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1. Introduction
  

 Plant growth is determined by the cell formation, 
requiring photosynthetic energy. Photosynthesis is 
one of carbon assimilation process that utilizes the 
light energy through the fixation of CO2 into glucose 
as chemical energy storage. The photosynthetic rate is 
important to study for improving the productivity of 
lettuce (Natr and Lawlor 2005; Fu et al. 2017; Ouyang 
et al.  2019; Zhou et al. 2019). The photosynthetic rate 
can be measured using photosynthetic rate meter. 
The rate of photosynthesis is determined by the 
main factors, namely visible light intensity, water 
availability, CO2 concentration in the air, and leaf 
chlorophyll content, as expressed in the equation of 
light reaction to convert energy into glucose through 
the photosynthesis (Rabinowitch 1951). In addition, 
some other factors also affect the photosynthetic 
rate, namely adequate temperature and nutrients.
  Lettuce plants can be cultivated hydroponically 
in every season of the year in a greenhouse in sub-
tropical climates (Nothmann 1977; Marrou et al. 
2013). In tropical climates, lettuce plants can grow 
well in the highlands (Hakim et al. 2019). Hydroponic 

technology allows increased growth of 95% as 
compared to conventional cultivation in soil that 
require large area and crop rotation, thus requiring 
crop rotation to restore soil nutrient availability for 
plants. Hydroponic technology solves this problem 
by continuously supplying the nutrients according to 
the needs of plants (Norman et al. 2019).
 To reduce the risk of soil erosion and pesticide 
contamination, the cultivation of lettuce plants 
in high open land needs to be reduced. As an 
alternative to this method, the cultivation of lettuce 
in hydroponics in the lowland area has an advantage 
in implementation of pesticide-free cultivation 
(Sumarni et al. 2013a, 2013b, 2013c; Sumarni et al. 
2016). With the use of greenhouses, rain water that 
drops can be more easily collected and filtered as 
rain water harvesting efforts (Lee et al. 2008; Moon 
et al. 2012). Hydroponically cultivated lettuce plant in 
greenhouse on tropical lowland has the advantages 
of fulfilling the light requirement with high quality 
and productivity, however also having disadvantage 
of high temperature condition in the root zone of 
the plant (Hatfield et al. 2011; Wiebbecke et al. 2012; 
Hatfield and Prueger 2015). Therefore, hydroponic 
technology for lettuce cultivation in greenhouse 
needs to be developed for tropical lowland climates.
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 Instead of cooling the whole air inside the 
greenhouse, cooling the root zone has been 
developed as energy-efficient cooling system for 
greenhouses (Suhardiyanto and Matsuoka 1992; 
Suhardiyanto and Matsuoka 1994; Suhardiyanto 
2009). Nutrient solutions have specific heat higher 
than the air, therefore the cooling of nutrient solution 
in hydroponic system has the possibility to become 
energy-efficient cooling system for plant cultivation 
using hydroponic system in tropical areas. The root 
zone cooling system has been used successfully to 
cool the root zone (Arancon et al. 2015).
 The experiment on zone cooling for plant root 
has been performed on the aeroponic system for 
potato (Sumarni et al. 2013) and using floating raft 
hydroponic for onion (Niam et al. 2017), which 
produces good plant growth. Cultivation of plants 
using floating raft hydroponic technology can be 
advantageous, although it requires energy for cooling. 
The root zone cooling requires enormous electrical 
energy. However, it can be solved by controlling the 
temperature automatically. 
 The relationship between these factors and 
photosynthetic rate has been examined through 
various approaches, i.e. induction approach of 
drawing conclusion from experiments and modelling 
approach using Artificial Neural Network (ANN) 
(Morimoto et al. 1995). Studies have successfully used 
ANN's model to explain the relationship between 
among parameters that are very complex and 
difficult to express with certain equations (Morimoto 
et al. 1995; Tamrin et al. 2005). ANN model was 
developed from the basic human brain model with 
generalization and learning capabilities. ANN can 
be used as universal function approach to represent 
the main function and amount of nonlinear terms 
(Grzersiak and Ufnalski 2004). The photosynthetic 
rate model for lettuce cultivated in floating raft 
hydroponic system with nutrients controlled using 
control and monitoring systems inside greenhouse 
on tropical lowland needs to be developed against 
the factors of cultivation conditions for operational 
guidance base and further development. 

2. Materials and Methods

2.1. Experiment 
This study includes experiment on lettuce 

cultivation in floating raft hydroponic system whose 
nutrient was controlled using control and monitoring 
systems developed previously. The plant used was 

Grand Rapid var. green lettuce. Other materials used 
were water, fertilizer for hydroponically cultivated 
vegetable plants (AB Mix), nitric acid (HNO3), 
potassium hydroxide (KOH), and citric acid (C6H8O7). 
Instruments used in this study included LI-COR 
6800-XT photosynthetic rate meter, controlled and 
monitoring systems, laptop, chiller, aerator pumps, 
and two systems of floating raft hydroponic with 1.3  
x 6.1 x 0.28 m size. The experiment was conducted 
in the modified standard peak greenhouse type of 
Siswadhi Soepardjo field laboratory, Department 
of Mechanical Engineering and Biosystem, Faculty 
of Agricultural Engineering and Technology, IPB 
University, Leuwikopo, Dramaga, Bogor. This study 
was performed from October to December, 2019.

