjaNa KOJU WHAYKY]y (a3Hu momepaj,
Moryhe cy mpoMene ¢ase 'y CympoOTHOM CMEpY, HAapOUUTO aKo C€ y3MYy y 003Up M CIIOHTaHE
OCLMJIAIjeé CcaMOI' CHOIa eJEeKTPOMAarHeTHOr Tajlaca, OJIHOCHO JIaCepCKe CBETJIOCTH.
Pesynrtatu npukazanu y Tabenu 12 mokasyjy Jia ce 1ejCTBOM KOTHUTHBHOT noTeHnujana 11300,
3a MoTpede CTAaTUCTHUYKUX KalKyjamuja u3MmepeHor y ase ppourtanne EEIT nepuBanuje, He
JOCTHXKE CTATUCTHYKA CUTHU(PUKAHTHOCT y pa3iuiu (a3e KOHTPOJHE M EKCIIEPUMEHTAIHE
rpyne E100, E300 u E1000, mTo yka3yje na Ou oBaj edekaT Morao OMTH OJroBapaH 3a
npoMeHe (aze u no3uiMje HHTEPPEPEeHINOHNX MaKCUMyMa U MUHUMYyMa, 11a CAMUM TUM U Yy
Xaj3eHOeproBOM MPUHITKITY HEOAPE)EHOCTH, MaJia je TO Y 0BOj CTyauju Omito Moryhe qokaszaru
camo 3a IpyIly ca perucTpanijoM KOTHUTUBHOT eBolrpaHor norexujana [1300.

To noxa3zyjy u cneaehu cratucTuuky pe3yntaTd 3a boMoBy (asHy pa3nuky y rpynu
E100: FP1 (Z=0,037 es. 0,011, p=0,97), nok cy y aepuBanuju FP2 usmepene Bpeanoctu ouie
takohe HecurnudukantHe: Z=-0,461, es.-0,145, p=0,64. VY rpynu E300, y nepuBaruju FP1, Z
ckop je uzHocwuo 0.092, effect size 0.029, a ocTBapeH! HUBO CTATHCTHYKE 3HAYAJHOCTH H3HOCHO
je 0,93. Y FP2 nepusanmju E300 rpyne Z ckop je usHocuo -0,561, effect size -0,177 ca HuBoom
3Havajuoctu 0,57. Kana je y nutawy E1000 rpyna y FP1 nepuanuju Z ckop je 6uo 0,008,
effect size 0,0025, 1ok je cTaTUCTHYKA 3HAYAJHOCT MOHOBO OMJIa JANEKO HM3HAA T'PAHUYHE
Bpeanoctu u uszHocuna je 0,98. Kox ucre rpyne y FP2 nepuBanuju uspauynata Z ckop je

n3Hocuo -0,517, npu uemy je BpenHoct effect size 6uo -0,163, a p BpenHoct 0,69. 3akibydak je
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Ja ce JejCTBOM eNeKTpUYHOT bomoBor edekra moxe oOjacHUTH momepaj (a3e KBAaHTHE
unTepdepeHImje.

VY U3BpIIEHOM EKCIIEPUMEHTY paju KBaHTH(UKalMje caMe CBECTH M3MEpPEHH Cy U
pauynckuM myreM oxapehenm mapamerpu EEI curnama xoje mpencraBibajy HE3aBHCHE
Bapujabiie y cTynuju. Y rpynu ca KOHIEHTPHUCAHOM MaKEOM 3a0€JIeKEH je IopacT aMILIUTY e
B2 putma ox 27,65%, nok cy ucroBpemeHo 0 u 6 putam Omm cmamenu 3a Bpeanoct 20,49%
u 8,64% (rpaduk 1). Ha cnmuyan Haunu cy u uHaekcu putMma EED tamaca Ounu npomemeHu,
na je tako B2 6uo mosehan 3a 15,8%, B1 3a 11,6%, mox je O puram 6uo cmameH 3a 3,4%, a
uHaeKce O putMa 3a 21,6%, mro je mpukazano Ha rpaduky 2.

Takohe, man mnapamerpa chHare EEI' curnama 06uo je cUrHU(UKAaHTaH y CBUM
nepuBanujama usyses y P4 (p=0,927), F7 (p=0,387), F8 (p=0,194), T3 (p=0,616) u T6
(p=0,873), noxk je y nmepuBarju 15 3abenexen Hecuraudukantau (P=0,439) mopact cHare
putMa (tabena 4). HapounTo u3paxkeH maj peructpoBad je y AepuBanujama FP1 (7,42+3,20
vs. 5,05+2,08, p<0,01) u FP2 (7,17+2,69 vs. 4,69+1,91, p<0,01).

Ayroxopenanuja EED" curnana je 6una curHudukantHo cMmamena (p<0,01) y rpynu
YUECHHKA EKCIIEPUMEHTa Yy CTamky (HOKyCHpaHe MaXmke y OHOCY Ha peiakc rpyny y Behunu
nepuBaidja (tTabena S), 0K je y HICTO BpeMe YHaKpCHa Kopenanuja Ouna cmamena y FP1-FP2
(0,30+0,05 vs. 0,22+0,04, p<0,01), F3-F4 (0,22+0,04 vs. 0,16£0,03, p<0,01) u P3-P4
cumerpuuHuM AepuBarmjama (0,27+0,05, vs. 0,24+0,05, p=0,011) npu KoMmapaiuju peaaxkc u
KOHIICHTpOBaHe Trpyne (Tabenma 6). Y IEHTpaJHMM W KayJadHUM aepuBainudjama F7-F8
(0,11+0,01 vs. 0,21+£0,05, p<0,01), C3-C4 (0,09+0,02 vs. 0,12+0,03, p<0,01) u T3-T4
(0,14+0,02 vs. 0,18+0,04, p<0,01) 6uia je 3Hauajuo moBehana ca u3yzerkom T5-T6 (0,14+0,04
vs. 0,15+0,02, p=0,524) rae curaiprKaHTHOCT HHUjE TOCTUTHYTA.

[TapameTpu IETEPMUHHCTUYKOT Xaoca (SHTpONHja, KOopelalroHa IUMEH3uja 2 U
JIujanyHOB €KCIOHEHT), onpeheHn cy Ha ocHOBY mojaraka u3 uetupu EED nepuBanmje u
npukazanu cy y tabemu 7. EnTtpomnuja je Owna curHudukantHo yBehana y rpymm ca
KOHIICHTPHUCAHOM IMaXXHOM Y4YeCcHUKa y mopehemy ca pemakc rpynom y FP1 nepuBanmju
(0,40+0,05 vs. 0,37+0,05, p<0,05), FP2 (0,42+0,05 vs. 0,36+0,04, p<0,01) u F4 nepuBanmju
(0,43+0,04 vs. 0,37+0,03, p<0,01), 10K je HECUTHU(HUKAHTHU WHKPEMEHT JETeKTOBaH y F3
JepUBaIMju. Y TPYINH ca PErucTPalyjoM KOTHUTHBHOT €BOIUpaHOr moTeHnujana [1300
eHTponuja je Omia moBehaHa y cBUM rpymama, a 3HayajHa pas3jidka JocTUrHyTa je y FP2
nepuBanuju (0,41+0,06 vs. 0,36+0,04, p<0,01) u F4 nepusanuju (0,40+0,04 vs. 0,37%0,03,
p<0,01). OBo noBehame eHTpoMNHUje yka3zyje U Ha MOPACT KOJMYMHE HH(OpMalHrja cyOjeKTa y

eKCIIEPUMEHTY, OJHOCHO MPOCEYHA KOJIMYMHA HH(pOpMalrja KOjy IpoayKyje NapTUIUIIAHT je
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Beha, ma ¢’ 0063upoM Ha mpeTnocTaBibeHH edekat nmocmarpada u KunkenoBy jenqnauuny 17,
OBaj TOPACT EHTPONHje Beoma J00po objamimaBa U CMamelke HHTEpQEepeHIje Koja je
3alakeHa y OBOj CTYAMjH, a CaMUM THUM W Kojarc TanacHe (yHknuje. CIUYHO TOMeE,
npumMeheHa je u nHBep3Ha penanuja u3mel)y yBehane enrponuje EED curnana u pemykmmje
XajzenOeprose Heoapel)eHOCTH (PU3UUKOT CUTHATIA, IITO je Takohe mocieania Behe KoauanHe
uHpopMalMja KOjy mapTHUMNAHTH uMajy y Bedu double-slit ontuukor cucrema y cramy
KOHUEHTPUCAHE MAXKE, a IITO JaJbe KOPECIOHINPA U Ca aKIEHTOBAaHMM MoHamawmwem EEID
CUTHAJIa 10 00pacily AeTepMUHHUCTHYKOT xaoca. Kopenannona qumen3uja 2 Ouia je 3HayajHoO
yBehana y cBUM JepuBalfjama y KOHIIEHTPUCAHO] HAacIpaM pesakc rpyme, 10K je JlujamyHos
eKcroHeHT Ono curaudukantHo yBehan y F4 nepusanmju (0,35 + 0,05 vs. 0,32 £ 0,04, p <
0,05) u necurnudukantao y FP1, FP2 u F3 nepuBanuju, naankyjyhu mopact XxaoTHYHOT
MOHAIIaka ca BEITMKOM OCETJFUBONINY Ha MHHUIIMjATHE YCIOBE KOJ YUECHHUKA Y CTAaFhy BUCOKO
KOHLIEHTpUCAaHE MNaxmwe. Y TPylNH ca PerucTpanyjoM KOTHUTUBHOT mnoTeHuujana I1300
KopeJalnnoHa quMen3rja 2 ouna je curaudukantao yBehana y FP2 (2,72+0,17 vs. 2,63+0,16,
p<0,05) u F4 nepuBanmju (2,75+0,12 vs. 2,69+0,09, p<0,05), mto je CympoTHO pe3yaratuma y
F3 nepuBanmju rae je 6wina HecuruupukanTHo yBehana (2,7310,14 vs. 2,68+0,09, p>0,05) u
FP1 nepuBanuju rae je 6mia HecurunbukanTHO cMameHa (2,66+0,22 vs. 2,68+0,27, p>0,05),
ITO je pHuKa3aHo y Tabenu 7. JInjamyHOB eKCIOHEHT 0o je HecurHuukaHnTHO yBehan y FP2
u F4 nepuBanuju, ca uzyzerkom F3 nepuBanuje rie je 3anaxxeH HECUTHU(PUKAHTHHA JCKPEMEHT
BPEIHOCTHU Y TPYIH Ca PErHCTPALNjOM KOTHUTHBHOT €BOIMpaHor noreHwmjaa [1300.

On BeNHMKOT MHTEpeca je YMIbEHUIIA Jla Ce CUTHU(UKAHTHO yBehame YeCTUYHHX OCOOMHA
€JIEKTPOMArHeTHOT Tajiaca JielaBa TOKOM MpBux 100 MHIMCEKYHIM OJHOCHO Y MOATPYIH
E100. Haume, xopryckynapHocT ce nmoBehasa 3nauajuo: 0,301+0,044 vs. 0,293%0,045, es =
—0,66, p = 0,03, nok ce unrepdepennrja 3na4ajuo cmamwmia: 21,20+0,443 vs. 21,63+0,218, es
=—0,72, p= 0,02. A/b xonmmunuk ce Takohe 3Hauajuo cmamwuo: 0,839+0,018 vs. 0,893+0,001,
es = —0,62, p = 0,04. CBu HaBeieHU pe3yNTaTH MpHKa3aHu cy y Tabenama 9a, 96 u 10, kao u
Ha rpadunuma 8, 10 u 14, a oBe curHU(pUKAHTHE KBAaHTHE MPOMEHE WMHIMKY]Y MOTyYhHOCT
backward time referral edexra xormutuBHOr moreHuujana I1300 mTO je BeomMa CIHMYHO
JIuGeroBoj teopuju. Ilpema JInbetoBuM Hanmaszmuma, cBecT ce IojaBibyje TokoM mpBux 100
MUJIMCEKYHIM HACYMpPOT MOXJaHMM MOTeHnujamuma ca jgyxoMm Jsateniiom (300-500
MUJIMCEKYHIM). BakHa ynmbeHMIIa je 1a Cy OBH MOTEHIIMjAId HEOMXOHH 3a M0jaBy CBECTH.
OBa TeMmopaiHa Je30praHu3aliija U MHBEP3HU pacropen gorahaja yka3yjy Ha MOTyhHOCT aa
1300 nokazyje backward time refferal edpexar Tokom npeux 100 MUITMCEKYHIM HHTEPAKIIH]jE

ca HEYPOHCKMM KBAaHTHUM CHCTEMOM. Y3uMajyhu y o03up MOryhHOCT Ja cy HEYpOHCKH U
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(GU3MUKM KBAaHTHH CHCTEM IIOBE3aHH, 0Baj epekar uma yruuaj u Ha double-slit mudpakuujy,

Kao mTo cy Moju pe3yataru 3a E100 moarpymy u nokazaim.

3anpaBo, ako ce KpeHe oJ JN0OWjeHHX pe3yiTara y pellakc Ipynu TAe HHUje JOCTHTHYTa
CTaTUCTHYKA 3HAYAJHOCT 3a IMapaMeTpe KOju Mepe KBaHTHHU KOJIAIC TajlacHe (yHKIH]E, TOK CY
UCTU THU THapaMeTpu 3HayajHo npomemeHu y E100 rpymu, y3 HCTOBPEMEHO 3a70BOJHEHU
KOH/JUIIMOHAN 0jaB€ KOTHUTUBHOT eBouupaHor noreHuyjana [1300-npuka3zano Ha cimkama
10u 11 uy Tabenu 8, OHJIA je JaCHO Jia Cy TPOMEHE U3MEpeHe y GU3UUKOM eIy CUCTEMa I'PyTie
E100 wnaupextau nokas backward time referral nejctea nmotenmujana [1300 Ha mojaBy cBecTH
TokoM npBux 100 munrcexkynau 6e3 003upa Ha KaCHHJY 1M0jaBy OBOT MOTEHIIM]jajia 300T leroBe
natenie. OBaj edexat Oum mMorao OuTH M0Ka3 MHTEpBEHNHje OynyhHoctn Ha norahaje y
npomuiocTu. Takohe, Ha caumu 11 ce moxke Bumetu na ce H1 KoMmoHeHTa KOTHUTHBHOT
€BOIIMPAHOT TIOTEHIMjajla I0jaBJbyje y TMapHjeTaTHUM perujaMa mosra, jgok ce [1300
JIOKaJNK3yje BUILE Y OKIUIUTAIHUM U Mamke y MapujeTallHM pervjama, CIMuHO pe3yiTaruMa
MPETXOJHE CTyauje Koa aecHopykux ocoba [103]. [a mmu je JIuberoB edexar 3HAK
NeTepMUHU3MA TemKko je pehu. MehyTuM, U HEKM MPETXOIHU PAIOBU OJ CTpaHEe XaHca
KopuxybOepa (mem.Hans Helmut Kornhuber) u Jlekea (mem.LUder Deecke) na mosby
bereitschaftspotential (mem. bereitschaftspotential-moreniujan cnpemaocTH) Mokasaie cy aa
Ce OBaj MOTEHIH]al TojaBJbyje 350 MUIMCEKYHAHM Tpe caMe CBECTH yKazyjyhw Ha moryhe

0JICYCTBO CJI000JTHE BOJBE.

Jenan Beoma BakaH pe3yaTar o KOra je JoIuIa OBa CTyuja, IpeIcTaB/ba U MOryhHOCT
OpEIU3HUX CTAaTHCTHYKUX IpopadyHa BpeMeHa Hajeher nejcTBa (OKycHUpaHe Maxibe,
MHIUPEKTHO IyTEM Mepema KBAaHTHUX Iapamerapa, OJHOCHO 3aBHCHHX Bapujadbimu y3
NpUMEHY JieTajbHo onucane lagging nmponenype. Pesyaratu cy mokasanu Aa je KoJarc TajnacHe
¢dbyHKIMje HajBehH TpU CEeKyH/Ie HAKOH J00Mjama BOKAJIIHE KOMaH/Ie 3a MMoveTak PoKycupama
NaXmke, MOLITO Cy CBH ONHMCAaHHW MapameTpu Owinn MamH o7 boHdepoHHMjeBe TpaHnYHE

BpEAHOCTH Z CKOpa 3a IOHOBJbEHA MEPEHha, PAUYyHCKUM ITyTEM CETOBaHe Ha BpeaHOCT -2,495.

