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INTRODUCTION 

Covid19 pandemic and community 
quarantines emphasize food security and resiliency 
in the new normal. In the Philippines, the agriculture 
sector continuously addresses persistent 
challenges, including the constraints to land and 
water resources access, vulnerability to climate 
changes, global warming, and disaster risks to 
ensure the availability, accessibility, and affordability 
of nutritious food to achieve a healthy and resilient 
community (National Economic Development 
Authority, 2017). Controlled-environment agriculture 
(CEA) is an effective solution for growing crops under 
managed environments while improving productivity 
and optimizing resource use (Benke & Tomkins, 
2017). Regulation of light intensity, carbon dioxide 

concentration, temperature and humidity level, and 
photoperiod can be made in CEA to improve crop 
production (Valenzuela et al., 2017; Valenzuela et 
al., 2018; Concepcion et al., 2021; Cammarisano et 
al., 2019). Several studies optimized nutrients from 
the soil that contains Nitrogen (N), phosphorous 
(P), and potassium (K) for lettuce. Commonly grown 
crops in the CEA greenhouse includes lettuce, 
cucumber, tomato, and pepper (J. Zou et al., 2020; 
Ke et al., 2021; Kwack et al., 2021).

Among these factors, optimizing plant growth 
by enabling the most desirable lighting conditions 
for a certain crop at different developmental stages 
was recently explored. The emitting diode (LED) 
of a sun-like light that simulates the natural solar 
spectrum allows intensity modulation and light 
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ABSTRACT 

Land and water resources, climate change, and disaster risks 
significantly affect the agricultural sector. An effective solution for 
growing crops to improve productivity and optimize the use of resources 
is through controlled-environment agriculture (CEA). Evapotranspiration 
(ET) is an important greenhouse crop attribute that can be optimized 
for optimum plant growth. Light intensity and radiation are significant 
for controlling ET. To address this challenge, this study successfully 
determined the properties of optimum artificial light for minimum 
evapotranspiration rate of head development-stage and harvest-stage 
lettuce under light-period and dark-period using genetic programming 
and bio-inspired algorithms namely, grey wolf optimization (GWO), 
whale optimization algorithm (WOA), dragonfly algorithm (DA), and moth 
flame optimization (MFO). MFO provided the optimized global solution 
for the configured models. Results showed that head development-
stage lettuce requires higher light intensity with lower visible to infrared 
radiation ratio (Vis/IR) than harvest-stage lettuce when exposed to light. 
On the other hand, harvest-stage lettuce requires higher light intensity 
with lower Vis/IR than head development-stage under dark-period 
respiration reaction. Findings of this study can be utilized in growing 
and improving yield crops in controlled-environment agriculture.
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spectrum composition. LED lights consume less 
energy compared to traditional light sources and 
operate in lower temperatures (Loconsole et al., 
2019). Several studies have reported the effects of 
light in enhancing plant growth. Red and blue light 
were identified as the preeminent light spectrum for 
plant growth and development (Chen et al., 2017). 
Red light increases the concentration of phenolics 
in lettuce (Lee et al., 2016), while blue light is 
efficiently effective in stimulating biomass, sucrose, 
and starch accumulation, photomorphogenesis, 
as well as accelerated carboxylation (Chen et al., 
2017; Chen et al., 2019; Tarakanov et al., 2022). 
Another study indicates that LED light with the 
red and blue spectrum and low irradiance can 
significantly improve lettuce yield and antioxidant 
activity (Mohamed et al., 2021). Greenhouse 
plant photomorphogenesis is positively affected 
by Far-red (FR) light (Kump, 2020), meanwhile, 
a remarkable decrease in stomatal density is the 
result of monochromatic red and blue lights (Izzo et 
al., 2021). Also, the humidity and temperature of the 
air are affected by red-blue and yellow spectrums 
(Marcos & Mai, 2020). The 15 hours of photoperiod 
combined with red-blue light (4:1) resulted in a 
positive impact on spinach (T. Zou et al., 2020). 
The dark-period respiration of 22 hours and 15 light 
hours of consecutive photoperiod resulted in a low 
starch content in the leaf which is an indication of 
an increase in the photosynthetic rate (Urairi et al., 
2017). Effects of light intensity and distance to crops 
were also reported to influence growth and plant 
structure (Lee et al., 2016; Camejo et al., 2020).