2.2. Root Zone Parameter Measurement
Temperature, EC, pH, DO, ORP values of the 

nutrient solution were measured and recorded using 
the control and monitoring system developed in 
the previous study. These parameters were used to 
represent root zone conditions. Measurements were 
performed within 10-second time interval, starting 
from 19 to 21 November, 2019. The measurement 
results can be read in an LCD. Sensors were connected 
with Arduino Mega microcontroller 2560. Recorded 
values on LCD that can be read directly were used 
as the measured root zone parameter data. However, 
for the purposes of ease storage and processing, 
data was kept on micro SD card. When value of the 
parameter is outside the specified limit, then relay 
in the control and monitoring system activate the 
relevant actuator.

2.3. Photosynthetic Rate Measurement
Photosynthetic rate measurement was carried also 

from 19 to 21 November, 2019. The measurement was 
conducted by using LI-COR 6800 XT photosynthetic 
rate meter (Figure 1). The instrument was equipped 
with leaf chamber, gas analyzers, flow control, valve 
system, and fluorometer devices. The LI-6800 controls 
environmental conditions in the chamber for the 
duration of a measurement. By controlling chamber 
conditions at the setpoints, the photosynthetic 
response to changes in intercellular CO2 concentration 
is not confounded by other independent variables. 
Flow rate was maintained precisely, reducing the 
moment-to-moment variation that impacts the 
calculated carbon assimilation rate. The leaves were 
illuminated with constant irradiation, ensuring a 
biochemical reaction rate relies on consistent light 
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model then was validated using the empirical data 
for validation. Coefficient of determination was used 
to evaluate the model's performance.

3. Results

3.1. Statistical Analysis 
The relation between CO2 assimilation rates 

of lettuce plants cultivated in controlled and 
uncontrolled nutrient solution of floating raft 
hydroponic and PPFD ranges are presented in Figure 
3. Results of analysis of variance on CO2 assimilation 
rate of the lettuce plants are listed in Table 1. 
Statistical analysis was performed in this study to 
examine the influence of different treatment levels 
and PPFD ranges on CO2 assimilation rate. The analysis 
used Factorial Completely Randomized Design 2 x 5, 
namely: 2 treatments (controlled and uncontrolled) 
and 5 PPFD ranges (0-100, 101-200, 201-300, 301-
400, and 401-500). Each treatment combination had 
different replications. Significant difference among 
treatment combinations were evaluated using Tukey 
Multiple Comparison Test. Summary of the relation 
between average CO2 assimilation rate of lettuce 
plants and PPFD ranges are listed in Table 2. 

in most areas of the leaf covered. Output of the 
measurement was CO2 assimilation rate.

2.4. ANN-Based Photosynthetic Rate Modelling
The advantages of the artificial neural network 

(ANN)-modelling are that it is a robust estimation for 
non-linear biological processes. In this research, an 
ANN model-based simulation is proposed to estimate 
the CO2 assimilation rate of lettuce plants cultivated 
in floating raft hydroponic system whose nutrient 
solution was controlled using the control and 
monitoring systems. Same model is proposed also 
for that of uncontrolled. The ANN model proposed 
in this research consisted of input layer, hidden layer, 
and output layer (Figure 2). The input parameters 
are as follows: temperature, EC, DO, pH, and ORP 
nutrient solution, air temperature, air humidity, and 
photon flux density of photosynthesis of the lettuce 
plants. The output variable is the CO2 assimilation 
rate of lettuce plants.

The ANN model was developed using datasets 
collected from the cultivation of lettuce in two 
floating raft hydroponic systems. A total of 230 
datasets were used to develop the ANN models, that 
were 115 datasets for each hydroponic system. The 
115 datasets were divided randomly into data for 
training (77 datasets) and data for validation (38 
datasets). The ANN model was developed using the 
data for training. The weights were used to represent 
the connection between the input parameters and the 
output parameter. The initial values of weight were 
generated randomly. An adjustment was performed 
by training process using sample data through 
backpropagation neural network. The developed 

Figure 1. Photosynthetic rate measurement using LI-COR 
6800 XT photosynthetic rate meter (www.licor.
com/env)
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Table 2. Summary of the relation between average CO2 assimilation rate (µmol m-2 s-1) of lettuce plants and PPFD ranges 
(µmol m-2 s-1)

Values in columns followed by the same letter are not significant (p-value <0.05, Tukey Multiple Comparison Test)

PPFD range
(µmol m-2s-1)

