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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 fi eld distributions of the designed 

absorbers at the wavelength of 460 nm and 860 nm
In (Fig. 7 b), the absorption spectra of the device 

with diff erent crystallization degrees are shown. It can 
be found that the phase-change process obviously 
infl uences the absorptivity between 600 ~ 1000 nm 
while the absorption between 400 ~ 600 nm hardly 
changed. Th e absorptivity increases at fi rst but then 

decreases while the crystallization fraction is increased 
from 0 to 1. Th e 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) infl uence of incident angle and (b) phase change on absorption spectra. 

For both (a) and (b), p=350nm, rAg=75 nm, hAg=140 nm, daGeTe=20 nm, dAg=150 nm

In order to investigate the physical mechanism of 
the absorber aft er full phase change (f=1.0), the elec-
tromagnetic fi elds of the absorber at the wavelength 
of 400 nm and 580 nm, respectively. Here, the choice 
of these two wavelengths is due to the maximum 

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



Section 3. Materials Science

24

nance of the Ag nanopillars. In addition, the electric 
and magnetic fi eld at 580 nm is also concentrated 
around the Ag nanopillar and presents the feature 
of the localized surface plasma resonance as shown 
in (Fig. 8 c and 8 d) [21]. Moreover, the feature of 

the Fabry-Pérot (FP) resonance between cGeTe and 
bott om ag fi lms disappeared. Th is results in the nar-
rower absorption bandwidth. Th erefore, the band-
width of the perfect absorber can be freely adjusted 
by the phase change of GeTe fi lms.

 
Figure 8. Electromagnetic fi eld 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. Th e struc-
ture of the absorber is optimized by changing its ge-
ometry parameter (height, radius and period of Ag 
nanopillar, thickness of GeTe and bott om Ag fi lms). 
Th e bandwidth can reach up to 600 nm with an ab-
sorptivity higher than 90%. Th e absorptivity in the 
range of 400 ~ 1000 nm is consistently higher than 
85% when the incident angles increase from 0 º to 

40 º. 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 fi xed. Th e 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 bott om ag fi lms. Overall, the proposed perfect 
absorber has great potential in harvesting solar en-
ergy through its high absorptivity.
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Abstract. Blood and its technological derivatives are valuable food products due to the high content 
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ВОЗМОЖНОСТЬ ИСПОЛЬЗОВАНИЯ КРОВИ 
В КАЧЕСТВЕ ПИЩЕВОГО ПРОДУКТА

Аннотация. Кровь и её производные технологические дериваты являются ценными пище-
выми продуктами из-за высокого содержания белка и железа, которое очень хорошо усваивается 
организмом. Этот источник белка остаётся недостаточно используемым, и в то же время ското-
бойни должны выделять значительные средства для удаления полученной крови. Использование 
всех возможностей для использования ценного сырья, такого, как кровь, будет способствовать 
повышению эффективности при добыче мяса и производстве мясных продуктов.
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Введение
До сих пор в  пищевой промышленности не 

уделялось достаточно внимания высококачествен-
ному белку полноценной крови и её технологиче-
ским производным – плазме крови и концентрату 
из кровяных клеток (ККК). Таким образом, этот 
источник белка остаётся неиспользованным, а, в то 
же время, скотобойни должны выделять значитель-
ные средства для удаления полученной крови [1; 5]. 
Своим высоким содержанием белка и железа, кото-
рое очень хорошо усваивается организмом, кровь 
представляет собой ценный пищевой продукт [2; 4].

Помимо своих ценных питательно-физиоло-
гических качеств, из-за высокого значения рН 

и многочисленных питательных веществ, кровь 
является подходящей средой для развития микро-
организмов, что может привести к  её быстрой 
порче. Поэтому особенно важно соблюдать стро-
гую гигиену при её добыче и поддержании непре-
рывной цепи охлаждения [3].

Использование крови в пищевых продуктах
В  пищевую промышленность поступает не 

более 20–30% добытой крови. Так называемая 
полноценная кровь вкладывается в производство 
кровяных колбас. При центрифугировании кро-
ви клеточные компоненты, такие как эритроци-
ты, отделяются от жидкой части – плазмы крови 
(табл. 1).