Consequently, little information is available 
on the effects of the intensity of light in the 
optimization of the evapotranspiration of plants. 
Evapotranspiration (ET) is another important 
attribute of greenhouse crops for significant quality 
and value, especially for lettuce. ET is the loss of 
water from vegetation through combined processes 
of surface evaporation and plant transpiration. It 
is well known that light intensity and radiation play 
an important role in the determination of water 
loss from plants. A physiological disorder of lettuce 
known as tip burn has been linked to insufficient 
evapotranspiration (Périard et al., 2015). 

Elucidating the effects of the artificial light 
and its properties on the ET rate of aquaponic 
green loose-leaf lettuce are the focus of this study. 
The artificial light properties include distance, light 
intensity, infrared radiation, and visible radiation, 

and they shall be analyzed to optimize their effect 
using hybrid genetic programming and Moth Flame 
Optimization (MFO) algorithm, Grey Wolf Optimizer 
(GWO), Whale Optimization Algorithm (WOA), and 
Dragonfly Algorithm (DA) were also explored for 
the optimization process. The use of these swarm 
intelligence metaheuristic techniques to find the 
global optimum value of parameters has been 
deeply explored. These algorithms have proven 
track of optimizing nonlinear conditions (Monga et 
al., 2021; Darwish, 2018). GWO algorithm is based 
on grey wolves’ hierarchy of leadership, the alpha, 
beta, delta, and omega. In addition, their hunting 
mechanism is also implemented in this algorithm 
(Darwish, 2018). WOA is based on the social 
behavior of humpback whales and their hunting 
strategy (Mirjalili & Lewis, 2016). DA originates from 
the swarming behaviors of dragonflies in nature. 
Optimization is designed by modeling navigation, 
foraging, and enemy avoidance of dragonflies when 
swarming dynamically or statistically (Darwish, 
2018). MFO is inspired by the navigation method 
of moths to fly in the direction of moonlight called 
transverse orientation. In solving optimization 
problems, the mathematical model of the spiral 
flying path of moths around artificial flames or 
lights is used (Mirjalili, 2015). The results of this 
study can be utilized in growing and improving 
yield crops in a controlled environment and can 
be promisingly applied in commercial scale. This 
study contributes to the: (1) understanding of the 
impacts of artificial photosynthetic light properties 
like light intensity, infrared radiation and visible 
radiation to photosynthetic and respiration rate of 
aquaponic lettuce; and (2) development of hybrid 
computational intelligence models in optimizing the 
distance of light source and light properties to lettuce 
leaf canopy in which varied at head development 
and harvesting stage that induces crop primary 
growth inside a controlled environment.

MATERIALS AND METHODS

The data collection for this study was 
conducted in a smart lettuce farm located at Morong, 
Rizal, Philippines in June 2021.The first stage of 
the study was the measurement of the properties of 
the artificial light (distance of the light source, light 
intensity, infrared radiation, and visible radiation). 
It was followed by the leaf disk floatation assay to 
determine the photosynthetic and respiration rate of 
the aquaponic lettuce. Further, this study included 
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the development of bioinspired optimization models 
to optimize the evapotranspiration based on artificial 
light properties to improve lettuce growth (Fig. 1) 
(Bautista et al., 2022).

Controlled Environment Condition
Green loose-leaf lettuce was used in the 

study, since it has been reported to be dependent 
and significantly affected by various environmental 
conditions. In a smart farm located at Morong, Rizal, 
Philippines, the cultivar was subjected to nutrient film 
technique (NFT) for 6 weeks. The growing bed was 
maintained with 124.70 mg/l nitrate, potassium of 
168.74 mg/l, and phosphate of 65.23 mg/l, wherein 
electrical conductivity and pH level were controlled 
between 1 ± 0.02 mS/cm  and 6 ± 0.5, respectively 
(Concepcion et al., 2021; Bautista, et al., 2022).

