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Abstract: The teak tree (Tectona grandis) has several positive contributions
to the environment quality wood raw materials, deep and strong roots to
help maintain soil stability and prevent erosion and habitat for various types
of animals. On the other hand, teak also has an important role in producing
oxygen and rarely do people directly see the growth of teak trees from small
to large because it can take decades. This study aims to academically
develop the Teak Tree Computational Model (TTCM) by using the method
of Functional-Structural Plant Modeling (FSPM) and the growth Grammar-
related Interactive Modelling Platform (GrolMP). FSPM and GroilMP
operated to morphologically construct the virtual Teak tree growth from
trunk, branch and leaf to analyze its environmental and economic
contribution. The dataset used in this research was 20 years of growth of
the teak tree in Saradan, East Java, Indonesia. The model can simulate the
morphological growth mechanism of single and multi-teak trees and can
predict the contribution environmentally and economically. The model
simulated that one 20-year-age teak tree can produce 17 L per hour of
oxygen and Indonesian Rupiah (IDR) 1,200,000 of wood while in the real
world teak tree can produce about 15 L per hour of oxygen and IDR

850,000-1,550,000.

Contribution

Introduction

The Teak tree (Tectona grandis with family
Verbenaceae) is a tree species originating from
Southeast Asia and growing in several countries in the
region (Kusbach et al., 2021). Teak trees are known for
their high-quality wood and are often used as raw
materials for furniture and buildings. Teak tree wood is
used for a variety of applications, such as furniture,
construction and other products. Knowledge of teak tree
morphology also helps in determining suitable
applications and making efficient use of wood resources
(Stewart et al., 2021). However, not everyone knows
that Teak trees also have an important role in the
environment, such as helping to maintain soil stability
and maintaining air quality. Teak trees play an important
role in shaping the forest ecosystem and contribute to
global sustainability (Chayaporn et al., 2021).

The decades of growth of teak trees have resulted in
many people never seeing the growth process of teak
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trees. They can grow to a height of 40-70 m and have a
trunk diameter of up to 2 m and their leaves are oval with
a pointed tip and long stems (Orwa et al., 2009). The
teak tree has a distinctive shape with neatly arranged
branches and alternate leaves. Teak tree trunks have a
large diameter and are dark brown in color. The leaves
of the teak tree are oval with a pointed tip and long
stems. Teak tree leaves are dark green and large. The
roots of the teak tree are fibrous and well-developed to
help the tree maintain stability. The cambium layer of
teak trees functions to form new layers of wood. Teak
tree wood has a dark brown color and is smooth and hard
in texture (Huy et al., 2022).

The modeling that will be used in this research is tree
or Plant Computational Modelling (PCM). PCM is a
computational method used to model the physiological,
morphological and ecological processes of trees. It is a
part of the research domain for environmental informatics
and it is very fruitful to be adopted for environmental
engineering efforts. Indeed, PCM combines several
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domains (biology, botany, environment, etc.,) to see one
tree's response to environmental and other factors, such as
climate, nutrition and pests. This model aims to
understand the mechanisms of tree growth and
development, as well as assist in predicting how trees will
react to environmental changes (Jabar and Utama, 2021).

Several research conducted in the area of PCM like
green amaranth, basil, Bok choy, etc. In short, from
previous research, no one has yet visualized the growth
of teak trees from trunk, branches and leaves and even
calculated the economic and  environmental
contributions made by teak trees, making this research
different from others.

Furthermore, little knowledge about the economy of
Teak trees, the contribution of teak trees to the
environment, especially as a producer of oxygen and the
difficulty of seeing the growth of teak trees from small
to large is the main objective of this research to make the
virtual model of Teak tree which will show the
mechanical growth or virtual growth of teak trees,
economy and environment contribution. The
fundamental method of Functional-Structural Plant
Modelling (FSPM) executed in the growth Grammar-
related Interactive Modelling Platform (GrolMP) is
scientifically operated. This model combines biological
and physical data to model the process of growth and
development of teak trees. It aims to understand the
mechanisms of growth and development of teak trees
and assist in envisaging how the tree will respond to
changes in the environment. Practically, it can be used
as a green lab for virtually analyzing the tree's
morphological growth and contribution. Conclusively,
the article is constructed in five parts: Introduction,
related works, research methodology, result and
discussion and conclusion and further works.