Bpennoctu Z ckopa cy npaheHe Ha uHTepBany QyxuHe 11 cexkyHau o] yKymHO 45
CeKYHIM KOJIMKO Tpaje (oKycupame Maxme y KOHIeHTpucaHoj rpynu. Hajsehy Bpeanoct Z
ckopa numa Xajzenoeprosa Heoapehenoct: -3,33, npu uemy je Bpeanoct effect size 6ua -1,05,
LITO je YHyTap TrOpHe I'paHHlle MHTEpBajia KOje 3aXTeBajy Mpelu3He CTyAUje, a TO je BPEAHOCT
1,2. Tlpomene Z ckopa IMeT KBaHTHHX IapaMeTapa TOKOM BpEeMEHCKOr MHTepBama on 11

CeKyH/M IpuKa3aHe cy Ha rpaduky 17. OBaj rpaduk 1oka3yje MOryhHOCT AeTeKIMje IpOMeHa
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y CBECHOj MaKIbU WHAMPEKTHO MyTeM Meperma Hapamerapa y (pu3nyKo-ONTHYKOM CHUCTEMY
3axBaJjbyjyhul BUXOBOj KBAHTHO] MOBE3aHOCTH, INTO jeé W JOKA3aHO HA OCHOBY JOOHM]jCHHX
pe3yiTaTa 3a OBaj mapaMmerap, o 4emy je Beh JUCKYyTOBaHO W MpUKa3aHo y Tabemama 9a ulo,
kao u Ha rpadpunmma 7 u 13. Jla OM CTEKIM YBUJ y TAYHOCT OBHX MEpeHa, PE3yJTaTH ca
rpaduka 17 ymopehenu cy ca pesynararuma nobujernm myrem EET. O06pamom oBux pesynrara
npuMeHOM XapoBe MeTozie ojapeleHa cy BpemMeHa MHHUMYMa aMmIuaTyne nojenuHux EEI
pUTMOBa, MTO je mpuka3aHo y Tabenu 11. OBa BpemeHa ce kpehy y pacriony ox 2,42 cekyHje
y F4 nepuBanuju nmojacue dppexsernmje 0,5-2,8 Hz nma no 3,42 cexynae y FP2 nepuBanmju
nojacue (pexBennuje 2,8-5,1 Hz, mrto je Beoma OJIMCKO pe3yaTaTuMa J00HjeHUM Y (U3HIKO-
ONTHYKOM cuctemy. Takohe, Ha rpadumuma 18-21 mnpukazaHe cy cpeame BpEIHOCTH
aMIUTATYJIe TOKOM CBHX JIeceT cecrja 3a ¢ppekBenTHH orcer 0,5-14,3 Hz, a xoju je moaespeH Ha
miecT (peKBeHTHUX TojaceBa ca KopakoMm of 2,3 Hz y XapoBuM aujarpamuma BpeMEHCKHX
onceuaka (time slice). Ha rpadunmma ce jacHo Buau 1a ce Hajsehu max aMIuInTy ie puT™Ma KOju
onarosapa 0, 0 1 o puTMy JelIaBa yrpaBo y MHTepBaily 2- 4 cekyH/e (y IPOCeKy TpU CEKyHIE),
IITO je OJMCKO pe3ylTaTiMa H3MEPEHHM y (PH3MYKOM CHCTEMY, Kao M pe3yJaTaTHMa JI0 KOJUX
je nomrao Pamun ca koayropuma Mepehn camo uHTEpPEpEeHIN]Y Y GU3HIKOM CUCTEMY.

Kana cy y nmutamy KBaHTHE OCOOWHE CBECTH, jaCHO je Ja Cy AOOWjeHH pe3yaTaTh
KBAaHTHUX BapHujabJii OBO HEIBOCMHCIICHO W JOKa3alH, HAPOUYUTO aKO ce rmohe oJ mojaaraka
NO0OMjeHHX 3a CTENEH KBaHTHE TIOBE3aHOCTH KOJU JTOKa3yjy /1a jé KBaHTHA MOBE3aHOCT 3arpaBo
TPaXEHU CKPUBEHM MexaHHu3aM, MakcBejoB JeMoH, u3Mely 1Ba kBaHTHa cucrtema. Cama
KBaHTHA MEXaHHKa CBECTH j€ MPUIMYHO CJI0KEHA M KOHTPOBEP3HA MO CBOjO] MPUPOAHU, IITO je
yocTanoM M ena kBaHTHa ¢usuka. PagoBu Xamepoda u [lenpoysa cy BeoMa HHTPUTAHTHH,
aJIM Kao mTo caM Beh MOMEHYO y YBOJy, M3JI0’)KEHH M OpOJHMM KpUTHKama. YKa3ao Oux j1a je
Beh MOMEHYTH KpUTHIIM3aM o1 cTpaHe Termapka Mosk/1a U HeyTeMeJbeH, HAPOUUTO aKo ce rohe
O]l HETOBE pelalije 3a BPEMEHCKH WHTEpBall Y KOME Ce JelllaBa MPETHOCTaBIbEHU KOJarc
Cymepro3uiyje crama. Ako morienamo cieiehy jemHaunHy y KOjoj T MpelcTaB/ba Bpeme
JIEKOXEPEHIIMje CYIePIIOHMUPAHOT CTarba, m Macy joHa, k Boiamanosy (enr.Ludwig Boltzmann)
KOHCTaHTy, T Temmneparypy, N Opoj joHa, n BbUXOBY KOHIIEHTpALH]y, q HAEIEKTPUCABE JOHA,
JIOK €0 MIPEJICTaBJba AUETEKTPUUHY KOHCTAHTY, OHJA CE MOKE€ BHJIETH CIMYHOCT Ca PelalijoM
3a mpopauyH cpense Op3uHe bpayHosor (enr.Robert Brown) kperama Moliekyna, WIH joHA.
Ha ocroBy penanuje 50, Termapk je 3ak/byuro 1a ce KoJjamc jeliaBa y uaTeppaty 10713
CeKyH/M, IITO j€ BeoMa KpaTKO BpeMe Ja Ou ra MOIJIM MpaTUTH OWJI0O KaKBM HEYPOHCKU U

OMOXEMUJCKH MPOLIECH.
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= NQ/areiain (jemnauuna 50)

Mehytum, cama penamuja mpeacTaBba MpobdaeM ako ce 00Jbe aHAIHU3UPA, jep BpeMe
YBEK HHBEP3HO KOpeIupa ca Op3WHOM, JIOK je Y OBOM Cirydajy u3pa3 3a boiimaHoBy Op3uHy
JTMPEKTHO MPOMOPIIOHAIaH BpeMeHy JekoxepeHiuje. Jlabe, moMenyo Oux jenan Beoma 1o0ap
pax Munoypa u Myra (Minoura et Muto) koju je pa3maTpao Op3WHY OpraHu3aIuje
MHUKPOTYOYJIa y HEypOHY, IIPH YeMy cy aouutu Jo cieaehe mpenerne penanwuje 51 [104].

__2nl?ney
(a/DE?

(jennaumHa 51)

VY mpeTxo/iHO HABEJCHO] je/IHAYMHU T je BpeMEHCKa KOHCTAHTa OpHjeHTallje MUKpOTyOya, |
Oy’KUHAa MUKpPOTYOyna, r HBHUXOB pPaaujyc, o e(QEeKTHUBHM MOJapU3allMOHU KoedULUJEeHT
MHUKPOTYOYyIa, 1 BUcko3HoCT, a Cr pakrop dopme- 1/3(Ln(l/r)-1/2), E je jaunHa eneKTpu4HOT
nosba. DuroBamemM oBe penanuje Kopucrehu eMmMIupHjcKe MoJaTKe O OpHjeHTaIUjU
MHKpPOTYOy1a J0OHjeHNX MyTeM KaMepe, JO0IIO0 ce A0 HajOosber yKIanama 3a u3pas 7=4,1x10°
I, mpu wemy 1 m3HOCH 9-12 MEKpOMeTapa.
Ha ocHoBy oBora jacHo je ma ce BpeMe opujeHTalrje kpehe y JoMeHy HEKOJIMKO JeCeTHHA
MUJIMCEKYH/TH, IIITO J& TAJIEKO Ty’Ke 0J1 BpeMeHa Koje je Termapk 10010 myTeM CBOje penanuje.

OBaj BpeMEHCKHM MHTEPBAJI MOXE OJITOBApaTH M Y TaJlacy, KOju Ou Takolhe Morao Outu
Tajac OJArOBOpaH 3a IOjaBy CBECTH, jep OH CBAaKUX 25 MMIMCEKYHIIM CKEHHpa MOXKIaHY
MOBPILIKHY Y (PPOHTO-OKIIUIIUTAITHOM CMEPY BpiliehH AeKOXEepEeHIU]y CYIIEPIIOHUPAHUX CTamba,
MOJ1 IPETIIOCTABKOM KBAHTHE MPUPOJIE CBECTH.

OncepBanujoM 0] CTpaHE CBECHOI IMOCMAaTpaya HAcTajy MPOMEHE Yy CIOJballbeM
CBETY, TO je Onm3ak capaguuk Huca bopa-ITacksan [lopaan (enr. Pascual Jordan) ommcao
peunma: “Mum  camMu TpPOAYKyjeMO pe3yinrare Mepema’. Buiep je kao TBopail
MapTULMIIALMOHOT aHTPOMUYKOT MPUHIMIA OTHUIA0 KOpaK Jnajke, TBpAehu na cy >kuBa 6uha
Koja uMajy MoryhHocT omaxama TpaHcpopmucaia roMusy Moryhux KBaHTHHX Jorabhaja y
jeIHy KOHKPETHY UCTOPH]Y, 3aKJbYUUBIIH J1a Cy OHU NAPTULUIUPAIU Y UCTOPUJU YHUBEP3yMa

oJ1 ’eroBor nouyeTka. Ce 0Bo MOTBphyje Aa CBECT 3aKcTa y3poKyje KoJarc TajJacHe PyHKIH]e.
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Y U3BpLICHO] CTYIUjH IONLIO ce A0 cieaehnx 3aKbydaKa:

1. V npucycTBy cBeCHOT mocmarpaya y cTamby Ayre (OKycHpaHe MaXme WHAYKYje ce
KoJjarc TajiacHe (DYHKIMje eIeKTPOMArHeTHOT Tajlaca, INTO je JIOKA3aHO MEpPEHEM
napameTrapa  KOPIYyCKYJIAapHOCTH, KOHTpacTa, HWHTeppepeHnnje, KOIMYHHUKA
€JIEKTPUYHOT T0Jba, Xaj3eHOeproBe HeoApel)eHOCTH U cTereHa KBaHTHE MOBE3aHOCTH
y €KCIIEpUMEHTAITHOj TPYIH Cy0jeKaTa y CTalkby KOHIICHTPHCAHE TTaXbe.

2. Y UVHTEpakTUBHOM II0JbY Op3WX H3MEHAa CBECHE MaXHE TOKOM pPErHCTpalnuje
KOTHUTHUBHOT €BOIIMPAHOT MOTEHIMjajla J0a3u A0 KoJjarca TanacHe (GyHKIUje y TpH
BpemeHcka ojaceuka: 100, 300 u 1000 MunmucexyHu.

3. Y mpucyctBy cyOjekTa y cTamy pellakCHpaHe MaKie HE J0Ja3H JI0 CTaTUCTHYKU
3Ha4YajHUX MPOMEHa KBAHTHHX IapaMeTrapa, Ima ce MpeMa TOME y pellakC TPylH He
MHJYKY]€ KoJarc TanacHe (yHKIMje eeKTPOMarHeTHOT Tajaca.

4. Tlpomene y XajzenOeproroj HeoapeheHocTn Haj00be ce MOTY 00jaCHUTH JI€JCTBOM
esnieKTpuyHoOr AxapoHoB-boMoBor edexra koruutuBHOT noteHujaia [1300, mTo je u
JI0Ka3aHO y €KCIEPUMEHTATHOj TPYIH Ca PETHCTPAljOM KOTHUTHBHOT €BOIHPAHOT
MOTEHIM]jana, TJe Cy U3padyHaTe BpeaHoCcTH Z ckopa ¢aszHmx pasnuka y nse EET
JepuBaIlije.

5. CrerneH KBaHTHE TIOBE3aHOCTH OHMO je CTATUCTHYKH 3HAa4YajaH y CBUM TpyliaMa, OCHM y
penakc rpynu, ykazyjyhu na je octBapeHna He camo Beha moBe3aHocT usmelyy ¢horoHa
Ha JUQPAKIMOHO] peleTKy, Beh n 3amieTeHocT u3Mel)y HEypOHCKOT M CIIOJbAIIHET
(U3MUKO-ONITUYKOT KBAaHTHOT cucTeMa. OBa MOBE3aHOCT pe(uiekTyje MpOMEHEe Yy
HEYPOHCKOM CHCTEMY Ha ONTHYKH CHCTEM, IITO OTBapa MOTYhHOCT 3a MHAWPEKTHY
JEeTEKIM]jy OBUX poMeHa npeko double-slit onruukor cucrema.

6. CurHudukaHTHe IPOMEHE KBAaHTHHX MapaMeTapa ONTHYKOI CHCTeMa IoKasaje Cy Ja
je cBecHa makmwa Owmna Hajseha y Tpehoj cexyHau HakoH noOujama BOKajgHE KOMaH/Ie
3a TouYeTak (OKycHUpama NaKie, IITO OJAroBapa BpeMEHY IO0CTH3ama IPBOT
ammumtyanor muaumyma EED curnana 6, 6 u o putma Ha Haar-oBom aujarpamy y
yetupu EEI" nepuBanyje.

7. CraTUCTUYKM CUTHU(UKAHTAH KoJjarc TajacHe (yHKuMje HacTao TokoM mpBux 100
MUWIMCEKYHIH Y €KCIIEpUMEHTAJHO] TpyMu ca pPErucTpalujoM KOTHUTHUBHOT
eBOIMPAHOT TOTeHNHWjana, ykasyje Ha backward time referral edexar morenuujana
I1300, mTo je MHAUPEKTHO U JOKAa3aHO MepeHhHMa KBaHTHHUX IapaMeTapa y ONTHUYKOM

double-slit cucremy. OBaj pe3ynrat nmorBphyje Taunoct JIubeToBuX craBoBa.
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8. Xaj3zenOeproBa HeonpeheHOCT ce CHUTHHU(HKAHTO CMamyje y TPUCYCTBY aKTHBHE
CBECHE MaXe, T0K ce ucroBpemeHo entponuja EEI" curnana nosehasa.

9. TNopact kommumHe wuH(pOpMaIMja H3paXeH NOCpeAcTBOM MoBehane eHTpommje,
noBehaBa M MPEeNU3HOCT Mepema 011 cTpane (GokycupaHor cydjexra (o KuHkenosoj
pemamuju 6poj 17), MOK ce KOHKOMHUTAaHTHO y (H3UYKOM CHUCTEMY CMambyje
uHTepdepeHIMja eIeKTPOMArHeTHOT Tajaca HakoH mpoJsiacka kpo3 double-slit
pemieTky, ykasyjyhm Ha komarc TanacHe ¢yHknmje. OBO Jokasyje na edekar

mocmarpaya (observer effect) oarosapa cyojexty y cramy GOKycHpaHe Maxbe.
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K/bYUYHA JTOKYMEHTAIINJCKA UHO®OPMATHUKA

YHUBEP3UTET Y KPAI'YJEBIY
OAKYJITET MEANIIUHCKHUX HAYKA Y KPAT'YJEBIY

Pennmn 6poj — Phb:

Nnentudpuxanuonn o6poj — UbP:

Tun noxkymenranuje — T/I: MoHorpadcka nmydnukaruja
Tun 3anuca — T3: TexkcTyalHu ITaMITAHU MaTepUjal
Bpcra paaga — BP: JlokTopcka nuceprainyja

Aytop — AY: Auapeja Byjanaig

Mentop/komentop — MH: nom. ap Usan CpejoBuh

HacaoB pana — HP: KBanTHu edextu cBeCHE NaxKkikbe Ha KoJiarnc (pyHKIHje
€JIEKTPOMAarHeTHOT Tajlaca

Je3uk nyoaukanuje — JII: cprickn/hupununa

Je3uk u3Boaa — JU: cprcku/eHraecku

3emsba myoaukoBamwa — 3I1: Penyommka Cpouja

V:ike reorpadgcexo noapyyje — YI'Il: [enrpanna CpOuja

T'omguna —I'O: 2019. roguna

HN3pasay — U3: Ayropcku penpuHT

Mecto u aapeca — MC: 34 000 Kparyjesan, Cero3apa Mapkosuha 69, Penyonmka Cpouja
®u3nuu onuc paaa — ®O: 103 crpana, 14 ciuka, 15 tabena, 21 rpadukon

Hayuna o0aacrt — Y/IK: Menununa

Hayuna qucunnimmna — JIW: ®uszuonoruja

IIpenmerHna onpeannua/kbyyne peun — [10: kBaHTHa MOBe3aHOCT, MU paKifja, CBECHA
MMaXKma

Yysa ce —HY: VY 6ubnuorenn dakynrera MEAULMHCKUX HAyKa YHUBEP3UTETA Y
KparyjeBuy

Baxxna namomena — BH:



HN3Boa — UJ1:

¥YBoa: Keanthu double-slit excriepumeHT je edekar mocmarpaya Ha KIACH4YHY JyHTOBY
mudpaknujy. Komarnc tamacHe (yHKIHje moapazymMeBa PEIyKIHU]y CYIEPIIO3HIHjE CTarmba
GyHKIMje eJIeKTPOMArHeTHOT Tajaca Ha jeJHO CTame JACjCTBOM OKpyxkema. Double-slit
SKCIICPHMEHT CE CMaTpa 3a je/IaH O] HAjIeIIINX eKCIICPUMEHATA UKa/1a U3BCICHUX.

Husb: Jlokazatu kxojarc TanacHe (pyHKIMje Y MHTEPAKTUBHOM IM0JbY (POKycHpaHE MaXmbe
MepemeM oape)eHuX KBAaHTHUX MapaMeTapa, Kao INTO CY: KOPITyCKYJIapHOCT, KOHTpACT,
KOJMYHUK HMHTEH3UTETa EJNEKTPUYHOI 110Jba, MHTEH3UTET HHTep(depeHlnje Ha rpapuxky
CIEeKTpaJHe CHare, KBaHTHA MOBE3aHOCT, Xaj3eHOeproBa HeoApel)eHOCT.

