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Abstract: Photosynthesis is one of the essential processes for life on the planet. Photosynthesis
cannot be measured directly because this complex process involves different variables; therefore, if
some variables of interest are integrated and measured, photosynthesis can be inferred through a
mathematical model. This article presents a fuzzy mathematical model to estimate photosynthesis.
This approach uses as input variables: Soil moisture, ambient temperature, incident radiation,
relative humidity, and leaf temperature. The fuzzy system was trained through data obtained from
experiments with jalapefio pepper plants and then validated against the LI-COR Li-6800 equipment.
The correlation coefficient (R?) obtained was 0.95, which is a higher value than some published
in the literature. Based on the Takagi-Sugeno method, the proposed model was designed and
implemented on the MATLAB platform using ANFIS (adaptive neuro-fuzzy inference system) to
determine the parameters, thus achieving a high-precision model. In addition, the fuzzy model
can predict photosynthesis at different temperature changes, soil moisture levels, and light levels.
The results of this study indicate the possibility of modeling photosynthesis using the fuzzy logic
technique, whose performance is much higher than other methods published in recent articles.

Keywords: fuzzy logic technique; infrared gas analyzer (IRGA); mathematical model; non-invasive
measurements; photosynthesis

1. Introduction

Photosynthesis is a physiological process by which plants convert light energy into
chemical energy to obtain sugar as a final product [1]. The photosynthesis of a leaf is
conditioned by more than 50 individual reactions, each one presenting its response to
each environmental variable. This photosynthetic rate can widely vary between days and
throughout seasons, due to environmental factors such as light and temperature. It can also
vary in the longer term during the coming decades as a response to increasing atmospheric
CO; levels. The increase in CO, and other greenhouse gases in the atmosphere can cause
global climate change. As can be understood, each of the aforementioned environmental
factors affects the photosynthesis rate differently, depending on the time scale.

From humanity’s point of view, photosynthesis is important because it produces food
and oxygen; therefore, it is often studied in its end products. Many of the methods for
inferring photosynthesis are invasive; they physically or chemically interfere with the plant,
altering its natural process during measurement. Noninvasive methods do not alter the
plant’s natural processes since there is no contact with the specimen [2].

Photosynthesis can be inferred through a mathematical model, which measures and
integrates variables of interest involved in this process. By describing the theory with a
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mathematical model and comparing the calculated results with experimental data, we can
judge whether the model describes the data well [3]. The study of mathematical modeling
focused on the importance of the photosynthetic process in the agricultural sector, since it is
a direct indicator of a plant’s health. Mathematical models can be classified into mechanistic
(white box), empirical (black box), and hybrid (gray box):

e  Empirical models, also called black box models, mainly describe a system’s responses
by using mathematical or statistical equations without any scientific content, restric-
tions, or scientific principle. Depending on particular goals, this may be the best type
to build. Its construction is based only on experimental data and does not explain
dynamic mechanisms; this refers to the fact that the system’s process is unknown.

e  Mechanistic models, also called white-box models, provide a degree of understanding
or explanation of the modeled phenomena. The term “understanding” implies a causal
relationship between quantities and mechanisms (process).

e Anintermediate model is classified as the semi-empirical or semi-mechanistic model
between the black box and white box models. These models are also called gray box or
hybrid models; they consist of a combination of empirical and mechanistic models [2].

There are different mathematical models related to biochemical, physiological, and
physical variables that estimate photosynthesis at the leaf, individual plant, or plant
community level. These models require adequate calibration, and most are based on
Farquhar et al.’s model [4-17]. Unfortunately, the parameters in the Farquhar et al. [4]
model are difficult to estimate, since they use several biochemical reactions and thus use
invasive measurement techniques for plants. Another disadvantage is that it involves
a long and complex mathematical calculation (Equation (1)), which is not favorable for
implementation in measurement electronic systems.

C—T.
C+KC(1—K%>

where A is CO; assimilation, Vi, is the maximum carboxylation rate, C is carbon dioxide
in the leaf, I, is the CO, partial pressure for the compensation of oxygenation and carboxy-
lation reactions, K. is the Michaelis constant for carboxylation, K, is the Michaelis constant
for oxygenation, O is oxygen in the leaf, and R is dark respiration.

In recent years, a wide variety of trends and innovative practices have emerged that
have revolutionized agriculture [18]. Recently, researchers have developed models in the
field of soft computing, providing a new opportunity to model complex systems such as
photosynthesis. As a promising solution, many current works use artificial intelligence as
a regression method to model phenomena from experimental data collected from repre-
sentative tests. In particular, fuzzy modeling is an artificial intelligence tool with a simple
structure, designed to extract the knowledge of an expert and describe it with a mathe-
matical model naturally and intuitively [19]. Dubois et al. [20] state that fuzzy logic is like
a tool to model sets with poorly defined or soft boundaries. A fuzzy system transforms
information in linguistic terms into real numbers and vice versa. A fuzzy model offers
essential advantages since it allows the representation of a natural system in how humans
perceive it; therefore, it is easily understandable. Furthermore, it is possible to modify it to
incorporate new phenomena. If its behavior differs from what is expected, it is usually easy
to determine which rule/term should be changed and how. For these reasons, fuzzy logic
often turns out to be among the best options, because, as Lotfi Zadeh, considered the father
of fuzzy logic, once pointed out: “In almost every case you can build the same product
without fuzzy logic, but fuzzy is faster and cheaper” [21].