Measurement of the Artificial Light Properties
A 67449.16 cm3 (35.56 x 35.56 x 53.34 cm) 

black plastic tray was used as the closed chamber, 

wherein an aluminum foil was placed inside to 
cover its wall surface. This technique enabled the 
light from the artificial photosynthetic light source 
to reflect inside the chamber. The chamber used 
a monochromatic light source that could easily be 
attached, used, and detached, with a 10, 20, and 30 
cm distance from the bottom of the plastic container 
(Fig. 2a). Red, orange, yellow, white, green, blue, 
and violet light spectrums were used with 32 W, 190 
± 5 μmol/m2/s photosynthetic photon flux density 
(PPFD) (Firefly, Ace Hardware Corp., Philippines) 
(Fig. 2b). In the 30, 20, and 10 cm segments, 3 light 
intensity sensors (Adafruit TSL2561, China) were 
placed to determine the light intensity, infrared, and 
visible radiations varied by the distance of the light 
source to the disk container and differentiated by 
each light spectrums. In the optimization analysis, 
these gathered spectral data were likewise used 
(Concepcion et al., 2021; Bautista, et al., 2022).

Fig. 1. Developmental architecture of optimizing artificial light properties of aquaponic lettuce (distance, 
light intensity, infrared and visible radiation) using bioinspired algorithms 

Fig. 2. (a)  Proximity of the artificial photosynthetic light source from the leaf disk floatation container and 
(b) the captured images of the actual monochromatic light spectrum’s resemblance for the closed chamber 
adapted from Concepcion et al., (2021)
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Leaf Disk Floatation Assay
This study used leaf disk floatation to determine 

the photosynthetic and respiration rate of both the 
head development and harvest-stage aquaponic 
lettuce. The test was performed by mixing 0.425 g 
of NaHCO3 with 300 ml of distilled water to produce 
a 0.2% sodium bicarbonate (NaHCO3) solution. To 
wet the hydrophobic leaf surface, a drop of liquid 
soap was added. Ten uniform leaf disks from head 
development-stage and harvest-stage aquaponic 
leaves of lettuce were cut using plastic straw 
measuring 1 cm in diameter, avoiding leaf veins and 
midrib. Thereafter, a 5 cm3 of NaHCO3 solution was 
put inside the barrel of syringe with 10 cm3, where 
leaf disks were placed later. To make the leaf disks 
infiltrated with the solution, a small vacuum was 
placed inside the syringe. Thereafter, the plunger 
and leaf disks were removed upon sinking thereof 
on the bottom of the syringe. The leaf disks were 
placed in a clear plastic floatation container which 
was prepared with the same bicarbonate solution. 
Under the fluorescent lamp with the proximity of 
30 cm, the clear plastic floatation container was 
placed for photosynthetic reaction. Upon exposure 
of the container, the timer started, and the floating 
disks count were recorded for every minute. The 
experiment continued until all the leaf disks were 
floated. Subsequently, floatation container was put 
inside a box without light source to perform the 
dark-period aerobic respiration, and the floating 
disks count were also recorded for every minute 
(Concepcion et al., 2021; Bautista, et al., 2022).

There were 42 trials for photosynthesis and 
a corresponding 42 trials for respiration based on 
the 7 artificial monochromatic lights (red, orange, 
yellow, white, green, blue, and violet), 2 lettuce leaf 
maturities (head development-stage and harvest-
stage), and 3 light source proximities (10, 20, and 30 
cm) (Concepcion et al., 2021; Bautista, et al., 2022).

The photosynthetic rate (1/ET50-light) and 
respiration rate (1/ ET50-dark) were calculated using 
the eqn. 1 and 2.

............................................ (1)

............................................ (2)

where: t50%-l is the time (in minutes) during the light 
period when half of the total leaf disks are floating 
while t50%-d is the time during the dark period.

Bioinspired Evapotranspiration Optimization 
Models

Aquaponic lettuce growth was affected by 
combination of nonlinear artificial light properties in 
terms of evapotranspiration rate. Thus, to determine 
the best combination, there was a need to develop 
an effective bioinspired minimization optimization 
model. The regression model for the objective 
functions were generated using multigene symbolic 
regression genetic programming (MSRGP).

MSRGP was an evolutionary algorithm in 
MATLAB under the GPTIPS2 application. It was 
configured with 100 maximum generations, 1000 
population size, 4 for tournament size, 0.10 elite 
fraction, maximum of 10 genes, 0.05 probability of 
pareto tournament, maximum tree depth of 5, 0.84 
for crossover rate with mutation rate of 0.14, and 
would terminate when fitness value < 0.001. 