Таблица 1. – Основные ингредиенты нежирной свинины и цельной крови, 
плазмы крови и концентрата из кровяных клеток убитых свиней

Параметры Полноценная кровь Плазма крови ККК Мясо 
(нежирное)

Вода,% 79–82 90–92 60–66 75
Сырой протеин,% 17–20 7–8 32–38 22
Сырая плазма,% 0,1–0,3 0,1 0,1–0,3 1–2
Сырое сухое вещество,% 0,7–1,0 0,7–1,0 1,1–1,3 1,0
Гемоглобин, g/dl 11–16 0,05–0,4 27–32 0,5–1,0

В пищевой промышленности, в основном, ис-
пользуется плазма крови. В ограниченном коли-
честве, в основном в замороженном состоянии, 
она добавляется в варёно-копчёную колбасу. По-
лученный одновременно с плазмой концентрат 
эритроцитов (ККК) в пищевые продукты не пе-
рерабатывается.

Гигиена и длительное сохранение крови
Даже при добывании в условиях безупречной 

гигиены, содержание микроорганизмов в  кон-
центрате незначительно выше, чем у исходного 
субстрата (полноценной крови) и плазмы крови. 
Кроме того, в небольших количествах его добав-
ляют в пишевые продукты.

Однако, при сборе производных крови воз-
никают значительные различия в  гигиене из-за 
многочисленных факторов, которые могут влиять 

на исходное количество микроорганизмов в суб-
стратах. В частности, трубы, ведущие к инсталля-
ции очистки и дезинфекции крови, могут иметь 
решающее значение для микробиологического 
загрязнения свежесобранной крови. Поскольку 
торгово-продовольственное законодательство не 
даёт отдельных предписаний для крови, следует 
использовать принятые значения для молотого 
мяса, которое также является легко портящимся 
продуктом. Для него определены 500000 КОЕ/g 
как ориентировочное и 5000000 КОЕ/g как пре-
дельное значение, которое не может быть превы-
шено ни в одной из проб. Если кровь сохраняется 
при установленной законом температуре 30 0С, 
в  зависимости от первоначального количества 
микроорганизмов, она может храниться самое 
большее одну неделю и то при строгом соблю-
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дении температуры. Использованные для крови 
ориентировочные и предельные значения моло-
того мяса достигаются значительно раньше. От-

дельные составляющие крови, главным образом, 
из-за антисанитарной резни ещё на бойне, превы-
шают эти нормы (фиг. 1).

Фигура1. Количество аэробных микроорганизмов в цельной крови, плазме 
крови и концентрате клеток крови (ККК) после получения на бойне (n=11)

До сих пор были разработаны различные тех-
нологии, главным образом, путём охлаждения, 
замораживания и  сушки для повышения срока 
хранения крови без существенного влияния на 
питательные качества. Здесь следует учитывать 
вложенные значительные затраты на технику 
и энергию, недостаточную долговечность и от-
клонения во вкусовых качествах.

Барьерный эффект является основополагаю-
щим принципом в продлении хранения пищевых 
продуктов. Он подчёркивает преимущество соче-
тания различных физических и химических техно-
логий консервирования, поскольку часто только 
один барьер не может остановить или замедлить 
микробиологическое развитие, но может вызвать 
значительные изменения в  качествах продукта. 
Важнейшими барьерами против микробиологи-
ческого нарушения считаются водная активность 
(аw-значение) и  содержание поваренной соли 
(NaCl). Другими барьерами являются консерви-

рующие средства, рН-значение и окислительно-
редукционный потенциал.

Консервирование крови (концентрат из 
кровяных клеток)

Обладающий высокой плотностью питатель-
ных веществ, концентрат из кровяных клеток 
особенно подходит для консервирования по ща-
дящей технологии путём применения барьерного 
эффекта. Используется добавка, которая связыва-
ет содержащуюся в продукте свободную воду (аw-
значение). Это может быть обычная поваренная 
соль или сахар в виде глюкозы. Добавляя кислоты 
в пищевых целях, такие как аскорбиновая или ли-
монная, концентрат можно подкислить и, таким 
образом, ухудшить условия размножения микро-
организмов в субстрате. Обработанный консерви-
рованный концентрат не вкладывается в продукт 
в концентрированном виде, а разбавляется. Поэто-
му при его консервировании можно использовать 
большее количество поваренной соли, сахара или 
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кислоты. При добавлении 15% NaCl концентрат 
считается микробиологически стабильным. Полу-
чается простая в обработке пастообразная ярко-
красная масса, которая имеет срок хранения даже 
при комнатной температуре 25 °С более 20 дней, 
в  соответствии с  установленными предельными 
значениями.

Аw – значение достигает около 0,82 из-за вы-
сокого количества добавленной соли (в свежей 
крови это 0,99). С добавлением только 10% NaCl 
аw – значение – 0,89 и микробиологической ста-
бильности не достигается. Но, если одновремен-
но добавить 10% глюкозы и 1% кислоты, будет 
создано несколько микробиологических барье-
ров – аw–значение 0,87 и pH-значение 5,0. Резуль-
татом будет концентрат – пищевая добавка с дол-
гим сроком хранения при 25 °С.