Much research regarding the Teak tree model has
been conducted already. Nolte et al. (2022) developed
a model for predicting forest growth in Costa Rica and
Panama. The prediction applied to a wide range of site
conditions and management strategies for four native
tree species (i.e., Dipteryx oleifera, Dalbergia retusa,
Hieronyma alchorneoides, Vochysia guatemalensis)
and teak tree.

Additionally, Huy et al. (2022) modeled the teak tree
stand growth in tropical highland areas. A simultaneous
model was constructed to predict the growth of the planted
teak stand and the planted growth and yield of teak were
predicted under varying management regimes.

Furthermore, Chi et al. (2022) constructed a 3D
digitized model to model a leave arrangement
(phyllotaxy) in a plant, specifically for mangrove species.
The model can simulate the light interception by
particularized leaves. The constructed model can measure
and visualize the photosynthetic contributions of plants.
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Then, Fabrika et al. (2019) developed a model of
structural growth of Norway's young spruce trees in a
highly dense naturally regenerated forest stand specifically
in branching strategy. Jabar and Utama (2021) created a
model combining PCM with the Decision Support Model
(DSM). The PCM was constructed based on the Green
Amaranth plant supplying information on plant mechanical
growth and then the DSM was made to suggest the
agricultural investment decision. Also, Utama and Wibowo
(2022); Utama and Gunawan (2023) conducted research on
3D visualization growth for respectively Bok Choy and
Merkus Pine tree and PCM to aid in investment decisions
and economic contribution measurement. For this research,
PCM was used with the FSPM method to visualize the
growth of teak trees and measure the contribution of teak
trees like investment and oxygen production.

Materials and Methods

Four main stages are conducted in this research. It is
represented in Fig. 1. Situational object analysis is the first
stage of the research. Method of deep literature Four main
stages conducted in this research to achieve the research
objectives consist of: (1) Situational object analysis, (2)
Data collection, (3) Computational model development and
(4) Model validation. It is represented in Fig. 1 using a
UML activity diagram (Dennis et al., 2015).

Situational Object Analysis

Situational object analysis is the first stage of research.
The in-depth literature review method was operated to
obtain a deeper understanding of the research subject and
explore various theoretical bases related to the research.
A comprehensive review of existing literature regarding
teak trees, their contribution to the environment and their
economic value was carried out to understand current
knowledge and identify gaps in the literature. The review
was carried out by searching relevant academic journals,
books and online library sources (e.g., science direct).
This is done to provide new contributions to research and
prevent duplication or plagiarism with existing research.

Data Collection

Data collection is the second stage. The method of
literature study also functioned for the stage by
searching for papers containing teak tree data. Data
related to teak tree growth and their environmental
impact were collected from various sources, such as
stem growth and diameter of Teak trees up to 20 years
(Ginoga et al., 2005), leaf length and width (Sumiati,
2021), calculation of the amount of oxygen based on the
number of leaves (Rusmayadi et al., 2023) and class of
teak wood based on stem tip diameter (Abdulah et al.,
2021). The data are carefully selected to ensure that it is
relevant and of high quality.
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Fig. 1: Research stages with methods

Computational Model Development

The third stage involves the creation of a
computational model. Using GrolMP and the object-
oriented eXtended L-System (XL) programming
language, a computational model of Teak trees and their
contribution to the environment was developed based on
the data collected and the FSPM method (Zhang et al.
2021). The teak tree computational model was rendered
in 3D using GrolMP's Relational Growth Grammar
(RGG) concept (Kniemeyer et al., 2007). The results of
this model will provide information from the calculation
growth rate and size of the teak tree's stem and leaves in
each year of its life. Based on this growth rate data, the
model can also calculate oxygen production and the
economic contribution of wood.

Model Validation

The model validation stage is the final stage. The
developed computational model was validated using real-
world data to ensure that it accurately represents the
mechanical growth of teak trees, as well as their
environmental and economic contributions. This is
accomplished by comparing the model's output data with
real-world observation data of teak trees using a formal
validation method (Hartanto and Utama, 2020) to
determine the degree of truth in the resulting model. The
final model validation value is calculated here and a value
of 1.00 indicates that the model constructed is both
academically and practically correct.