In this study, the objective function were 
named as follows: HDL (per minute), resembled 
the ET rate for head development-stage lettuce 
during light period; HL (per minute), resembled the 
ET rate for harvest-stage lettuce during light period; 
HDD (per minute), resembled the ET rate for head 
development-stage lettuce during dark period; and 
HD (per minute), resembled the ET rate for harvest-
stage lettuce during dark period. These were 
functions of the light distance in centimeter (x1), 
and artificial light properties in μmol/m2/s, namely, 
infrared radiation (x2), light intensity (x3), and visible 
radiation (x4) (Bautista, et al., 2022).

The configured model achieved R2 of 0.974, 
0.970, 0.924, and 0.988 for HDL, HL, HDD, and HD, 
respectively.  (Eqn. 3-6)

 ............................................... (3)  

.................................................. (4)

................................................ (5)

.................................................. (6)
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Bioinspired algorithms including GWO, WOA, 
DA, and MFO were explored. These algorithms had 
a proven track on optimizing nonlinear conditions 
(Darwish, 2018).

Grey Wolf Optimization (GWO) Algorithm
GWO algorithm represented the mathematical 

model of the social hierarchy of wolves where the 
fittest solution was alpha (α), second best solution 
was beta (β), delta (δ) as the third best solution, 
while the rest of the remaining solutions were 
assumed to be omega (ω) (Darwish, 2018).

The encircling behavior of wolves was 
modeled as: (Eqn. 7-8)

 ............................................... (7)
 ...........................................  (8)

Where: t is the iteration,  and  are coefficient 
vectors,  represents the position of the prey, and  

 for the position of a wolf. 
The coefficient vectors were computed using 

eqn. 9-10
 ....................................................... (9)

 ............................................................  (10)
Where: components of  are linearly decreased 
from 2 to 0 over the course of iterations and ,  
are random vectors in [0, 1].

The mechanism of this algorithm was based 
on determining the α, β, δ and  positions. To describe 
their hunting behavior, the first alpha, beta, and delta 
solutions were stored, then positions were updated 
with respect to the position of the best search agent 
described by the mathematical forms (Eqn 11-14): 

 ........... (11)

 ........... (12)

 ........... (13)

 ........................................ (14)
The value of  linearly decreased to 

quantifiably model the behavior of wolves 
approaching their prey. In this case,  would be a 
random value in the interval [-2a, 2a] where a was 
decreased from 2 to 0. When the random values 
of  were in [-1, 1] provided that |A|<1, then the 
algorithm enabled the wolves to attack their prey 
(Darwish, 2018).

To summarize, the algorithm started by 
initializing the grey wolf population or the number 
of search agents. It was followed by the calculation 

of the fitness for the first three best solutions, Xα, 
Xβ, and Xδ and position update of other search 
agents based on the best search agents position. 
Coefficients vectors A and C would be updated to 
calculate the new fitness for the best solutions of 
the next iteration until the maximum iteration or 
optimal solution was met. The final fitness value of 
the best search agent Xα would be returned as the 
global best solution (Darwish, 2018).

Whale Optimization Algorithm (WOA)
The whale optimization algorithm was based 

on the behavior of humpback whales called as the 
bubble-net feeding method. It was assumed that the 
target prey was the current best candidate solution. 
Once the best search agent was determined, other 
search agents would update their positions towards 
the prey (Mirjalili & Lewis, 2016). This behavior was 
defined by the following Eqn. 15-16

........................................... (15)
......................................... (16)

Where: t refers to the position iteration,  and  are 
coefficient vectors,  is the position of the current 
optimal solution,  is the position, | | is the absolute 
value, and * is an element-by-element multiplication 
(Darwish, 2018).

Coefficient vectors were evaluated by Eqn. 
17-18

..................................................... (17)
.............................................................. (18)

Where:  is selected from 2 to 0, and  as a random 
vector in the interval of [0, 1] (Darwish, 2018).

