





ACTIVE BROADBAND PERFECT ABSORBER BASED ON PHASE CHANGE MATERIAL FOR SOLAR ENERGY HARVESTING

absorption performance can be tuned actively by
changing the phase-change degree of the GeTe

film at optical, electric or thermal stimulus, even
though the device structure is fixed.

Figure 6. Electromagnetic field distributions of the designed
absorbers at the wavelength of 460 nm and 860 nm

In (Fig. 7b), the absorption spectra of the device
with different crystallization degrees are shown. It can
be found that the phase-change process obviously
influences the absorptivity between 600 ~ 1000 nm
while the absorption between 400 ~ 600 nm hardly
changed. The absorptivity increases at first but then

decreases while the crystallization fraction is increased
from 0 to 1. The maximum absorptivity, that is, higher
than 90%, is achieved when the crystallization fraction
equals to 0.5. In other words, broadband absorption of
the device can be adjusted actively via optical, electric
or thermal stimulus.

Figure 7. The (a) influence of incident angle and (b) phase change on absorption spectra.

For both (a) and (b), p=350nm, rAg=75 nm, hAg=14O nm, d

In order to investigate the physical mechanism of
the absorber after full phase change (f=1.0), the elec-
tromagnetic fields of the absorber at the wavelength
0f400 nm and 580 nm, respectively. Here, the choice
of these two wavelengths is due to the maximum

=20 nm, dAg=15O nm

aGeTe

absorption peaks shown in the green line of (Fig.
7b). From (Fig. 8a and 8b) that at the wavelength
of 400 nm, both the electric and magnetic fields are
concentrated mainly around the Ag nanopillar in the
air layer because of the localized surface plasma reso-
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Section 3. Materials Science

nance of the Ag nanopillars. In addition, the electric
and magnetic field at 580 nm is also concentrated
around the Ag nanopillar and presents the feature
of the localized surface plasma resonance as shown
in (Fig. 8c and 8d) [21]. Moreover, the feature of
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the Fabry-Pérot (FP) resonance between cGeTe and
bottom ag films disappeared. This results in the nar-
rower absorption bandwidth. Therefore, the band-
width of the perfect absorber can be freely adjusted
by the phase change of GeTe films.
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Figure 8. Electromagnetic field distributions of the absorbers
at the wavelength of 400 nm and 580 nm

4. Conclusions

In summary, a polarization-independent, wide-
angle broadband perfect absorber based upon GeTe
phase-change material has been achieved. The struc-
ture of the absorber is optimized by changing its ge-
ometry parameter (height, radius and period of Ag
nanopillar, thickness of GeTe and bottom Ag films).
The bandwidth can reach up to 600 nm with an ab-
sorptivity higher than 90%. The absorptivity in the
range of 400 ~ 1000 nm is consistently higher than
85% when the incident angles increase from 0 © to

40 °. In particular, absorption bandwidth and absorp-
tivity can be adjusted by tuning the phase-change
degree, even though the overall geometry shapes of
the absorber is fixed. The underlying mechanism of
the absorber is also analyzed in detail. He broadband
absorption owes to the combination of both the lo-
calized surface plasma resonance of Ag nanopillars
and the Farby-Pérot (FP) resonance between GeTe
and bottom ag films. Overall, the proposed perfect
absorber has great potential in harvesting solar en-

ergy through its high absorptivity.
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POSSIBILITIES FOR USING BLOOD AS A FOOD PRODUCT

Abstract. Blood and its technological derivatives are valuable food products due to the high content
of protein and iron, which is very well absorbed by the body. This source of protein remains underuti-
lized, and at the same time slaughterhouses have to devote significant resources to removing the result-
ing blood. The use of all opportunities for the utilization of valuable raw materials such as blood will
contribute to increasing the efficiency of meat production and production of meat products.

Keywords: meat products, raw materials, blood.

Hnoneauesa Auana Todoposa,

Kanoudam mexHu4eckux Hayxk, 2AABHbLIL accucmenm

Ynusepcumem um. npog. 0-pa Ac. 3ramaposa, Koareds no mypusmy,
20p. bypeac, Borzapus

Hopzosa Kams Hsarosa,

Kanoudam mexHu4eckux Hayx, npodecop,

Kagedpa Texrorozuu maca u puibvy, Texrorozuneckuii paxysvmem,
Ynusepcumema nuugesoix mexrorozuti, ITrosdus, borzapus

BO3MOXHOCTb UCNMOJIb3SOBAHUA KPOBU
B KAHYECTBE NMULLEBOIO NPOAYKTA

Annoranusa. KpoBb 1 e€ Mpon3BOAHbIE TEXHOAOTHYECKHE ACPHBATHI ABASIOTCS IJeHHbIMH IIHIIIe-
BBIMHU IIPOAYKTAMU H3-32 BBICOKOTO COAEPIKAHMUS OeAKa U xKeAe3a, KOTOPOe OYeHb XOPOIIO YCBAUBAETCSI
OPraHU3MOM. TOT UCTOYHUK O€AKA OCTAETCSI HEAOCTATOYHO UCIIOAB3YEMBIM, U B TO 5Ke BpeMsI CKOTO-
OOIHM AOAXKHBI BBIACASITD 3HAYUTEABHbBIE CPEACTBA AASL YAAACHUS [TOAYyIeHHOM KpoBH. Mcrioab3oBanue
BCeX BO3MOXXHOCTeH AASI NCITOAB30BAHUS LIEHHOTO CBIPDS, TAKOTO, KAK KPOBb, OYAET CLI0COOCTBOBATH
HOBBILIEHHIO 3P PeKTUBHOCTHU IPU AOOBIYE MsICa U IIPOU3BOACTBE MSICHBIX IIPOAYKTOB.
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Section 4. Food processing industry

KaroueBbie CAOBa: MACHbIE IIPOAYKTBI, CHIPbE, KPOBb.

BBeaenne

Ao cux mop B IMIIEBO MPOMBIIACHHOCTU He
YAEASIAOCH AOCTaTOYHO BHHMAHMS BbICOKOKAYeCTBEeH-
HOMY O€AKy ITOAHOLIEHHO KPOBH U €€ TEXHOAOTHYe-
CKMM ITPOU3BOAHBIM — ITAA3Me KPOBHU U KOHIIEHTpaTy
u3 kpossHbix kKaeTok (KKK). Takum o6pasom, ator
HCTOYHHK OeAKa OCTaéTCsI HeHCIIOAb3OBAHHBIM, 4, B TO
’Ke BpeMs, CKOTOOOFHH AOASKHBI BHIAGASITb 3HAUUTEAD-
HbIE CPEACTBA AAS YAAACHHS TOAYIeHHOM KpoBH [ 1; S ].
CBonM BHICOKUM COAEpIKAHIEM OeAKa 1 5KeAe3a, KOTO-
poe O4eHb XOPOIIO YCBAUBAETCS OPraHU3MOM, KPOBb
IPEACTABASIET COOO [IeHHBI ITHIIIEBOI IPOAYKT [2 ;4]

IToMrMO CBOMX LIEHHBIX MUTATEABHO-PH3UOAO-
IMYEeCKMX Ka4eCTB, M3-3a BBICOKOro 3HaueHus pH

¥ MHOTOYHCAEHHDIX ITUTaTeAbHBIX BeIlleCTB, KPOBb
SBASIETCS IIOAXOASIIEN CPEAOM AASL PA3BUTHA MUKPO-
OPraHM3MOB, YTO MOXET IIPUBECTHU K eé OBICTPOit
niopue. IToaToMy 0cobeHHO BaXKHO COOAIOAATH CTPO-
T'yIO0 [UTHeHy IIpU e€ A0ObIue U IOAAEPIKAHHUU Helpe-
PBIBHO LieMU OXAKAeHH s [ 3 ].

Hicnoab3oBaHHEe KPOBH B NHIIEBBIX MPOAYKTaX

B mumeByio mpOMBIIIAEHHOCTD MOCTYIAeT He
6oaee 20-30% pobbITOM KpoBH. Tak HazpiBaeMast
IIOAHOIeHHAsI KPOBb BKAAABIBAETCS B IPOU3BOACTBO
KpOBsiHBIX KoAbac. [Ipu nenrpudyruposanuu Kpo-
B KATOYHBIE KOMIIOHEHTHI, TaKKe KaK dpUTPOIH-
ThI, OTACASIIOTCSL OT KUAKOM YaCTH — ITAA3MBI KPOBH

(Taba. 1).

Tabnmua 1.— OCHOBHbIE UHIPEeANEHTbI HEXMPHOW CBUHUHbI N LENTbHOW KPOBW,
NnnasmMbl KPOBU M KOHLIEHTPATa U3 KPOBSIHbIX KNTETOK YOUTbIX CBUHEN

ITapameTpn1 Iloanonennas kpoBb | Ilra3ma kpoBu KKK Misco
(mesxuprOE)
Boaa, % 79-82 90-92 60-66 75
Ceipoit mpoTenH, % 17-20 7-8 32-38 22
CprIpas maazma,% 0,1-0,3 0,1 0,1-0,3 1-2
CrIpoe cyxoe BemecTBo,% 0,7-1,0 0,7-1,0 1,1-1,3 1,0
Temorao6buy, g/dl 11-16 0,05-0,4 27-32 0,5-1,0

B nuimeBot IpOMBIIIA€HHOCTH, B OCHOBHOM, HC-
IIOAB3YETCsI I1Aa3Ma KPOBHU. B orpaHnueHHOM KOAU-
4ecTBe, B OCHOBHOM B 3AMOPOXKEHHOM COCTOSIHHH,
OHa A0OaBAsIeTCs B BapEéHO-KOMIEHyI0 koabacy. ITo-
AY4YEHHBINI OAHOBPEMEHHO C [IAA3MON KOHI[EHTpPaT
spurponuros (KKK) B numesbie IpoAyKTbI He me-
pepabaTbiBaeTcs.

TurneHa u AAMTEAbHOE COXPaHEHHE KPOBH

Aasxe mpu AOOBIBAHUH B YCAOBHUSIX Oe3yIIpedHOi
TUTHEHbI, COAEPXKAaHNe MUKPOOPIaHH3MOB B KOH-
LleHTpaTe He3HAUMTEABHO BBIIIIE, YeM Y HCXOAHOTO
cybcTpara (MOAHOIEHHO! KPOBH) 1 TIAA3MBbI KPOBHU.
Kpome Toro, B He60ABIINX KOAUYECTBAX ero A0OaB-
ASIIOT B IIULIEBBIE IIPOAYKTBL.