Marepujan u Merone: ExcrniepumeHT ce cactoju o1 (pu3Muke U (U3MOJIOIIKE MOCTABKE
cucrema. Y (U3MUKOM Jiely CUCTEMa BpUIMJIa CE€ pErucCTpallija 3aBHUCHHMX Bapujadbiu
kopuinheweMm JsmHeapHe CCd kamepe, JOK ce y (DU3HOJOMIKOM CHUCTeMYy o0OaBJbaia
perucrpaiija He3aBUCHUX Bapujadiau paau KBaHTU(UKAIM]e cTamka CBeCHE Naxme. [ pyme cy
M0JIeJhbeHEe Ha KOHTPOJIHY TPYIy W TPHU EKCIEpUMEHTAIHE TpyIe: pelakc Tpymna, rpymna ca
cy0jekTuMa y cTamy (POKyCHpaHe MaKke U TPyIa ca Cy0jeKTHMa y MPOIeaypH perucTpaiuje
korautuBHOT noteHujana [1300, koja je nasme monesbeHa Ha Tpu noarpymne: E100, E300 u
E1000 nmpema BpeMeHy perucTpalyje 3aBUCHUX Bapujadbiu. Y eKCIEepUMEHTY je y4eCTBOBAIO
26 cybjekara, CBa CHUMama Cy BpIIIeHa TOKOM Tiepruoja o1 45 cekyHau TokoMm 10 He3aBUCHUX
CTyZIja OJHOCHO CecHja.

Pesyaratu: Ca u3y3eTkoMm rpyme ca cy0jeKTuMa y CTamby pelakCHUpaHe Maxkmbe, Y CBUM
OCTAIMM TpylaMa JOKa3aHO je CUTHU(GUKAHTHO moBehame KOpPIyCKyJIapHHX OCOOMHA
€JIEKTPOMArHeTHOT Tajlaca Y3 KOHKOMUTAHTHO CMameme MHTepdepeHije u Xaj3eHoeprose
Heo/peheHoCTH, Kao M MOpacT KBaHTHE 3alIeTeHOCTH u3Mel)y ¢usmukor m ¢pusnosiomkor
KBaHTHOT cUCTeMa y nopehemy ca pesynratuma y KOHTPOJIHO] rpynu. OuToBameM penanuje
3a jaudHy eJEeKTPUYHOT MOoJba HA MyKOTHMHAMa AU(paKLIHMOHE pelIeTKe MoKa3aHa je 3HavyajHa
MIPOMEHA Yy OJIHOCY Ha KOHTPOJIHY TPYIy Y CBUM €KCIEPUMEHTAIIHUM Ipylama ca U3y3eTKOM
penakc rpymne. KBantHu mapameTpu Ouim cy CTAaTUCTUYKY CUTHU(UKAHTHO U3MEHEHU U TOKOM
npBux 100 MuUIUCEKYHAM y TPOIEAYPH PErucTpalrje KOTHUTUBHOT moTeHiujana 11300
nokasyjyhu backward time referral edexar. Jfokazano je u nejctBo I1300 moTenmujana Ha
Bpeanoctu bomose dazne paznuke. Takohe, y rpynu ydecHuka y cramby GOKycHpaHe MaxKme
HajBeha mMpomMeHa KBaHTHUX IapamMeTapa PErUCTpOBaHA je TOKOM MpPBE TPU CEKYHZE O
noOujarmba BOKaJHE KOMaHJIE 3a IMOYETaK KOHIIEHTpHCama MNaxme. HeszaBucHe Bapujalie
MoKasalie Cy mopacT eHTPOIIUje U MOPacT JETEPMUHUCTHYKOT Xaoca.

3aksbyuak: [lejcTBOM oKycHpaHe MaKke HacTaje KoJjarc TajacHe (pyHKIHje, JOK 3HayajHa
KBAaHTHA MOBE3aHOCT YKa3yje Ha KYIUIYHT ()OTOHA, Ka0 U Ha CHpery (GU3NYKOT U HEYPOHCKOT
KBaHTHOT cucTema. JlokazaHa je M MHTepBeHUHWja OynyhHocTH Ha jgorahaje y MpONUIOCTH.
IIpomeHe BpelHOCTH 3aBUCHUX BapHjabiu pedieKkTyjy MpOMEHEe y HEYpOHCKOM KBaHTHOM
CHCTEMY, TaKO J1a C€ ONTUYKU CHCTEM MOK€ KOPHCTUTH 3a JETEKLHU]y CYNTHIHUX U3MEHA Y
CBECHO]j MaXbH.

KibyuHe peun: KBaHTHA OBE3aHOCT, AU(PAKIIN]jA, CBECHA MAXKIba
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Abstract — AB:

Introduction: A quantum double-slit experiment is an observer effect on classical Young
diffraction. Wave function collapse occurs when a wave function in a superposition of several
eigenstates reduces to a single eigenstate due to interaction with the external world. The double-
slit experiment is considered one of the most beautiful experiments ever performed.

Aim: To prove the collapse of a wave function in an interactive field of focused conscious
attention certain quantum parameters were measured, such as: corpuscularity, visibility, the
ratio of the electric field intensity, magnitude of interference on power spectral density graph,
quantum entanglement, Heisenberg uncertainty.

Material and methods: The experimental procedure was divided into the physical and
physiological set-up. In the physical part of the system, registration of dependent variables was
performed by using a linear ccd camera, while in the physiological system, registration of
independent variables was performed to quantify the state of conscious attention. The groups
were divided into a control group and three experimental groups: relaxed attention group,
concentrated attention group, and group for evaluating cognitive evoked potential effect on the
double-slit system, which was divided into three subgroups according to time point at which
data was recorded-E100, E300 and E1000. Twenty-six subjects took part in the experiment,
which underwent every second recording of diffraction pattern during 10 sessions, each of 45
seconds duration.

Results: With the exception of the group with subjects in the state of relaxed attention, in all
other groups there was a significant increase in corpuscular properties of the electromagnetic
wave with a concomitant decrease in interference and Heisenberg uncertainty, as well as an
increase in quantum entanglement between the physical and physiological quantum system
compared with the results in the control group. The electric field ratio, which was calculated
by fitting a basic equation for double slit diffraction, with exception for the relax group, showed
a significant change in all experimental groups compare to control group. The quantum
parameters were statistically significantly altered during the first 100 milliseconds in the
cognitive evoked potential P300 registration procedure, proving a backward time referral
effect. The effect of P300 potential on the values of the Bohm phase difference has also been
demonstrated. Also, in concentrated attention group, the largest change in quantum parameters
was registered during the first three seconds after participants started to concentrate their
attention. Independent variables showed an increase in entropy as well as increase in pattern
behavior known as deterministic chaos.

Conclusions: This study confirmed that focused attention causes the collapse of the wave
function, while significant quantum entanglement indicates photon coupling, as well as the
entanglement of the physical and brain quantum systems. Backward time referral effect has
also been proven. Changes in the values of dependent variables reflect changes in the brain
guantum system, so that the optical system can be used to detect subtle changes in conscious
attention.

Key words: quantum entanglement, diffraction, conscious attention
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ARTICLE INFO ABSTRACT

The essence of our hypothesis is quantum properties of conscious processes as well as the possibility to measure
changes in conscious attention by using quantum double-slit experiment. We supposed that the act of observing
in state of focused attention cause a wave function collapse in double-slit diffraction. In order to test the hy-
pothesis, 26 participants took part in the study divided into physical and physiological parts of the experiment.
The purpose of the physical system was to reproduce the brain quantum process via hypothesized quantum
entanglement. The physical part consisted of a red laser source, neutral density filter, double-slit diaphragm, and
linear couple charged camera, while the physiological part of the experiment was significant for the physiolo-
gical quantifying state of attention. Physiological data were collected by using 29 channel electrophysiological
unit with 21 channel electroencephalograph. The study had control and experimental group according to de-
pendent variables measured in the physical part of the experiment. The data in the experimental group were
collected over ten studies (sessions). Results obtained in hypothesis testing showed significant increases in
corpuscular properties of the electromagnetic wave as well as significant quantum entanglement between the
brain and external double-slit quantum system. Our results also offer insight into the connection between the
chaotic dynamic of the electroencephalographic signals and uncertainty in the physical system due to focused
attention effect. We also hypothesized that the state of concentrated attention was highest during the first several
seconds. The last hypothesis considered possible backward time referral effect of cognitive evoked potential
p300.

Keywords:

Double-slit diffraction
Wave function collapse
Quantum entanglement

double-slit diffraction.
The second hypothesis states that focused attention is highest during

Medical hypothesis

The first hypothesis proposes the possibility that consciousness is a
quantum process, as well as the possibility that the double-slit physical
system reflected brain quantum behavior. According to our experiment,
quantum entanglement is the underlying mechanism of psychophysical
interaction between the brain quantum system in the state of con-
centrated attention and the electromagnetic wave in double-slit dif-
fraction, which can be used to detect changes in human attention. In
other words, this implicated that quantum entanglement is a me-
chanism by which decoherence of neuronal superposition, as the pos-
sible quantum source of consciousness and focused attention, induce
wave function collapse or particle-like behavior in an external quantum
system, which can be proved by measuring quantum variables in

the first several seconds.

The third hypothesis denotes the possibility that the reduction of the
uncertainty and consequently wave properties in the physical system is
reversely associated with the entropy of the EEG signal during an in-
creased information acquisition in the state of concentrated attention.

The fourth hypothesis concerns the possibility that a backward time
referral effect can modulate the consciousness process via cognitive
p300 potential.

Introduction

The intensity with which attention is applied to a particular task is
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accompanied by a high arousal state of consciousness. Possible inherent
quantum properties, consciousness, and conscious related attention
showed through interaction with the external physical system. Double
slit diffraction experiment was carried out by Thomas Young in which
two light rays pass through the two slits making diffraction pattern on
the screen. This was a classical double-slit experiment which demon-
strated the wave nature of the light. At the point of the two slits light
interfere making famous diffraction patterns [1,2]. The quantum
double-slit experiment was originally outlined by Richard Feynman in
the form of the thought experiment. Richard Feynman said that the
double-slit diffraction experiment is the most beautiful experiment ever
made [3]. Electromagnetic wave function collapse denotes that the
superposition of eigenstates suddenly collapse by choosing a particular
eigenstate after observer took part in the experiment. There is a pos-
sibility that brain functions obey the quantum process of superposition
and entanglement. Decoherence of superposition state possibly give rise
to consciousness and could prove via quantum entanglement with an
external quantum system. Observer effect can be explained in terms of
acquiring as more information (expressed by entropy) as possible about
external physical system provides better precision with which partici-
pant or detector determines the particle's position in the double-slit
system, which correlates with more particle-like behavior of the elec-
tromagnetic wave, or in other words, with lower uncertainty and in-
terference.

The previous study performed by Dean Radin and coauthors pos-
tulated that attention had a significant influence on interference [4-6].
We examined the consciousness interactions with five parameters of the
external physical system in a relaxed attention state, concentrated state
of attention during a long period and concentrated state of attention
during a short period in the cognitive evoked potential registration
procedure.

Hypothesis testing

The experimental procedure was divided into the physical and
physiological set-up.

Participants

Participants included in the experiment were 26 healthy adults.
Participants in an informed consent form had to be signed by them-
selves to take part in the experiment.

Participants took part in three experimental groups: concentrated
attention group, relaxed attention group and group for evaluating
cognitive evoked potential effect on the double-slit system, which was
divided into three subgroups according to time point at which data was
recorded: 100 ms (E100), 300 ms (E300) and 1000 ms (E1000).

Measurements

Groups were formed according to measurements in the physical part
of the system and were divided into control and experimental groups.
Results from the control group were obtained by recording the 1170
double-slit diffraction pattern per session over 45 s during all 10 studies
(sessions) without any participant presents in the experimental en-
vironment. The experiment with a concentrated attention group was
performed with 26 participants in the state of concentrated attention,
which underwent every second recording of diffraction pattern during
10 sessions, each of 45s duration. Participants were previously in-
formed to concentrate their attention on the voice command. Relaxed
attention group included participants in the state of close eyes and re-
laxed mental state under the same condition as previously was de-
scribed for concentrated attention group. In the group with cognitive
evoked potential p300 registration, 45 double-slit diffraction patterns
were extracted only if they have met the condition that they are asso-
ciated with meaningful sound stimulus presentation to the participant,
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in each of 10 sessions for each subgroup (E100, E300 and E1000).
Participants were instructed to focus their attention as quickly as pos-
sible inside the time range of one second when a meaningful stimulus
was presenting.

The physical set-up of the experiment

Physical part of experiment includes: Laser (Red Didactic Laser LD1,
wavelength of 635nm, power 1 mW), neutral density filter (Thorlabs
absorptive NDF optical density 3, transmission 0.1%) and the second
neutral density filter with optical density 2 (Thorlabs NDF density 2,
transmission 1%), double-slit diaphragm (3B Scientific, slit width
100 um and distance of 500 um between the slits), optical rail (Thorlabs
dovetail optical rail). The distance between the double-slit diaphragm
and the camera was 25 cm. In order to get optimal results, the laser was
held in the active state for 15 min before the start of the experiment,
temperature and light were unchangeable. All electric devices except
those involved in the experiment were not in the room with double-slit
experimental devices [7,8]. The intensity of diffraction recorded by the
camera was expressed on a scale from zero to one, while the diffraction
envelope consisted of interference maxima and minima. Integration
time in Thorlabs camera was set on the value of 100 ms, while all data
were collected by using time-sequential scan (one scan per second) for
control, concentrated and relaxed attention group in contrast to fast
sequential recording (ten scans per second) performed in a group with a
cognitive evoked potential acquisition. Participants were 2m away
from the optical system.

The physiological set-up of the experiment

The physiological set-up consisted of electrophysiological units
Neuron-Spectrum-4/epm (29-channel multifunctional digital EEG
system for neurophysiological study). Electrode montage respected
10-21 system with adequate EEG cap, and average electrode as a re-
ference electrode for monopolar registration protocol [9,10]. During
EEG registration high pass filter was set to 0.5 Hz, low pass filter to
35Hz, notch filter was on, sensitivity was set up to 10 pV/mm, the
sample rate was 500 Hz, electrode impedance was in range 4-10 kQ.
Elicitation of cognitive evoked potential p300 was achieved through an
experimental oddball paradigm in which potential p300 was recorded
during procedure with auditory stimulus presentation which included
meaningful stimulus intensity of 100 dB, frequency of 1500 Hz, dura-
tion of 1000 ms and stimulus probability of 30% as well as participant
exposure to nonmeaningful auditory stimulus frequency of 1000 Hz,
intensity of 80 dB and duration of 1000 ms. The recording was made
with a sample rate of 1000 Hz, a low pass filter was set up to 75 Hz,
while a high pass filter was set up to 0.5 Hz, sweep speed was 50 ms,
curve scale was 50 uV. Electroencephalogram recording was synchro-
nized with recording in the physical part of the experiment.

Preprocessing data

Dependent variables

To achieve condition of variable independency, we were linearly
detrended data prior to statistical analysis. Phase was unwrap to re-
move sudden jumps [4].

Distinguishability. Distinguishability (corpuscularity) was calculated as:
Vi+PrI<1 (@)

— Imax — Imin

Imn_x + Imin (2)
V stands for visibility, P is corpuscularity and denote particle
properties, L. and I;, are maximum and minimum of the second-
order interference fringe. This duality relation, first used by Englert-
Greenberger-Yasin, is a quantitative formulation of Bohr’s
complementarity principle [11].
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Entanglement. Degree of entanglement was calculated according to the
next equation:

1+V_1+V 1-V_ 1-V
—+Log+— Log s

D =
2 2 2 2 ()]

where D is the degree of entanglement between the photons in double-
slit, as well as between the brain and photons according to our
assumption, V is visibility.

Heisenberg uncertainty. Heisenberg uncertainty was calculated by
multiplying the standard deviation of impulse and position of the first
three peaks of interference in a double-slit diffraction pattern [12,13].
The equation for uncertainty:

h
AP X AX > —,
~an ()]
AP is impulse uncertainty, while AX represents the uncertainty of peak
position.
Impulse uncertainty was calculated as:

h .
AP = —sin 0@,
A %)
where h is Planck constant (6.62 x 10734JS), £ is wavelength (635 nm), 6
is angle of maximum interference fringe. Uncertainty was expressed as
calculated value*h (h=1.054*10"3* JS). It is of interest to emphasize
that h is h/2m.

Interference. This variable represents the value of interference in a
double-slit diffraction envelope, calculated after data was processed by
using FFT (fast Fourier transformation) and logarithmic transformation.
The position of the second peak on the frequency domain of the power
spectrum density plot represents the magnitude of interference in
decibels (dB).

A/B. A/B represents the ratio of the electric field intensity at the
position of each of two slits of the double-slit diaphragm [4]. This ratio
was calculated by fitting a basic equation for double-slit diffraction
intensity with parameters used in our experimental study. Equation
used for this calculation is:

. 2 . 2 Dt
asin asin a%sinf,sin 2
1= p| SR g BBy ) g ESIBSING (OT e,
rlﬁ] rlﬁl r1r261ﬁz /1
(6)
where B, = —2=L_  the same equation was used for f,,
D% +x¢

X =x— %(a +d), x=x+ %(a +d), x is the central maximum
position, a is the slit width, d is distance between the slits, Ipc is
background light intensity. Parameters used for fitting procedure in our
study were (a = 100 um, d = 500 um, L. = 25 cm, A=635 nm).