Systems with uncertainty, lack of information, complicated modeling, or ill-defined
processes use fuzzy models. Fuzzy models have the advantage of not containing math-
ematical equations or conventional logical formulas; instead, these models use simple
rules based on fuzzy logic to describe a model in a linguistic way [22]. As a result, fuzzy
modeling describes the behavior of a system using natural language. Specifically, it would

A= VCmax - Rd (1)
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explain the procedure using fuzzy quantities expressed in numbers or fuzzy sets associated
with a linguistic label. These sets are associated using fuzzy control rules derived from a hu-
man operator’s experience and engineering knowledge, mainly based on their qualitative
understanding of the target system. This approximation resembles an expert system [23],
which is considered a black box mathematical model [21]. Thus, fuzzy modeling allows re-
searchers to build mathematical models at breakneck speed, focusing on the “what” rather
than the “how” [19]. For these reasons, it is possible to model biological processes, such as
photosynthesis, using fuzzy logic. Although to be estimated, photosynthesis depends on
various factors such as light intensity, assimilated carbon dioxide (CO,), hydrogen from
water, nutrients, minerals, and temperature, among others.

In previous studies, Center and Verma [24] focused on developing a fuzzy model to
predict the tomato crop canopy’s total photosynthesis (TotPHT). The fuzzy model uses
qualitative relationships to describe the effects of temperature, carbon dioxide concentration,
and light intensity on three canopy layers to determine TotPHT. The Center and Verma
model [24] was compared with the experimental data, obtaining an R? value of 0.947. These
results indicate that fuzzy logic can provide another possibility for modeling cultivation
processes. Valenzuela et al. [25] developed an adaptive neuro-fuzzy inference system
to predict the photosynthetic rate of the lettuce crop as a function of temperature, light
intensity, and CO,. Thus, generating the rules for fuzzy logic, where the inputs are the
outputs of the trained neural network. Based on the result, the system was able to predict
the photosynthetic rate of the lettuce crop based on the three input parameters. The error
rate found in the ANFIS (adaptive neuro-fuzzy inference system) model was approximately
2.7843 x 107°. As can be seen in the literature, fuzzy models have been used effectively in
optimizing photosynthesis parameters, producing high crop yields.

Capsicum annuum L. “Don Benito” pepper plants (commonly known in the area as
Jalapefio pepper) are the most widespread and cultivated species in subtropical and tem-
perate countries. Jalapefio peppers are produced throughout the year and are grown
throughout the world. These plants are primarily used for food preparation due to their
flavor and nutritional properties, but they are also used in the pharmaceutical, cosmetic,
and military industries worldwide [26,27].

This article presents a mathematical model of photosynthesis in jalapefio pepper plants
using fuzzy logic as a function of soil moisture (SM), ambient temperature (AT), incident
radiation (R), relative humidity (HR), and leaf temperature (LT). Each of these variables can
be measured using non-invasive techniques, allowing measurements to be stress-free.

2. Materials and Methods
2.1. Data Collection and Experimental Setup

The present study used Jalapefio pepper plants to maintain similarities between the
analytes regarding average age, size, height, and nutrition; all plants were grown under
the same conditions. The plants had 13 h of light and 11 h of darkness per day, at an
average temperature of 28 °C, in plastic pots. Nine plants in the 8-leaf stage were used
for the experimentation. The experiment used three leaves per plant with a size of 2 cm?.
The experiments were carried out between 12:00 p.m. and 7:00 p.m. on consecutive
days with different percentages of soil moisture: three plants at 100%, three plants at
50%, and three plants at 20%; where 100% corresponds to field capacity in the soil, and
20% corresponds to the level just before the wilting point. In contrast, 50% corresponds
to a midpoint [28]. Regarding ambient temperature, the levels implemented were 30,
28, 26, 24, 22, and 20 °C, since at higher or lower temperatures, problems are generated
in the physiological processes in plants [29]. Based on the experimentation carried out
by Espinosa et al. [30], before the measurement sessions, each plant must be subjected
to a stabilization process. The stabilization process consists of placing the plant in a
completely dark chamber, with the corresponding air temperature for the treatment, for
30 min. Therefore, the experiment used 7 levels of incident radiation (the applied light
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intensity ranged from 0.50 to 1000 pmol m~2s~!, with increments of 200 umol m~2s~1). In
total, 6 repetitions were carried out for each temperature level.

Gas analysis, also called IRGA (infrared gas analysis system), is the most referenced
technique for commercial and research applications worldwide in the estimation of photosyn-
thesis [16,17,30-33]. Due to the importance and popularity of this method [26,27,30,32-36],
we used LI-COR Li-6800 [10] as a validator to obtain the data of the variables of interest
and the estimation of photosynthesis.

Figure 1 shows the general methodology of our experiment.