Treatment

Controlled
UncontrolledTotal

115
115

Number of sampleMean

CO2 assimilation rate 

Standard deviation Coefficient of variation           

0-100

101-200

201-300

301-400

401-500

Controlled
Uncontrolled
Controlled
Uncontrolled
Controlled
Uncontrolled
Controlled
Uncontrolled
Controlled
Uncontrolled

29
39
38
25
25
15
10
16
13
20

19.785
63.223
33.020
34.324
22.538
26.776
21.876
23.066
10.678
30.883

0.365
0.494
1.115
0.750
1.129
1.065
1.207
0.951
0.756
2.004

1.845 a

0.781 b

3.375 cf

2.186 a

5.008 def

3.977 cdf

5.519 eg

4.123 f

7.085 h

6.490 gh

Table 1. Two factors analysis of variance on CO2 assimilation rate (µmol m-2 s-1) of the lettuce plants

*Significance on 5% degree of confidence

Source of diversity Sum square (SS) p-value
Treatment
PPFD range (µmol m-2 s-1)
Treatment*PPFD range  
Residuals
Total

  52.71
189.1
    0.6565
    1.03

   52.71
 756.6
      2.626
  224.6
1036.536

0.0001
0.0001
0.636

1
4
4
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227

Degree of freedom (df) Mean square (KT)
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Figure 3.  Relation between CO2 assimilation rate of lettuce plants cultivated in floating raft hydroponic and PPFD ranges

3.2. ANN Model Performance for Predicting Rate
The performance of ANN model in predicting the 

photosynthetic rate of lettuce cultivated in these 
hydroponic systems are indicated by results of validation 

of the developed model. Result of validation on the 
developed ANN model for lettuce cultivation without 
control and monitoring system is presented in Figure 4 
and that of controlled system is presented in Figure 5.
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range had no significant difference among treatments 
using controlled and uncontrolled system on 5% degree 
of confidence. Other treatments showed significant 
differences either on PPFD ranges or controlled and 
uncontrolled system. Moreover, coefficient of variance 
for uncontrolled system tended to be higher than that 
of controlled system. 
 As shown in Figures 4 and 5, the slope and intercept 
of the regression lines between among the predicted CO2 
assimilation rates and the actual CO2 assimilation rates 
explain how fit the prediction to that of actual values. 
The regression lines had R2 values of 0.8101 and 0.8662 
for lettuce plants without and with control system, 
respectively. It has been known that the relationship 
is complex and very difficult to be explained using 
mathematical models. Dealing with the complexity of 
ill-defined processes such as the photosynthesis, ANN 
model performed well in estimating the parameter. ANN 
models predicted the CO2 assimilation rate in very good 
accuracy with MSE value of 0.9163 and 0.3242 for lettuce 
plants without and with control system, respectively. 
The RMSE value was 0.9572 and 0.5694 for lettuce 
plants without and with control system, respectively. 
Basically, ANN modelling is computation process that 
produces a model to represent the nature correlation of 
the data for training step in the modelling. The modelling 
treats the correlation between input parameters and 
the output like a black box that receives input and gives 
output. It was noted that the ANN modelling has the 
capability to learn and recognize the pattern of CO2 
assimilation rate data which were empirical without any 
physical consideration normally used as the basis for 
mathematical formulation. The ANN model was robust 
enough in non-linear biological modelling to examine 
the complex correlation between input parameters and 
the CO2 assimilation rate of lettuce plants. Therefore, 
the contribution of this research was the ANN model 
that is useful in explaining such complex correlation. 

5. Conclusion

 The relations between CO2 assimilation rates of 
lettuce plants cultivated in floating raft hydroponic 
systems whose nutrient was uncontrolled and 
controlled using control and monitoring systems and 
PPFD ranges were examined. There were significant 
differences on average photosynthetic rate between 
CO2 assimilation rates of lettuce plants in these two 
hydroponic systems. The ANN model predicted 
the CO2 assimilation rate of lettuce cultivated in 
these two hydroponic systems with quite good 
accuracy. The ANN was useful for identifying the 
photosynthetic rate of lettuce cultivated in the 
floating raft hydroponic systems.

4. Discussion

 Results showed that higher PPFD resulted in higher 
CO2 assimilation rate. Furthermore, it was noted that 
CO2 assimilation rate of lettuce cultivated in controlled 
system had higher CO2 assimilation rate as compared 
to that of uncontrolled system. As shown in Table 1, 
there were  significant effect on each treatment at a 
significant level of 5%. However, interactions between 
treatments did not have different effects at the 5% 
level. Tukey Multiple Comparison Test was used to 
determine the difference among treatment interactions. 
Table 2 also shows that 201-300 and 401-500 PPFD 

y=0.9107x + 0.3583
R2=0.8101

Figure 4.  Validation results of ANN model for predicting 
CO2 assimilation rate of lettuce plants cultivated 
on floating raft hydroponic with uncontrolled 
nutrient solution 
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Figure 5. Validation results of ANN model for predicting CO2 
assimilation rate of lettuce plants cultivated on 
floating raft hydroponic whose nutrient solution 
controlled using control and monitoring system
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