OaHako, mpu c60pe IMPOUBOAHBIX KPOBH BO3-
HUKAIOT 3HAYUTEAbHbIE PA3AUYNSI B THIMEHE U3-3a
MHOT'OYHCAEHHBIX $AKTOPOB, KOTOPBIE MOT'YT BAMSTD

Ha HCXOAHO€ KOAUYeCTBO MUKPOOPTaHH3MOB B Cy0-
crpatax. B vacTHOCTH, TPyOBbI, BeAyIjiie K HHCTAAAS-
IIUM OYMCTKH U Ae3UH(EKIIMHA KPOBU, MOTYT UMETb
pelaioniee 3HaYeHHUE AASI MUKPOOHOAOTHYIECKOTO
3arpsi3HeHHsI CBexxecoOpaHHOM KpoBu. ITockoabky
TOPTOBO-IIPOAOBOABCTBEHHOE 3aKOHOAATEABCTBO He
AQET OTAEABHBIX IPEATIMCAHUI AASI KPOBH, CACAYET
HCIIOAB30BATh NPUHSTHIE 3HAYEHHUS AASI MOAOTOTO
MsICa, KOTOPO€ TAK)Ke SIBASETCS AeIKO ITOPTSITMCS
npoaykroM. Aast Hero onpepeaensr S00000 KOE/ g
Kak opueHTHpOBOuHOE 1 5000000 KOE/g kak mpe-
AeAbHOe 3HaueHUe, KOTOpPOe He MOXKeT OBITb ITPeBbI-
IIIeHO HU B OAHO U3 1p06. EcAnt KpoBb coxpanseTcs
IIPY YCTAHOBAEHHOM 3aKOoHOM Temmeparype 30 °C,
B 3aBHCHMOCTH OT II€PBOHAYAABHOIO KOAMYECTBA
MHKPOOPTaHU3MOB, OHA MOXET XPaHUTbCSI CaMoe
boAbIllee OAHY HEAEAIO H TO IIPU CTPOTOM COOAIO-
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A€HHUH TEMIIEPATYPBL. HcnoapsoBannsie AASL KpOBH
OPHEHTHPOBOYHBIE U IIPEACADPHDIE 3HAYCHI MOAO-
TOro msica AOCTHUTalOTCA 3HAYHMTEADHO paHbIIIE. Or-

AEABHBIE COCTABASIIOLIHE KPOBH, TAABHBIM 00pa3oM,
M3-32 aHTHCAHUTAPHO pe3HH elllé Ha 6OJTHe, IpeBbI-
mwaroT 3TH HOpMbI (Pur. 1).
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®urypal. KonnyectBo aspobHbIX MUKPOOPraHN3MOB B LIENIbHOM KPOBU, NiasMe
KPOBW 1 KOHLeHTpaTe kneTok Kposu (KKK) nocne nonyyeHma Ha 6onHe (n=11)

Ao cux nop 6s1AK pa3paboTaHbI pa3ANYHbIE TEX-
HOAOTHH, TAQBHBIM 00PasoM, ITyTEM OXAKAEHILS,
3AMOPKMBAHUS M CYIIKH AASI ITOBBIIIEHHUS] CPOKA
XpaHeHUsI KPOBHU 0e3 CyIeCTBEHHOTO BAVSIHIS Ha
[IMTaTeAbHbIE KAYeCTBA. 3AECh CAEAYeT YIHTHIBATH
BAOXKEHHBIE 3HAYUTEAbHBIE 3aTPATHl HA TEXHUKY
U 9HEPIHIO, HEAOCTATOYHYIO AOATOBEYHOCTD U OT-
KAOHEHHS BO BKYCOBBIX Ka4€CTBAX.

bBapbepHblit 3¢ PeKT sSBASIETCS OCHOBOIIOAATAIO-
LM IPHHIUIIOM B IIPOAAEHHIN XPAHEHNSI ITHIEeBbIX
poayKToB. OH MOAYEPKUBAET IPEUMYIECTBO COYe-
TaHHS Pa3AUYHBIX QU3HIECKHUX K XUMIIECKUX TEXHO-
AOTHI1 KOHCEPBHPOBAHUSI, IOCKOABKY YaCTO TOABKO
OAVH Gapbep He MOXET OCTAHOBHUTD HAH 3aMEAAHTD
MHUKPOOHOAOINYECKOE Pa3BUTHE, HO MOXKET BbI3BATh
3HAYUTEAbHbIe U3MEHEHUS B Ka4eCTBAX IPOAYKTA.
BaxuermumMu 6apbepaMu IPOTHUB MUKPOOHOAOTH-
9eCKOTO HapyLIeHHUSI CIUTAIOTCSI BOAHAS aKTHBHOCTb
(a_-3sHaueHMe) M COAepIKAHME MOBAPEHHON COAH
(NaCl). Apyrumu 6apbepamu SIBASIIOTCSL KOHCEPBH-

pytomue cpeacTBa, pH-3HaueHNe 1 OKHCAMTEABHO-
PEAYKLIMOHHDIN IIOTEHIIHAA.

KoHncepBupoBanue KpoBH (KOHIEHTPAT H3
KPOBSIHbIX KACTOK)

O6AapQrOIMIT BBICOKOM MAOTHOCTBIO ITUTATEAD-
HBIX BeIeCTB, KOHIIEHTPAT M3 KPOBSHBIX KATOK
OCOOEHHO ITOAXOAHT AASI KOHCEPBHPOBAHM I1O IIfa-
AN TEXHOAOTHH ITyTEM IIPUMeHeHs 6apbepHOTo
adpPexra. Mcroassyercst Ao0b6aBKa, KOTOpast CBS3bIBA-
€T COAEPIKAIITYIOCSL B IPOAYKTE CBOOGOAHYTO BoAy (aw-
3HauYeHne). JITO MOXeT GbITh OOBIMHAS TOBAPEHHAS
COADb MAU CaXap B BHAE TAIOKO3bL. AOOaBASIS KHCAOTBI
B IUIIEBBIX [[EASX, TAKHe KaK ACKOPOMHOBAS HAU AU-
MOHHasl, KOHIL]EHTPAT MOXXHO IIOAKHCAUTD U, TAKUM
06pa3oM, yXYALIUTD YCAOBHSI Pa3MHOXEHHST MHKPO-
OpraHusMoB B cybcrpare. O6paboTaHHBI KOHCEPBU-
POBAaHHDIN KOHIIEHTPAT He BKAAABIBACTCS B ITPOAYKT
B KOHIIEHTPHPOBAHHOM BHAE, a pasbasasieTcst. [Toaro-
My IIPU €T0 KOHCePBUPOBAHUU MOXKHO HCIIOAb30BaTh
GoAbIIIee KOAMYECTBO [TOBAPEHHO COAM, CaXapa UAU

29



Section 4. Food processing industry

kucaorslL [Ipu AobaBaennu 15% NaCl KOHIIeHTpaT
CYUTAeTCS] MUKPOOHOAOTHYeCKU CTabuAbHBIM. [ToAy-
9aeTCst IPOCTasi B 06paboTke macToobpasHast SIpKo-
KpacHasl Macca, KOTOpasi UMeeT CPOK XpaHEeHHs Aaske
pu KoMHaTHOU TeMireparype 25 °C 6oaee 20 pHeit,
B COOTBETCTBUH C YCTAHOBACHHBIMH IIPEAEAbHBIMU
3HAYEHUSIMU.

AW — 3HaueHHe pocTHraer okoao 0,82 m3-3a BbI-
COKOT'O KOAWYEeCTBa AODABAEHHOI COAU (B CBeXXeln
kposu 310 0,99). C poo6aBaenuem Toabko 10% NaCl
a_ — 3Havenue — 0,89 u MHKPOOHOAOTUYECKON CTa-
6buabHOCTH He pocTuraercs. Ho, ecan opHoBpeMeH-
HO A06aBuTh 10% raroko3bl U 1% KHUCAOTEI, 6YAeT
CO3AQHO HECKOABKO MHUKPOOHOAOTHYIECKHX Oapbe-
poB-—a -3Hadenue 0,87 u pH-3nasenue 5,0. Pesyap-
TaTOM OyAeT KOHIIeHTpAT — IUIeBasi A0OaBKa C AOA-
ruM cpokoM xpaHenus mpu 25 °C.

CranpapTH3anys KOHIIEHTPATa H3 KPOBSHbIX
KAETOK

Ilpu n3BaeveHNH KOHIJEHTPATa U3 KAETOK KpO-
BH Ha CKOTOOOIHE MOT'YT HAOAIOAATHCS 3HAIUTEAD-
Hble OTKAOHEHHS B COAePXKAHHUU B CybcTpaTe Heaka
U reMOTAOOMHA, B 3aBUCHUMOCTHU OT HACTPOMKH LIeH-
Tpudyru. AAsi TOTO, YTOOBI pACCIUTATD COAEPIKAHME
HMHTPEAHEHTOB B M3TOTOBA€HHOM IIO pellenTy Msc-
HOM ITPOAYKTE, BAO>K€HHbIe HHI'PEAMEHTBI, 110 BO3-
MO>XHOCTH, AOAKHBI UIMETh COIOCTAaBUMBIN XUMHU-
gyeckuil cocras. [loaTomy, cranAapTH3MpOBaHHbIE
MHTPeAMEHTHI UMEIOT peraronlee 3HadyeHue. Cocras
KOHIJEHTPaTa MOXXHO OTPeTryAHpPOBAaTh TaK, YTOOBI
coaepxkaroch 25% 6eaka u 15% NaCl. Taxum obpa-
30M, CTAHAAPTU3HPOBAHHbIN 1 CTAOMAM3UPOBAHHBII
xonnenTpar (CCKKK) MOXHO BKAAQABIBATb B CTaH-
AQpPTHYIO peLienITypy 6e3 AOTIOAHUTEABHOTO XMMH-
geckoro aHaAu3sa. CTaHAQPTU3UPOBAHHbIN U CTAbU-
AU3UPOBAHHBIA KOHIIEHTPAT MUKPOOHOAOTNYECKH
cTabuAeH U [IPU KOMHATHOM TeMIIeparype.

HcnoapszoBanne CCKKK B Texnorornu npo-
H3BOACTBA BapE€HBIX KoAbGac

[Tpu mpousBoACTBe KPOBSIHOM KOAGAChI 0OBIYHO
KAAAYT IIOACOAEHHYIO IIOBAPEHHOM COABIO 1 HUTPH-
TOM IIOAHOLIeHHY0 KpoBb. Hutpur ciocobcrsyer co-
XpaHeHHUIO KPOBH CTAOMABHOTO KPACHOTO IJBETA, CBSI-
3BIBASICh C JKEAE30M IeMOTAOOUHA, 06pasyst KPaCHBII
11BeTOBOM komraeKc. OpAHAKo, IIBeT KOHEYHOTO Ipo-
AYKTa SIBASI€TCS Pe3yAbTaTOM MHOXKECTBA Pa3AUYHbIX
COeAMHEHH, KOTOpble BCTYIAIOT B peakiuio. Ecan
CCKKK kA2AyT B KPOBSIHYIO KOAOACy B Pa3AMIHBIX
KOHII@HTPAIIHAX, B 3aBUCMOCTH OT BAO>KEHHOTO KO-
AMYECTBA MOXKHO ITOAYYHUTD I[BET OT SIPKO-KPACHOTO
AO TEMHO-KpacHO-KOpuyHeBoro. LIseT mpoayxTa
00BeKTHBHO U3MEPSIeTCSI XPOMOMETPOM, KOTOPBIH
BOCIIPOM3BOAUT 1IBeTHbIE TOHA B COOTBETCTBUHU CO
CTAaHAAPTU3UPOBAHHOM IIKaAOH. SpkocTb 11BeTa
BBIpa)kaeTcsl mokasareaeM L¥. Yyactme kpacHoro
U XKEATOTO 1IBETOB XapaKTePHU3YeTCs IIOAOKUTEAD-
HBIMU 3HAUYeHUSIMU ITOKa3aTeAel, COOTBETCTBEHHO,
a'ub’. AAS BO3AEHCTBHUS Ha TYBCTBA IIPHU MIOKYIIKE
MSICHOTO IIPOAYKTA, pellaiolliee 3HaUYeHHe HMeeT,
IIpeXKAe BCEro, BbIIIBeTaHUE U KPAaCHBIHM IjBeT. AAd
OIITMIMAABHOTO AuamasoHa L * moAydaror sHaueHwst
or 34 A0 38,aaasa™ -0t 17 Ao 19. Koabacsr, mpous-
BeaéHHbIe ¢ 12—-17% copepsxannem CCKKK B cBoém
OCHOBHOM I|BeT€, OL}eHUBAIOTCSI ITOTPeOUTEASIMHU KaK
ONTHMAaAbHBIE.