Стандартизация концентрата из кровяных 
клеток

При извлечении концентрата из клеток кро-
ви на скотобойне могут наблюдаться значитель-
ные отклонения в содержании в субстрате белка 
и гемоглобина, в зависимости от настройки цен-
трифуги. Для того, чтобы рассчитать содержание 
ингредиентов в изготовленном по рецепту мяс-
ном продукте, вложенные ингредиенты, по воз-
можности, должны иметь сопоставимый хими-
ческий состав. Поэтому, стандартизированные 
ингредиенты имеют решающее значение. Состав 
концентрата можно отрегулировать так, чтобы 
содержалось 25% белка и 15% NaCl. Таким обра-
зом, стандартизированный и стабилизированный 
концентрат (ССККК) можно вкладывать в стан-
дартную рецептуру без дополнительного хими-
ческого анализа. Стандартизированный и стаби-
лизированный концентрат микробиологически 
стабилен и при комнатной температуре.

Использование ССККК в технологии про‑
изводства варёных колбас

При производстве кровяной колбасы обычно 
кладут подсоленную поваренной солью и нитри-
том полноценную кровь. Нитрит способствует со-
хранению крови стабильного красного цвета, свя-
зываясь с железом гемоглобина, образуя красный 
цветовой комплекс. Однако, цвет конечного про-
дукта является результатом множества различных 
соединений, которые вступают в реакцию. Если 
ССККК кладут в кровяную колбасу в различных 
концентрациях, в зависимости от вложенного ко-
личества можно получить цвет от ярко-красного 
до тёмно-красно-коричневого. Цвет продукта 
объективно измеряется хромометром, который 
воспроизводит цветные тона в соответствии со 
стандартизированной шкалой. Яркость цвета 
выражается показателем L*. Участие красного 
и жёлтого цветов характеризуется положитель-
ными значениями показателей, соответственно, 
а* и b*. Для воздействия на чувства при покупке 
мясного продукта, решающее значение имеет, 
прежде всего, выцветание и  красный цвет. Для 
оптимального диапазона L * получают значения 
от 34 до 38, а для а* – от 17 до 19. Колбасы, произ-
ведённые с 12–17% содержанием ССККК в своём 
основном цвете, оцениваются потребителями как 
оптимальные.

Произведённый ССККК можно использовать 
и в других мясных продуктах для дополнения со-
держания белка. Использование всех возможно-
стей для использования такого ценного сырья, как 
кровь, будет способствовать повышению эффек-
тивности при добыче мяса и производстве мясных 
продуктов. Оптимальное использование убитых 
животных также целесообразно с этической точ-
ки зрения.
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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.
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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 
sea level 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.

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. 

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-



Section 5. Technical sciences

34

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.

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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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 
a big 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
� � �y t y y yt t t t t� � � � � � �� � � � �� � � � � �� �1 1 1 1 1 ,

where α  is a constant, β  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 γ = 0 against the alternative 
hypothesis of � � 0.  Once a value for the test statistic:

DF
SE

�
�
�

�
( )

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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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:

� � � � � � � �

� � � �
� �

� �

y c y yt t t

t q t q t

� �

� � � � �
� �1 1

1 1



 ,

where ′yt  is the differenced series (it may have been 
differenced more than once). The “predictors” on 
the right hand side include both lagged values of 
′yt  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
5.1 Model Output
The following shows the ARIMA model param-

eter outputs form python results.
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Figure 5. ARIMA Output

Here we used the ARIMA [10; 1,1] for the total 
1039 model input. In order to check the validation 
of the results, we plot the residual density, which is 

concentrated near zero, meaning that our model is 
performing a good fit (Figure 6).

Figure 6. Residuals Density Plot

Figure 7. Prediction and True Water Level
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5.2 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 a long 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.

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 efficient 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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В современной теории [1–4, 10–12] несмотря 
на успехи экспериментальной физики мы незнаем 
природу и устройство электрона. Как и почему он 
может находится в ядре атома не разрушая его? 
От понимания этого вопроса отказались и переш-
ли на постулаты. Создать физически понятный 
образ (модель) электрона не удавалось. В данной 
работе, предлагается новая мировоззренческая 
система, позволяющая приблизится к решению 
этого вопроса (с позиции эфирной теории).