4
Begin Place plant in LI-COR L| 6800 Set a room Submit the plant
measurement area equipment temperature to d_arkheSS for‘ a
positioning period of 30 min

!

easurements 9
with all light levels Increase light
(50-1000 level 200
pmol m?s 1) pumol m2 s -1

Measurements
with all ambient
temperature levels
(20-30 °C)

5
7 6 .
i Phot th
[ M SNsLTS naINg Expose the plant meas?urzsn):nr;ntej;?ng
LI-COR Li-6800 to the lighting set LI-COR Li-6800
equipment (10 min.) o el

(0 pmol m?s )

11
Increase
ambient

temperature

level 2°C

Figure 1. Methodology of experimentation with jalapefio pepper plants for data collection with
the LI-COR Li-6800 photosynthesis measurement equipment. Methodology based on reference
experimentation [37].

2.2. Fuzzy Modeling

Among the soft computing methodologies, the ones that currently have the most
significant relevance are fuzzy logic and neurocomputing, which lead to neuro-fuzzy
systems. Within fuzzy logic, these methods are essential to induce rules from observations,
allowing the creation of fuzzy systems from experimental observations. The main objective
of this study is to predict the variation of the photosynthetic rate in chili plants through a
fuzzy mathematical model. The proposed model is based on the following input variables:

e  Soil moisture (SM). It influences the health of plants by providing the conditions
required to transport nutrients from the roots to the stems, leaves, and fruits [38,39].

e  Ambient temperature (AT). It affects plant temperature, although they are generally
different [16,39].

e Incident radiation (R). Also known as light intensity (LI), it is a reference for climatic
conditions and a key factor for internal processes such as photosynthesis, temperature
regulation, and transpiration. It is the primary source of energy for photosynthesis [36].

e  Leaf relative humidity (RH). It is a plant response related to its transpiration [36].
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e Leaf temperature (LT). It is one of the main factors related to photosynthesis. The
photosynthetic capacity decreases as the temperature of the leaves increases due to an
increase in the respiration rates of the plant. Therefore, the enzymes are inactivated,
reducing carbon fixation [30].

The mathematical model presented in this study uses fuzzy logic techniques since it
is conceptually easy to understand, is flexible with any given system, tolerates inaccurate
data, and models non-linear functions of arbitrary complexity. The goal of fuzzy logic is to
map an input space to an output space, and the primary mechanism for doing this is a list
of (if-then) statements called rules [21].

According to Wang [40], fuzzy systems are those systems that contain relations with
terms and fuzzy logic. The fuzzy system, known as Takagi-Sugeno, was proposed in 1985.
In this system, the rules are the main distinction. A typical rule in a fuzzy Sugeno model is
shown in Figure 2.

Input 1 Input 2
X y »  Output MF z
»  Z=ax+by+c b *Ouatput
* Level
v v
Input MF Input MF
F1(x) v v | ) (y) W
AND » Rule
Weight

Figure 2. Block diagram of the Takagi-Sugeno fuzzy model rule, with two inputs: Input 1 is x and
Input 2 is y, the associated rule weights W, and the output level Z.

According to Figure 2, if Input 1 is x and Input 2 is y, then the output is Equation (2):
Z=ax+by+c 2)

For a zero-order Sugeno model, the output level Z is a constant (2 = b = 0). Each rule
weights its output level Z; by the rule’s firing power, W;. The final result of the system
(Equation (3)) is the weighted average of all the results of the rule, calculated as:

YN W Z;

Fuzzy system output =
L Wi

®)

where N is the number of rules, W; is the normalized degree of rule contribution, and Z; is
the output level [21].

The fuzzy photosynthesis model in jalapefio peppers used Equation (3) since it is
flexible with any given system. The resulting model was a Sugeno-based model of sixth
degree. The output level (Z) is a constant multiplied by each rule’s normalized degree of
contribution (W). Finally, the parameters allowed us to calculate the weighted average of
the system’s output.

Figure 3 shows the diagram of the fuzzy model for estimating photosynthesis in
jalapefio pepper, composed of the input variables SM, AT, R, RH, and LT, as explained
at the beginning of Section 2.2. In addition, the model includes an input variable P-1 to
generate feedback and thus establish a dynamic model that depends on the previous state
of photosynthesis.
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Figure 3. Diagram of the fuzzy model for estimating photosynthesis in jalapefio pepper, composed of

the input variables feedback (P-1), soil moisture (SM), ambient temperature (AT), incident radiation
(R), relative humidity (HR), and leaf temperature (LT).

2.3. Methodology for the Fuzzy Model

This research used a systematic approach. The steps to develop the fuzzy model of

jalapefio pepper photosynthesis based on the Takagi-Sugeno model are as follows:

1.

Model training. Once the input/output data from the experimentation have been
collected, we must start by loading a training data set. This set must be 85% of the
total input/output data collected [41]. Any dataset you load must be a matrix, with
the data arranged as column vectors and the output data in the last column. Therefore,
the ANFIS tool is used to train the FIS (fuzzy inference system) model and can emulate
the training data presented to it by modifying the parameters of the membership
function according to a chosen error criterion.

Validation of the model. For this task, the validation used a different data set than the
ones used in the training. In this case, it was 15% of the total input/output data [41].
Such a dataset was tested by the MATLAB function evalfis and the MATLAB code
generated with our proposal.