The humpback whale’s bubble-net phase 
could be described in a mathematical model using 
the shrinking encircling method and the spiral 
updating position method. Using the first method,   

 was decreasing and randomly selected in the [-a, 
a] interval, where a was also decreased from 2 to 0 
during iterations (Darwish, 2018; Mirjalili & Lewis, 
2016). On the other hand, a spiral equation could be 
used to evaluate the position of the whale and prey 
through the spiral updating position method using 
eqn. 19

 ........... (19)

Where: pertains to the distance 
of ith whale to its prey, b is a constant, and l is a 
random number in the interval of [-1, 1], and * for 
element-by-element multiplication.
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In the optimization phase, humpback whales 
were swimming around their prey in a shrinking 
circle pattern with the probability of 0.5% for position 
update using a spiral model (Mirjalili & Lewis, 2016). 
Thus, the eqn. 20 could be used to mathematically 
describe whale’s behavior:

 .... (20)

Where: p is a random value in the interval of [0, 1].
For the search for prey phase,  was defined 

with random values greater than 1 or less than -1. 
This mechanism with  enabled performing 
global search, and was modeled mathematically 
using eqn. 21-22.

............................................. (21)
.................................... (22)

Where:  is a random position vector. 
In summary, WOA started the searching 

process based on the solutions that were randomly 
selected. Search agents would update their 
positions based on the obtained best solution. 
The a parameter was decreased from 2 to 0 for 
exploration and exploitation. A random search agent 
was chosen when  was greater than 1 while the 
best solution was selected when  was less than 
1. The algorithm could switch between spiral or 
circular movement depending on the value of p and 
would stop by satisfying the termination criterion 
(Darwish, 2018; Mirjalili & Lewis, 2016).

Dragonfly Algorithm (DA
Dragonfly algorithm was based on the 

behavior of swarms which followed the principles 
of separation, alignment, and cohesion. It was also 
based on the concept of survival where all should 
be attracted towards food sources and distracted 
outward enemies (Darwish, 2018). The behavior 
of dragonflies was modeled based on these five 
patterns, and modeled as eqn. 23-27
Separation		  :  ....... (23)
Alignment		  :  ................. (24)

Cohesion		  :  ........... (25)

Attraction to food	 :  ............... (26)
Distraction from enemy	 :  ............... (27)
Where: X is the position of the current individual,   Xj 
shows the position of the jth neighboring individual,  
Vj shows the velocity of the jth neighboring individual,   

X+ is the position of the food source, X- is the position 
of the enemy, and N is the number of neighboring 
individuals (Darwish, 2018).

To update the position of artificial dragonflies 
in a search space, step (∆X) and position (X) vectors 
were considered. The step vector showed the 
direction of their movement and could be determined 
using the eqn. 28

... (28)
Where: s shows the separation weight, Si indicates 
the separation of the ith individual, a is the alignment 
weight, Ai is the alignment of the ith individual, c 
as the cohesion weight, Ci is the cohesion of the 
ith individual, f as the food factor, Fi is the food 
source of the ith individual, e is the enemy factor, Ei 
indicates the position of enemy for the ith individual, 
w is the inertia weight, and t as the iteration counter 
(Darwish, 2018).

The position vectors were calculated as eqn. 
29

 ...................................... (29)
During optimization phase, various exploitative 

and explorative behaviors could be gained through 
separation, alignment, cohesion, food, and enemy 
factors. Neighboring of dragonflies were important, 
thus neighborhood of artificial dragonflies within 
a specific radius was assumed. When there were 
no neighboring solutions, artificial dragonflies used 
Lévy flight to improve the randomness, exploration, 
and stochastic behavior (Darwish, 2018).

The process of optimization was started 
by establishing a set of random solutions. The 
identified random values in the upper and lower 
bounds of the variables were initialized by the 
step and position vectors. The step and position 
of each dragonfly were updated. The Euclidean 
distance of the neighboring dragonfly and their N 
will be calculated to update the X and ∆X vectors. 
The process of updating the position is continued 
repetitively until it reaches the satisfaction of the 
end criterion (Darwish, 2018).

Moth Flame Optimization (MFO)
In the mathematical model of MFO 

algorithm, the candidate solutions were typified 
by the moths and their position in the search 
space which represented the variables (Mirjalili, 
2015). Thereafter, moths would be able to fly on 
hyperdimensional space which was described by 
the matrix form:
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 ............ (30)

Where: n represents the number of moths and d 
represents the number of variables.