В предыдущих работах автора [5–9] выводи-
лось и говорилось, что наш трёхмерный мир со-
стоит из двумерного мира, из плоских водоворо-

тов или из вращающихся плоскостей. Двумерный 
мир (плоскость) состоит из одномерного мира – 
это может быть линия или отрезок линии (так как 
линия может быть представлена бесконечной сум-
мой отрезков). Но этот отрезок должен обладать 
энергией вращения, так как, то, что не движется 
(не обладает энергией), мы не видим и не можем 
зафиксировать, для нас это не существует. Для 
удовлетворения этим требования была предложе-
на модель вращающейся спирали (по методу по-
добия) состоящая из других вращающихся спира-
лей изображённой на рис. 1. Из за того, что угол 
наклона спирали составляет 45 градусов (как оп-
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тимально энергетический), передача момента 
вращения происходит под углом 90 градусов. Это 

объясняет, почему в электромагнитной волне век-
тора E

��
 и H
���

 расположены под углом 90 градусов.

Рисунок 1. Модель эфирной среды

Благодаря такой эфирной модели удалось по-
строить механическую модель электромагнитной 
волны изображённой (рис. 2), что облегчило об-
разное представление данного электромагнит-

ного явления и позволило в дальнейшем понять 
природу электромагнитного взаимодействия 
электрических зарядов и природу (модель) элек-
трона и протона.

Рисунок 2. Механическая модель электромагнитной волны

В данном случае электромагнитная волна рас-
сматривается как передача момента вращения под 
углом 90 градусов в сверхтекучей эфирной среде, 
что воспринимается и фиксируется нами как элек-
тромагнитная волна с векторами E

→

 и H
→

 расположен-
ными под углом 90 градусов. Световая волна – это 
передача взаимодействия от одного элемента среды 

к другому, по аналогии со звуковой воной. Отличие 
состоит в том, что момент передач вращения от од-
ного элемента среды к  другому передаётся под 
углом 90 градусов из за угла спиралей в 45 градусов 
как энергетически оптимального, что и создаёт пло-
скости электромагнитной волны E

→

 и H
→

 расположен-
ных друг к другу под углом 90 градусов.



ELECTRIC CHARGE. A MAGNETIC FIELD. WATER MODEL

43

Электромагнитная волна – это передача поля-
ризации эфира или передача вращения от одного 
элемента эфира к другому.

Третий ключевой момент в понимании строе-
ния электрических зарядов и их взаимодействия – 

это представление их плоскими водоворотами. 
При столкновении двух квантов света (на  не-
однородностях эфира) поступательная энергия 
их переходит во вращательную энергию плоского 
водоворота (рис. 3).

Рисунок 3. Превращение поступательной энергии квантов света 
во вращательную энергию водоворота или частицы

Из за статистически равномерного вращения 
он воспринимается и фиксируется в эксперимен-
тах в привычном для нас виде (рис. 4).



Section 6. Physics

44

Рисунок 4. Модель электрона

Водоворот сворачивает и  растягивает сину-
соиду как показано на (рис. 5). В результате сво-
рачивания и растягивания синусоиды, последний 
полупериод синусоиды растягивается на беско-
нечность – это и  есть заряд электромагнитной 
частицы, получающийся из электромагнитной 
волны.

Рисунок 5. Растягивание 
электромагнитной волны водоворотом

Рисунок 6. Притяжение и отталкивание 
заряда электромагнитным 

полем водоворота
Если в поле (частицы) этого электромагнит-

ного водоворота поместить электрон, то можно 
обнаружить, что он будут притягиваться или от-
талкиваться в зависимости от направления водо-
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ворота вследствие действия силы Лоренца рис 6. 
Следовательно взаимодействие зарядов зависит 
не только от величины заряда но и от его направ-
ленности, что изображено на (рис. 7).

Такое смещение, на микроуровне – это переда-
ча момента вращения, что приводит к смещению 
положения водоворота (притяжению или оттал-
киванию).

Рисунок 7. Теория электрического заряда

Но как предать направленность заряду, ведь 
свободные заряду взаимодействуют по классиче-
ской схеме (рис. 7)? Направленность предается 
за счёт направленного движения или запускания 

зарядов по проводникам, где они получают на-
правленность. В первом случае – это интерпрети-
руется нами как сила Лоренца, во втором случае 
как взаимодействие проводников.

Рисунок 8. Механическая модель взаимодействия электрических зарядов
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Из за притяжения электронов в следствии их 
направленности они могут образовывать элек-
тронные пары, вследствие чего они могут нахо-
дится в ядре не разрушая его, в химии их называют 
валентными электронами.

Таким образов водоворотное и эфирное пред-
ставление устраняет противоречия нахождения 
электрона в ядре и дает логическое и образное 
представление об электрическом заряде и  его 
электромагнитной природе.

Механическая модель электрона и его взаимо-
действия поясняется и представлена рис. 8 и рас-
сматривалась подробно в работах [5–9].