Independent variables
Independent variables measured in the study have used to quantify
the state of human attention.

Correlation dimension 2, Lyapunov exponent, and Entropy. These
parameters were calculated by using data recorded at FP1, FP2, F3,
and F4 derivation during the first four seconds in concentrated and
relaxed attention group, while in cognitive evoked potential
registration group we used data recorded during first four meaningful
stimuli. These variables in prosaic meaning represent nonlinear
properties of the attention [14-16]. Correlation dimension 2 was
calculated after the hyperdimensional sphere of adequate embedding
dimension and radius was created, followed by calculation of the
fraction data within that sphere for various value of the radius, and
plot is made as log of this fraction of data versus the log of the radius.
Correlation dimension 2 was then calculated as the slope of the
cumulative curve and require flat plateau to be correctly calculated.
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Lyapunov exponent is a measure of the rate at which nearby trajectories
in phase space diverge. Chaotic data have positive Lyapunov exponent.
Entropy is a measure of the disorder of the system and represents sum of
the positive Lyapunov exponents.

Software

All data in physical and physiological part of experiment were
processed by using Chaos Data Analyzer (The Professional version 2.2
(c) 2012 by J.C.Sprott) academic software, Dataplore (v.2.2-2 (c)),
Matlab (R2015b), Neuron-Spectrum EEG and EP Digital
Neurophysiological System Software, Version 1.6.10.16 from 11.5.2017
(64-bit), Splicco software version 4.3.0.

Statistical analysis

Distribution was assessed by using the Shapiro-Wilk statistical test.
Taking into account the fact that all variables are stochastically in-
dependent due to data preprocessing for further analysis, all variables
in all cases was compared to the control group by using the Mann-
Whitney U test. Z score obtained by this test (Z(v)) for each variable
separately, was transformed in composite Z score (Z(c)) by using Z
score for phase (Z(ph)) according to the next equation:

“Z W) +Z(ph)
V2 Q)

Stouffer Z(s) score for a given variable during all sessions (N) was
obtained by combining the composite Z score according to the next
equation:

N Z@E)
Z(s)= ), —F—=
,-; VN 8)

Finally, to decrease artificial effects on the measured variable, as
well as false-positive results arising from the statistical oscillation in
measured variables from trial to trial, Stouffer Z score was compared
with circular block nonparametric bootstrap test results. This compu-
tations procedure which was performed involves sampling with re-
placement to construct randomly permuted artificial data vector for all
groups in order to generate a samples of Z(v), Z(c) and finally Stouffer Z
score with (1) mean and (sd) standard deviation by using 1000 iteration
during all 10 sessions [4,7]. This new score is expressed according to
the next equation:

Z(c) =

_ Lo
sd )]

For this Z score, we found the corresponding p value. Effect size (es)
was calculated as Z/VN, where N is the number of studies (sessions). In
order to evaluate the effects of conscious attention during the first few
seconds, we compared time series of dependent variables from the
control group with lagged time series of the same dependent variables
from the experimental group, in other words, the time series were
shifted by one before we made the above mentioned statistical com-
parisons. Physiological variables, expressed as mean + standard de-
viation, were compared by using the Friedman test for repeated mea-
sures. Dependent variables values expressed as overall or total sessions
mean * standard deviation. Statistical significance was declared if p
value was < 0.05. All data were analyzed by using IBM SPSS Statistics
Version 23 and Matlab (R2015b) software.

zZ

Results
Results of the physiological part of the experiment

The results of measuring the dynamic properties of conscious pro-
cesses have shown significant changes in deterministic chaos features.



A. Vujanac, et al.

Table 1
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Parameters of deterministic chaos measured in a relaxed and concentrated attention group, as well as in evoked potential registration group, in four EEG derivations.
Values expressed as mean * standard deviation, while a, b and ns represent the existence of a difference between the relaxed attention group and other groups.

ap < 0.05, °p < 0.01, ™nonsignificant.

Derivations Groups Parameters
CD2 Entropy Lyapunov exponent
FP1 relaxed 2.68 = 0.27 0.37 = 0.05 0.29 = 0.08
concentrated 2.72 = 0.11° 0.40 + 0.05° 0.31 + 0.07™
evoked 2,66 + 0.22" 0.39 + 0.04™ 0.29 + 0.05™
Fp2 relaxed 2.63 = 0.16 0.36 = 0.04 0.28 = 0.07
concentrated 2.78 * 0.11° 0.42 * 0.05" 0.31 + 0.08™
evoked 2.72 + 0.17* 0.41 + 0.06" 0.30 = 0.07™
F3 relaxed 2.68 = 0.09 0.38 = 0.03 0.33 = 0.05
concentrated 2.74 + 0.08% 0.40 + 0.04™ 0.34 + 0.06™
evoked 2.73 + 0.14™ 0.39 = 0.03™ 0.32 = 0.04™
F4 relaxed 2.69 *+ 0.09 0.37 = 0.03 0.32 = 0.04
concentrated 2.78 + 0.07° 0.43 = 0.04° 0.35 * 0.05°
evoked 2.75 = 0.12% 0.40 + 0.04° 0.33 = 0.05™

Correlation dimension 2 was significantly increased in concentrated
compared to relaxed attention group in all derivations, while in evoked
potential registration group correlation dimension 2 was significantly
increased in FP2 and F4 derivations. Lyapunov exponent was sig-
nificantly increased in concentrated compared to the relaxed attention
group in F4 derivation, but Lyapunov exponent values were non-
significantly changed in evoked potential registration group. Entropy
was significantly increased in focused attention group in FP1, FP2 and
F4 derivations, while in evoked potential registration group entropy
was significantly increased in FP2 and F4 derivations, which is shown
in Table 1.

Results of the physical part of the experiment

Table 2 showed the values of variables in control and experimental
groups with corresponding p values, while Table 3 showed the Z score
and effect size of the same dependent variables in experimental groups.
Distinguishability (corpuscularity) increased from 0.293 = 0.045 in
control group to 0.308 * 0.054 in concentrated attention group with
p = 0.01 and es = —0.80. In the same manner, entanglement was in-

creased significantly in the concentrated attention group
(0.106 = 0.025 vs. 0.116 = 0.031, p < 0.01, es= —0.83). Un-
certainty decreased significantly (p < 0.01, es = —0.96) as well as
interference and A/B ratio (p < 0.01, es = —0.90) in concentrated

attention group compare to control group. In relaxed attention group
the increase of the distinguishability was not statistically significant
(0.293 + 0.045 vs. 0.301 = 0.048, p = 0.08, es = —0.54) as was the
case with entanglement (0.106 + 0.025 vs. 0.111 = 0.028, p = 0.06,
es = —0.59). We noticed a slight but insignificant decreases of inter-
ference (21.96 * 0.056 vs. 21.63 * 0.218, p = 0.07, es = —0.57),
while uncertainty increased significantly (1.165 = 0.244 vs.
1.209 = 0.263, p < 0.01, es = —0.93). A/B ratio was decreased
compared to the control group without reaching any significance
(0.893 + 0.001 vs. 0.857 = 0.013, p = 0.05, es = —0.61). In E100,
E300 and E1000 subgroups distinguishability and entanglement in-
creased significantly, while uncertainty, interference and A/B ratio was
decreased significantly. In Fig. 1 have shown Z scores for five quantum
related variables after data was lagged for the first 11s in a con-
centrated attention group. In addition, Z scores of corpuscularity, en-
tanglement, uncertainty, interference, and A/B ratio were the largest 3 s
after the participants started to concentrate their attention, indicated
that concentration is highest during this period.

Discussion

In our study we have shown that the presence of the subject in a

Table 2

Variables measured in control vs. experimental groups. All values expressed as
mean + standard deviation, while a, b and c represent the existence of a dif-
ference between the control group and the measurements in experimental
groups. P < 0.05, °P < 0.01, °P: not significant.

Variables Groups Results
Corpuscularity Control 0.293 + 0.045
Concentrated 0.308 + 0.054*
Relaxed 0.301 + 0.048°
E100 0.301 + 0.044%
E300 0.306 + 0.049°
E1000 0.315 + 0.045°
Entanglement Control 0.106 * 0.025
Concentrated 0.116 * 0.031°
Relaxed 0.111 + 0.028°
E100 0.112 + 0.025%
E300 0.114 + 0.028°
E1000 0.120 + 0.026°
Uncertainty (*h) Control 1.165 = 0.244
Concentrated 1.122 + 0.267°
Relaxed 1.209 + 0.263"
E100 1.143 = 0.260%
E300 1.133 + 0.261°
E1000 1.127 + 0.259°
Interference (dB) Control 21.96 = 0.056
Concentrated 20.51 + 0.116°
Relaxed 21.63 + 0.218°
E100 21.20 + 0.443%
E300 20.53 + 0.393°
E1000 20.53 + 0.270°
A/B ratio Control 0.893 + 0.001
Concentrated 0.831 + 0.009"
Relaxed 0.857 + 0.013¢
E100 0.839 + 0.018"
E300 0.840 + 0.018%
E1000 0.837 + 0.013%

state of high concentrated attention had an influence on wave-particle
duality of the electromagnetic wave, attenuating visibility (wave
properties) significantly and consequently increases corpuscularity,
except for the relax group, in all groups compared to control. This fact
means that the laser wave function collapsed in the interactive field of
focused attention [17]. In a way that relates to statistics, corpuscularity
derived from Greenberg Yasin relation (Eq. (1)) was insignificantly
increased in relaxed attention group (p = 0.08, es = —0.54). Increases
in particle properties concomitantly increase and “which way in-
formation” in double slit experiment according to Bohr's com-
plementarity principle [18]. Entanglement for two-particle is given by
the Schmidt decomposition. Quantum entanglement between photons
as well as between subjects who took part in experiment and
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Table 3
Z score and effect size of dependent variables in corresponding experimental
groups.

Parameters Statistics Groups
Relaxed Concentrated E100 E300 E1000
Corpuscularity  z score -1.73 —-2.55 -2.09 -279 -3.09
effect size  —0.54 —0.80 —-0.66 —0.88 —0.97
Entanglement  z score —-1.87 —2.64 —2.03 -260 -—299
effect size  —0.59 -0.83 -0.64 -0.82 -0.94
Uncertainty Z score —-2.95 -3.05 —-287 —-249 -3.06
effect size  —0.93 —0.96 —-090 -0.78 -0.96
Interference Z score —1.82 —2.84 —228 -271 -2.82
effect size  —0.57 -0.90 -0.72 -0.86 —0.89
A/B ratio Z score —-1.95 —2.86 -197 -223 -237
effect size  —0.61 —-0.90 -0.62 -0.70 -0.75

electromagnetic wave arrives from ingenious Hardy analysis which
showed that a two particles entangled state will have a maximum
probability of (5v5-11)/2, or 9%, what could be expressed by using
golden mean () as ¢° [19,20]. The degree of entanglement has a re-
versal relation to the visibility with a maximum value equal to Ln2 in
case of zero visibility. In contrary to a relaxed attention group, in all
other experimental groups, we have noticed a significant increase in the
degree of quantum entanglement in chain consisted of participants and
photons in the double-slit. These results emphasize the possibility that a
state of high focalization of consciousness concomitantly is reflected in
the physical system due to quantum entanglement. In particular, sup-
posed decoherence of neuronal superposition in state of focused at-
tention favored particle like behavior of photons, implicated quantum
nature of consciousness. We supposed that the degree of entanglement
revealed not only the connection between photons, already between the
brain and the double-slit quantum system. In addition, we can conclude
that photons are in a state of quantum coupling, while brain quantum
system and photons which took part in double-slit diffraction are in a
state of quantum entanglement. It is of particular interest to emphasize
significantly reduced Heisenberg uncertainty principle in all groups,
except for the relaxed attention group, implying reduced wave prop-
erties as well as increases of information about photon position. Inter-
ference is essential to formed maxima and minima under the diffraction
envelope and can be expressed as:

I = Iycos? (nds%@)

Interference values, which, except for relaxed attention group, were
significantly decreased in all experimental groups, provide strong evi-
dence about a consciousness-related reduction of wave properties of the
laser light. We also found that electric field ratio for each of two slits,
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calculated by fitting Eq. (6) with parameters used in this study
(a = 100 um, d = 500 pm, L = 25 cm, & = 635 nm), differ significantly
in all experimental groups compare to control, except for the relaxed
attention group where it didn't reach significance (p = 0.05,
es = —0.61). The results of our study have shown that the described
experiment concept can be used to detect changes in attention, for
example, this can be used to precisely distinguish the state of relaxed
attention from the state of focused attention. All variables, which are
closely linked with consciousness-related quantum effects on the elec-
tromagnetic wave, have shown very steep decreases of Z score during
the first 3s in concentrated attention group, highlighting the fact that
highest degree of attention is soon after participants received voice
command to concentrate their attention. Parameters of deterministic
chaos (entropy, correlation dimension 2 and Lyapunov exponent),
which was used for EEG analysis, were calculated from data measured
in four derivations. Entropy was increased significantly in concentrated
compared to relaxed attention group in FP1 (0.37 + 0.05 vs
0.40 = 0.05, p < 0.05), FP2 (0.36 = 0.04 vs 0.42 = 0.05,
p < 0.01) and F4 derivations (0.37 0.03 vs 0.43 = 0.04,
p < 0.01), while nonsignificantly increment was measured in F3 de-
rivation. In evoked potential registration group entropy was increased
in all derivations, with significant difference in FP2 (0.37 = 0.05 vs
0.41 = 0.06, p < 0.01) and F4 derivations (0.37 = 0.03 vs
0.40 + 0.04, p < 0.01). Correlation dimension 2 was increased sig-
nificantly in all derivations in concentrated vs relaxed attention group,
while Lyapunov exponent was increased significantly in F4 derivation
(0.32 + 0.04 vs 0.35 + 0.05, p < 0.05) and nonsignificantly in FP1,
FP2, and F3 derivations, indicated increases of chaotic pattern of be-
havior sensitive to initial conditions in the state of highly concentrated
attention. In evoked potential registration group correlation dimension
2 was increased significantly in FP2 and F4 derivations, as opposed to
F3 derivation where it was nonsignificantly increased and FP1 deriva-
tion where it was nonsignificantly decreased. Lyapunov exponent was
nonsignificantly increased in FP2, F3 and F4 derivations with exception
of FP1 derivation where we noticed non-significant decrement in
evoked potential registration group. We noticed the inverse relationship
between the increased entropy of the EEG signal and the reduction of
the uncertainty of the physical signal. In particular, the reduction of
uncertainty and subsequent collapse of the wave function can be at-
tributed to participants gaining maximal information about a double-
slit experiment in the state of focused attention which corresponds to
accentuated chaotic behavior of the EEG signal. In this sense then, if
entropy increases, in the same manner, the average rate at which the
information is produced by the observer (participant) will be larger,
producing a reduction of uncertainty and more particle-like behavior of
the electromagnetic wave. Of great interest is the fact that collapse of
the wave function, concomitantly with significant increase in particle
properties (corpuscularity: p = 0.03, es= —0.66; interference:

=+
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—&— entanglement ;
—#— uncertainty
——b— interference / /
—>— A/B ratio
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Fig. 1. Z score in the concentrated attention group calculated by using Eq. (9). Data was lagged for the period of the first 11 s after participants concentrated their

attention.
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p = 0.02, es = —0.72; A/B ratio: p = 0.04, es = —0.62;), occurred
during the first 100 ms in evoked potential subgroup (E100), indicating
possibility of backward time referral effect of cognitive potential p300
on measured variables, what is very similar to Libet's theory [21]. Ac-
cording to Libet's results, consciousness appears during the first 100 ms
in comparison with the long latency of brain potentials. The important
evidence is the brain potentials are necessary for consciousness to arise.
This temporal misordering is crucial to claim that there is a possibility
that cognitive p300 in our experiment showed a backward time referral
effect during the first 100 ms through interaction with a neuronal
quantum system. Taking into account the fact that physical and brain
quantum systems were entangled, this effect should have an impact on
double-slit diffraction, as our results concerning dependent variables in
the E100 subgroup have shown.