Inference system. The fuzzy logic toolbox GUI tool is helpful for building, editing,
and viewing the FIS model generated in step 2.

Fuzzy logic designer (fuzzification). Declare the input and output variables of the
fuzzy inference system.

Membership functions. Define the forms of all membership functions associated with
each input and output variable for the entire fuzzy inference system.

Fuzzy rules. Build the rule statements that define the behavior of the system.

Fuzzy inference diagram. Use the rule viewer as a diagnostic to see how the shapes of
individual membership functions influence the results.

Simulation. After obtaining the inference system, simulate the fuzzy model based on
Equation (3) and compare its output with the outputs of the LI-COR Li-6800 apparatus
for model fitting.

Verification. Compare the output of the implemented fuzzy model with the results of
the simulations using experimental data.

To train an FIS, you must start by loading the training dataset. Therefore, specify a

structure for the FIS model. Once the software obtains the structure of the model, it begins
to train the FIS. In this step, we chose the hybrid optimization method, which consists of
a combination of least squares and the backpropagation gradient descent method. The
software stops training if it reaches the designated epoch number or if it reaches the
error target.
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A FIS comprises inputs, a knowledge base, inference rules, and outputs. For the
Takagi-Sugeno model, membership functions that can be triangular, and Gaussian, among
others, are used as inputs. Each entry should have as few membership functions as possible
to speed up processing. The knowledge base contains the information necessary for the
inference rules to decide the weight given to each input value. Finally, the output will be
the weighted average of the inputs.

3. Results
3.1. Results of Data Collection and Experimental Setup

Forty-eight response curves were obtained and analyzed from the measured data.
Figure 4 shows thatjalapefio pepper tends to photosynthesize more at temperatures of 24 °C,
with 100% soil moisture, because these are the most suitable environmental conditions
for these plants. The negative behavior of photosynthesis is the result of the absence of
light, because photosynthesis is not active. This reaction allows the start of a process called
photorespiration. Photorespiration is a process contrary to photosynthesis, since instead of
fixing carbon, it causes carbon loss [42].
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Figure 4. The behavior of photosynthesis in jalapefio pepper plants at different levels of light
intensity, ambient temperature, and soil moisture. (a) Soil moisture 100%, (b) soil moisture 50%,
(c) Soil moisture 20%.

Leaf temperature is one of the main factors related to photosynthesis and is closely
related to ambient temperature; Figure 5 verifies this. Then the ambient temperature and
the leaf temperature have a proportional relationship, since as the ambient temperature
increases, the leaf temperature also increases.
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Figure 5. The behavior of leaf temperature in jalapefio pepper plants at different light intensity levels,
ambient temperature, and 100% soil moisture.

Regarding the leaf, environmental factors such as those of the plant influence transpira-
tion efficiency. Relative humidity is a plant response related to its transpiration. A reduction
in relative humidity causes an increase in transpiration and a decrease in photosynthesis,
which reduces transpiration efficiency [43]. Therefore, at high air temperatures, relative
humidity decreases, thus reducing transpiration efficiency (Figure 6).

80
75 Ambient
.*? 70 . temperature
B
£ 65 ——20°C
e }
£ 9 ——22°C
g ss 24°C
E 50 ° . . . . Y ?6B(
()
< 45 —e—28°C
=]
R ne . o )| )| . s
35
50 250 450 650 850 1050
. . . P Soil moisture
Light intensity umol m~2s 100%

Figure 6. The behavior of the relative humidity of the leaf in jalapefio pepper plants at different levels
of light intensity, ambient temperature, and 100% soil humidity.

3.2. Fuzzy Modeling Results

The design of the present photosynthesis model, which implements fuzzy logic,
consists of two membership functions for each input variable with an output of constant
type. The FIS model with two membership functions was chosen because, if the number
of membership functions increases, then the number of rules that define the system’s
behavior also increases, resulting in the generation of a fuzzy system that is more complex
to implement (which is undesirable). After testing several options and achieving the
minimum training error, the chosen number of training epochs was 300, since the tolerance
to training error was zero at this level. The mean square error (RMSE) [43] of the training
data set at each epoch was 1.0129. Figure 7 shows the structure of the resulting model. The
ANFIS application graphical interface generates the FIS parameters automatically. In our
case, the result of the method yielded a structure of six input variables with two membership
functions each, one output variable, and a total of 64 fuzzy rules.



Agriculture 2024, 14, 909

90f17

—INPUT input inputmf output
|
Number of MFs MF Type: A
~
222222 trapmf
gbelimi
gaussmf
To assign a difierent number 95:’:52”
of MFs to each input, use F; v
spaces to separate these 579"",
numbers psig =
v
—OUTPUT
| constant N
MF Type: linear
v Logical Operations
and
@ or
not
0K [ Cancel |
‘ Click on each node to see detailed information | I Update Help Close

Figure 7. Structure of the FIS model to estimate photosynthesis, with 6 input variables with two mem-
bership functions each, one output variable and a total of 64 fuzzy rules, using the ANFIS tool
in MATLAB.