Электромагнитное водоворотное представ-
ление позволяет объединить и рассматривать все 
электромагнитные явления с единой позиции – 
с позиции взаимодействия водоворотов или вза-
имодействия растянутой ими хвоста электромаг-
нитной волны, которая отвечает за заряд частицы 
(материи) (рис. 9).

Рисунок 9. Объединение электромагнитных взаимодействий

Четвертый важный момент – это объяснение 
природы магнитного поля через водовороты.

В водоворотной теории, частицы обладающие 
массой представлены водоворотами – это как на 
море волны – кванты света, частицы водовороты. 
В физике для объяснения принципа интерферен-
ции световых волн, используется водная интер-
ференция, так как считается, что эти явления по-
добны. Используем – этот широко применяемый 
приём для объяснения магнитного поля. Так как 
в водоворотной теории, частицы – это водоворо-
ты, создадим водный аналог проводника с током 
и измерим, и сравним силовые линии напряжен-

ности этого водного аналога с силовыми линиями 
проводника с током. Для измерения напряжённо-
сти (силы) силовых линий водной модели будем 
использовать кораблики по скорости которых 
можно судить о силе воздействующей на них, по 
аналогии с  планетами солнечной системы (чем 
планета ближе к солнцу тем она движется быстрей, 
чем дальше медленней из-за разности сил воздей-
ствующих на них со стороны солнца). Для изме-
рения направления силы будем использовать флю-
гера, аналог магнитиков для проводника с током.

1. Поставим и проведем эксперимент, резуль-
таты изображены на (рис. 10).

Из эксперимента (рис. 10) видно, что сило-
вые линии водоворота и  проводника с  током 

одинаковы, следовательно, данные явления мо-
гут считаться подобными.
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Рисунок 10. Модель проводника с током

Рисунок 11. Модель контура с током

2. Проведём такой же эксперимент для кон-
тура с током и его водной модели изображённой 
на (рис. 11).

Из эксперимента (рис 11) видно, что силовые 
линии водоворота и контура с током одинаковы, 
следовательно, данные явления могут считаться 
подобными.

3. Построим водный аналог для катушки с то-
ком и проведем измерения напряженности и на-
правления силовых линий с помощью флюгеров 
и корабликов. Результаты эксперимента изобра-
жены на (рис. 12).
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Рисунок 12. Модель катушки с током

Из эксперимента (рис 12) видно, что сило-
вые линии водной водоворотной модели катуш-
ки и катушки с током одинаковы, следовательно, 
данные явления могут считаться подобными.

4. Провёдем эксперимент по взаимодействию 
этих водных магнитов по аналогии взаимодей-
ствия катушек с током и обычных магнитов. Ре-
зультаты экспериментов изображены на (рис. 13).

Как и в предыдущих экспериментах, мы на-
блюдаем схожесть физических экспериментов 
с их водными моделями, вследствие подобия этих 
явлений с их водными аналогами.

Данные эксперименты, проведенные в школах 
и вузах, облегчат понимания такого физического 

явления как магнетизм и  расширят наши пред-
ставления об этом физическом явлении.

Водоворотные представления (водоворотная 
теория) позволяют нам представить физические 
явления в образах понятных для нас.

В процессе развития науки мы рассматривали 
физические явления с позиции: молекул, атомов, 
электронов и протонов. В водоворотной теории 
электроны и  протоны – это электромагнитная 
волна свёрнутая водоворотом и дальнейшее рас-
ширение наших взглядов на физические явления 
происходит с позиции плоских водоворотов и их 
взаимодействия, а также созданных ими электро-
магнитных полей.
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Рисунок 13. Модель взаимодействия магнитов
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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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put received 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.

Q1: 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 effi-
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 activity level 
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 six hours 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 
0.05 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.

At what 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 0.05 logMAR 
(Singh et al. [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-
ing logMAR 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 logMAR 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 ‘1’ 
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 of 0.15, 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 
0.4 logMAR. 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 

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.

Figure 1.Comparison of game dimensions vs VA improvement

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 

in improving VA in the monocular category (0.17 
logMAR). Dichoptic and binocular video game 
treatment achieved similar results (0.15 logMAR).

Figure 3. Comparison of the device used and VA improvement

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 
0.11 logMAR 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 et al. [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 
(Žiak et al. [34]), which yielded a VA improvement 
of 0.15 logMAR; the other was non-immersive VR 
(Knox et al. [17]), yielding a 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 
0.62 logMAR, 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 5 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 [5]) (Lee [19]). This may lead to 
a lower 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 et al. [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 may lead 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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