Results published by professor Radin and coauthors in the study
contributed by the 21 participants showed that the z score of inter-
ference magnitude and phase was largest (z = —5.16) with data lagged
35, as was the case in our experiment. Similarly, the same investigators
observed the significant changes in Z score concerning the electric field
ratio (z = 4.38) in concentration vs. relax condition, exactly what we
observed in our study. The outstanding results obtained in the men-
tioned study proved for the first time the role of a conscious observer in
the quantum double-slit experiment. A similar study which was per-
formed by Guerrer included 127 participants [22]. The results of this
study revealed a statistically significant difference between the mea-
surements in intention versus the relax conditions (p = 1.89 X 10719,
supporting the existence of a not mapped form of interactions between
participants and a physical system. With respect to the results of the
previous experiments, we highlight the changes in absolute values of
five variables calculated in our study with corresponding Z scores
(corpuscularity, the magnitude of interference, quantum entanglement,
Heisenberg uncertainty, and electric field ratio) which was shown in
Tables 2 and 3. Concerning these values, our study showed an increase
in the corpuscular properties of the electromagnetic wave after an ob-
server took part in our experiment in a state of highly concentrated
attention. Another novelty in our experiment compared to previous
studies is the analysis of the quantum entanglement. The results ob-
tained in our experiment clearly showed statistically significant
quantum entanglement between the brain and the double-slit system,
which is only possible if the brain is a quantum system. In addition, we
found significant changes regarding the aforementioned variables, not
only in task with a very long attention span (during 45 s), already in the
task with cognitive evoked potential recording. Performing the proce-
dure with cognitive evoked potential we wanted to show the changes in
quantum variables over a very short period of time when consciousness
arises, according to well established period of 300 ms (latency of p300
potential which is elicited in many consciousness processes) as well as
100 ms (according to Libet's theory). The peculiarity of our experiment
is that we also included the entropy analysis of the EEG signal to show
that observer effect, which collapses wave functions into the particle, is
inevitably related to the amount of conscious information which is the
same as measurement accuracy. In other words, by using the entropy,
we have proved that the observer influence on the double-slit system
can be due to the brain quantum system and not just a consequence of
measurements performed by the physical detector, as it was previously
thought. Our results regarding the quantum entanglement and entropy
of the EEG signal can be the unknown form of interaction between the
participants and the physical system in Guerrer's experiment beautifully
denotes as Maxwell’s demon kind of interaction [22]. Very dedicated
investigators of consciousness, such as Penrose and Hameroff, con-
sidered the quantum theory as the process through which the con-
sciousness could arise, suggested a fine quantum process in microtubule
as a source of consciousness [23].
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Conclusion

Our experiment confirmed that attention affects electromagnetic
wave causing wave function collapse. In other words, results of our
study have shown that attention affects the manifestation of the par-
ticle-like behavior of electromagnetic waves. We tried to demonstrate
this effect by using variables closely related to the wave-particle
properties of the light. Heisenberg uncertainty principle, distinguish-
ability, quantum entanglement, as well as interference and electric field
ratio were significantly changed, with the exception of relaxed atten-
tion group, in all experimental groups compared to control group, im-
plicated that attention or consciousness is a quantum process with
possibility to be entangled with an electromagnetic wave. Quantum
entanglement, confirmed by previously mentioned results in our study,
also implicated the possibility that quantum superposition and collapse
could be inside brain mechanisms that give rise to consciousness. We
have concluded that if the entropy of the EEG signal and therefore, the
amount of information and the accuracy of the measurement are
greater, the wave properties of the electromagnetic wave are less.
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Abstract

AIM: To examine the effects of nitroglycerine on portal
vein haemodynamics and oxidative stress in patients
with portal hypertension.

METHODS: Thirty healthy controls and 39 patients
with clinically verified portal hypertension and increased
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vascular resistance participated in the study. Liver di-
ameters, portal diameters and portal flow velocities
were recorded using color flow imaging/pulsed Doppler
detection. Cross-section area, portal flow and index of
vascular resistance were calculated. In collected blood
samples, superoxide anion radical (O2), hydrogen per-
oxide (H202), index of lipid peroxidation (measured as
TBARS) and nitric oxide (NO) as a marker of endothelial
response (measured as nitrite-NO2") were determined.
Time-dependent analysis was performed at basal state
and in 10th and 15th min after nitroglycerine (sublingual
0.5 mg) administration.

RESULTS: Oxidative stress parameters changed sig-
nificantly during the study. H.0: decreased at the end
of study, probably via O: mediated disassembling in
Haber Weiss and Fenton reaction; O:" increased signifi-
cantly probably due to increased diameter and tension
and decreased shear rate level. Consequently Oz and
H20: degradation products, like hydroxyl radical, initi-
ated lipid peroxidation. Increased blood flow was to
some extent lower in patients than in controls due to
double paradoxes, flow velocity decreased, shear rate
decreased significantly indicating non Newtonian char-
acteristics of portal blood flow.

CONCLUSION: This pilot study could be a starting
point for further investigation and possible implemen-
tation of some antioxidants in the treatment of portal
hypertension.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Oxidative stress is a condition in which the delicate bal-
ance that exists between prooxidant (free radicals) pro-
duction and their subsequent amelioration #/a the antioxi-
dant defense system (ADS) becomes skewed in favor of
free radical expressionm. An increasing body of evidence
suggests that oxidative stress is involved in the pathogen-
esis of many cardiovascular diseases, including hyperten-
sion, hypercholesterolaemia, atherosclerosis, diabetes and
heart failure”™. The existence of an intetference of in-
creased oxidative stress with the vasodilatating properties
of veins is now a well known fact. The term endothelium
dysfunction is usually used to refer to an impairment of
endothelium-dependent vasorelaxation caused by a loss
of nitric oxide (NO) bioactivity in the vessel wall, which
is, in part, induced by accelerated NO degradation by
reactive oxygen species (ROS)*?. Endothelial function is
most commonly assessed as a vasodilatatory response to
various pharmacological agonists or mechanical stimuli
that induce endothelium-dependent or endothelium-in-
dependent vasodilatation”. One such agonist is nitroglyc-
erine (GTN)". The aim of our study was to determine
how sublingual administration of GTN might be used
for the evaluation of portal endothelium-independent
vasodilatation through estimating parameters of portal
vascular mechanics and oxidative stress in patients suf-
fering from portal hypertension. We hypothesized that
the endothelium independent vasodilatation of the portal
vein induced by sublingual GTN administration would
lead to increased oxidative stress and significant changes
in portal haemodynamics. The precise mechanism of
increased oxidative stress is to be determined; we favor
the importance of Haber-Weiss and Fenton’s mechanism.
Also, increased blood flow through the portal vein and
reduced shear rate may be involved in the previously
mentioned process of enhanced oxidative stress. Indeed,
portal blood flow is known to be affected by factors and
circumstances of chronic liver diseases, and its changes

evolved from basic haemodynamic laws""",

MATERIALS AND METHODS

Patients

This research was performed with a group of 39 patients
with chronic liver disease and 30 healthy controls. Pa-
tients with chronic liver disease were recruited from the
Department of Gastroenterology, Internal Clinic, Clinical
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Centre Kragujevac, while controls were recruited from
the medical staff. The only obligatory inclusion criterion
for the participants of the experimental group referred
to the existence of previously clinically confirmed serious
chronic liver disease (by ultrasonographical assessments,
patient’s anamnesis and biochemical parameters). Thirty
eight patients had previously confirmed hepatic cirrhosis
and one patient was recruited with clinical diagnosis of
Hepatitis B. Patients were defined as preascitic if they
had never been diagnosed with ascites according to clini-
cal and ultrasonographical examinations. None of the
subjects took any medication known to affect vascular
tonus or blood flow. Written informed consent was ob-
tained from all patients and the study protocol was ap-
proved by the local Ethics Committee prior to the onset
of the study. The investigation was conducted in accor-
dance with the principles outlined in the Declaration of
Helsinki (Last updated in 2005) and principles of Good
Clinical Practice (GCP).

Protocol

The examinations were performed in a quiet, air-con-
ditioned, temperature controlled room (22-24 °C). The
antecubital vein was cannulated by using a 19-gauge poly-
ethylene catheter for taking blood samples. Blood samples
were taken at rest and in the 10th and 15th min after
endothelium-independent vasodilatation induced by sub-
lingual GTN administration (0.3 mg). Parameters of portal
vascular mechanics were recorded in the 10th and 15th
min after endothelium-independent vasodilatation by using
a Doppler 2D machine. All ultrasonographical measure-
ments were performed by 3 independent physicians and
mean value was used for the final calculations.

Biochemical assays

Blood samples were taken from the antecubital veins into
a Vacutainer test tube containing sodium citrate antico-
agulant. Blood was centrifuged to separate plasma and
red blood cells (RBCs). Biochemical parameters were
measured spectrophotometrically.

Nitrite determination

Nitric oxide was assessed as nitrite and quantified by a
spectrophotometric method using Griess reagent. 0.5
mlL of perfusate was precipitated with 200 pl. of 30%
sulfosalicylic acid, vortexed for 30 min and centrifuged
at 3000 X g Equal volumes of the extracted plasma
and Griess’s reagent, containing 1% sulfanilamide in
5% phosphoric acid/0.1% napthalene ethylenediamine-
dihydrochloride was added and incubated for 10 min in
the dark and read at 543 nmol/L. The nitrite levels were
calculated by using sodium nitrite as a standard"®.

Superoxide determination

The level of superoxide anion radical (O2) was measured
using Nitro Blue Tetrazolium (NBT) reaction in TRIS-
buffer with plasma and read at 530 nm. Bidistilled water
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was used as a blank probem.

Hydrogen peroxide determination

The level of hydrogen peroxide (H202) was measured using
Phenol Red reaction in TRIS-buffer with plasma and read
at 230 nm. Bidistilled water was used as a blank probe!'”.

Index of lipid peroxidation (thiobarbituric acid reactive
substances)

The degree of lipid peroxidation in coronary venous ef-
fluent was estimated by measuring of thiobarbituric acid
reactive substances (TBARS) using 1% thiobarbituric acid
(TBA) in 0.05 NaOH incubated with plasma TCA ex-
tracts (using 28% Trichloracetic acid-TCA) at 100 'C for
15 min and read at 530 nm. Bidistilled water solution was

used as a blank probemj.

Calculations

The following haemodynamic and biomechanical param-
eters were calculated: (1) Portal flow-blood flow rate (1/
min) through portal vein; (2) Shear rate-the velocity gradi-
ent between the moving planes, AV/AX (s7); (3) Portal
cross sectional area-area normal to flow direction (cm®);
(4) Resistance index-relative maximal velocity gradient;
(5) Inlet length-point where a constant flow regime is es-
tablished (cm); (6) Expected (ideal) portal vein flow ratio-
ideal flow ratio with regard to Poiseuille's equation; (7)
Pressure ratio-estimated pressure changes derived from
Poiseuille’s equation; and (8) Portal vein flow ratio-experi-
mentally obtained value quotient flow.

The portal flow (Q) was calculated by using equa-
tion 1.1a, where D is portal diameter and Vimean is average
blood flow velocity:

2
Q= Dr
4

It is of interest to emphasize that portal blood flow
calculated by equation 1.1a has to be in concordance with
theoretical consideration of venous blood return and
modified Poiseuille’s law (equation 1.1b and 1.1¢). MCP
is mean circulatory pressure, RAP is right atrial pressure,
Rvand Raare vein and arterial resistance, n is viscosity,
AP is pressure difference, P is pressure, L is length, E is
incremental elastic modulus, h is wall thickness.

(1.12)

Vmcan

Q= MCP — RAP
- 1.1b
RV+& ( )
19
4
Q- Rim AP 1 (1.19)
8n L R.P,
(I=—-)
Eh

Shear rate (Str) was calculated according to equation
1.2, where Q is portal flow and r is portal radius:
_4Q
n

St 1.2)
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Portal cross sectional area (CSA) was calculated with
regard to equation 1.3, where D is portal diameter:

D’n

CSA = (1.3)

RI represent portal resistance index and it was esti-
mated by using maximal and minimal blood flow velocity
(Vimax and Vmin) according to the formula 1.4:

vV .-V
RI — max min (1 '4)
Vmax
The inlet length (L) was taken as:
v 2
L — 4, 2 mean (1.5)

Expected (ideal) portal vein flow ratio (Fidea) with re-
gard to Poiseuille’s equation was calculated by using equa-
tion 1.6. We made the assumption that o is 1. ¢ is ratio
of the viscosity, Dr is diameter in 10th or 15th min of
test and Do represents initial diameter.

4
t
D

Pressure ratio (APruio) was calculated according to
equation 1.7. Q: is portal blood flow in the 10th or 15th
min of test, Qo is basal portal flow, while Dr and Do are
portal vein diameters in the same time intervals appar-
ently.

Edeal -

(1.6)

4

_QD

0
QOD?
We used equation 1.8 to approximately assess portal
vein pressure difference between 10th min of the test and
basal pressure with regard to Bernoulli’s rule. In the fol-
lowing equation Vmeno and Vmene are the initial and 10th
or 15th min mean blood flow velocity. p is the density of
blood with assumption that it’s value is 1060 kg/ m’.

(1.7)

ratio

Vrieunt - riean() ) (1 8)

1
AP =—
2p<

Portal vein flow ratio (F) was calculated with regard
to experimentally obtained portal vein flow values:

Q10/Qo and Q15/Qo (1.9

Statistical analysis

Descriptive data were expressed as means = SEM. The
significance of difference between the two groups was
assessed by Student’s ~test, while differences between
parameters in different time measurements were assessed
by analysis of vatiance test with repeated measures and
paired samples ~test as post-hoc. Statistical analysis of
interobserver agreement for quantitative variables (D,
Vimax, Vimin) was performed using the intraclass correlation
coefficient. Results were interpreted as poor (< 0.04),
regular (0.41-0.75) or excellent (> 0.76). P values < 0.05
were considered significant. All statistical analysis was

performed using the SPSS (version 15).
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Clinical parameters Patients Control P value
(n = 39) (n = 30)
Average age (yr) (mean * SE) 548+1.3 425+09 <0.01
Gender
Male 34 (87.1) 17 (56.7) <0.01
Female 5(12.9) 13 (43.3) <0.01
Body mass (kg + SE) 725+20 72.8+2.6 NS
Height (cm + SEM) 1704+14  1711+21 NS
Body mass index (mean * SE) 41912 423+13 NS
Diagnosis <0.01
Cirrhosis hepatis 38 (97.4) 0(0)
Hepatitis B 1(2.6) 0(0)
Diameter liver (mm + SE) 168.4 +3.1 1473 £2.2 <0.01
Ascites <0.01
Yes 4 (10.3) 0(0)
No 35 (89.7) 30 (100)
Varices esophagi <0.01
Yes (Grade 1) 3(7.7) 0(0)
No 36 (92.3) 30 (100)
AST (U/I + SEM) 90.5+15.5 214+14 <0.01
ALT (U/I+SEM) 453 +8.6 24115 <0.01
GGT (U/1+ SEM) 267.5+41.6 35.6+1.6 <0.01
AST <0.01
Increased 25 (64.1) 0(0)
Normal 14 (35.9) 30 (100)
ALT <0.01
Increased 12 (30.7) 0(0)
Normal 27 (69.3) 30 (100)
GGT <0.01
Increased 22 (56.4) 0(0)
Normal 17 (43.6) 30 (100)
Total bilirubin (umol/L + SE) 433+8.0 18.6+0.8  <0.01
Direct bilirubin (umol/L + SE) 182+39 29+02 <0.01
Total bilirubin <0.01
Increased 25 (64.1) 0(0)
Normal 14 (35.9) 30 (100)
Direct bilirubin <0.01
Increased 29 (74.4) 0(0)
Normal 10 (25.6) 30 (100)

AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; GGT:
Gamma glutamyltransferase; NS: Not significant.

RESULTS

Subjects’ characteristics and portal vein parameters
Demographic and clinical characteristics of the study
population are presented in Table 1.

Investigated haemodynamic and biomechanical pa-
rameters of patients and controls before and after GTN
administration are summarized in Table 2.

Groups significantly differed in the majority of inves-
tigated parameters in all three times of measurement.

Following GTN administration, the majority of por-
tal vein vascular mechanic and hemodynamic parameters
reached a maximum after 10 min in both groups and
then slightly changed in the opposite direction during the
last 5 min of the performed test. Figure 1 illustrates the
effects of GTN administration on mean portal flow.

Vasodilatation after GTN administration was associ-
ated with a significant difference between obtained and
ideal portal flow rate ratio in patients both in 10th and
15th min of the test. However, there was no significant
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Figure 1 Portal blood flow rate in controls (full line) and patients (dotted
line).

difference in Fbetween the controls and patients.

In the 15th min of the test, the decrease of the pres-
sute ratio in controls resulted in significant differences in
its values between controls and patients and this phenom-
enon is in concordance with the decrease in hydrodynamic
pressure in controls but still significantly higher hydrody-
namic pressure in controls. Bernoulli’s equation was used
with regard to significantly shorter portal vein (about 8
cm) when compared to the inlet length and therefore flat
velocity profile. Shear rate observation could be of inter-
est with regard to study of the boundary level and served
to assess flow velocity profile. During our study velocity
profile was flat, with a very thin boundary level. Table 3
shows data (diameter, maximal and minimal blood flow
velocity) measured by three independent observers. In-
terobserver agreement evaluated by the intraclass correla-
tion coefficient showed excellent and regular results for
the quantitative variables as shown in Table 3.

Oxidative stress parameters

The dynamics of oxidative stress parameters in patients
and controls can be seen in Figures 2A-D. At rest, signifi-
cant differences between patients and controls were ob-
served in levels of Oz (12.88 * 2.24 nmol/ml. »s 6.57
1.07 nmol/mL, P < 0.05) and NO (4.85 + 1.01 nmol/mL
5 15.06 £ 1.11 nmol/mlL, P < 0.01). The same situation
was observed 10 min after GTN administration, while
in 15th min of the test patients experienced a significant
rise in the level of the index of lipid peroxidation (2.37 *
0.47 pmol/L »s 1.26 £ 0.08 umol/L, P < 0.05), so groups
now differed in three oxidative stress parameters.