ITpousseaénnniit CCKKK MOXXHO HCIIOAB30BATD
U B APYTUX MSACHBIX IIPOAYKTAX AASL AOIIOAHEHHS CO-
AepkaHus 6eaka. croap3oBaHHe BCeX BO3MOXKHO-
CTel AASI NCTIOABb30BAHHSI TAKOTO IJEHHOTO ChIPbs], KaK
KpOBb, OyA€T CIIOCOOCTBOBATH MOBBILIEHUIO dPPeK-
TUBHOCTH IIPU AOOBIYE MSICa U ITPOU3BOACTBE MSICHBIX
poAykTOB. ONITHMAABHOE HCIIOAB30BAHME YOUTHIX
KUBOTHBIX Tak)Ke IIeAeCO0OPA3ZHO € ITUYECKOM TOY-
KU 3peHHsL.
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DEVELOPMENT OF A MODEL TO PREVENT DROUGHT
OF LAKE MEAD WATER RESERVOIR

Abstract. Climate change has been a prominent subject in recent decades as it silently alters
our lives. Droughts have become more common, resulting in the decrease of the Lake Mead water
reservoir in the United States. To keep track of the situation, we’ll need to simulate the trend in el-
evation, surface area, and volume, which collectively define the water level. To combat the drought,
we'll need to develop drought criteria for Lake Mead, as well as feasible programs and techniques

for measuring the impact.

In this paper, we will finally develop a time series model to predict the water level and help people and

government to prepare in advance for the drought period.

Keywords: climate change, combat the drought, time series model, Lake Mead, water level, water

recycle technology.

1. Introduction

1.1 Background

Droughts, exacerbated by climate change, have
wreaked havoc on water reservoirs throughout the
world, particularly Lake Mead, for which the Bureau
of Reclamation has issued the first-ever water short-
age declaration.

The federal government declared a water short-
age on the Colorado River on Aug. 16, 2021, in re-
sponse to low water levels in Lake Mead. Beginning
in January 2022, the scarcity will restrict the quan-
tity of water Southern Nevada will be able to drain
from Lake Mead. Millions of people will be affected
in the coming years and decades by the Colorado
River shortage alone, researchers say, with some be-
ing forced to make painful water cuts.

Our modeling team has access to the surface area
and volume associated with water elevation, as well
as data on water elevation at Lake Mead at the end of
each month from 1935 through 2021, as well as the
maximum and lowest elevations by year.

1.2 Research Objectives

Our objective is to use this information to analyze
the drought’s effects on reservoirs, identify alternative
remedies to the water crisis, and provide a method for
measuring the plan’s effectiveness. In order to achieve
the research goals, we will utilize the mathematical
and statistical models including linear regression, time
series analysis and curve fitting methodologies.

1.3 Assumptions

Several assumptions will help us clarify and sim-
plify the model.
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First, we assume that the sea level is always the
same. We overlook the possibility of rising mean sea
level as a result of climate change.

Second, the amount of Lake Mead below mean
sealevel is assumed to be modest enough to be omit-
ted in the calculations.

Thirdly, we assume all the data available is accu-
rate and there are no outliers in the dataset.

2. Study of the Inflow, Outflow, and Loss

2.1 Factors of Inflow

The continuous dryness in the upper Colorado
River basin, which generates over 96 percent of the
inflow, is one of the culprits. Water availability in the
Colorado River has been progressively decreased
since 2000, since it is more dependent on seasonal
precipitation. As a result, the ongoing drought will
continue to reduce the inflow to the River Mead.

DISCHARGE AREA
Fa - o

Figure 1. Groundwater flow

Some of the rain that falls on the ground seeps
into the earth and becomes groundwater. Water
may travel both vertically and horizontally when
it contacts the water table (below which the soil
is wet). Water flowing downward can collide with
more thick and water-resistant nonporous rock
and soil, causing it to flow horizontally, usually

towards streams, the ocean, or deeper into the
ground.

2.2 Factors of Outflow

Water withdrawals, or water abstractions, are de-
fined as freshwater taken from ground or surface wa-
ter sources, either permanently or temporarily, and
conveyed to a place of use.

Water source Water volume,

in cubic miles

Water volume,

in cubic kilometers

Percent of total water Percent of total freshwater

Fresh groundwater 2,526,000 10,530,000 0.8% 30.1%
Groundwater 2,614,000 23,400,000 1.7% -
Total global water 332,500,000 1,286,000,000 - -

Figure 2. Global Water Distribution Estimation

This can be one of the main reason of the water
outflow of Lake Mead. The water withdrawals can

include abstractions for public water supply, irri-
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gation, industrial processes and cooling of electric
power plants.

Another source of water outflow can be the for-
mation or dissipation of glaciers, snowfields, and
permafrost, which means the water cycle itself is
part of the reason of outflow. Even though the water
in ice and glaciers travels very slowly, they are part
of the water cycle. The weather is also influenced by
ice caps. White reflects more sunlight (heat) than
darker hues, and since ice is so white, sunlight is re-
flected back out to the sky, aiding in the formation
of weather patterns. Continue reading to learn about
the role of glaciers and ice caps in the water cycle.

2.3 Factor of Loss

The intensity of the drought is one aspect that
contributes to the loss; varying degrees of dryness
result in varied evaporation rates. The surface size
of Lake Mead is also a role in the loss. Lake Mead’s
evaporation rate would be lower if its surface area

was smaller, decreasing the amount of water lost.
However, we may disregard the extent of the loss in
the preservation of Lake Mead in this study since
only a tiny surface area could avoid evaporation loss.
Nonetheless, we want Lake Mead’s water level to rise
to help ease the drought. Because a bigger water sur-
face area has a larger water storage, the somewhat
higher loss associated with the larger water surface
area is inconsequential in this study.

3. Water Level Time Series Exploration

3.1 Definition of Drought Period

A drought is a period of time when an area or
region receives less rain than usual. Reduced soil
moisture or groundwater, reduced stream flow, ag-
ricultural damage, and a general water scarcity can
all result from a lack of appropriate precipitation,
whether rain or snow. Droughts, after hurricanes,
are the most expensive weather occurrences.

water level time series

1200

1100

1000

Qo0

Water Level

go0

o0

1940 1950 1960 1970 1980 1990 2000 2010 2020

Dates

Figure 3. Lake Mead Water Level

Droughts, unlike other severe weather disasters
like hurricanes, tornadoes, and thunderstorms, are no-
toriously difficult to predict when they begin and end.
Because the early consequences of a drought might be
difficult to detect, it could take weeks or months to
confirm that a drought has begun. For the same rea-

son, the end of a drought is difficult to predict. A dry
spell might last weeks, months, or even years.

In this paper, we will define the drought period
as the continuous at least 14 days (two weeks) which
the water level of the lake is below the 25% position
over the recent years.
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water level time series difference
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Figure 4: Water Level Difference

3.2 Water Level Time Series

The plot shows that since 1940 the Lake Mead
keeps the water level above the 1100 level. There was
abig inflow before 1940 to keep the water level high.
During 1940 to 2020, the water level fluctuates a lot
but it shows a clear declining trend since 2000.

The below chart is displaying the water level
delta (difference) time series. Positive delta means
the inflow is larger than the outflow, causing an in-
crease of the water level (ignoring the effect of water
loss). Obviously the first 380 days the Lake Mead
was having frequent large water inflow but since the
400 days, it shows a small inflow and outflow change
comparing to the first 380 days. It can be one of the
sign the severe drought period is affecting the overall
water level.

4. Water Level Prediction

4.1 Stationary Time Series And ADF Test

The features of a stationary time series are inde-
pendent of the time at which the series is seen. As a
result, time series containing trends or seasonality
are not stationary, as the trend and seasonality will
alter the value of the time series at different points
in time. A white noise series, on the other hand, is
stationary — it should seem the same regardless of

when you examine it. Stationary series means the sta-
tistical features of a time series (or, more accurately,
the process that generates it) do not vary with time,
which is known as stationarity. Stationarity is signifi-
cant since it is required by many valuable analytical
tools, statistical tests, and models.

The testing procedure for the ADF test is the
same as for the Dickey-Fuller test but it is applied
to the model
Ay, =o+Bt+yy, ,+6,Ay,  ++6, Ay, ,, &,

where a is a constant, 3 is the coefficient on a time
trend and p is the lag order of the autoregressive process.

Imposing the constraints ¢ =0 and =0 cor-
responds to modelling a random walk and using the
constraint # =0 corresponds to modeling a random
walk with a drift. The unit root test is then carried out
under the null hypothesis y = 0 against the alternative
hypothesis of y <0. Once a value for the test statistic:

DF, =L
SE(y)

Is computed it can be compared to the critical
value of DF test.

The following is the ADF test results for water
level first order difference:
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ADF Statistic: -6.654371
p-value: @.BP66528
Critical Values:

1%: -3.437
Sk: -2.804
l@%: -2.568

The p value is nearly zero meaning that the dif-
ference series are stationary and we can build time
series model based on it.

4.2 ARIMA Model

We get a non-seasonal ARIMA model when we
mix differencing with autoregression and a mov-
ing average model. ARIMA stands for AutoRegres-
sive Integrated Moving Average (integration is the
inverse of differencing in this context). The entire
model may be written as follows:

! ’ !
Vi :C+¢1yt—1+”'+¢pyt—p+

+0,  +-+0¢,

tE,>
where y! is the differenced series (it may have been
differenced more than once). The “predictors” on
the right hand side include both lagged values of
y, and lagged errors. We call this model an
ARIMA(p, d, q) model, where:

« p: the order of autoregressive part;

« d: the order of integration part;

 q: the order of moving average part.

5. Prediction Model Results

S.1 Model Output

The following shows the ARIMA model param-

eter outputs form python results.

ARIMA Model Results

Dep. Variable: D.waterlevel  MNo. Observations: 1835
Model: ARIMA(L1E, 1, 1) Log Likelihood -3855.311
Method: css-mle  5.D. of innovations 4.568
Date: Mon, 15 Mov 2821 ATIC 6136.623
Time: 22:14:36 BIC 6286.921
Sample: 1 HQIC G161.815
coef std err z Pelz [B.@25 @8.975]
const B.8798 1.8608 B.53@ e.4a7 -1.198 2.957
ar.L1.D.waterlevel 1.1916 8.838 31.a5%8 e8.884a 1.116 1.267
ar.L2.D.waterlevel -8.4272 8.a51 -2.413 e.0ea -8.527 -8.328
ar.L3.D.waterlevel -8.1759 8.a51 -2.443 e.0el -8.276 -8.876
ar.L4.D.waterlevel 8.2458 8.a538 4,223 e.0ea B.132 a.368
ar.L5.D.waterlevel -8.11638 8.a63 -1.861 e.863 -8.248 a8.aa86
ar.L&.D.waterlevel 0.88389 8.863 8.141 @.338 -8.115% 8,132
ar.L7.D0.waterlevel -8.80833 8.863 -8.139 e8.839 -8.132 a8.115
ar.L&.D.waterlevel 8.1885 B.863 1.595 e.111 -8.823 a8.224
ar.L%.D.waterlevel -8.3389 B8.859 -5.732 e8.0e4d -8.455 -8.223
ar.Lle.D.waterlevel 8.4594 8.a37 12.846 e8.884a 6.308 a8.541
ma.L1l.D.waterlevel -8.6176 8.832 -19.231 e.0ead -8.681 -@.555
Roots
Real Imaginary Modulus Frequency
AR.1 1.a188 -3, 8866 ] 1.0138 -8.ea08
AR.2 B.8835 -3, 4994 1.6149 -8.e83819
AR.3 B.8835 +&.49947 1.06149 @.a819
AR.4 B.5147 -2.81977 1.68539 -8.1638
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AR.S 8.5147 +2.91977 1.8539 8.16882
AR.B -1.8835 -@. 88867 1.8885 -8.5a68
AR.LT -B.8862 -8.7465] 1.1542 -@.38281
AR.8 -8.58882 +8.7465] 1.1542 8.3881
AR.S -8.1217 -1.118857 1.1232 -8.2673
AR.18 -8.1217 +1.1166] 1.1232 B8.2673
MALL 1.61092 +2.828067] 1.6192 8.eq80

Figure 5. ARIMA Output

Here we used the ARIMA [10; 1,1] for the total ~ concentrated near zero, meaning that our model is
1039 model input. In order to check the validation  performing a good fit (Figure 6).
of the results, we plot the residual density, which is

=100 =50 0 50 100

Figure 6. Residuals Density Plot

Predicted vs. actual
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Figure 7. Prediction and True Water Level
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S.2 Long-Term Time Series Prediction

The next step is that we want to predict the water
level till 2050. In general, in time series analysis, you
look for stationarity, which allows you to forecast
both short and long term outcomes (think for ex-
ample of an AR process that has along term expected
mean and variance because it is less persistent than
an ARIMA and tends to forget past shocks with an
exponential decay in the ACF). Particularly, if your
process is linear and you can only analyze the first

two moments, stationarity in mean and variance. As
a result, both short- and long-term stationary pro-
cesses are predictable. Remember, however, that
short-term predictions are usually associated with
lower MSE (prediction error): for example, one-
step-ahead predictions are less noisy than two-step-
ahead predictions: this is because conditional vari-
ance is compounded over time for each step ahead,
making your forecast noisier if you try to predict the
distant future.