Figure 8 shows the diagram of the fuzzy inference system loaded in the neuro-fuzzy
designer tool with the names of each input variable on the left and the output variable on
the right. In the case of this investigation, the FIS membership functions associated with
the input variables are triangular. This triangular function is a set of three points that form
a triangle, so it has the advantage of simplicity.

e

Soil Moisture

Ambient Temperature

Radiation

Leaf Tem%erature e

Relative Humidity

)]l MODEL
f(u)
1  (sucEno)
Photosynthesis

=il

Figure 8. Diagram of the fuzzy inference system, which consists of the input variables (SM, AT, R, LT,
RH, P-1), the Sugeno model, and the output (the estimation of photosynthesis).

The rule viewer allows users to experiment with individual membership features to
select the best option. In Figure 9, each column is an input variable, each row is an inference
rule, and the yellow plots show the output membership functions corresponding to each
rule’s antecedent. The last column (blue graph) represents the aggregate weighted decision
for the given inference system. This decision will depend on the input values for the system.
Also, Figure 9 shows the variables and their current values at the top of the columns. There
is a text field at the bottom left where you can enter specific input values for the FIS to
perform tests and verify the operation of the model.
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Figure 9. Rule viewer that interprets the entire fuzzy inference process, applying specific test values
to the input variables, and verifying the operation of the model.

Figure 10 shows the FIS file created with the support of the ANFIS tool. This figure
describes part of the ranges of each variable, the functions, the constant outputs, and

the rules.
DefuzzMethod="wtaver’
[Inputl]
Name="inputl’ [Inputd]
Range=[26 100] Name="inputd’
NumMFs=2 Range=[39.6 77.34]
MF1="inlmfl": "trimf",[-60 19.9989435333979 180.0601011318321] NumMFs=2
MF2="inlmf2": trimf",[19.9998608562188 99.9989435634187 18a] MF1="indmfl": trimf',[1.86 39.5985987861192 77.3412988893025]
MF2="indmf2": "trimf’',[39.6028313634643 77.3385987747757 115.0880080008001]
[Input2]

Name="input2’
Range=[28 38]
HumMFs=2

[Input5]
Name="input5’
Range=[19.39 30.86]

MF1="in2mfl’: trimf’,[10.0000000673721 20.0097010539185 29.9999@51834212] |umiFs=2

MF2="in2mf2": "trimf",[19.998574663107 30.8094543873134 48]

[Input3]
Name="input3’
Range=[568 1608]
HumMFs=2

MF1="in5mfl": "trimf’',[7.92000000031734 19.3950962128345 38.8491925622985]
MF2="4in5mf2": "trimf',[19.38549860490833 3@.8650899453848 42.33]

[Inputé]
Name="input6"
Range=[-2.46 21.89]

NumMFs=2
MF1="in3mfl":"trimf",[-900 49.9997850615257 1000.00021155205] MF1="in6mf1": "trimf’',[-26.81 -2.47183374395563 21.90814700935875]
MF2="in3mf2" : "trimf’,[49.9998813354133 999.999785061399 1958] MF2="1in6mf2": "trimf’,[-2.4426549130818 21.8781574884149 46.2400000000393]
I
(a)

Figure 10. Cont.
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[Outputl]
Name="output"’
Range-[0.11 22.8] MF32="out1mf32": " constant ", [-99.3647039083876]
NurmF s =64 MF33="outimf33': ‘constant",[-30.1037997812967]
MF1-"outlnfl': constant’, [-30.4104615628791] MF34="outinf34" : *constant’,[301.724370038561]
MF2="outlmf2":"constant’, [14.8521988482079] MF35="outlmf35": "constant’,[43.358163030418]
MF3="outlmf3":"constant’,[-39.6323885783284] MF36="out1mf36" : ‘ constant’, [ -298.276147232302]
MF4="outlnfa’:"constant", [-122.78299581220] MF37="outimf37': ' constant’, [@.88476293050537]
MF5="outlmf5":"constant’, [2.74708498359105] MF38="outlmf38" : " constant’ [24 5585838632435]
MF6="outlnf6" :"constant ", [4.14515161372624] MF39="out1mf39" : ' constant",[-50.5671392139279]
MF7="outlmf7":"constant’,[-2.93197516018234] MF48="out1mf48" : ' constant" [111 346815503631]
MF8="outlmf8": " constant’,[57.08921908099788] MF41="outlmf41l": ' constant",[-18.8455061705033]
MF9="outlmf3" : "constant’,[44.8375491309213] MF42="outimf42" : constant’,[-15.8868163973502]
MF1@="outlmfl@ : constant',[28.8539859985947] MF43="outimf43": 'constant ', [-98.1195338713732]
MF11="outlmfll": constant',[-187.217402682624] MF44="outimf44" : ' constant',[143.933565506033]
MF12="outlmfl2': 'constant’ ,[149 210796508584] MF45="outImf45" : 'constant ', [-8.59459256599174]
MF13="outlmf13": constant’,[-7.43179821775347] MF46="outImf46" : 'constant',[31.9179926248405]
MF14="outlmfl4": constant’,[38.9115756434097] MF47="outImf47" ;' constant',[49.0075535075754]
MF15="outlmf15": "constant’,[19.1485157288654] MF48="outImf48" : 'constant',[-38.5101457259508]
MF16="outlmfl6": "constant’,[-64.2744524613378] ME49="outImf49" : ' constant',[-12.962381479686]
MF17="outlmfl7"': 'constant',[-6.68478541128865] MF58="outImf58" : 'constant',[213.848844956654]
MF18="outlmfl8': 'constant"’,[251.108415286752] MF51="outdmf51" : *constant",[2.34781289756178]
MF19="outlmf19":'constant’,[-0.194429258511817]  MF52='outlmf52':'constant’,[7.76650970282967]
MF28="outlmf2@" : ' constant',[2.07204090897149] MF53="outImf53": ' constant',[86.0205408363247]
MF21="outlmf21': "constant’,[30.9653336212899] MF54="outimf54" : 'constant’,[-286.218538614975]
MF22-"outlmf22": " constant ", [2.9409348494191] MF55="out1mf55" : 'constant "', [-30.8100810515537]
MF23="out1mf23"' : "constant’,[14.8552989730817] MF56="out1mf56" : constant ", [156.770617818721]
MF24="out1mf24' : "constant’,[7.78495831869431] MFS7="outlmf57" : 'constant ", [63.9217575373526]
MF25="out1mf25" : ‘constant’,[-20.9284163872482]  MF58="outlmf58" : constant’,[-43.3755705147857]
MF26="out1mf26' : "constant’,[71.1116689359501] MFS9="outlmf59" : 'constant ", [-2.29427800957475]
MF27="out1mf27" : ' constant’,[-3.34162658770829]  MF6@="outlmf6@" : ' constant’,[25.4601955408223]
MF28="out1mf28' : "constant’,[24.8058687587103] MF61="outlmf6l" : 'constant',[-19.0480648747149]|
MF29="out1mf29": "constant’,[-68.9856728833413] MF62="outlmf62" : "constant"’,[97.1881837222345]
hF39='out1mF39':'constant',[195.899685524488] MF63="outlmf63": "constant”’,[18.75129608923037]
MF31="outlmf31': 'constant’,[86.27582181043571 MF64="out1mf64" : 'constant "', [-13.9878429153337]
(b)