To store the values of the corresponding 
fitness, there is an array that can be used and 
considered for every moth:

 ............................................... (31)

Each moth’s position vector was passed to 
the objective function and its output was assigned 
as the fitness values of the corresponding moth 
(Darwish, 2018). Meanwhile, flame (F) was similar 
to matrix M, which was an important element in the 
algorithm, represented by:

 ...................... (32)

To store the corresponding values of fitness 
function for Flames, the following array was 
considered:

 .................................................. (33)

As identified, moths and flames were both 
considered solutions but varied on the process they 
were being treated and updated in every iteration. 
As actual search agents, moths moved around the 
search space, while flames were their best positions 
obtained during the activity (Darwish, 2018; Mirjalili, 
2015).

For this algorithm, the optimal value was 
described using the mathematical form (eqn. 34-37)
MFO=(I,P,T) ...................................................... (34)
Where I represent moth population generated 
randomly and the fitness values given by:
I : θ →{M,OM} ................................................... (35)
P represents activity of the moths around the search 
space and represented by:
P ∶ M →M .......................................................... (36)

and finally, T as the termination criterion functions of 
either true or false, and was defined by:
T ∶ M →{true,false} .......................................... (37)

The MFO algorithm’s general scheme was 
represented by the functions I, P, and T (Darwish, 
2018; Mirjalili, 2015).

The configured system parameters for GWO, 
WOA, DA, and MFO were the following: 10 cm ≤ 
x1  ≤30 cm , 222 μmol/m2/s  ≤ x2  ≤3112 μmol/m2/s 
, 1097 μmol/m2/s   ≤ x3  ≤26660 μmol/m2/s and 875 
μmol/m2 s≤ x4  ≤23548 μmol/m2/s  Fifty (50) repeating 
simulations were done for each algorithm. 

RESULTS AND DISCUSSION

Artificial Light Properties and Light Spectrum
Light intensity and proximity were the basis of 

each monochromatic light spectrum photosynthetic 
capacity. The highest intensity was produced by 
the white light for 30, 20, and 10 cm proxinities 
with 380.956, 544.663, and 1131.480 μmol/m2/s, 
respectively. The violet spectrum produced the 
lowest light intensity of only 37.967, 63.143, and 
116.264 μmol/m2/s for 30, 20, and 10 cm proximities, 
respectively (Fig. 3) (Concepcion et al., 2021; 
Bautista, et al., 2022).

The lowest visible to infrared radiation ratio 
(Vis/IR) was from violet light with 3.941, 3.840, and 
3.797 for 30, 20, and 10 cm distances, respectively. 
Blue light gave the highest Vis/IR with 8.751, 
8.531, and 8.254 for 30, 20, and 10 cm proximities, 
respectively. These results also showed that farther 
proximity gave a higher value of Vis/IR (Fig. 4) 
(Concepcion et al., 2021; Bautista, et al., 2022).

Photosynthetic and Respiration Rates
Results showed that the highest 

photosynthetic rate for both stage of aquaponic 
lettuce was induced by the white light in the 30, 
20, and 10 cm distances with the average of 0.162, 
0.162, and 0.111 disks/min, respectively. Green 
light gave the lowest photosynthetic rate of 0.083 
disks/min for 30 cm, and 0.075 disks/min for 20 
cm, while orange light with 0.076 disks/min for the 
10 cm proximity. Closer distance exhibited lower 
photosynthetic rate due to a low Vis/IR (Fig. 5) 
(Concepcion et al., 2021; Bautista, et al., 2022).

In addition, artificial white light also gave the 
highest respiration rate for 30, 20, and 10 cm light 
proximities with an average of 0.030, 0.027, and 
0.029 disks/min, respectively. On the other hands, 
green light also produced the lowest respiration rate 
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of 0.026, 0.024, and 0.025 disks/min for 30, 20, and 
10cm proximities, respectively (Fig. 6) (Concepcion 
et al., 2021; Bautista, et al., 2022). 

Optimized Artificial Light Properties
Bioinspired optimization algorithms, namely 

grey wolf optimization (GWO), whale optimization 

algorithm (WOA), dragonfly algorithm (DA), and 
moth flame optimization (MFO) were used for 
evapotranspiration rate optimization of both head 
development-stage and harvest-stage aquaponic 
lettuce after successfully converging using 1000 
iterations.