Forecast vs Observed

—— Observed
—— Forecast
= lower bound
—— upper bound

2000

1500

1000

500

1940

1960 1980

2000 2020 2040

Figure 8. Water Level Prediction

Based on our ARIMA model, considering the
noise for long term forecasting, here the plot shows
the future prediction (the red line) as well as the pre-
diction 95% level confidence interval (the green lines).

Obviously it indicates that the further your pre-
diction is, the nosier the results will be. The predic-
tion of 2050 water level will have a big confidence
interval ranging from 400 to over 2000. In average,
for the incoming 30 years, the Lake Mead water level
will be around 1000 and has a slight increasing pat-
tern according to our model prediction.

6. Discussions

6.1 Water Drought Crisis

Water is a holy resource that is needed to feed
families, cultivate crops, protect animals and the
environment, and run agricultural companies. Un-

fortunately, drought conditions in the West are
worsening, and water allocations in places like the
Klamath River Basin and the Colorado River Basin
are at historic lows.

Drought has an urgent need to be mitigated and
a long-term strategy developed to assist conserva-
tion and economic growth, because drought affects
everyone, from farmers and ranchers to city inhabit-
ants and Tribes.

By collaborating with partners throughout
the federal government, providing aid to afflicted
areas, and researching long-term climate change
solutions to address this rising catastrophe, the In-
terior Department is helping the administration’s
whole-of-government approach to drought mitiga-
tion.
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6.2 How Our Model Can Help?

The long term prediction in the previous part of
paper has indicated the stable water level for the in-
coming decades. However, people are expecting a
faster economic growth and resources supply in the
future thus the government should prepare for the
increasing amount of water usage in the future.

Also, the model shows the possibility that the wa-
ter level in 2050 will drop to a very alarming level.
Other back up plans should be available in case of
such extreme drought periods happened.

6.3 Potential Solutions and Water Recycle Tech-
nology

The possible solutions and suggestions are just in
the water inflow, outflow and loss analysis. There are
three aspects we can prepare for the drought periods:
increase inflow, decrease the outflow and loss.

However, we here want to address the decrease
of water outflow which is also the most controllable
aspects that government can perform. The outflow
is mainly due to the water distribution, meaning that
an eflicient water distribution system would help a
lot to prevent lake drought.

Technology and reasonable distribution can help
decrease the usage of water and the water loss dur-
ing the distribution. Therefore, the water recycle is
kicked to improve the water usage system.

According to Katz, what’s new in water reuse/
recycling technology isn’t so much the technology
itself as it is how it’s being utilized. Many factors in-
fluence the choice of water reclamation technology,
according to the National Academies Press study.
The type of water reuse application, reclaimed water
quality goals, source water wastewater characteris-
tics, compatibility with existing conditions, process

flexibility, operating and maintenance requirements,
energy and chemical requirements, personnel and
staffing requirements, residual disposal options, and
environmental constraints are all important factors
to consider. Water rights, economics, institutional
concerns, and public confidence all influence treat-
ment design decisions.

A few major high-level industrial transformations
are now ongoing. What was formerly considered
trash is now being re-evaluated for its worth, with
the emphasis shifting to resource recovery.

Organic fuel, nutrients, and water are commonly
found in wastewater streams. The industry is working
to extract these valuable products more efficiently,
and new technologies are being developed to help.

7. Conclusion

In this paper, we first discussed about the factors
that can affect the Lake inflow, outflow and loss.
Then some statistical tests and model are implement-
ed to predict the Lake Mead future water level time
series. From the prediction results we foresee a pos-
sibility that the water level of Lake Mead will drop
drastically by the year of 2050 although the average
predictions show that the future water level will not
change too much for the decades. However, with the
growing economy development, resources usages
and population growth, the government should be
prepared for the stressed scenarios of lake long and
severe drought periods.

We proposed the drought period forecast and
meanwhile the potential solutions and preparation
for such drought periods are also summarized: use
the technology to improve the water recycle effi-
ciency, and as a result the water inflow and outflow
stream will be more efficient.
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Abstract. The nature of the electric and magnetic fields and the interaction of magnets are con-

sidered. Experiments show that whirlpool and magnetic processes are similar phenomena. Images

are created that contribute to a deeper understanding of the phenomenon of electromagnetism.

Keywords: Nature of electric charge, charge, magnetic field, interaction of magnets.

Anosenko Cepeeit Huxoraesuy,
Kanoudam mexHu4eckux Hayx,

Xapwcoec;cuﬁ HaLﬂJOH&lAbellZ YyHusepcumerm paauo:-me;cmpouuxu

3JIEKTPUYECKUWN 3APAA,. MATHUTHOE NOJIE. BOOHASY MOAEJ1b

Annoranud. PaccMaTpuBaeTcs NpUpOAa 2AeKTPHIECKOTO M MarHUTHOT'O IIOAS M B3aUMOAEHCTBUe

marauToB. Ha SKCIIEPHMMEHTAX ITOKAa3bIBA€TCS, YTO BOAOBOPOTHbIE H MaIlHHTHbBIE IIPOLECCHI — 3TO

nopo6HbIe siBAeHMs1. Co3pa10TCsI 06pasbl, CriocoOCTByomue 60Aee rAyOOKOMY IIOHMMAHHIO SIBACHISI

SACKTpOMarHeTu3Ma.

Karouesbie caoBa: IIpupopa aarekTpuueckoro 3apsiaa, 3apsia, MarHUTHOE ITOA€, B3aHMOAEHCTBHe

MarHmToOB.

B coBpemennoi reopuu [ 1-4, 10-12 ] HecmoTpst
Ha YCIIeXU 9KCIIePUMEHTAAbHON (pU3UKH MbI HE3HaeM
IPUPOAY M YCTPONCTBO dAeKTpoHa. Kak 1 mouemy on
MOXKeT HaXOAUTCA B SIAPE aTOMa He paspymias ero?
OT noHMMaHUS 9TOrO BOIIPOCA OTKA3AAUCH U ITepell-
Av Ha moctyAarbl. Co3AaTh PU3UYECKU MOHSITHBIN
obpa3 (Mopeab) 9AEKTPOHA He YAABAAOCh. B paHHOM
pabore, mpepAaraeTcsi HOBasi MUPOBO33peHYeCKast
CHCTEeMa, TO3BOASIIONIAsI IPUOAUBUTCS K PeLICHUIO
3TOTO BOIIPOCa (c mo3umum apupHOI Teopuu).

B mpeabIAymux paboTax aBTOpa [5-9] BrIBOAH-
AOCH ¥l TOBOPHAOCH, 4TO HAIl TPEXMEPHbIA MUP CO-
CTOHT U3 AByMEPHOTO MHPa, U3 IAOCKUX BOAOBOPO-

TOB MAM U3 BPAIJAIOIIUXCS IIAOCKOCTeM. AByMepHbIH
mup (IIAOCKOCTb) COCTOUT U3 OAHOMEPHOTO MUPa —
5TO MOYeT ObITh AMHUS MAM OTPE30K AMHUH (TaK Kak
AVIHHSI MOKET OBITh [IPEACTaBACHA € CKOHEYHO CyM-
Moit 0Tpe3koB). Ho aToT oTpe3ok poaxkeH 06AaAaTh
sHepruel BpalleHus, TaK KaK, TO, YTO He ABIDKETCS
(me o6rapaeT aHeprueit), Mbl He BAMM H HE MOXeM
3apUKCHpPOBaTbh, AASl HAC 3TO He CyIecTByeT. AAs
YAOBAETBOPEHUSI 9TUM TPeOOBAHIS OBIAQ ITPEAAOIKe-
Ha MOAEAb Bpaaiomeiics crupasu (1o MeToay mo-
AO6HA) COCTOAMAS U3 APYTUX BPAIAOIIUXCS CIIUPa-
Aeit u3obpaxkénHou Ha puc. 1. 13 3a Toro, uro yroa
HAKAOHA CIIMPAAU COCTaBAseT 45 rpaaycos (kak om-
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TUMAABHO 3Hepreanec1<1/n71) , Tlepepada MOMeEHTa
BpaljeHHs TPOUCXOAUT 1oA yraoM 90 rpapycos. OTo

AnemeHT 3chupa Imm
‘ +1

3aKOH COXPAHEHHS MOMEHTA HMNYNbCa

3aK0H COXpaHEHHA MOMEHTa HMNYNbCa o e g
S

J
H H
@*W
E E E

00'BsICHSIET, [T0YeMY B 9AKTPOMATHUTHOL BOAHE BEK-
Topa E u H pacnioaoxensl mop yraoM 90 rpapycos.

---N“-""'M.____.__ \ - ; ]
E
m M0 COUPRHEHIR NOWEHTA iyt
[E——— ]

PucyHok 1. Moaenb acumpHoin cpenbl

baaropaps Takoi apupHOI MOAEAN YAQAOCD TI0-
CTPOHTDb MEXaHUYECKYIO MOAEAb dIAKTPOMArHUTHOM
BOAHDI H306paxéHHOM (puc. 2), 4T0 06AerdnA0 06-
pasHOe IpeACTaBAeHHE AAQHHOTO 9AeKTPOMArHMT-

m

HOTO SIBA€HHS U ITIO3BOAUAO B AAAbHEMIIIEM MMOHSATH
IIPUPOAY OAEKTPOMAIHHUTHOIO BSaHMOAEfICTBPIH
OAEKTPHIECKHX 3apPSIAOB U IIPUPOAY (MOAeAb) IACK-
TpOHa U IIPOTOHA.