Results and Discussion

The Constructed Teak Tree Model

The algorithm of the constructed model is described
by an activity diagram; it is clearly presented in Fig. 2.
The model activity begins with setting the input of
parameters. The first parameter is the Teak tree's growth
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year (activity growth year), which is 20 years. The growth
year value is freely defined, depending on the age that is
going to be analyzed. The growth activity is executed up
to 20 times, depending on the growth year determined
previously. The next parameters are the tree organ's initial
value such as trunk height, trunk diameter, leaf height, and
leaf width, where these parameters will be defined first
before teak tree growth. The next step is to determine the
min-max value for each tree organ so that teak trees can
grow dynamically every year randomly. Parameters value
and min-max value were defined based on a dataset from
(Ginoga et al., 2005; Sumiati, 2021).

Then, the model computes all tree organ’s data (e.g.,
the number of leaves, tree trunk diameter, tree height,
length and width of the whole leaf) via the activity
calculate all tree organs each year. The model can also
determine the volume of tree trunks and the area of all
leaves in the activity and calculate the area and volume of
tree organs. Following the calculation, the model displays
the outcomes of computing this data each year. When the
teak tree reaches the age of 20 years or the growing
activity is conducted 20 times, the model calculates and
displays the amount of oxygen generated as well as the
economic selling price of one teak tree wood.

Virtual Teak Tree

In terms of the morphological model of the single
above-ground Teak tree at the age of 20 years, a toy
model without texture is shown in Fig. 3 and a toy model
with texture is shown in Fig. 4. Each model is made of
three parts such as trunk, branch and leaves. The tree
root itself is not considered academically in the model.
All the above-ground tree organs are computed in
GrolMP using basic statistical and mathematical
concepts for yearly growth.

Some parts of the virtual plant model are described in
detail here (e.g., development stage, leaf number,
vegetative development, leaf blade length, leaf blade
width, trunk diameter, trunk and leaf texture, etc.).
However, there are still many parts not deliberated in
detail here (e.g., leaf angles, leaf azimuth, relationship
between the main stem and branch, bending decision, etc.).

The increment value of the main stem diameter and
height functions mathematically to depict stem growth
and development, where the randomized increment value
of the diameter is 0.092+0.02 dm and the randomized
increment value of the height is 8.05+2.95 dm. Each Teak
tree branch has 5% of the diameter of the main stem and
begins to emerge in the fourth year. The number of leaves
is also calculated in this model which is presented in Fig. 5
and if it was formulated exponentially, the formula can be
seen in equation (1); where LN; represents a t" year leaf
number and t donate t th year. For each leaf, the
randomized increment length and width values are
4.4+3.1 and 2.95£1.95 dm respectively.
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Fig. 2: The algorithm for the constructed model

Fig. 3: Virtual model without texture of single above-ground
teak tree

Fig. 4: Virtual model with texture of single above-ground teak tree
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Fig. 6: The average trunk height in every year
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Fig. 7: Average trunk diameter in every year

Figures 6-7 show the yearly increase in height and
diameter of a tree trunk respectively, while Fig. 8 exhibits
the average length and width yearly of each leaf. The
height trend for tree trunks is linearly exhibited via Eq.
(2), where THt indicates a t" year trunk height (in dm).
The diameter of the tree trunk itself is linearly expressed
via Eg. (3); where TD; designates a tth-year trunk diameter
(in dm). Also, average leaf width and length can be
generally formulated by Egs. (4-5) correspondingly;
where LW, defines a tth ear leaf width (in dm) and where
LL; indicates a t" year leaf length (in dm):

LN, = 5.448¢0-3408t )
TH, = 8.0514t+9.0415 2)
TD, = 0.0923t+0.0295 (3)
LW, = 0.0910t+0.7991 (4)
LL, = 0.1472t+0.9689 (5)
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Fig. 8: Average leaf width and length
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Fig. 11: The multi-tree model of 100 teak trees

Fig. 12: The multi-tree model of 25 teak trees
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In addition, the model can also determine stem volume
and leaf area by using the calculation data for each part of
the tree. The calculation of leaf area assumes that the leaf
form is square. As a result, the formula for calculating the
area of a leaf is the same as the formula for calculating the
area of a square, which is the length of the leaf multiplied
by the width of the leaf. For the stem volume for, the Eq. (6)
operated to mathematically calculate the t" year trunk
volume (TVy). Figure 9 exhibits the yearly volume
expansion of tree trunks, whereas Fig. 10 displays the total
leaf area each year. The trend of trunk volume in every
year can be exponentially formulated via Eq. (7) and then
the total leaf area in every year can be linearly expressed
via Eq. (8); where LA, is a t" year leaf area:

2
TV, = m 2= . TH, (6)
TV, = 23,246t — 111,09 @)
LA, = 0.4822t — 0.1978 (8)

Then, 1,000 teak trees may be planted in a 1-hectare
area with a 3 m spacing. In this research, for visualization,
we just developed a numerous teak tree model on an area
of 25 teak trees spaced 3 m apart. The original textures of
twenty-year-old teak tree trunks, branches and leaves
were used to construct the model. Figure 11 shows a
model of 100 teak trees planted in soil and Fig. 12 shows
the multi-tree model for 25 teak trees.