GTN administration induced a significant rise in NO
levels only in controls (NO levels were increased in the
10th min), but their NO levels returned to the basal values
15 min after GTN administration. The responses of Oz
and TBARS to GTN administration wete similar: 10 min
after GTN administration levels of Oz and TBARS were
elevated in both groups. In the 15th min of the test, con-
trols” Oz and TBARS levels decreased to the levels similar
to that in rest, while patients experienced further increases
in the level of the index of lipid peroxidation and their
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Parameters Groups 0 min P value 10 min P value 15 min P value

D (mm) Patients 11.60 + 0.32 <0.01 13.81+0.31° <0.01 13.63 +0.33" <0.01
Controls 9.19 +0.33 11.02 +0.34° 11.72 +0.37°

CSA (cm’) Patients 1.08 +0.06 <0.01 1.52 +0.69° <0.01 1.49 +0.70° <0.01
Controls 0.68 +0.05 1.09 + 0.06" 1.11 £ 0.06°

Q (I/min) Patients 0.61 +0.05 NS 0.80 +0.07° NS 0.78 +0.71° <0.05
Controls 0.66 + 0.06 0.86 + 0.05° 0.95 +0.08°

Sr (1/s) Patients 66.50 +3.91 <0.01 49.85 +3.07° <0.01 51.71 +3.30° <0.01
Controls ~ 139.87 +5.25 111.29 + 5.57° 83.83 +5.58°

Vmean (cm/s) Patients 9.39+0.50 <0.01 8.55 + 0.55" <0.01 8.69+0.57 <0.01
Controls 15.63 + 0.48 13.13 + 0.44° 1434 +0.54°

Vimax (cm/s) Patients 10.60 + 0.57 <0.01 9.77 +0.65" <0.01 9.84 +0.62° <0.01
Controls 19.31 +0.56 16.51 +0.51° 18.03 + 0.69°

Vimin (cm/s) Patients 8.18+0.43 <0.01 7.34+0.48" <0.01 7.53 +0.53° <0.01
Controls 11.96 + 0.48 9.75 + 0.46" 10.65 + 0.47°

RI Patients 0.22 +0.01 <0.01 0.24 +0.01 <0.01 0.24 +0.01 <0.01
Controls 0.37 +0.02 0.41 +0.02 0.40 + 0.01

L (cm) Patients 13.69 +1.12 NS 17.95 +1.68" NS 17.52 +1.58" NS
Controls 15.08 +1.56 17.00 +1.56" 21.26 +1.78"

Fideal Patients / / 2.32+0.21° NS 2.11+0.17 <0.05
Controls / 254 +0.34" 3.38 +0.51°

APratio Patients / / 0.66 + 0.03 NS 0.68 +0.03 <0.05
Controls / 0.68 + 0.04 0.49 + 0.04

F Patients / / 1.34 +0.07 NS 1.31+0.06 NS
Controls / 1.45+0.10 1.48 +0.08

AP (mmHg) Patients / / 0.004 + 0.003 <0.01 0.005 + 0.003 <0.05
Controls / 0.029 + 0.006 0.014 + 0.003°

Values are expressed as mean * SE; P in colon 3, 5 and 7 relates to the existance of the difference between groups, while a and b represent the existance of

difference between the initial measurement and the measurement in 10th or 15th min. d represents the existance of difference between Fideal and F. e repre-
sents the existance of difference between the measurements in 10th and 15th min. °P < 0.05 vs 0 min, °P< 0.01 vs 0 min, “P < 0.01 vs F, °P < 0.05 vs 10 min. D:
Portal diameter; CSA: Cross sectional area; Q: ; Sr: Shear rate; RI: Portal resistance index; L: Length; Fidcal: Expected (ideal) portal vein flow ratio; F: Portal

vein flow ratio; APrtio: Pressure ratio; AP: Pressure difference; NS: Not significant.

Parameters Groups 0 min 10 min 15 min

I I Jill 1A 1 I Jill 1A 1 I 1 1A
D (mm) Patients 11.47 £0.31 11.70 £ 0.33 11.59 £ 0.31 0.84 13.79+0.31 13.86+0.32 13.80 £0.31 0.89 13.61 £0.33 13.65+0.35 13.64 +0.32 0.95

Controls 9.22+0.32 9.19+0.34 9.22+0.32 0.96 11.07+0.35 10.91 £0.29 11.00+0.35 0.84 11.80+0.43 11.77£0.39 11.55+0.34 0.9

Vimax Patients 10.55 + 0.53 10.99 + 0.64 10.17 £0.50 0.83 9.80+0.63 10.84+0.72 8.94+0.52 0.73 9.91+0.64 10.01 £0.62 9.52+0.59 0.79
(cm/s) Controls 19.74 £0.56 19.11 £ 0.52 19.07 £ 0.61 0.80 17.11+0.53 16.44 +0.48 16.02+0.50 0.79 18.11+0.72 18.77 £0.81 17.43+0.55 0.75
Vmin Patients 8.11+040 859+0.51 7.73+0.36 0.76 7.48+051 722+050 7.32+044 0.83 7.68+050 7.90+059 7.01+0.51 0.79
(cm/s) Controls 12.12+0.55 12.26 +£0.60 11.46 £0.34 0.79 9.86+0.48 9.89+0.48 9.55+042 0.84 10.89+0.55 10.22 £0.43 10.78 £ 0.40 0.81

Interobserver agreement for quantitative parameters (portal vein diameter, maximal and minimal blood flow velocity) calculated from the comparison of

data from all three observers. D: Portal diameter; IA: Interobserver agreement.

Oz levels remained elevated. Hydrogen peroxide did not
change significantly throughout the study.

DISCUSSION

Haemodynamics

Endothelium-independent vasodilatation observed after
GTN administration was caused by smooth muscle relax-
ation of the portal vein. Portal vein diameter rose signifi-
cantly throughout the study and concomitantly statisti-
cally significant enhancement in portal blood flow (15th
min) appear to be in concordance with equation 1.1b.
With regard to equation 1.1b it is clear that small changes
in vein resistance lead to huge blood flow changes, where-
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as the influence of arterial resistance is dampened due to
high value of capacitance. However, there was no statisti-
cally significant difference in portal flow rate between the
groups in the first ten minutes of the test, moreover flow
rate was higher in controls compared to patients. In con-
trols portal flow rate rose continuously compared to a de-
creasing pattern in patients after the 10th min of the test.
One possible explanation for the lower flow rate in pa-
tients »s controls is increased incremental elastic modulus
(with regard to equation 1.1c) and consequent leftward
shift of the pressure-volume curve. However, in patients
we could expect a parallel shift of the pressure-volume
curve. The latter does not imply changes in compliance.
It is of interest to emphasize hyperdynamic circulation in
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Figure 2 Thiobarbituric acid reactive substances, nitric oxide, Oz and Hz0: levels after nitroglycerine administration: measured at the beginning of the
test, in the 10th and the 15th min of the test (results are expressed as mean * SE of the mean; °P < 0.05, p< 0.01). A: Thiobarbituric acid reactive substances

levels (TBARS); B: Nitric oxide (NO) levels; C: Oz levels; D: H202 levels.

patients with liver cirrhosis. During the first 10 min, aver-
age blood flow velocity decreases simultaneously in both
groups due to higher increases in portal cross-sectional
area compared to flow rate. Our study disclosed signifi-
cantly reduced mean blood flow velocity during the first
10 min of the test due to discrepancies between blood
flow and CSA. Table 2 shows that blood flow velocity
parameters were significantly higher in controls than in
patients.

A similar pattern was obtained by using ideal and
measured portal blood flow values. The ideal (expected)
value was calculated by using equation 1.6 with regard
to assumption of the equality of blood viscosity during
the study. If the assumption about the equality viscosity
is true, then o, = 1. Nevertheless, a significantly reduced
shear rate in patients after GTN administration (49.85 £
3.07 »s 66.50 £ 3.91) led to a nonlinear correlation with
shear stress, so o might be different in comparision to
the ideal value. In the 10th min of the test, expected (ideal)
flow ratio rose up to 2.32 in patients and 2.54 in controls,
while at the same time obtained flow ratio (F) was 1.34 »s
1.45 and both these differences were not statistically sig-
nificant between groups. At the same time ideal flow ratio
was significantly higher in both groups compared to the
experimentally obtained flow ratio. However, ideal flow
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ratio was significantly higher in controls »s patients in the
15th min of test. High compliance does not reflect good
elastic properties of vein, as one could presume, it rather
reflects a change in geometrylzoj. At low pressure the vein’
s cross section is ellipsoidal and every rise in pressure
causes the vein to become more circular, without change
in diameter, but with a great increase in cross-sectional
area the vein becomes fully rounded and concomitantly
the flow velocity decreases due to an inverse relationship
with CSA. At higher steady state pressure, every further
rise in pressure causes changes in diameter.

This concept is very similar to the observations made
in our study. Table 2 shows a significant difference be-
tween the diameter in patients »s controls after GTN
administration. This is, together with mentioned changes
in viscoelastic properties (increased elastic modulus) and
observed low shear rate in patients, a possible explana-
tion for the proposed “double paradoxes”m, phenome-
non seen in cirrhotic patients, due to obviously increased
intrahepatic resistance as a consequence of elevated
vasoconstrictor levels. At the same time increased sys-
temic vasodilatation dampened responses to endogenous
vasoconstrictors, and the overall effect was markedly
increased systemic blood flow. Under physiological con-
ditions vein capacitance does not allow any apparent de-
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cline in venous system pressurepz]. However, we assumed
that under physiological conditions, increased flow rate
(volume ovetload) due to GTN administration means the
portal vein wall is still working in less steep part of the
tension-volume curve which further leads to a significant
hydrodynamic pressure drop in the control group (15th
min). The net effect is lower resistance to pressure chang-
es than we could expect, reflecting the inherently limited
distensibility of the portal vein. On the contrary, in some
liver diseases increased sinusoidal resistance is responsible
for the parallel and leftward shift of the pressure-volume
curve. The result of this phenomenon could be a signifi-
cantly lower hydrodynamic pressure difference in patients
vs controls and observed significant difference between
the groups in 15th min of test with regard to pressure
ratio. Indeed, it is obvious that the lower initial velocity
in patients led to a significant difference in hydrodynamic
pressure during the whole test.

The most interesting observation is lower pressure
ratio in controls us patients in the 15th min of the test,
which suggested proposed mechanism of geometry and
biomechanical changes in portal vein wall. Shear stress
is in good linear correlation to the shear rate (equation
1.2) only in Newtonian fluid. The very low shear rate
in patients, obsetved in our study (66.50 £ 24.14 1/s in
basal conditions), rules out linear correspondence be-
tween these parameters. At low shear rates the apparent
viscosity (n) increases markedly. Shear rate measured in
the 10th min of the test was significantly lower than the
basal value in both groups, while in controls shear rate
was significantly higher compared to patients. Below a
value of 2001 /s the fluid behaviour is non Newtonian™
The significance of this observation was stated above in
discussion about blood flow discrepancy (double para-
doxes). Using the inlet length value, given previously in
Table 2, the parabolic velocity profile would not be ex-
pected to show complete development, already held flat
profile. The reason is a much shorter portal vein (usually
8 cm) compared to inlet length. We used equation 1.8
to approximately assess portal vein pressure difference
between the beginning of the test and the 10th min of
the test with regard to Bernoulli’s rule and Poiseuille’s
equation. Bernoulli’s equation was used, as we mentioned
above, due to greater unsheared region in the flat velocity
profile and it could at least be useful for explaining pres-
sure change.

Oxidative stress

Increased oxidative stress is a well-known condition in
many diseases. Oxidative stress is defined as the tissue
damage resulting from an imbalance between an exces-
sive generation of oxidant compounds and insufficient
anti-oxidant defence mechanisms!. Different cellular
enzymes, including xanthine oxidase, cyclooxygenases,
lipoxygenase, have been identified as cellular source of

ROS.

NO: Nitric oxide, as we expected, did not change signifi-
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cantly in patients in our study. Controls had significantly
higher levels of NO at rest, and GTN administration
induced its significant increase, observed in the 10th min
of the test. NO excessive synthesis might be possible due
to mechanisms of flow mediated vasodilatation ziz open-
ing of stretch-activated calcium channels and further
intracellular calcium accumulation, which in turn stimu-
late NO production[24’25]. Increased NO synthesis is also
expected in liver cirthosis environment conditions. How-
ever, several mechanisms counteracted the low-mediated
increase in NO synthesis in patients: decreased shear
stress induced NO synthesis inhibition; superoxide medi-
ated peroxynitrite formation (superoxide was dramatically
higher in patients verus controls). We propose that in
portal hypertension, high pressure (P) mediated an expo-
nentially decreased reaction rate constant (K2) of the ion
channel, and altered gating properties of the channel™.
This mechanism may be explained according to equation
2.0:

_PAV
RT

2.0)

K> represents the reaction rate constant at pressure P,
ki is the channel activation constant in basal condition,
T is temperature. However, the pressure ratio is similar
in both groups, so it is more likely to presume that in-
creased peroxynitrite formation and extensive synthesis
of asymmetric dimethyl arginine (ADMA), a potent NOS
inhibitor”” are involved in maintaining the same values
of NO in patients. ADMA is downregulated and very
much depends on the activity of the enzyme dimethyl-
diamino-hydrolase (DDHA) which transforms ADMA
into citrulline. Increased oxidative stress should be able to
reduce the availability of NO, so counteracting excessive
NO production in liver cirrthosis. The present data dem-
onstrate that excessive NO synthesis seen in patients with
liver cirrhosis might be significantly modified by several
described mechanisms.

H:0:2: Hydrogen peroxide is created in the reaction of
superoxide anion and hydrogen cation but this reaction
is too slow (K2 < 1.0 M''S", t%2 = 1 min) despite the
high redox potential (0.89 V). Almost certainly the
Fenton and Haber-Weiss reactions are essential for
H:0:2 disassembling. The total redox potential of Haber
Weiss and Fenton reaction is 0.78 V, very close to redox
potential of synthesis reaction (0.89 V), indicating
equilibrium between these opposite reactions (probability
that hydrogen peroxide will change it's value in this
case is zero, see later) and giving a possible explanation
for unexpected lack of changes in hydrogen peroxide
values throughout the performed study. Haber-Weiss and
Fenton reactions can be deleterious, giving rise to the
formation of the highly reactive hydroxyl radical (OH’),
which induces lipid peroxidation. The concentrations of
hydrogen peroxide and superoxide prior to test were in
approximately equimolar equilibrium (in controls Oz
12.88 nmol/mL and H202: 9.93 nmol/mL; in patients

January 28, 2012 | Volume 18 | Issue 4 |
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O2: 6.57 nmol/mL and H202: 6.70 nmol/mL). The
possibility (P) of some reaction and it's correlation to the
redox potentials difference (AU = 1 - @2) is theoretically
determined by using equation 2.1:

_Au

P=ec & @.1)

O2': Superoxide basal value was markedly higher in the
patients compared to controls, and this observation sug-
gests increased oxidative stress in patients with chronic
liver disease. Significantly higher initial nitric oxide levels
in controls compared to patients may be due to a “mirror
pattern” with superoxide. Taken overall, these findings
suggest that superoxide is a good indicator of oxidative
stress in patients with chronic liver disease.

Superoxide is produced in accordance to Hund's rule
so the probability of it's formation is higher than the
probability of reduction with two electrons. The redox
potential of superoxide generation is 0.16 V. Superoxide
was significantly higher in patients compared to controls
during the entire test. There is the possibility, albeit not
undisputed, that one major contributing factor is the
diameter, as the larger diameter in patients #s controls
created greater circumferential wall stress according to
Laplace's law. Increased oxygen consumption, promoted
by increased tension, leads to increased superoxide pro-
duction. However, there are doubts about whether super-
oxide levels are in better correlation with shear stress and
Voigt's model™ compared to Laplace's law.

TBARS: Oxidative stress could firstly be evidenced by an
increase in TBARS concentration. TBARS continuously
increased significantly (compared to basal value) in pa-
tients during the test. Basal values did not differ between
the groups, but a significant difference was revealed after
GTN administration. Indeed, we assumed that increased
production of superoxide interferes with increased lipid
peroxidation and TBARS concentration.

In conclusion, our study showed that endothelium-
independent vasodilatation leads to a significant increase
in blood flow and significant decline of mean blood flow
velocity and shear rate in participants with chronic liver
disease. Increased blood flow was to some extent lower
than expected, probably due to increased liver sinusoidal
resistance and mentioned double paradoxes. We proved,
as a consequence of decreased shear rate far below the
critical value, non Newtonian behaviour of portal vein
blood flow. Tentative changes in Oz and H20:2 levels re-
vealed the crucial role of ROS as trigger factors of lipid
peroxidation. The preceding findings are in coherence
with our assumption of Oz and H202 mediated lipid per-
oxidation »ia Haber Weiss and Fenton reactions.

Our study could be of great clinical importance, es-
pecially regarding the role of oxidative stress in portal
vein haemodynamics. This pilot study could be a starting
point for further investigation and possible implementa-
tion of some antioxidants in the treatment of portal hy-
pertension.

(49
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Background

Oxidative stress is a condition in which the delicate balance that exists between
prooxidant (free radicals) production and their subsequent amelioration via
the antioxidant defense system becomes skewed in favor of free radical
expression. The existence of an interference of increased oxidative stress with
the vasodilative properties of veins is now a well known fact, resulting in endo-
thelial dysfunction i.e., a loss of nitric oxide (NO) bioactivity in the vessel wall.
We hypothesized that the endothelium independent vasodilatation of the portal
vein induced by sublingual nitroglycerine administration would lead to increased
oxidative stress and significant changes in portal hemodynamics.