///;MT

B AaHHOM cAydae 9A€KTPOMArHUTHAsl BOAHA pac-
CMaTpUBaeTCs Kak Iepeaada MOMEHTA BpaIleHHUs TT0A
yraom 90 rpapycoB B cBepxTeKy4der 9QUPHOM cpeae,
4TO BOCIIPUHHMMAETCS U q)nxcnpyezc,q HAMH KaK 9AeK-
TPOMArHUTHAs BOAHA C BeKTopamu E u H pacnioaoskeH-
HbIMU TI0A yTAoM 90 rpaaycos. CseToBas BOAHA — 3TO
IepeAaya B3aUMOAEHCTBHS OT OAHOT'O IAEMEHTA CPEADI

iz

PucyHok 2. MexaHnyeckast MOAENb 3/IEKTPOMArHUTHOM BOJTHbI

K APYTOMY, TI0 aHAAOTHH CO 3ByKOBOM BOHOM. OTAndme
COCTOUT B TOM, YTO MOMEHT IlepeAad BPaIleHHs OT OA-
HOTO 9A€MEHTA CPeAbl K APYTOMY IEepeAa€TCs IIOA
yraoMm 90 rpaaycoB u3 3a yraa cimpaase B 45 rpapycoB
KaK 9HepreTHIeCKH ONTUMAABHOTO, O 1 CO3AA€T IAO-
CKOCTH 9A€KTPOMAarHUTHOM BoAHbI E 1 H pacrioroxeH-
HBIX APYT K APYTY IOA YTAOM 90 rpasycos.
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aAeKTpOMaI'HI/ITHaH BOAHA — 9TO II€pEAAa ITOA-
pu3anuun aclmpa HAH IIEpeAaTa BpaleHHsI OT OAHOTO
JAEMECHTA 3(])Hpa K ApyToMy.

TpeTI/Iﬁ KAIOYeBOM MOMEHT B IOHUMaHUH CTpoe-
HHS SJAEKTPHUIECKUX 3aPSIAOB U X BSaPIMOAefICTBPIH -

A

Y

3TO MPEACTaBAEHHE MX MAOCKUMU BOAOBOPOTAMH.
Ilpu CTOAKHOBEHHH ABYX KBaHTOB cBeTa (Ha He-
OAHOPOAHOCTSIX 3¢Upa) MOCTYNaTeAbHAs SHEPTU
VX TIEPEXOAHT BO BPAIIATEABHYIO SHEPIUIO TAOCKOTO
BopoBOpoOTa (puc. 3).

_ )
(_E-—// ___:-.-f—-::';“-—
e X
j .. G PO, .|

3apAag,

SIN(K+EXP(-X))

PopmuposaHue zapada u3z ceepHymodi
eo0doeopoMomM cuHycoudbs!

PucyHok 3. NpeBpauteHme noctynaTenbHOM 3HEPIrM KBAHTOB CBETA
BO BpaLLaTesibHYlO 3HEPI1I0 BOAOBOPOTA MM HaCTULLbI

M3 3a crarucTrdecky paBHOMEPHOTO BpallleHus
OH BOCTIPMHHMMAeTCs U PUKCUPYETCs B 9KCIIepUMEH-
Tax B IIPUBBIYHOM AAS Hac Bupe (puc. 4).
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PucyHok 4. Mooenb anekTpoHa

BOAOBOPOT CBOpaYMBAET M PaCTATUBAET CUHY-
comAy Kak mokasaHo Ha (puc. 5). B pesyasrare cBo-
PAYMBAHNS U PACTATMBAHHS CHHYCOUABL, TIOCACAHHIT
TIOAYTIEPHOA CHHYCOUABI PACTSTHUBAETCS Ha GecKo-
HEYHOCTb — 3TO M €CTb 3apsA SAeKTPOMArHUTHOMN
YACTHUILIbI, TIOAYYAIOIIMICA U3 IAEKTPOMarHUTHOMN
BOAHBIL.

SIN(K*X)

NANNANNTL
BYAVAVAVAVAV.

|, /-2 SIN(K*EXP(-X))

PucyHok 5. PactarnesaHune
3/1eKTPOMarHUTHOW BOJIHbI BOLOBOPOTOM

Cuna JlopeHya

A

PucyHok 6. NMputaxeHne n oTTanknBaHme
3apsaa aN1eKTPOMarHUTHbIM
nonemM BoOooOBopoOTa
Ecau B moae (4acTuijpl) 3TOrO 3AEKTPOMArHHUT-
HOTO BOAOBOPOTA IIOMECTUTD IAEKTPOH, TO MOKHO
OOHAPYXXUTD, YTO OH OYAYT IPUTATHBATHCS AU OT-
TAAKHBAThCS B 3aBUCUMOCTH OT HAITPABAEHHUS BOAO-
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BOPOTa BCAGACTBHE ACHCTBUS CHABI AOpeHIfa puc 6. Taxoe cMemnjeHne, Ha MUKPOYpPOBHE — 3TO IIepeaa-
CaepoBaTeAbHO B3aUMOAEHCTBHE 3apSAOB 3aBHCUT — 4a MOMEHTA BpalleHus, YTO IPUBOAUT K CMEIeHHUIO
He TOABKO OT BEAMYMHBI 3aPsIAQ HO U OT €T0 HallpaB-  ITOAOXKEHHS BOAOBOPOTA (HPI/ITSDKGHI/IIO HAM OTTaA-

AEHHOCTH, 4TO H306pakeHo Ha (puc. 7). KHBAHMIO).
B33MMOAEVICTBME IMNEKTPUYECKIX 3apAL08
Knaccuueckas PaclumpeHHas Teopua
Teopua ] CeoGoaHble 3asucumeie

© | o G| S
oo | S @
oodiboNcfoYof

PucyHok 7. Teopusa anekTpu4eckoro 3apsaa

Ho xak nmpepaTb HaIIpaBAGHHOCTD 3apsIAy, BEAb  3apsAOB IO IIPOBOAHHMKAM, TA€ OHU IOAYYAIOT Ha-
CBOOOAHBIE 3apsIAY B3aHMOAEHCTBYIOT II0 KAACCHYe-  [IPABAEHHOCTb. B iepBoM cAydae — 3TO HHTEPIIPETH-
ckoit cxeme (puc. 7)? HampaBaeHHOCTb IIpeaaeTcsi  pyeTcsl HAMH KaK cuAa AOpeHIia, BO BTOPOM CAydae
3a CYET HAIIPAaBAEHHOTO ABIDKEHHMS UAM 3AIyCKAaHUSA  KaK B3aUMOAEHCTBHE IIPOBOAHHUKOB.

Bl Ao
))*%( { )

NPOTHE ? 1 NpoTHE
4ACOBOH V V HacoBon :ac?::u HHL‘E?EDM

IS TR TOKTHORA,

BAG AT WA T G RS R U .

PucyHok 8. MexaHun4yeckas Moaesib B3aMMOAENCTBUS SNIEKTPUYECKMNX 3apaaoB
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s 3a NPUTSDKEHUS 9ACKTPOHOB B CACACTBHUH HX
HaIIpaBA€HHOCTH OHH MOTYT 06pa30BbIBaTb IACK-
TPOHHbBIE IIaPbL, BCAEACTBHE €TI0 OHU MOI'YyT HaXO-
AUTCA B IAP€ HE pa3py1iasd €ro, B XMMHUH UX Ha3bIBAIOT
BAaA€HTHBIMH SAEKTPOHaMH.

Taxum O6p3.30B BOAOBOPOTHOE U SCI)I/IPHOC IIpeA-
CTAaBAC€HHE YCTPAHAET IIPOTUBOPETM HAXOXKACHUA
9AEKTPOHA B SIAPE€ B AA€T AOTHYECKOE U o6pa3Hoe
IIpEACTaBACHHE 06 OACKTPHYIECKOM 3apsIA€ U €ro
:-)AeKTpOMaFHI/ITHOﬁ IIPHUPOAE.

MexaHn4YecKas MOAEAD 9AEKTPOHA H €TO B3aHMO-
AHCTBHSA MOSICHAETCS U IIPEACTaBACHA pHC. 8 U pac-
CMaTpUBAAACh TIOAPOGHO B paboTax [5-9].

OAEKTPOMAarHUTHOE BOAOBOPOTHOE IIPEACTaB-
A€HHe II03BOAsIET 0ObeANHUTD U PACCMATPUBATD BCe
9A€KTPOMAaTrHUTHbIE SBACHHS C EAHOH ITO3UITHH —
C IIO3HITHH B3aHMOAEHCTBUS BOAOBOPOTOB HAH B3a-
MMOAEHCTBHS PaCTSHYTON UMHU XBOCTA 9AEKTPOMAr-
HHUTHO BOAHBI, KOTOPasi OTBEYAeT 32 3aPsIA JACTHUIII

(marepun) (puc. 9).

9TO0 BCE B3aMmoaencTsme BO40BOPOTOB

PucyHok 9. O6beamHeHne anekTPoMarHMTHbIX B3aMMOOEenCTBUM

YeTBepThIil BAXKHBII MOMEHT — 9TO 00BSICHEHHE
IIPUPOABI MATHUTHOT'O ITOAS Yepe3 BOAOBOPOTHL.

B BOAOBOpPOTHOI1 TEOPUH, YACTHUIBI 0OAAAAIOIIIITE
MAaCCOM IPEACTaBA€HbI BOAOBOPOTaMH — 9TO KaK Ha
MOpe BOAHBI — KBaHTbI CBETA, YaCTHUIIbI BOAOBOPOTBL
B dusuxe AAs 0OBSICHEHNS IPUHIIUIIA HHTEPPEPEH-
IIUM CBETOBBIX BOAH, MCIIOAb3YeTCS BOAHAS MHTEp-
Pepennus, Tak KaK CIUTACTCS, YTO ITH SABACHUA I10-
A0GHBL VcroAb3yeM — 9TOT MHUPOKO IIPUMeHSIeMbIiT
IPHEM AAST OOBSICHEHHST MATHUTHOTO IOASL. Tak Kak
B BOAOBOPOTHOM TE€OPHH, YACTHUIIbI — 3TO BOAOBOPO-
ThI, CO3AAAM BOAHBIN aHAAOT IPOBOAHMKA C TOKOM
U M3MEPHM, U CPAaBHUM CHAOBbIE AMHUU HAIIPsDKEH-

W3 sxcnepumMenTa (pnc. 10) BHAHO, YTO CHAO-
Bble AMHHH BOAOBOPOTA U IPOBOAHHMKA C TOKOM

HOCTH 9TOT'O BOAHOTO aHAAOTa C CHAOBBIMH AMHHUSIMU
IIPOBOAHMKA C TOKOM. A\ASI I3MepeHMs HAIIPsDKEHHO-
ctu (CHABI) CHAOBBIX AMHUIT BOAHOM MOAEAH GyAeM
HCIIOAB30BaTh KOPAOAMKH IO CKOPOCTH KOTOPBIX
MOXKHO CYAMTb O CHA€ BO3AEHCTBYIOIEN Ha HUX, IIO
AHAAOTHHM C MAAHETAMH COAHEYHOM cHcTeMbl (deM
IIAQHETA OAVDKE K COAHITY TEM OHA ABIDKETCS ObICTpeT],
YeM AAADbIIE MEAACHHEN M3-3a PAa3HOCTU CUA BO3AEH-
CTBYIOIIUX Ha HUX CO CTOPOHBI COAHIIA). AAS U3Me-
PEHVIS HAITPaBAEHUSI CHABI OYAEM HCIIOAB30BATh PAIO-
repa, aHaAOT MATHUTHKOB AASI IPOBOAHHKA C TOKOM.
1. ITocraBuMm 1 IIpOBeAEM 9KCIIEPUMEHT, PE3YAb-
TaThl n306pakens Ha (puc. 10).
OAMHAKOBbBI, CAEAOBATEABHO, AAHHBIE IBACHUS MO-
TyT CIUTATHCSI TOAOOHBIMHL.
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BoOHaA moodesib Ma2HUMHO20 MNosA

Kopabauku
Bodosopom opa

Bodosopom

PucyHok 10. Mogenb npoBOAHMKA C TOKOM

BooHaAa modesnb Ma2HUMHO20 104

BopoBopoThbl

T &=

Kapabauk
BoaosopoThbl

PucyHok 11. Mogenb KOHTypa C TOKOM

2. IIpoBep€M TakoM e 9KCIIePHUMEHT AASl KOH-
Typa C TOKOM U €I0 BOAHON MOAEAU H300PaXXEHHON
Ha (puc. 11).

U3 axcriepumenta (puc 11) BUAHO, 4TO CHAOBbIE
AVIHMH BOAOBOPOTA M KOHTYPa C TOKOM OAUHAKOBBI,
CAEAOBATEAbHO, AAHHbBIE SIBACHHS MOT'YT CUUTAThCS
MMOAOOHBIMH.