[Rules]

111111,1(1) :1 122222,32 () :1

111112,2() :1 211111,33 (1) : 1

111121,3() :1 211112,34(1):1

111122, 4(1) :1 211121,35(1) =1

111211,5¢() :1 211122,36 (1) :1

111212,6(1) :1 211211,37 (1) :1

1112220 FEEETA o

112111,9():1 212111’418:1

112112,10 (1) : 1 212112, 42 (1) : 1

. r "

112121,11(1) -1 212121, 43 (1) : 1

112122,12(1) : 1 212122 44 (1) : 1

112211,13(1) :1 212211,45 (1) : 1

112212,14(1) :1 212212,46 (1) : 1

112221,15(1) =1 212221, 47 (1) : 1

112222,16 (1) : 1 212222,48 (1) : 1

121111,17 (1) : 1 221111, 49 (1) : 1

121112,18 (1) : 1 221112,50 (1) :1

121121,19 (1) : 1 221121,51 (1) :1

121122,20(1) :1 221122,52 (1) :1

121211,21(1) :1 221211,53(1):1

121221,23(1) : 1 22122, 5 (00

121222, 24 (1) : 1 221223, % EI; :ﬂ

122111, 25(1) :1 222112 58 (1) : L

1221122 (1) -1 222121,5 (1) : 1

122121, 27 (1) :1 222122, 68 (1) : 1

122122, 28 (1) :1 222211,61(1) : 1

122211,29(1) :1 222212,62 (1) :1

122212,30 (1) :1 222221,63 (1) :1

122221,31(1) :1 222222,64 (1) : 1

(0

Figure 10. FIS file generated with the ANFIS tool. (a) Input parameters, (b) constant type output
levels, (c) fuzzy system rules.
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ANFIS needs some hyperparameters to find the parameters of the FIS model. These
hyperparameters are the number of membership functions in each input, types of member-
ship functions in each input, training epochs, a constant or linear output, and training stop
error, among others. The literature suggests taking 85% of the data for training and the
remaining 15% for model validation to generate reliable models [41]. Figure 11 shows the
comparison graph between the LI-COR Li-6800 and the proposed FIS model. The statistical
analysis shows a correlation coefficient (R?) of 0.95.

—+—Qutput LI-COR LI-6800

Estimated validation output

o
1
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% = w W m & & s & = i

Measurements

Figure 11. Comparison of the measurements made by the LI-COR Li-6800 and the FIS model using the
ANFIS tool. One hundred and seven measurements correspond to 15% of the total input/output data.

Figure 12 shows that the estimated photosynthesis obtained by the proposed fuzzy
system correctly fits the shape of the data obtained with the LI-COR Li-6800. The evaluation
from the experimentation with jalapefio pepper plants and the quantitative analysis of
the graphs shown in Figure 12 arise from comparing the measurements obtained with
the LI-COR Li-6800 equipment and the proposed fuzzy model. The statistical data show
a coefficient of determination (R?) of 0.95, proving that the fuzzy model for measuring
photosynthesis is a reliable option for estimating this variable in jalapefio pepper plants.