Research frontiers

Nitroglycerine is one of the most often used drugs in the treatment of vascular
diseases. In some previous studies it was shown that nitroglycerine-induced
vasodilation is impaired in some vascular diseases which points to the possible
use of that drug in the diagnosis of different vascular diseases.
Innovations and breakthroughs

In previous investigations, application of nitroglycerine in order to test brachial
artery reactivity showed that patients suffering from coronary artery disease
exhibit loss of endothelium-independent (induced by nitroglycerine) as well
as endothelium-dependent vasodilation (induced by short-term artery occlu-
sion) compared to controls. Taking into consideration hyperdynamic portal vein
circulation in patients suffering from portal hypertension it seems that some
basic vascular mechanisms can correlate with other vascular diseases such as
coronary artery disease. In concordance with that, the aim of our study was to
determine how sublingual administration of nitroglycerine might be used for the
evaluation of portal endothelium-independent vasodilatation through estimating
parameters of portal vascular mechanics with special interest in oxidative stress
in patients suffering from portal hypertension.

Applications

The study results suggest that nitroglycerine-induced vasodilation could be
used as a potential new diagnostic test for evaluation of severity in portal hyper-
tension.

Terminology

Portal hypertension: Increase in blood pressure in the veins of the portal sys-
tem caused by obstruction in the liver (often associated with alcoholic cirrhosis),
causing enlargement of the spleen and collateral veins associated with regional
hyperdynamic circulation; Nitroglycerine: Commonly used drug for treatment
of vascular diseases, basically coronary artery disease, which acts by inducing
endothelium-independent vasodilation; Oxidative stress: A condition in which
the delicate balance that exists between prooxidant (free radicals) production
and their subsequent amelioration via the antioxidant defense system becomes
skewed in favor of free radical expression.

Peer review
This is an original article, important for the development of the field of study.
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Abstract: Aim: Patophysiological modeling of
pigmented purpuric dermatoses based on venous hy-
pertension. Capillaritis are considered to be patophysi-
ological equivalent, or etiological basis of pigmented
purpuric dermatoses. The exact mechanism has not
been established and suggests the following: increased
venous pressure, odontogenic processes, hypersensiti-
vity to carbamezepine, meprobamate, furosemide, vi-
tamin B1, contact dermatitis (khaki-colour dermatitis),
capillary fragility and perforating vein incompetence.
In this paper we presented a mechanism based on in-
creased venous pressure.

Methods: Graphic presentation of Crank, Krogh
and Bessel equation.

Results: In Schamberg’s disease relative and ab-
solute hemoglobin concentrations are changed much
more slowly than in Majocchi disease. Curves based
on Bessel function provides better explanation for he-
moglobin changes according to clinical presentation.

Conclusion: This review study could be starting
point for further investigation of pigmented purpuric
dermatoses.

Key words: purpura, hemoglobin, laminar flow,
diffusion.

INTRODUCTION

The pigmented purpuric dermatoses are a group of
chronic diseases of mostly unknown etiology that have
a very distinctive clinical appearance. They are charac-
terized by extravasation of hemoglobin and erythro-
cytes in the skin with marked hemosiderin deposition.
Nomenclature distinguishes the following pigment
dermatosis: Progressive pigmentary dermatosis of
Schamberg, pigmented purpuric lichenoid dermatosis
of Gougerot and Blum, Purpura annularis telangeictoi-
des of Majocchi, Itching purpura of Lowenthal, ecze-

Prihvacen/Accepted 10.11. 2013. god.

matid like purpura of Doucas and Kapetanakis, granu-
lomatous purpura, segmental pigmented purpura, Lic-
hen aureus, Angiodermatitis pigmentosa et purpurica
of Favre Chaix. There is considerable overlap in their
histology. The basic process is a capillaritis of the up-
per dermal vessels that is manifested by a lymphocytic
and histiocytic perivascular infiltrate confined to the
papillary dermis, capillary endothelial proliferation,
and extrava sation of erythrocytes. Mild spongiosis
and patchy parakeratosis favour the diagnosis of ecze-
matid-like purpura of Doucas and Kapetanakis. We
suggest the following pathophysiological mechanism
based on the diffusion of gases and soluble particles.
Also, extracapillary diffusion of hemoglobin is mode-
led according to Crank’s Krogh’s model and model ba-
sed on Bessel functions. Brownian motion and diffu-
sion take place up to the size of particules of 3—4 pm,
then decreases according to gravitational movement of
particles, in our case the erythrocytes. This is one of the
reasons for the presentation of pigmented purpuric der-
matoses primarily on lower extremities. One of the fac-
tors, suggested as the main cause of the disease, is in-
creasing of venous pressure in deep or perforating ve-
ins (1, 2, 3).

METHODS

The purpose of this study is to highlight the diffe-
rent mechanisms by which hemoglobin and erythro-
cyte diffusion play a role in Schamberg and Majocchi
disease. Basic law that is applicable in this study is
Fick’s second law of diffusion (relation 21, 23 and 25).
To get a geometric results, based on these last equati-
ons, we related given equations with curves in polar
and Cartesian coordinate system by using arbitrary val-
ues. These curves are mathematical proof of the propo-
sed hypothesis. Curves are obtained by using program
Wolfram Alpha.
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Calculations conductivity P, and P, are the pressures, 7 is the radius
of the channel, p represents viscosity.
L=42-V -7’ (1)
_P-s
J=1-e F 9)

L is inlet length, V" is the mean flow velocity, 7 is
radius.

42X

TR

d is the boundary layer, Xis the vessel length, R is
the Reynold’s number.

_nzo(n—l)2
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> is the value of sigma effect, n is the number of
red blood cells in the vessel chamber.
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P, is Peclet’s number, Vis velocity, Xis the length,
D is the diffusion coefficient.
7

—3)2
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P is the permeability, D is diffusion coefficient, A
is the molecule to pore ratio.
n-m-rt

L =—F— 6)
" otop-Ax (

L, represents hydraulic conductivity, # is the total
number of pores (channels), r is the radius of the pore,
T is the tortuosity, p represents viscosity, Ax is the
length of the channel.

J

:4-r-s(2-R-T] P, -P, o

3 M Ax-R-T
J is the diffusion flux, € is the porosity, R is the
Rydberg constant, r is the radius of the pore, P, and P,

are pressures, AX represents diffusion length, 7 is the
temperature.

J=L, -S-{(Pl _P)-c° -nl[l_empﬂ(iga)
l-c-e =

_rz'(Pl -P))
8-

J (8b)

S is area, o is the reflection coefficient, w, is the
oncotic pressure of the vascular side of the capillary
vessel, P, is the Peclet’s number, L, is the hydraulic

J is the diffusion flux, P is the permeability, S is
the area, F'is the blood flow rate.

Clx,y)=

Y+E
—erfC 3

4'D‘{ 4-D-£
U U

C(x, y)and C, are the concentrations, X and Y rep-
resents distance in x and y direction, H is the diameter
of the capillary vessel, U is the blood flow velocity, D
is the diffusion coefficient.

y- o
3

=% erfC (10)

R
R—VPa +R,
P, = X (11)
1+—=
R

a

P,,, 1s the capillary pressure, R, and R, are the ve-

nous and arterial resistance, P, and P, are the arterial
and venous pressure.

(12)

K, and K, are the rate constants, P is the pressure,
AV is the volume, R is the Rydberg constant, 7 is the
temperature.

s, =+2m (13)

S, is the shear-stress, O is the flow rate, 1 repre-
sents viscosity, 7 is the capillary radius.

Mo

(14

1 is the viscosity, 1, is the viscosity in a tube of
infinite radius, d is the diameter of the particle and R is
the radius of the tube.

n= (14)

P=

(15)

e’ - n!
P is the Poisson probability, a is the total number
of'red blood cells in capillary tube, n is the count of red
blood cells in collision with the capillary wall.
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K. =
o e-k-T

(16)

Kpy 1s the Debye-Huckel constant, k is the Bol-
tzman constant, e is the electron charge, ¢ is the concen-
tration, z is the valency of the ion, 7'is the temperature.

Y=Y, e on? (17)

¥, is the surface electric potential, ¥ is the poten-
tial at point x, K, is the Debye-Huckel constant.

1
196-k-v?
Er————

€-a-0?

(18)

€ is the zeta electric potential, £ is the liquid elec-
tric conductivity, € is the kinematic viscosity, a is the
dielectric constant, a is the radius of the particle, o is
the rotation velocity.

po KT 19
8-1- n-r
D is the rotation diffusivity, k is the Bolzmann
constant, 7 is the temperature, 1 represents viscosity,
is the radius of the particle.

g APCe (20)
4omem-A

H is the streaming potential, & is the zeta potential,
¢ is the dielectric constant, n is the viscosity, A is the
electric conductivity.

C . . r
— | @¢"-RM)-2-In| — 21
R*-1-In(R") [(r 25 H(Rcﬂ 1)

C, and C, are the concentrations, R= (RJR,), r=
(7/R,), R, is the capillary tube radius, R, is the Krogh’s
cylinder radius, r is the distance from the center of the
capillary tube.

C,=C +

2-L-n-AC

2 2 2

z°—r —F

Cosh71 I
2.1, -1

J is the countercurrent exchange rate, L is the capil-
lary length, z is the intercapillary distance, 7, and r, are the
capillary radius, and AC is the concentration gradient.

C, -ln(bJ—Q -h{’“]
C = o 4 (23)

e

J = (22)

Cis the concentration, b is the outer cylinder radi-
us, a is the inner cylinder radius, x is the distance.

¢, -C,

ST |
C,-C, 2Dt

C, is the average surface concentration, C, is the
concentration at point x, C, is the initial uniform con-
centration at = 0, ¢ is the time, D is the diffusivity.

24

¢, -C, _
c.—C,

N X 2 ’[“i‘uj
N Sl . S & (25
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C,, C, C, are the hemoglobin concentration as in
equation 24. J; and J, are the Bessel function , o de-
notes the root of the Bessel function of zero order, D is
the diffusion constant, ¢ is the time, R is the radius of a
cylinder.

RESULTS

This paper presents three diffusion models of he-
moglobin. The first two models represent the effects of
equilibrium (steady state) diffusion. The third model
related to the non-steady state condition. The relations
21, 23 and 25 describe them, and all are based on the
principles of Fick’s second law. All three relations re-

10 B 10
08 08 \

06, \ 06 \
04 \ 04

02 02

Mb.Msajocchi

Mb.Schamberg

(Cs-Cx)/(Cs-Co)

Figure 1. Graphic a (curves of relation 23):

Mb. Schamberg b =2, Mb Majocchi b =5
a a
Graphic b (curves of relation 21):
R R
Mb. Schamberg = RC =2; Mb. Majocchi R° =20.

0 0

Graphic c (curves of relation 25):
Mb. Schambergo. | =24 % =04, Mb. Majocchi

o, =24,%=0.07
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Figure 2. Mb. Schamberg. Polar coordinate system.
Abscissa and ordinate show the absolute value of
concentration C,. Graphic a (relation 23): C, = 100,
C,= 10, b= 100, a= 10. Graphic b (relation 21):
C,= 100, R,= 100, R,= 10. Graphic c (relation 25):

C,= 100, Cy=50,R= 50,0 =2.4,%=L

Graphic d (relation 25): C,= 100, C,= 10, R = 500,
o, =24, %20.1

quire a model with a centrally placed cylinder, from it’s
surface hemoglobin defuses towards skin surface, to
the another cylinder of bigger radius. The capillary
module has been hypothetically modeled, respectively
the capillary groups in the tissue, which is divided on
the central, peripheral and edge capillaries. Central
cylinder fits the central and peripheral capillaries, whi-
le the inner surface of the outside cylinder represents
the edge capillaries. The first model behaves according
to equation 23, respectively according Crank’s model
and demonstrates diffusion with constant concentrati-
ons of the diffusion substance. The second model is de-
scribed by Krogh’s equation (relation 21), and it is a
model with the premise of metabolic path of the diffu-
sion substance. The assumption is that in the Majocchi
disease due to acute increase in venous pressure thro-
ugh perforating veins, blood flow slows down in the
peripheral and edge capillaries, and increased pressure
and diffusibility of erythrocytes leads to countercur-
rent exchange between the peripheral and central capil-
laries. According to the model, in the Majocchi disea-
se, the absence of diffusion by the central and periphe-
ral capillaries towards the tissue, because of the mutual
exchange by the countercurrent effect, results in a lar-
ger radius of the inner cylinder with respect to Scham-

berg’s disease. Krogh’s model gives similar results,
but it has faster exponential decrease compared to the
previous model. Equations 24 and 25 describe diffu-
sion towards tissue in variable (non-steady state) con-
ditions, in the time sections t, with the equation 24 rela-
tes to the diffusion with constant values of diffusion
coefficient D and relation 25 describes the diffusion of
the cylinder area and with variable values D. Graphics
are based on arbitrary parameter values. Figure 1
shows the changes in the relative concentration of he-
moglobin related to radius in accordance with the rela-
tions 21, 23, 25. It is noticeable that in Schamberg’s di-
sease the concentration decrease is slower in contrast
to Majocchi disease in all three models. While the first
two models (graphs a and b) show an exponential dec-
rease, the third model after a brief plateau has a linear
decrease. Figure 2 shows the models of Schamberg’s
disease in a polar coordinate system. Graphs a and b
show the change in hemoglobin concentration over
Crank’s and Krogh’s equation and it is noticeable an
initial rapid decrease in concentration (which is larger
in Krogh’s model) of hemoglobin at the periphery of
the spiral, with the higher density of the central circle,
which tells of a smaller slope of curve decrease of he-
moglobin concentration. Graph ¢ over relation 25
shows that the change in hemoglobin concentration is

Figure 3. Mb. Majocchi. Polar coordinate system.
Abscissa and ordinate show the absolute value of
concentration C,. Graphic a (rvelation 23): C, = 100,
C,= 10, b= 100, a= 50. Graphic b (relation 21):
C, =100, R,= 100, R,= 70. Graphic c (relation 25):
C,=100,Cy= 50, R=50,a , =24, %: 0.04.
Graphic d (rvelation 25): C,= 100, C,= 50, R= 50,
o, =35.520, Dr_ 0.04

R2
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negligible, while graphic d with the change in conditi-
ons (larger radius R, and smaller value of tau (Dt/Rz)),
shows that there is significant need to increase the radi-
us of the cylinder in order to make changes in hemo-
globin concentration, also gradually, as provided by
the curve c in the figure 1. In the graph d It is noticeable
that a very large radius is required for a noticeable con-
centration decrease, with a minor change of the tau va-
lue that does not match the relation 25, because we
want to emphasize the chronicity in the Schamberg’s
disease, so take into account longer time that is neces-
sary for hemoglobin to achieve the mentioned radius.
Moreover, the Figure 3 shows the change in hemoglo-
bin concentration of Majocchi disease in the polar co-
ordinate system. Graph a is obtained based on relations
23, respectively Crank’s model, and a rapid drop in
concentration is noticeable compared to the same mo-
del in the Figure 2. Krogh’s model is shown in the
graph b, and as discussed above, has a significantly
higher decrease of Crank’s model. Models in the
graphs ¢ and d are demonstrations of relation 25 and
were obtained for small values of tau, as opposed to
the same model in Figure 2. A large peripheral concen-
tration of circles can be seen corresponding to the pla-
teau of the graphics c in Figure 1, with a relatively ra-
pid decrease towards the center of the polar coordinate
system. Graph d is constructed by changing the value
of oo in 5.520, with the evident peripheral clustering
with the later concentration decrease.