3. ITocTponM BOAHBIN aHAAOT AASI KATYLIKH C TO-
KOM U IIPOBEAEM U3MePeHMsI HAITPSDKeHHOCTH U Ha-
IIPaBAEHUS CHAOBBIX AUHHH C TIOMOIIbIO (AIOrepOB
U KOpabAMKOB. Pe3yAbraTsl aKCIIepUMeHTa H300pa-
xeHbl Ha (puc. 12).
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BooHaa mooesib MQ2HUMHO20 oA

Kopabanku

j T

dntorepbl >
\

¥
% BogHbIe MArHHTH! Cunosbie AvHMH
CYymMMbl BOAOBOPOTOB

BOA0BOPOTHI

MarHut

N\

MarHuTHoe none
KaTYLKK C TOKOM

PucyHok 12. Mogernb KaTyLwKn C TOKOM

U3 sxcriepumenTa (puc 12) BUAHO, 4TO CHAO-
Bble€ AMHMM BOAHOM BOAOBOPOTHOM MOAEAM KaTyIIl-
KM ¥ KaTYIIKU C TOKOM OAMHAKOBbI, CA€AOBATE€ABHO,
AQHHBIE SIBA€HHSI MOTYT CYUTATHCS IOAOOHBIMU.

4. ITpoBéaeM aKCIIepUMEHT 10 B3aUMOAEHCTBHIO
9TUX BOAHBIX MAarHUTOB II0 AHAAOTHH B3aHMOAEH-
CTBHSI KaTYIIEK C TOKOM M OOBIYHBIX MarHUTOB. Pe-
3yABTaThI SKCTIEPUMEHTOB M306pakenb Ha (puc. 13).

Kak 1 B IpeABIAYIINX 3KCIIepHMeHTaX, MbI Ha-
bAIOAQEM CXOXKeCTb (PU3NYECKUX IKCIIEPHMEHTOB
C UX BOAHBIMH MOAEASIMH, BCAEACTBHE TI0OAOOMS 9THX
SBACHHMI C MX BOAHBPIMU aHAAOTAMHU.

AaHHbIe SKCIIEPUMEHTDI, IPOBEeACHHbIE B IKOAAX
U By3aX, 0OAer4aT IIOHUMAHHUS TAKOTO PH3UIECKOTO

SABAEHUS KaK MarHeTU3M M PaCIIMPAT HAIIH IIPeA-
CTaBAeHUS 00 9TOM PH3UIECKOM SBACHUM.

BoaoBopoTHbIe IpeAcTaBAeHHS (BOAOBOPOTHAS
TeOopusl) MO3BOASIIOT HaM IIPEACTABUTD PUINIECKHE
SIBA€HMSI B 00pa3ax MOHSTHBIX AAS HAC.

B npouecce pasBuTHsa HayKH Mbl pacCMaTPUBAAU
¢usHIecKue SBACHHS C MO3UIIUU: MOAEKYA, aTOMOB,
3AEKTPOHOB M IIPOTOHOB. B BopAOBOpOTHOI Teopuu
9AEKTPOHBI M MPOTOHBI — 3TO 3ACKTPOMArHUTHAS
BOAHA CBEPHYTas BOAOBOPOTOM U AAAbHEMIIee pac-
IIMpeHUe HalllMX B3rASAOB Ha QU3HNYeCKHe SBACHHS
IIPOMCXOAUT C TIO3UIIMHU ITAOCKUX BOAOBOPOTOB M HX
B3aUMOAEHCTBHS, a TAKKE CO3AAHHBIX MU dAEKTPO-
MarHMTHBIX IIOAEM.
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BoOHaAa mooesib Ma2HUMHO20 oA

Bogosopotbl  Boaosopotbl

¢morep1«1 =5 {. T T 7&% %

Bogosopotel  Boaosopotbl

¢n|or6prﬁ-“r ¢ _}TT - "‘Jz —7‘!" ;‘ +:

B3aumodelicmeue 800HbIX MA2HUMOB
Boaosopotbl  BogosopoTbl

d)nlorep‘ ‘ _} ‘_ T TT —’{_
e e X un M

Bogosopotbl BopoBOpOTHLI

¢morepr T‘._}T T

PucyHok 13. Mogenb B3anmoaerncTBmns MarHnToB

Cnucox AuTeparypbl:
Aopenn I A. Teopus aaexrponos. TUTTA,— Mocksa. 1953.
. Ilyankape A. 136paunsie Tpyast,— Tom. 1. Hayka,— Mocksa. 1971.

OitamTenH A. Teopus orHOocuTeabHOCTH. Hayuno-uspareabckuil 1ieHTp «PeryaspHas u xaoTuyeckas
AMHaMuKa>»,— Mocksa. 2000.
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A REVIEW OF VIDEO GAME TREATMENTS FOR AMBLYOPIA.
A COMPARISON OF THE EFFECTIVENESS OF DIFFERENT
TYPES OF VIDEO GAME TREATMENT FOR AMBLYOPIA

Abstract. Patching the normal eye for more than two hours daily is the standard method for
treating amblyopia, although compliance issues often obstruct treatment efficacy. Video game (VG)
treatment is an engaging alternative for treating amblyopia, but its newness causes its effectiveness
and weaknesses to be unknown. Through the review of literature, this study aims to find the most
effective form of VG treatment and compare the effectiveness between different types of VG treat-
ment. Four features of VG — game graphics type, genre, the device used, and the type of visual stimuli
provided —were categorized. The improvement in visual acuity (VA) is measured in logMAR. Differ-
ent categories of the four variables were compared to each other using the value of the average visual
acuity (VA) improvement. Results show that virtual reality (VR) games are more effective than 2D
and 3D games, with an average VA improvement of 0.37 logMAR. The action game genre is the most
effective game genre associated with an average of 0.25 logMAR improvement, significantly more
than strategy and casual games. For devices, the most effective type of device is VR of an unspeci-
fied immersion (unclear if it is immersive or non-immersive) with an average improvement of 0.62
logMAR. Treatments that provided only monocular visual stimuli were slightly more effective than
dichoptic and binocular treatments. Limitations of this study are discussed. This literature review
study suggests an optimized form of video game treatment may be superior to patching, as patients
can improve at a faster rate.

Keywords: amblyopia, amblyopic, video games, pc games, computer games, treatment, training.

Introduction

Amblyopia is a visual disorder that is caused by
the underutilization of one eye, leading to mon-
ocular visual acuity loss (Elflein [7]) in that eye.
If left untreated, the amblyopic eye may affect
one’s employment productivity, as well as nega-
tively influence their fine motor skills (Levi et al.
[21]). Furthermore, amblyopes may not qualify
for certain careers because of blurry vision from

the amblyopic eye. The two main subtypes of
amblyopia are anisometropia (i.e., the eyes have
different refractive powers), which accounts for
50% of amblyopia cases, and strabismus (i.e., the
eyes do not look in the same direction), which
accounts for 25%, and a combination of the two,
which accounts for 16% (Maurer & Mc Kee [27]).
Amblyopia is the leading cause of monocular visu-
al impairment in many countries, with childhood
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prevalence rates of up to 6.2% worldwide (Mo-
canu & Horhat [29]).

Patching the better eye is a method of treat-
ing amblyopia, and improvements are seen mostly
in children (Magramm [25]). As the good eye is
patched, the brain receives all visual stimuli from the
amblyopic eye (Levi et al. [21]). However, patching
has compliance issuesbecause it requires the patients
to wear the patch for many hours of the day, enforced
by the patients themselves or a guardian. Atropine
eye drops may also be a viable treatment, with results
similar to those achieved by patching (McConaghy
& McGuirk [28]). Dichoptic treatment, which pres-
ents the two eyes with different visual stimuli, is also
an option in treating amblyopia.

Recently, some researchers have turned to vid-
eo games as a possible amblyopia treatment (Foss,
[8]). Some studies have used monocular or dichop-
tic gaming as a form of treatment, which yielded an
increase in visual acuity (Gambacorta et al. [9]).
Compared to patching, video games are consider-
ably more engaging for young patients. However,
there are compliance issues with video games too
(Hess et al. [13]; Kraus & Culican [18]). Playing
video games for multiple hours a day is more time-
consuming than patching or using eye drops. Video
game treatment with a visual handicap of the better
eye generally yields similar or better results when
compared with patching alone (Jeon et al. [14]).

Purpose

Video game treatment has been proven to be as
effective or even superior to patching in treating am-
blyopia; however, there is a variation of effectiveness
in each type of video game treatment (Birch [1]).
This variation of effectiveness is likely to be impacted
by the graphics and genre of the video game, the de-
vice used to play it, and the type of visual cues avail-
able. Research of literature on this matter revealed a
large number of experiments that had varying condi-
tions. 2D games were the most common, likely be-
cause of easier adaptability for treatment purposes.
The main goal of this study is to find the most effec-

tive video game treatment for amblyopia through a
review of relevant literature.

Video games have many genres, which feature
wide ranges in the pace of the games, as well as vari-
ances in the required skillsets to master them. Action
games, making up the most popular genre of video
gaming, require real-time decision-making, as well
as large amounts of visual feedback. This genre is be-
lieved to be more engaging because it utilizes one’s
vision and attention more; therefore, participants in
one study surmised that it also may be more effective
in treating amblyopia (Birch [1]). However, this was
not the case, as a non-action video game was found
to yield similar results. In a previous study (Li et al.
[22]), it was proven that playing SimCity Societies, a
simulation game, improved visual acuity. The group
that played this game as a form of treatment was able
to improve its crowded-letter acuity by 28.1% and its
single-letter acuity by 15.1% over 40 to 80 hours of
gameplay. This VA improvement is slightly below that
of action games, however, as the action games group
improved by 31.2% for crowded-letter acuity and
27.2% for uncrowded-letter acuity. Therefore, it is sug-
gested that non-action games can improve visual acu-
ity but maybe not as well as the action video games.

Research question

The effectiveness of video game treatment might
be impacted by the type of graphics, genre, the de-
vice used, and the type of visual stimuli available
to each eye. Game graphics can be 2D, 3D, or VR,
which may affect how the patients view the game and
thus affect their binocular vision. Various factors may
also cause motion sickness for patients, which can
in turn cause compliance issues, thus affecting the
results. The game genre can also affect how visually
demanding a game is since action games typically
have a faster pace while strategy games are typically
slower. The device used may affect gameplay as well
as binocular vision: if a device is smaller, for instance,
one would not have to move their eyes as much as
they would need to for a larger device. The visual
stimuli each eye receives can affect the amount of in-
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putreceived by the visual cortex from the amblyopic
eye, which may impact treatment effectiveness. This
study will focus on these four elements of treatment
to determine what type of video game treatment is
the most effective.

Ql: How do the types of game graphics, game
genres, devices used, and the types of visual stimuli
affect the effectiveness of video game treatment for
amblyopia?