Fig. 3. Light intensity (I) based on the spectrum and distance from the light source: 30, 20, and 10 cm

Fig. 4. Visible and infrared radiation ratio (Vis/IR) based on spectrum and distance from the light source: 
30, 20, and 10 cm
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Fig. 5. Photosynthetic rate based on spectrum and distance from the light source: 30, 20, and 10 cm

Fig. 6. Respiration rate based on spectrum and distance from the light source: 30, 20, and 10 cm
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Fig. 7. Convergence curve of GOA, WOA, DA, and MFO for 1000 iterations in determining the optimum 
combined light properties for minimum evapotranspiration rate of (a) head development-stage lettuce and 
(b) harvest-stage lettuce during light period 

A 

B 

Fig. 7. Convergence curve of GWO, WOA, DA, and MFO for 1000 iterations in determining the optimum 
combined light properties for minimum evapotranspiration rate of (a) head development-stage lettuce and 
(b) harvest-stage lettuce during light period
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Fig. 8. Convergence curve of GOA, WOA, DA, and MFO for 1000 iterations in determining the optimum 
combined light properties for minimum evapotranspiration rate of (a) head development-stage lettuce and 
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Fig. 7a showed the determined optimum 
combined light properties for minimum 
evapotranspiration rate of head development-stage 
lettuce during light period. MFO gave the optimum 
values of 16.030 cm distance from the light source, 
with a light intensity of 13544.84 μmol/m2/s, and 
visible and infrared radiations of 3647.538 μmol/
m2/s and 1084.541 μmol/m2/s, respectively (Table 
1).

MFO also gave the optimized light properties 
for minimizing the evapotranspiration rate of 
harvest-stage lettuce during light period (Fig. 7b) 
with 18.572 cm, a light intensity of 6137.475 μmol/
m2/s, visible radiation of 8861.246 μmol/m2/s, and 
infrared radiation of 1166.030 μmol/m2/s (Table 2).

Moth Flame Optimization algorithm also 
exhibited the optimized artificial light properties for 
both aquaponic lettuce stages during dark-period 
respiration reaction (Fig. 8a and Fig. 8b). 

Table 3 showed the optimum values with 
17.904 cm distance, 14444.156 μmol/m2/s light 
intensity, 1035.466 μmol/m2/s infrared radiation, 
and 9014.807 μmol/m2/s visible radiation for the 
head development-stage lettuce.

Finally, determined best global solution for 
harvest-stage lettuce were 18.710 cm proximity 
from the light source, and light intensity, visible 
radiation, and infrared radiation of 20363.843 μmol/
m2/s, 2117.213 μmol/m2/s, and 2886.614 μmol/m2/s, 
respectively (Table 4).

Results of the study indicated that head 
development-stage lettuce required higher light 
intensity and lower Vis/IR than harvest-stage lettuce 
during light period. On the other hand, harvest-
stage lettuce needed higher light intensity and lower 
Vis/IR than head development stage-lettuce during 
dark period.

Based on the generated optimal artificial light 
properties using bio-inspired algorithms when under 
dark-period respiration reaction, head development-
stage lettuce required highest Vis/IR while harvest-
stage lettuce required the lowest.

Prior study noted the importance of optimizing 
light intensity for accurate estimation of water 
productivity that would become imperative in 
planning ang managing irrigation practice. Results 
of this study showed that growth parameters such 
as fresh weigh, dry weight, and leaf area were 
improved by increasing light intensity together with 
carbon dioxide concentration (Esmaili et al., 2021). 
Another study about dependency of growth of lettuce 
plants to light intensity emphasized that exposure to 
higher light intensities causing faster development 
of photosynthesis system was dependent on the 
leaf developmental stages (Ghorbanzadeh et al., 
2020). A recent study conducted experiments of 
exposing lettuce crops to different artificial light 
cycles to establish an effective leaf area model using 
thermal effectiveness and photosynthetically active 
radiation (TEP) method. Result showed that light 
cycle influenced lettuce leaf area significantly, where 
12-h/12-h (light/dark) treatment resulted to better 
lettuce growth (Hang et al., 2019).

Effects of evapotranspiration in the circulation 
of atmosphere had a great impact on plant growth 
and yield and was proven as an effective basis for 
efficient irrigation management (Zhangzhong et al., 
2023). Using LEDs as source of artificial light was 
more energy efficient than other light sources and 
could be controlled easily for optimum light intensity 
to improve plant growth. A recent study also used 
LED as artificial light source and proved the positive 
effects of optimizing light intensity for red lettuce 
(Modarelli et al., 2022).