2 ! ] I Output LI-COR L6800
- +- -Output fuzzy model implemented in MATLAB
*
- 20+ 4
IM
o
I~
& *
3 15 + e
® Iy '
® L 4
8 05,
IS \
Y \
o * .
2  s5f D -
o ¢ | & * A
4 - ¥ \
¥
0 | 1 1 | 1 1
0 10 20 30 40 50 60 80
Measurements

Figure 12. Comparison of the measurements made by the LI-COR Li-6800 and the model’s output
implemented in MATLAB.

4. Discussion

Estimating photosynthesis is not easy since many factors influence its approach. There
are many efforts to evaluate photosynthesis through different mathematical models [2]
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that allow us to contribute to this objective. One of the most prominent is the Farquhar
et al. model [4,44], the pioneer in estimating photosynthesis. The input variables used
for this photosynthesis estimation model in Cs species are ambient temperature, CO,
concentration in the leaf, light intensity, and oxygen concentration in the leaf. Unfortunately,
the parameters in Farquhar et al.’s model are difficult to estimate because they use various
biochemical reactions and also use invasive measurement techniques for plants. Another
disadvantage is that it involves a long and complex mathematical calculation, which is
unfavorable for its implementation [2].

Liu et al. [45] present a model of the photosynthetic light response of the Olgensis L.
tree canopy; it was constructed by linking leaf temperature, vapor pressure deficit, leaf mass
per area, and the relative depth in the cup. The model performed well, with a coefficient of
determination (R?) value of 0.883; however, it showed some weakened physiological and
biochemical processes during photosynthesis. The LI-COR Li-6400 portable photosynthesis
system validated this model.

Sénchez et al. [46] analyzed the influence of culture conditions (irradiation, tempera-
ture, pH, and dissolved oxygen) on photosynthesis in microalgae. It was possible to adjust
the model to the experimental results in the range of culture conditions tested, and they
were validated using the data obtained by the simultaneous modifications of the variables.
The Statgraphics Centurion XVI software package analyzed the data in which non-linear
regression fitted the experimental data to the model. This model presented a determina-
tion coefficient (R?) of 0.873 between experimentally measured photosynthesis and the
approximate one. The mathematical calculation regarding this model is simple, unlike
those mentioned previously; despite this, it presents a lower coefficient of determination
than the model presented in this document.

In Shimada et al.’s study [47], an empirical photosynthetic model was constructed,
which was the product of variables such as photosynthetic photon flux density, air tem-
perature, soil temperature, vapor pressure deficit, soil water content, and age to estimate
the photosynthetic rate of P. pumila. The model analysis used the data recorded by the
LI-COR Li-6400. The non-linear regression analysis estimated all the constants, obtaining a
correlation coefficient (R?) of 0.86. The disadvantage is that the model developed in this
study is not sufficient to predict photosynthetic production under climate change due to
acclimatization to long-term temperature changes.

Garcia et al. [37] present a black-box mathematical model to estimate net photosyn-
thesis and its digital implementation. The model uses variables such as leaf temperature,
relative leaf humidity, and incident radiation. The model was elaborated with data obtained
from Capsicum annuum L. plants and calibrated using genetic algorithms. According to the
evaluation, the correlation coefficient is greater than 0.98, resulting from the comparison
with the LI-COR Li-6800 equipment. The digital implementation consists of an FPGA
(field programmable gate array) for data acquisition and processing, as well as a Rasp-
berry Pi for Internet of Things (IoT) and in situ interfaces; thus, generating a useful net
photosynthesis measurement device with non-invasive sensors. Garcia et al. [37] present
an innovative, portable, and low-scale way to estimate the photosynthetic process in vivo,
in situ, and in vitro, using non-invasive techniques. The mathematical model referring
to Garcia et al.’s [37] methodology demonstrated a good correlation with photosynthetic
measurements from gas analysis; however, it is possible to refine it. The photosynthesis
process involves a large number of variables, of which two have an important influence:
soil humidity and ambient temperature. However, these two variables were not considered
in the model proposed by Garcia et al. [37], since it was developed under controlled condi-
tions of constant ambient temperature and constant soil humidity. This scenario does not
occur in the natural habitat of plants. Therefore, this model behaves unstable when altering
such environmental conditions. Due to this, the fuzzy model that we present in this article
results in an improvement of the mathematical model developed by Garcia et al. [37]. It
is important to remark that the authors of this article are aware that the proposed model
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does not attempt to cover all the steps of this important and complex process, which is
photosynthesis, but does attempt to simplify it.