Factors that influence treatment efficacy

Game graphics can come in many dimensions:
2D, 3D, and VR, all of which may influence the efhi-
cacy of the treatment. Based on the limited data avail-
able, it appears that video game treatment presented
in a VR format resulted in higher VA improvement
than that with 2D and 3D games. This may be be-
cause VR uses both monocular and binocular cues,
whereas 2D games do not have binocular cues and
3D games do not have many monocular cues. There-
fore, both eyes are given both types of visual cues
more frequently. VR treatment allowed the study
to make the treatment dichoptic, which could force
the amblyopic eye to receive most of the monocular
cues. Few studies have examined the correlation be-
tween the presentation format of the video game and
the effectiveness of video game treatment; however,
it is believed that VR may induce neuroplasticity in
children (Coco-Martin et al. [3]).

Game genre influences the speed and activitylevel
the player must maintain while playing, which leads to
different degrees of effectiveness in the corresponding
video game treatment. Action games are said to im-
prove the spatial resolution of the human eye (Green
& Bavelier [10]). Crowding is a visual phenomenon
that causes one to have more difficulty in identify-
ing a target when there are other distracting targets
near it. Using perceptual learning, video games with
many objects on the screen have helped patients over-
come crowding. Similarly, many studies have shown
that shooting games, which are a sub-genre of action
games, enhance spatial selective attention (Wu et al.
[33]). Although there are many types of video game

genres, only three types were consistently reflected
in the literature review: action, casual, and strategy
games. Existing research has mainly focused on using
only one or two games as treatment (Gambacorta et
al. [9]). Therefore, the effect genre may have on the
treatment effectiveness is unknown. Game genres can
affect the pace of a game, which affects how fast the
brain needs to process visual information. One study
hypothesized that action video games would be more
effective for treatment purposes than non-action video
games (Birch [1]), although studies show that other
genres may yield similar results. If a game is fast-paced,
visual stimuli will typically appear more frequently,
so the visual cortex needs to work harder to process
the information. This presents a challenge to the brain,
which may help the development of the visual cortex.

Similar to the presentation format of video games,
the type of device used to play the games may affect
the degree of VA improvement. Because VR treat-
ments allow the study to limit the visual stimuli given
to patients, this is a more effective way to create a
dichoptic treatment that allows the amblyopic eye to
receive all the monocular cues. This may strengthen
the eye, and since video games cause neuroplasticity,
improvement of vision may result. Of note, the de-
vice used might have too small a screen size, which
leads to fatigue (Lin et al. [23]) and lower effective-
ness and sustainability of the treatment. Addition-
ally, if the device’s screen is smaller, the patient may
not need to rely on peripheral vision. If the device
used is an immersive VR device, the patient will be
able to use their eyes as they can in real life, which
also affects how much they rely on peripheral vision.
Moreover, advanced devices may be able to observe
changes in interocular suppression, which may assist
amblyopia treatment (Coco-Martin et al. [3]).

The types of visual stimuli patients receive dur-
ing the video game treatment could affect its efficacy
in treating amblyopia. Research shows that during
monocular treatment (patching), the dominant eye
may continue to inhibit the amblyopic eye (Liu &
Zhang [24]). Dichoptic treatment does not have this
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interocular suppression and is effective in treating
amblyopia (Liu & Zhang [24]). One study found
that after monocular deprivation, there is a period of
induced plasticity (Dylda et al. [6]). The emphasis
placed on a particular eye(s) in the treatment will
affect how much the amblyopic eye is used. If the
treatment is monocular or dichoptic, then the am-
blyopic eye will be used more than the healthier eye,
so the treatment will be more effective. Monocular
video game treatment requires the patching of the
stronger eye, so only the amblyopic eye is used. Di-
choptic treatment allows the amblyopic eye to see
more things, or to only see color. Binocular treat-
ment requires the engagement of both eyes as this
would occur in normal use. Since action, adventure,
and casual formats are all very popular video game
genres, amblyopia treatment using these genres may
be more effective because people are already familiar
with these types of games (Brown et al. [2]).

Action games are thought to have a much greater
treatment impact than all other game genres, as this
format requires high visual focus and the ability to
manipulate the controls at a fast pace; despite this,
the difference in efficacy is proven to be smaller than
originally thought (Birch [1]). In this study, an action
game improved VA by 0.15 logMAR, while a non-ac-
tion game improved VA by 0.13 logMAR. Therefore,
the difference of treatment effectiveness depending
on the genre employed should be explored, with more
emphasis on the efficacy of non-action games.

Are visual acuity improvements sustainable af-
ter treatment?

No previous study has observed participants’ VA
after video game treatment without any other ambly-
opia therapy. However, certain research documenta-
tion revealed that the greatest VA improvement was
still present in the video game group, compared to
the patching group (Singh et al. [31]). Using chil-
dren aged 6 to 14 the experiment was separated into
groups: the video game and patching group and the
patching-only group. The former group played one
hour of video games every day during the six hours

of occlusion of the better eye, while the latter group
patched for sixhours a day without video games. The
video game group was asked to stop playing after one
month. Both groups patched for up to 3 months. The
video game group achieved a VA improvement of
0.1 logMAR one month after treatment, and 0.21
logMAR three months after treatment, while the
patching-only group achieved a VA improvement of
0.0S and 0.17 logMAR, respectively. This suggests
that improvement in visual acuity is sustained, even
after 3 months, and that vision even improved in the
months after treatment.

Is there a limit to how much visual acuity video
game treatment can restore?

Although no theoretical VA improvement value
has been derived from existing studies, video game
treatment is effective in adult patients even after the
critical end period, which is about 8 years of age
(Jeon et al. [14]). In one video game amblyopic
treatment study, a patient who had previous experi-
ence with playing video games improved his visual
acuity by 0.4 logMAR, which was the experiment’s
highest improvement (Jeon et al. [14]). The mean
age of participants in the experiment was 23, which
suggests that visual impairment may still be possible
in adults above the age of 18. The video game train-
ing was conducted for 40 hours over one month,
which suggests that further improvement over time
is possible. In another study, where the mean age was
31.2 years, the logMAR VA improvement seen over
4 weeks (two 40-minute sessions weekly) was 0.15
logMAR. Furthermore, video game treatment may
be able to eliminate residual amblyopia, which patch-
ing appears to be incapable of treating (Lee & Kim,
[19]). Using dichoptic treatments to stimulate pa-
tients’ binocularity, it has been possible to treat chil-
dren (aged approximately 9) with residual amblyo-
pia that further patching could not treat. Although
these studies do not provide a conclusive answer
about the theoretical limit of visual acuity improve-
ment attributed to amblyopia video game training,
it can be inferred that if treatment took place over
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a longer duration, many experimental participants
could achieve normal levels of vision.

Atwhat age is it more viable to use video game
treatment instead of traditional patching?

Most studies used prepubescent children as par-
ticipants; however, a study that used adult amblyo-
pes aged between 19 and 30 showed that playing
video games is much more effective than patching
(Jeon et al. [14]). Excluding a specific patient who
was deemed an outlier and had significantly greater
VA improvements, the adult amblyopes gained an
average of 0.1 logMAR, while the patching group im-
proved by an average of 0.02. Another study that fo-
cused on children aged 6 to 14 recorded 0.1 logMAR
VA improvement in the video game group, whereas
the patching group improved VA by 0.0S logMAR
(Singh etal. [31]. This implies that video game treat-
ment might be more efficient than patching in youth
older than 6 years old.

Plasticity of video game treatment

Video game play is suggested as a means to induce
plasticity of the visual cortex so that amblyopia can be
treated. A previous study showed that video game play
can induce cortical plasticity in adult amblyopes (Li,
[22]). This may be caused by the high engagement
required from video games, which improves spatial
resolution and visual attention (Li [22]). Therefore,
the greater effectiveness of action games (as opposed
to those in other genres) may be a result of the fast
pace and stronger focus on detail, which push the
brain to its limit and induce plasticity.

Immersive vs. non-immersive VR

There may be a difference in efficacy between im-
mersive and non-immersive VR. In immersive VR,
the player is “placed” in the virtual environment and

his or her head movement correspond with his or her
head movement in the game. In non-immersive VR,
the player wears a 3D head-mounted display device
that looks like those used in immersive VR but the
player’s head movement in the real environment does
not correspond with his or her head movement in the
virtual environment. The immersion may cause the
brain to learn differently, thus improving the efficacy
of the treatment. This is a deciding factor in visual
acuity improvement, as amblyopia is often caused
by underdevelopment in the visual cortex, located in
the brain. VR devices that were defined as immersive
achieved a VA improvement (0.15 logMAR), while
non-immersive VR achieved 0.09 logMAR. Immer-
sion may provide more feedback, visually or through
other senses. As more stimuli may provide greater
engagement for patients, immersive VR may be able
to induce more plasticity through perceptual learn-
ing. However, as of the present, there is insufficient
research to form an accurate conclusion on whether
immersive or non-immersive VR may make a differ-
ence in improving VA in amblyopes, as there is only
one treatment in each of the two categories of VR
immersion.

Method

PubMed was the main source this study used
to find papers pertaining to video game treatment
for amblyopia. To search for such information, key-
words were put into three groups, which generated
12 possible keyword combinations. The first group
included “amblyopia” and “amblyopic,” the second

»

group included “video games,” “PC games” and
“computer games,” and the third group included
“treatment” and “training.” These groups are shown

in the table below.

Table 1. — Groups of keywords used in literature search

Group 1 Group 2 Group 3
Amblyopia Video game Treatment
Amblyopic PC games Training
Computer games
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Each of the keyword combinations was then
searched using PubMed advanced search, separated
by using the AND function (e.g., amblyopia, video
game, treatment). If written in English and referenc-
inglogMAR units, all literature that involved treating
amblyopia using video games was used in the study;
otherwise, the literature could not be used. In total,
25 total articles and 43 treatments were considered.
Four variables were used to analyze the effectiveness
of the treatment. The average visual acuity improve-
ment in JogMAR was to be graphed against each of
the four variables.

Variables & coding book

Each variable measures a study’s details regarding
the video game treatment, which made it convenient
to compare the variables to the VA improvement. Af-
ter defining each variable and adding number keys for
each possible variable, a testing phase was held for the
variables. Peer review sessions, where two coders re-
corded the VA improvement as well the four variables
within a treatment and then compared them, were
hosted to achieve consistency while maintaining ac-
curacy. The coding book was updated and changed
every peer review session so that each variable could
have a definition agreed upon by the two coders.

In the coding book, each variable had individual
categories that were assigned code numbers (e.g.,
in the device group, smart tablets were coded as ‘I’
and laptops as ‘3’) which made it more convenient
to code each study with numbers instead of words.
With respect to the categories that had subcatego-
ries, such as immersive and non-immersive VR, they
were categorized using the number of the main type
‘4’ and the number of the subtype ‘1’ and 2’: this
created the subtypes ‘41’ and ‘42 If the type of VR
was unspecified, it would be coded as ‘4.

Missing values

In some of the studies, there was insufficient in-
formation to create a concludable code for the vari-
ables. These instances were coded as ‘99. If the treat-
ment was not conducted using a video game, then ‘0’
was coded. Non-video game treatments were only

included in the study if they were part of another
study’s control group. In one case, two genres were
presented: an adventure game (Pan’s Remarkable
Adventure) that is also a casual game; therefore, this
study chose to remove the adventure genre designa-
tion and assess the game in a different genre (casual).
This was done to prevent inaccuracy because of the
presence of only one treatment to determine the av-
erage VA improvement of an entire genre.