DISCUSSION

Intracapillary mechanism
of pigmented purpura

The movement of blood through the vascular sys-
tem exerts a parabolic profile that is formed from the
original planar form. Necessary distance for the forma-
tion of laminar flow defines the so-called Inlet length
(L), which is shown by the relation 1. For an aorta, inlet
length reaches a length of 2 m, which means that the
parabolic profile is reached only in small arterioles. In
the observed section of the blood vessel 99% of total
speed, so-called boundary layer is located at a distance
™ from the center. Accordingly, on the same slice of
the observed blood vessel, larger parameter makes mo-
re balanced distribution of speed — from the largest in
the center to the least peripherally by the endothelium.
Therefore, the force acting between two friction layers
is lower. This mechanism allows the predominance of
the erythrocytes diffusion in larger blood vessels. In
the capillaries, where proposed pathophysiological
mechanism takes place, Reynolds’s number is smaller,
but pari passu decrease the length X, and the value of 6
does not increase, but it is significantly reduced and

adapted to the capillaries size. This is crucial for the
maintenance of parabolic profile of the blood move-
ment through the capillaries, as well as for the manifes-
tation of the so-called effect of sigma (X) which further
emphasizes mentioned form of streams (relation 3).
Namely, if the erythrocytes place axial, total move-
ment speed of erythrocytes (4, 5, 6) cannot be obtained
by differentiating of Pouisseuille’s equation, but using
the after mentioned sigma effect, where n is the num-
ber of red blood cells in the chamber, and capillaries.
Speed calculated in this way is higher than the one for-
mulated by Pousseuille’s equation for erythrocytes,
but again it is lower than those that would have been, if
instead of erythrocytes, axially there was only plasma.
Prevail between Fachreus-Lindqvist’s effect and Bro-
wnian motion defines Peclet’s number (relation 4).
Therefore, any slowing of the blood flow will induce
diffusion prevails and vice versa. Channel permeabil-
ity of the capillary wall depends on the ratio of molecu-
les radius and the radius of the pores. Thus, when the
quotient value is less than one, than Knudsen’s diffu-
sion is predominant, and when it is larger, the convecti-
ve flow is predominant. Convective flow is signifi-
cantly larger than the Knudsen diffusion. The effective
diffusion area (porosity) is determined by the ratio of
pore surface and total surface of capillaries, while con-
strictivity of the channels or pores is determined by qu-
otient of molecules radius and pore (A). Tortuosity of
the channel is defined by the ratio of the total length of
the channel and the distance between the channels ter-
minal. Constrictivity is viewed to depend on the ratio
of the channels permeability and Einstein’s diffusibi-
lity of the molecule (P / D), which is given by the rela-
tion 5. By changing of the tortuosity, by dilatation of
the pores of the capillary walls, hydraulic permeability
is reduced (relation 6), which will be discussed later.
Knudsen’s diffusion (J) can be presented by the rela-
tion 7, but it is important to note that the analogy with
Knudsen’s diffusion of gases, only in the conditional,
is sufficient for analogous comparison with the diffu-
sion of erythrocytes and we use it illustrative because
the premise of the existence of free path in Brownian
motion is the same in both cases. Pouisseuille’s con-
vectivity and mass transfer are expressed at higher ra-
dius of the capillary vessel pore and dominate if the
pigmented purpuric dermatoses is mediated by inflam-
matory mediators (relations 8a and 8b). Accordingly,
the retrograde increase in pressure due to compromised
deep or perforate vein flow will result in decrease of
the flow speed and concomitantly to that Peclet’s num-
ber, a decreasing the sigma effect, an increasing of the
variable & (relation 2), an increasing in Thiele’s and
Knudsen’s diffusion due to the flow decreasing, as well
as increasing of the differences in transcapillar pressu-
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re. Flow decrease always leads to an increase in capil-
lary exchange (in this case hemoglobin and signifi-
cantly less erythrocytes), which describes the Ran-
kin-Krohn’s relation 9. The net effect is an increase in
viscosity, decreasing the rotation of erythrocytes due to
a decrease of Magnus effect and Bernoulli force due to
decreasing differences of speed between the layers. In
addition, the friction conditioned moving of erythro-
cytes is reduced, which occurs only in circumstances
when the distance between of erythrocytes and capil-
lary wall is less than 1/4 of the diameter of capillaries.
It is interesting to note that during decrease of the
blood flow speed, diffusion is dominated (so-called
Thiele diffusion) radial in capillary vessel up to 1/3 of
its diameter, after which there remains only undirected
Brownian motion with occurrence of impounding ap-
pearance and Knudsen’s diffusion. When erythrocytes
dispersed by volume of the capillary cylinder by the in-
fluence of increased venous pressure, the value of their
concentration at any point may be specified by relation
10. It describes the layout of erythrocytes due to con-
vective flow axially (x direction) and diffusion radial
(y direction). Knudsen’s diffusion will be significant,
but only as long as the ratio of pore radius and molecu-
le is ideal and corresponds to the length of the free path
during diffusion of erythrocytes. It should be noted that
the capillary pressure is far more affected by venous
pressure than arterial due to the difference in capaci-
tance or compliance (relation 11). Porosity is slightly
increased due to the Laplace’s effect of retrograde
pressure on distensibility of capillaries, which reflects
the larger diameter of the capillary and to some extent
to diameter of the conductive pore of the capillaries
wall. Similarly increased transmural pressure facilita-
tes the decrease of conductivity of depolarizing sodium
ion channels accordingly the relation 12. Decreased
contractility of precapillary and pores sphincter is on-
set by decreases in channel gate constant K, related to
the initial value K. All this contributes to the increase
of conductivity of the channels, but it is still insuffici-
ent for the passage of erythrocytes (except hemoglobin
that is released from the stocked red blood cells) due to
the activation of the following mechanisms: tortuosity
(that was previously one) of the channel increases, re-
trogradely increase of the pressure decreases the blood
flow rate and increases the radius of the capillaries, so
that opening of the stretch-activated Na channels in the
sphincters prevent further increase of the pores. Disor-
der of friction — shear stress (Sh, relation 13), in terms
of decreases due to the flow rate decreases, can be
compensated by a change in viscosity and radius due to
subsequent vasoconstriction of the precapillary sphin-
cters, by inhibition of shear stress dependent potassium
efflux in the membrane of myocytes. This attempt of

compensatory decreasing of the capillary radius is sup-
pressed by previously mentioned effects of Laplace
law and equation 12, so that only the increased viscos-
ity can modulate the value of shear stress. All this furt-
her leads to a decrease of the pressure gradient, still
continuing to create “flat” velocity profile with inevi-
table viscosity increasing. This is enough for Knudsen
diffusion, primarily hemoglobin, while erythrocytes,
as discussed above, remain shucked in the pores of the
capillaries. Plane, “flat profile” of blood movement is
more pronounced at lower pressure gradient, so Mag-
nus effect of rotation is reduced and placing of the
erythrocytes axially, which again increases their dis-
persion in the capillary vessel. Longer duration of dec-
reased tissue perfusion nevertheless will eventually
lead to the opening of the capillaries in order to impro-
ve supply of oxygen. In addition, decreasing of pressu-
re gradient in venous hypertension leads to the increa-
ses in viscosity by the dual effect of increasing capil-
lary radius (relation 14) and decreasing of the blood
flow velocity, what again interferes the cell movement
through the pore by diffusion. It should be noted that
the blood flow velocity decreasing in the beginning le-
ads to a slight increase in viscosity, but with a further
decrease of velocity viscosity begins to grow exponen-
tially, suggesting a strong dispersion of erythrocytes
throughout the volume of the capillaries. On the other
hand this reduces the length of the free path of erythro-
cytes, making it similar to the pore size with the occur-
rence of adsorption for the pore surface by Knudsen
diffusion, but probability for passing through the pore
decreases with inevitable impoundment of erythro-
cytes. By the proposed mechanism, only released he-
moglobin diffuses through the capillary wall, slightly
of erythrocytes by Knudsen’s diffusion, creating a
“cayenne pepper’ effect of the pigmented purpuric
dermatoses. The probability that the erythrocyte will
be adsorbed on the pore surface of capillaries and furt-
her transported by Knudsen’s diffusion is small, and
can be presented by Poisson (P) distribution (relation
15). From the mentioned relation, it is clear that increa-
se in the number of erythrocytes in the capillaries,
which is achieved by decreasing the speed and pari
passu of the Faehreus-Lindqvist’s effect, will increase
the probability for the contact with the wall, eo ipso
and the pore, respectively the channel in the capillary
walls. The probability that each of the channels will be
in contact with the n erythrocytes grows only with the
increasing number of erythrocytes or with decreasing
of Peclet’s number. Paradoxically, each greater increa-
se of pressure in the capillary vessel will decrease the
diffusion due to further increasing of the pore radius by
distension, which increases the difference between the
size of free path of erythrocytes and the pore radius, de-
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creasing the probability of being impounded by the po-
re (7, 8). Thus, there is an ideal ratio of erythrocytes ra-
dius and pore required for the diffusion and develop-
ment of pigmented purpuric dermatoses. It is important
to say that there is another hypothetical mechanism
that explains the lower diffusibility of erythrocytes in
relation to hemoglobin. It is the zeta potential of partic-
les and capillary endothelium. It is proportional to the
thickness of the hydrant (double) layer, which is smal-
ler at larger particles, and vice versa (9, 10). The thick-
ness of the double layer defines Debye-Huckel’s recip-
rocal value of the constant KDH (relation 16). Poten-
tial (W), to which also belongs the zeta potential, decre-
ases exponentially with Debye-Huckel’s constant and
the distance (x) with respect to the surface potential (‘¥
of the double layer (relation 17). Accordance with the
above, erythrocytes will have a lower zeta potential
compared to hemoglobin, due to the lower thickness of
the double layer, and consequently less repulsion from
the wall of pore carrying synonymous charge, which
again increases the possibility of impoundment by the
pore and the release of hemoglobin by lysis of erythro-
cytes. Released hemoglobin further diffuses towards
the extracellular fluid because higher zeta potential
conditions a greater repulsion than intracapillary side
of the channel. Rotation of erythrocytes, by the influ-
ence of Magnus effect or Brownian motion, also decre-
ases zeta potential (equation 18). Diffusibility due to
this erythrocytes precession (relation 19) is signifi-
cantly lower than the linear, Einstein’s diffusibility, but
it decrease the zeta potential, allowing erythrocytes to
come closer to the capillary walls and thus to be impo-
unded by the capillary pore. Also, the existence of the
zeta potential and the pressure gradient in the capillary
vessel, induces the flow potential (H), whose value is
determined by the equation 20. This potential enables
better attraction of erythrocytes axially relative to the
peripheral parts of the capillaries, which again decrea-
ses mutual repulsion of erythrocytes. When the pressu-
re increases retrogradely on the venous end of the cap-
illary vessel, the pressure gradient is decreased betwe-
en arterial and venous end, which again decreases the
flow potential, leading to approaching of erythrocytes
and their refusal to Coulomb’s forces, which again in-
creases their diffusibility.

Extracapillar mechanism
of the pigmented purpura

The capillaries are arranged in bundles whereby
70% of capillaries are normally closed. At lower and
chronic increase of venous pressure, capillaries open
trying to improve perfusion, so that hemoglobin diffu-
ses equipotentialy from the center to the periphery with

a slight decrease of concentration, creating over a seri-
es of small Krogh’s cylinder, uniform texture of Scha-
mberg’s disease. If the pressure increases acutely, over
the perforating veins, occurs retrograde flow through
some capillaries, causing countercurrent effect, by which
the most of the hemoglobin diffuses from high-concen-
tration system of the pressure (retrograde flow) to a
system of low pressure and concentration (antegrade
flow) through Pousseuille convection (relation 8) (11,
12). The assumption is that only hemoglobin from so-
me, edgy arranged capillaries diffuse into the surroun-
ding tissue, creating annular shape of the pigmented
purpuric dermatosis — Majocchi disease. To under-
stand the base of the countercurrent effect, we should
recall that the value of the capillary pressure far more
reflects venous pressure in relation to arterial pressure,
as shown in relation 11. The exchange of particles, in
our case of hemoglobin and insignificantly erythro-
cytes by the countercurrent effect, shows equation 22.
Krogh’s cylinders of diffusion (relation 21) in Majoc-
chi dermatoses theoretically should have larger Krogh’s
radius compared to Schamberg’s disease, because a
small number of dilated capillaries only with larger ra-
dius of Krogh’s cylinder can cover the same area
(13—16). However, considering the lack of diffusion to-
wards the center of the extracellular space, the relation

R

C

RO

is actually higher than expected. According to the relati-
ons 21 and 23, this allows faster exponential decrease of
hemoglobin concentration along each individual
Krogh’s cylinder and the system in general, respectively
along the distance (r or x) towards the skin. For the sim-
plification, in the Majocchi dermatitis, centrally placed
capillaries are analogous t to smaller cylinder; edgy cap-
illaries correspond to external, larger cylinder, while the
peripheral distributed capillaries are analog to the in-
tercylindric surface. According to the described model,
larger radius of smaller cylinder (a) in relation 23, con-
ditions the rapid decrease in hemoglobin concentration.
The net effect is purpuric ring that relies close to the sur-
face of the edge capillaries, unlike Schamberg’s disease
where the concentration decrease occurs more slowly.
The metabolism of hemoglobin by the reticuloendothe-
lial system is a prerequisite for the implementation of
Krogh’s model. In case of saturation of Michaelis-Ma-
enten’s kinetics, Krogh’s model is not suitable for pat-
hophysiological modeling of the mentioned dermatoses.
In disequilibrium (non steady state) conditions, for the
analysis of diffusion through a cylindrical surface, it is
necessary to apply a complex relation 25. It is based on
Bessel functions and their results oppose to the effects of
equations 21 and 23. In fact, while the curves of relati-
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ons 21 and 23 are initially rapid, exponential decrease
(Fig. 1a and 1b), the curve of the third model in the be-
ginning has a plateau, and then more linear decrease
(Fig. 1c). This is important because it is more appropria-
te to the clinical picture of both pigmented purpuric der-
matoses. Diffusion coefficient (D) in the third model is
changed following approximate formula:

Dzln&

1
which indicates that the curve of equation 25 in Majoc-
chi disease, due to the small radius ratio (because the ra-
dius is larger in the inner cylinder) and the low value of
time t based on the assumption that it is an acute disease,
it must have a small value of tau, a small plateau and a
fast linear decrease. It should be noted that this decrease
is still slower than the exponential decrease in Crank’s
and Krogh’s model. Figure 3 shows that fast decrease in
the hemoglobin concentration, especially at Krogh’s
model, while a decrease in the concentration of the
graphs c and d at first slight with a later increases. The
root changing of the zero order Bessel function with 2.4
to another value of 5.520, emphasizes described behavi-
or. The clinical presentation of this curve is well defined
purpuric ring, as you would see in practice. Also, in
Schamberg’s disease, due to the larger radius relation of
the two cylinders and the chronicity in the beginning of
the disease, the diffusion coefficient and the value of the
dimensionless coefficient tau are larger, so that the net
effect is a longer plateau and a very slow linear decrease,
which is also contrary to the fast dynamics shown in
graphs la and 1b. Figure 2 shows the change in absolute
values of the hemoglobin concentration for all three mo-
dels in Schamberg’s disease and it is fully compatible
with the current presentation. Even if we start from an
individual capillary, small changes in concentration that
are shown on the graphic ¢ figure 2, multiply with the
same changes of the other capillaries in the formation,
so the net effect is uniform and concentrically equipo-
tential distributed hemoglobin. It is clear that the third
model gives better results from the standpoint of the
proposed etiological model of the mechanisms and the
clinical picture well for Schamberg’s and Majocchi’s di-
sease. The equation 24 can be applied only to diffusion
for the planar plane, what is the infinitesimally small
area of capillary pore with very large radius of curve. In
contrast to the capillaritis, the pathogenetic mechanisms
involved in vasculitis are mainly immunological, with
significantly increases the conductivity of capillaries
pores and hydraulic permeability with the fourth degree
of the pores radius, which further lead to a significant
convection and erythrocytes diffusion through the walls
of capillaries. Also, with vasodilatation due to the relea-
se of numerous inflammatory mediators, new capillaries

are opened (previously closed) that have a higher reduc-
tion velocity rate for the net effect than an individual in-
creases of the capillaries diameter and thus increase the
value of 6 from the relation 2, so that Magnus effect’s of
erythrocytes rotation due to Bernoulli’s difference in
speed of infinitesimal layers of laminar flow is decreased,
with consequent increase of the erythrocytes dispersion
per volume of a capillary, contact with its wall, and fi-
nally a higher probability of passing through the wall ma-
inly by convection, less by diffusion (relation 8a). This is
the basis of the appearance of palpable, target-shaped or
livedoid purpura with or without erythematous base.

CONCLUSION

The proposed model is based on the retrograde in-
creased capillary pressure as the basis for the develop-
ment of pigmented purpurpa dermatosis. Laminar flow
in the capillaries is the basis of the axial distribution of
erythrocytes, caused primarily by Magnus’s effect. Dec-
rease in flow speed due to the decrease of pressure gra-
dient between the two ends of the capillary vessel, in-
creases erythrocyte diffusibility, contact with endothe-
lium and probability of Knudsen diffusion. Since tonus
of the channel sphincter increases by opening of the
stretch dependent channels, tortuosities and viscosity
due to the speed decrease, erythrocyte diffuse hard
through the pores of capillaries, so that the net effect is
lysis of the impounded erythrocytes, hemoglobin liber-
alization and its further diffusion into the tissue, as well
as rare erythrocytes that overcame the resistance of the
pore by diffusion, creating a “cayenne pepper” effect in
the clinical picture. Paradoxically, the increase in the
pore radius, at least temporarily, while the convection
does not take the precedence over Knudsen diffusion,
decrease impoundment of erythrocytes, because the
length of free path due to Brown’s motion, now less
than the radius of the pore. Further increase of the radi-
us usually is not seen in capillaritis but only in vasculi-
tis and it is caused by the immune mechanism. Chronic
increase in capillary pressure, as it is the case in-Scham-
berg’s disease, gives evenly, equipotential distribution
of hemoglobin and significantly less of erythrocytes.
In contradiction to this, an acute retrogradely increase
in capillary pressure, hypothetical due to insufficiency
of perforator veins, create a “countercurrent” effect, in-
creasing hemoglobin and of erythrocytes exchange be-
tween the capillaries, so that only from the edgy distri-
buted capillaries diffuse “main actors”, forming annu-
lar clinical presentation so called Majocchi pigment
purpuric dermatosis. Pathophysiological mechanism,
based on Bessel’s functions, is compatible with the cli-
nical presentation of pigmented purpuric eruption
compared to equilibrium (steady state) relations.
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Sazetak

PATOFIZIOLOSKI MEHANIZAM PIGMENTNIH PURPURICNIH DERMATOZA

Vujanac Andreja, Dokovi¢ Vesna, Dabeti¢ Snezana, Detanac A. DZenana

Opsta bolnica Novi Pazar, Srbija

Cilj: Patofiziolosko modelovanje pigmentnih pur-
puri¢nih dermatoza bazirano na venskoj hipertenziji.
Kapilaritisi se smatraju patofizioloskim ekvivalentom,
odnosno etioloskom bazom pigmentnih purpuri¢nih
dermatoza. Egzaktni mehanizam jo$ nije uastanovljen,
ali sugeri8u se sledeci: uvecan venski pritisak, odonto-
geni procesi, hipersenzitivnost na karbamezepin, me-
probamat, furosemid, vitamin B1, kontaktni dermatitis
(khaki dermatitis), kapilarna fragilnost i inkompetenca
venskih perforatora. U ovom radu prezentovacemo
mehanizam baziran na uve¢anom venskom pritisku.
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