A helpful statistic to measure the global quality of a model is the coefficient of determi-
nation (R?) since it measures the proportion or percentage of variability in the experimental
data [2]. To interpret these coefficients, R? should have a value close to 1. The models
previously described [4,45-47] proved to have an acceptable R? (see Table 1); however,
their techniques for measuring the input variables are invasive, altering the species’” photo-
synthesis process. These models are also non-adaptive, which means that it is difficult to
add more functionality since it would imply starting the model generation from scratch.
In contrast, the fuzzy model presented in this document uses non-invasive techniques to
measure the variables of interest. This approach may allow us, in future experiments, to
move away from invasive measurements of photosynthesis and map the real physiological
parameters of interest. Non-invasiveness is expected to greatly reduce stress on plants
during testing [37]. The non-invasive techniques that can be used to measure the variables
of interest are the following:

e  Soil moisture (SMA). Some sensors measure soil moisture by the variation in its
conductivity or capacitance. These sensors are considered semi-invasive since, for
measurement, they have direct contact with the soil but not necessarily with the plant.

e  Ambient temperature (AT). This variable can be measured using different kinds of
sensors, for example bandgap, thermocouple, or RTD (resistance temperature detector)
sensors. The measurement only requires bringing the sensor a considerable distance
from the plant.

e Light intensity (LI). The measurement device for this variable can be a light sensor
that combines a configurable silicon photodiode and a current to frequency converter
in an integrated circuit. The measurement technique does not require any contact with
the plant since, to detect the light intensity, it only needs to be placed in an area close
to the light.

e  Leaf relative humidity (RH). A capacitive sensor element is used to measure the
relative humidity around the leaf. The measurement technique consists of bringing
the sensor closer to a suitable distance to avoid stress on the plant.

o  Leaf temperature (LT). The thermopile is a transducer that takes the IR light radiated
by different bodies (which is proportional to the temperature of the body) and converts
it into a voltage. The thermopile is a sensor that absorbs infrared energy from an object
at wavelengths between 4 um and 16 um. In this way, thermopiles are non-invasive
temperature sensors.

Table 1. Comparison of the proposal with other photosynthesis estimation works.

Reference

R? Invasive Inputs

Farquhar et al. [4]

Liu et al. [45]
Sanchez et al. [46]
Shimada et al. [47]

Garcia et al. [37]
Proposed strategy

Ambient temperature, CO, concentration in the leaf, light
intensity, and oxygen concentration in the leaf.
Light, leaf temperature, vapor pressure deficit, leaf mass per area,
and relative depth in the canopy.
0.873 Yes Irradiation, temperature, pH, and dissolved oxygen.
0.86 Yes Photosynthetic photon flux density, air temperature, soil
temperature, vapor pressure deficit, soil water content, and age.
0.98 No Leaf temperature, relative leaf humidity, and incident radiation.
0.95 N Soil moisture, ambient temperature, leaf temperature, relative
. o s L -
humidity, and incident radiation.

- Yes

0.883 Yes

Furthermore, the developed model used fuzzy logic because the mathematical con-
cepts behind fuzzy reasoning are elementary, it is easy to incorporate more functions
without having to start over from scratch, it tolerates inaccurate data, it models non-linear
functions of arbitrary complexity, can be combined with conventional control techniques,
and is based on the qualitative description structures used in everyday language [40].
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The developed fuzzy model can predict photosynthesis at different temperatures, soil
moisture levels, and light levels. The fuzzy model adequately predicted the output values
of the validation dataset (Figure 11).

The comparison made in Figure 12 shows that the estimation of photosynthesis in
the jalapefio pepper plant, obtained using the fuzzy model, adequately approximates the
behavior of the photosynthesis estimation from LI-COR Li-6800.

The statistical data in Table 1 prove that the fuzzy model for measuring photosynthesis
is a reliable option for estimating this variable in jalapefio pepper plants.

The fuzzy system implemented addition, multiplication, division, and if statements.
These operations allow the model to be implemented in several embedded electronic
systems, such as microcontrollers, FPGAs, or others.

5. Conclusions

This study presents a mathematical model of photosynthesis in jalapefio pepper plants
using fuzzy logic as a function of soil moisture (SM), ambient temperature (AT), incident
radiation (R), relative humidity (RH), and temperature of the leaf (LT). These variables can
be measured using non-invasive techniques, avoiding stress generation in the plant. It is
essential to highlight that the relative humidity involved in the estimation of photosynthesis
in the fuzzy model is a variable that has not been considered in the development of previous
models [2], which implies something atypical in the literature.

An experimental study with jalapefio pepper plants (Capsicum annuum L.) proved that
the model yielded the expected results. The proposed model was referenced and validated
with measurements using the LI-COR Li-6800 apparatus based on a gas analysis method,
which is the most referenced principle for measuring photosynthesis in commercial and
research activities [16,32,33,48].

The proposed model was resolved from the measurements of nine plants. The ex-
perimentation consisted of three levels of soil moisture (100, 50, and 20%), six ambient
temperature levels (30, 28, 26, 24, 22, and 20 °C), and seven light intensity levels. (0, 50, 250,
450, 650, 850 y 1000 tmol m—2s~1).

The proposed model reached a correlation coefficient (R?) of 0.95 compared to the
LI-COR Li-6800, which means that the fuzzy model correctly follows the form of photosyn-
thesis measured experimentally in the plants of the case study. It can also be noted that this
R? statistic obtained is better compared to other models reported in the literature (Table 1).

The results of this study demonstrate the effectiveness of modeling photosynthesis
using the fuzzy logic technique. Fuzzy logic is characterized by simplicity, robustness, and
low solution costs. Therefore, in the future, it could play an increasingly important role in
the conception and design of systems whose performance is superior to that of systems
designed by conventional methods.

The present development has potential use in the agricultural and greenhouse sectors,
aligning with strategic projects, as well as highly important economic activities, both at the
national and state level.
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