Results

First, the amount of VA improvements across
video game treatments that involved 2D games, 3D
games, and VR games was compared. As shown in
Figure 1, studies that involved video games presented
in VR format reported higher VA improvements on
average (0.46 logMAR), compared to studies that
involved 2D (0.11 logMAR) or 3D games (0.15 log-
MAR). However, there were only three VR treatments,
which yielded VA improvements 0f0.15, 0.6, and 0.63
logMAR. Fifteen groups used 2D games as treatment,
with the VA improvement ranging from 0.01 to 0.351
logMAR. There were eight 3D video game treatments,
with the range of improvement recorded as 0.06 to
0.4logMAR. Due to the limited availability of data, a
quantitative comparison of the effectiveness of these
three types of games was not possible.

Second, the degree of VA improvement was com-
pared across studies that involved different genres of
video games. As shown in Figure 2, VA improvement
from video game treatment differed across different
genres of video games. Specifically, studies that in-
volved action video games achieved the highest VA
improvement on average (0.25 logMAR), which is
much higher than studies that involved strategic vid-
eo games (0.12 logMAR). Of all the genres, casual
video games appeared to have resulted in the lowest
VA improvement on average (0.07 log MAR).

Third, the degree of VA improvement was com-
pared across video game treatments that involved
different types of devices, as displayed in Figure 3.
Of all the types of devices listed, VR of an unspeci-
fied type achieved the highest VA improvement on
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average (0.62 logMAR). However, non-immersive

VR and immersive VR achieved 0.09 logMAR and

0.15 logMAR on average, respectively. The lowest

VA improvement was observed in tablets (0.073 log-

MAR), which included smartphones and similarly
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sized devices. Other types of video game devices
achieved similar results, however, and the range of
VA improvement, excluding unspecified VR and tab-
lets, was from 0.08 logMAR to 0.19 logMAR. The
total average VA improvement was 0.16 logMAR.
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Figure 1.Comparison of game dimensions vs VA improvement
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Figure 1. Comparison of game genre vs VA improvement

Finally, VA improvements were compared across
studies that adopted different strategies to present vi-
sual stimuli to the two eyes. As displayed in Figure 4,
VA improvement differed across what types of visual
stimuli were available to each eye. Visual stimuli were
sorted into 3 groups: binocular, dichoptic, and mon-
ocular. The binocular visual stimuli method involves
the use of both eyes simultaneously and only bin-

ocular cues are given. Dichoptic treatment requires
each eye to receive different visual stimuli at the same
time, which means that the left eye may be able to see
something that the right eye cannot. Dichoptic treat-
ment can also involve changing the color, size, and
position of objects in the video game and can trans-
mit both binocular and monocular cues. Monocular
visual stimuli treatment involves patching one eye,
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usually the eye with better eyesight. Therefore, only
monocular cues could be present with this type of
treatment. Video game treatment was most effective
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in improving VA in the monocular category (0.17
logMAR). Dichoptic and binocular video game
treatment achieved similar results (0.15 logMAR).
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Figure 3. Comparison of the device used and VA improvement
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Figure 4. Comparison of the visual stimuli available vs VA improvement

Discussion

The results suggest that the four video game fac-
tors do influence the effectiveness of treatment. It
appeared that VR action games played monocularly
with the amblyopic eye were the most effective treat-
ment in restoring visual acuity, although such com-
binations might not be needed for the best results,
as seen in the most effective treatment —a VR action

game played on dichoptic settings. As predicted,
action games were very effective, and provide sig-
nificantly better average results than the other two
genres, casual and strategy, although the role action
plays in improving vision is still unclear. The ac-
tion game genre had only 1 treatment out of 13 that
achieved lower than 0.1 logMAR of improvement,
whereas the casual genre had 6 out of 8, and the strat-
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egy genre had 5 out of 11. The other two values of VA
improvement in treatments using casual games were
0.11logMAR and 0.12 logMAR, which suggests that
casual games might not serve as effective amblyopia
video game treatments, as all the genre’s values are
lower than the action genre’s average value. However,
this may be the result of limitations associated with
this study.

Dichoptic video game treatment was unexpect-
edly less effective than the results recorded by “no
game” control groups, on average. However, “no
game” classification also includes new treatments
such as viewing videos using the i-BiT system (Her-
bison etal. [12, P.20]) and using Bangerter foil (Lee
& Kim [19]). As a result, the “no game” category
may include amblyopic treatment which is more ef-
fective than traditional patching treatment.

Binocularity stimulating treatment may be effec-
tive in treating amblyopes who have reached a pla-
teau in improving visual acuity following occlusion
(Lee & Kim [19]). However, further research should
be conducted to confirm this, as recorded binocular
video game treatments are low in number, and most
did not reflect the amount of training time that was
logged in the earlier study.

As the study had limitations, it presents some
inaccuracies in its findings. The limitations include:
low sample size, difference in training and treatment
time, participant age, different levels of pre-treatment
visual acuity, and occlusion therapy during video
game treatment.

A low sample size may have caused inaccuracy
in assessing the relationship between VA improve-
ment and the variables. This limitation results from
the smaller number of studies focusing on this topic,
as well as the lack of equal numbers of studies for
each variable. For example, in the game graphics
variable, there were only four VR video game treat-
ments, which is low compared to the fourteen 2D
video game treatments and eight 3D video game
treatments. Those with the VR game type variable
had an average VA improvement of 0.37 logMAR,

which was caused by two high results (0.6 & 0.63 log-
MAR) and two low results (0.09 & 0.15 logMAR).
This suggests that a larger sample size is required
for an accurate measurement of the effectiveness
of each variable in video game treatment. Similarly,
the binocular variable of the visual stimuli category
achieved an average VA improvement of 0.15 log-
MAR, with four results as well: one high result (0.4
logMAR) and three low results (0.03,0.07 & 0.1 log-
MAR). These two examples indicate that the studies
conducted are insufficient in number to recognize
the effect each variable has in restoring visual acu-
ity. Besides extreme values significantly affecting the
average, low sample sizes also exacerbate the errors
caused by the other limitations.

Some studies had a longer treatment time than
other studies, which allowed patients to restore more
visual acuity. Because this study did not consider the
effects of training duration, the low sample size could
exacerbate the effects of this limitation. This was seen
in the “VR” category of the game graphics variable.

Of the four VR treatments, one was immersive
(Ziak et al. [34]), which yielded a VA improvement
of 0.15 logMAR; the other was non-immersive VR
(Knoxetal.[17]),yieldinga VA improvement of 0.09
logMAR. The average VA improvement of VR devices
of an unspecified immersion was calculated from the
two results of the same study (Lee & Kim [19]). The
average VA improvement of these two results was
0.621ogMAR, despite being associated with either an
immersive or non-immersive VR device, which sug-
gests that another factor influenced the results: train-
ing time. While the difference in effectiveness may be
the result of the unspecified VR study’s main focus on
an action game, contrasted with the focus on strategy
games in the other two studies, it may also be the re-
sult of training time differences.

The immersive VR study lasted four weeks, dur-
ing which participants received biweekly 40-min-
ute training sessions. The non-immersive VR study
lasted one week, with five one-hour sessions. The
unspecified VR-type study continued for an average
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of 4.4 months, during which 30-minute daily training
sessions took place using the head-mounted display.
Therefore, the total training time of the immersive
VR study was 8 hours and the total for the non-im-
mersive VR study was S hours; the unspecified VR
study resulted in around 66 hours of training.
Despite amblyopia being treatable in adults, it is
more easily treatable in children. As children have
higher plasticity than adults, it is believed that visual
acuity improvements may also be influenced by age.
Therefore, this may lead to inaccuracies in the cor-
relation between variables and VA improvement. Us-
ing the results of two similar treatments, (Vedamur-
thy, Gambacorta et al. [32, P. 2; 9], the latter study
was able to develop a graph that shows that after 10
hours of training, the VA improvement of children
was 0.13 logMAR, while that of adults was 0.04 log-
MAR. This difference later decreased at 20 hours of
training: the children achieved an average improve-
ment of 0.16 logMAR, and the adults achieved 0.12
logMAR. Nevertheless, these results suggest that age
affects the degree of treatment efficacy; therefore,
failure to consider this factor may limit the accuracy
of the results, especially with a small sample size.
Studies show that occlusion therapy alone is not
enough to improve visual acuity for some patients
beyond a certain point, so residual amblyopia re-
mains (Deshpande [S]) (Lee [19]). This may lead to
alower VA improvement from later treatments if the
patients are residual amblyopes. This was shown in a
study that noted information regarding each patient’s
pre-study occlusion history, as well as their change
in VA (Herbison etal. [11,P.201]). Two studies (Li
[22]) (Herbison [12]) that predominantly used am-
blyopes who previously underwent occlusion thera-
py resulted in lower average VA improvements com-
pared to the study with fewer residual amblyopes.
Similarly, the study with the highest improvement
in visual acuity, 0.3 logMAR, after traditional patch-
ing therapy (Dadeya & Dangda [4]) used only pa-
tients who had never undergone occlusion therapy.
Since much of the literature reviewed in this study

analyzed subjects who had previously undergone oc-
clusion therapy, it is suggested that video game treat-
ment might be more effective in restoring vision if
used on untreated amblyopes.

Some studies (Rajavi et al. [30]) (Manh et al.
[26]) have required patients to patch their better eye
during the day, even when not playing video games.
This maylead to inaccuracies regarding the video game
treatment’s effectiveness, as patching may be partially
responsible for the visual acuity improvement. How-
ever, despite this factor being unaccounted for, thus
affecting the accuracy of the results, this limitation
showed that patching during video game treatment
still had an effect on treating residual amblyopia.

One review study in particular (Foss [8]) had re-
sults similar to this study. Action games were more ef-
fective than other genres, though non-action genres
were comparable in efficacy. It concluded that video
game play can improve vision even in adult amblyo-
pes. However, that study suggested that most cur-
rent studies are flawed and therefore do not provide
an accurate indication of the effectiveness of video
game treatment, adding that they should instead be
considered exploratory tools. As seen from the lit-
erature reviewed, this is likely true, as many studies
used patients who had residual amblyopia.

The results of the literature review are similar
to those of another study (Levi [20]). According
to that study, monocular and dichoptic video game
treatments are both shown to be more effective
than patching alone in restoring vision, with the
same amount of training time. While this may be
true, that study used only a few samples, which in-
cluded the use of patients with residual amblyopia.
Therefore, there can be no certainty that monocular
and dichoptic video game treatments are more ef-
fective than patching therapy in treating amblyopia.
Compared to the results of this study (Figure 4),
dichoptic treatment is less effective than the “no
game” category that included patching. However,
it must be noted that our study did not consider
the effect of training time on treatment. Further-
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more, there is no category for patching alone, and
the category that includes patching (the “no game”
category) also includes other nonz-video game
treatments, such as watching a movie with dichop-
tic glasses (Kelly et al. [16]) employing the i-BiT
system (Herbison et al. [12]), or using Bangerter
foil as occlusion (Lee & Kim [19]).

Conclusion

Video game treatment may become an accepted
alternative to patching and has the potential to be-
come the mainstream treatment for amblyopia. This
stems from its ability to induce plasticity in even
adults and residual amblyopes; thus, it may be a bet-
ter treatment than patching in restoring visual acuity.
The action level of a game may be a key factor in the

extent of plasticity induced, which is shown through
the results of this study (Figure 2). Furthermore,
video game treatment can compound the effects of
other ongoing amblyopia treatments, such as patch-
ing or using Bangerter Foil on eyeglasses.

The current quantity of video game treatments
that have training durations sufficiently long to dem-
onstrate the efficacy of treatment is low, so the po-
tential of this type of treatment might not have been
realized yet. Further studies with sufficiently long
treatment times should be conducted to explore the
long-term effects of this treatment, as well as the lev-
els of accuracy in vision months afterward. With the
assistance of constantly improving digital technol-
ogy, the vision of an amblyopic cure is foreseeable.
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