Table 1. Optimal artificial light properties generate using bio-inspired algorithms for head development-
stage lettuce during light period 

Model Distance
(cm)

Infrared radiation
(μmol/m2/s)

Light intensity
(μmol/m2/s)

Visible radiation
(μmol/m2/s)

GWO 15.011 985.991 11952.286 3704.909
WOA 16.152 1055.041 12687.129 3233.738
DA 19.152 1285.500 10648.768 3226.788
MFO 16.030 1084.541 13544.84 3647.538

Remarks: GWO = grey wolf optimization, WOA = whale optimization algorithm, DA = dragonfly algorithm, MFO = moth 
flame optimization
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Table 2. Optimal artificial light properties generate using bio-inspired algorithms for harvest-stage lettuce 
during light period 

Model Distance
(cm)

Infrared radiation
(μmol/m2/s)

Light intensity
(μmol/m2/s)

Visible radiation
(μmol/m2/s)

GWO 17.816 881.710 5165.641 6957.088
WOA 15.758 875.290 4263.256 5354.158
DA 18.209 1411.283 7139.383 9103.532
MFO 18.572 1166.030 6137.475 8861.246

Remarks: GWO = grey wolf optimization, WOA = whale optimization algorithm, DA = dragonfly algorithm, MFO = moth 
flame optimization

Table 3. Optimal artificial light properties generate using bio-inspired algorithms for head development-
stage lettuce during dark period

Model Distance
(cm)

Infrared radiation
(μmol/m2/s)

Light intensity
(μmol/m2/s)

Visible radiation
(μmol/m2/s)

GWO 16.599 832.707 12609.167 8154.135
WOA 16.749 1003.055 10511.929 7283.245
DA 21.562 1399.441 13733.691 8153.700
MFO 17.904 1035.466 14444.156 9014.807

Remarks: GWO = grey wolf optimization, WOA = whale optimization algorithm, DA = dragonfly algorithm, MFO = moth 
flame optimization

Table 4. Optimal artificial light properties generate using bio-inspired algorithms for harvest-stage lettuce 
during dark period

Model Distance
(cm)

Infrared radiation
(μmol/m2/s)

Light intensity
(μmol/m2/s)

Visible radiation
(μmol/m2/s)

GWO 18.161 2919.300 19642.162 1979.148
WOA 25.476 2895.791 23130.000 4598.733
DA 23.274 2893.193 21906.675 3857.867
MFO 18.710 2886.614 20363.843 2117.213

Remarks: GWO = grey wolf optimization, WOA = whale optimization algorithm, DA = dragonfly algorithm, MFO = moth 
flame optimization

Findings of this research provided valuable 
insights into the combinational regulation of artificial 
light properties for head development-stage and 
harvest-stage lettuce under light-dependent 
photosynthetic reaction and dark-period respiration 
reaction for improving growth of lettuce crop in 
greenhouse and plant factory.

CONCLUSION

This study showed that hybrid multigene 
symbolic regression genetic programming and moth 
flame optimization algorithm (MSRGP-MFO) could 
establish the ideal values of artificial light properties 
to minimize evapotranspiration rate of both the head 
development and harvest-stage lettuce under light-

dependent photosynthetic reaction and dark-period 
respiration reaction. Head development-stage 
lettuce under light period needed the minimum 
obtained optimal distance of 16.030 cm from the 
light source. On the other hands, harvest-stage 
lettuce needed lowest artificial light intensity of 
6137.475 μmol/m2/s when exposed to light. In 
terms of the visible to infrared radiation ratio, head 
development-stage lettuce under dark period 
needed the maximum 8.706 while harvest-stage 
lettuce needed only a Vis/IR ratio of 0.733. Grey 
wolf algorithm, whale optimization algorithm and 
dragonfly algorithm also gave best solutions for low 
values of evapotranspiration rate. For future studies, 
it is recommended to consider the color of the artificial 
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light together with other properties in determining the 
minimum evapotranspiration for improving growth 
of lettuce in controlled environment. Based on this 
optimized environment, quantification of nutrient 
use can be explored in identifying impact to lettuce 
growth.
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