Economic Value Simulation

The teak tree trunk model developed up to the age of
20 years has an average diameter of 11-19 cm and is
classified as Al Class teak. The economic value of
selling teak tree trunks of class Al is computed using the
expected market value of IDR 2,500,000 per m3 based
on (Abdulah et al, 2021). Fig. 13 shows the
experimental results of several teak trees up to 1000 teak
trees per hectare and the estimated profit. The
experiments resulted in an average m? selling price of
around IDR 1,200,000 per tree. When 10 teak trees are
sold, it will give a profit of about IDR 11.000.000. This
profit certainly does not really replace the hard work of
workers in cutting and selling teak wood, so the profit
will be felt more as the amount of teak wood sold
increases. In this experiment it can be shown that the
more teak trees planted, the greater the profit obtained.

Oxygen Production Simulation

Finally, the model can simulate the amount of oxygen
generated by each teak tree. Generally, humans consume
about 600 L of oxygen daily, or up to 25 L per hour.
According to scientific estimates based on (Rusmayadi et al.,
2023), one leaf generates 5 mL of oxygen every hour.
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Figure 14 shows a graph of the experimental results of
several teak trees up to 1000 teak trees per hectare of
land as well as the estimated oxygen produced per hour
in liters. The experiment was created by running each
tree model ten times and then calculating the average.
The average amount of oxygen generated by one tree is
roughly 17 L per hour, depending on the number of leaves
produced. Figure 14, shows that planting 1000 trees can
produce 14.444 L oxygen per hour, which means that
in 1 h 1000 trees can provide oxygen for 24 persons in
1 day. In this experiment, the more trees planted, the
more oxygen produced and more people are getting
enough oxygen.

Model Verification and Validation

The verification and validation of the constructed
model were done. The model has a verification value of
1.00. It means the model is verified or academically true.
Several mathematical formulas are operated in the model.
Two main model elements that have been verified are leaf
area calculation, trunk volume calculation, economic
value calculation and oxygen production calculation. The
complete verification table can be seen in Table 1.

Table 1 shows the formula for leaf area and trunk
volume calculation, Eq. (6) is used as a formula for
calculating the trunk volume. The equation is a formula
for officially calculating the cylinder volume that
comes from Taufik et al. (2017). In GrolMP, the
modeling platform used in the study, the formula coded
as "float trunkVolume = 3.14 * (totalDiameter/2) *
(totalDiameter/2) * allTrunkHeight;". Those formulas
(between reference and model code) have the
equivalent connotation; thus, the model element
considered is academically true. The other one is a

Table 1: Model verification result

formula used to measure the leaf area. It is a rectangular
area calculation (as the Teak leaf has a rectangular
structure expectedly); where the area is width times
length and the formula is coming from Syahbana
(2014). The formula is coded in GroIMP as “float
allLeafArea = widthAllLeaf * lengthAllLeaf;”. Since
both formulas in Table 1 have an identical sense. It
indicates that the constructed model operates the right
formula and gets the verification value 1.00 for such a
model element of leaf area calculation obtained.

Moreover, the model also has a validation value of
1.00. It means, the data operated in the model are true, or
in other words can be said that the model is practically
valid. The summary of the validation for six model
elements can be seen in Table 2. For example, models can
produce the result of single leaf area calculation. On
average, it is 3.38 dm? in the 8" year (Fig. 10). Based on real
data, the range of leaf area is in-between 19.025+17.725 dm?
which are min-max value calculated from the dataset
based on (Sumiati, 2021). It means if the value of the
single leaf area is 9.41 dm? in between the min value of
1.3 dm? and max value of 36.75 dm? then the model is
valid, with a validation value of 1.00.

Another example, the model shows that the Teak
trunk volume in the 20" year is 470.275dm? (Fig. 9).
Based on real data, one single Teak tree can have a trunk
volume in the middle of 516.286+350.253 dm? which are
minimum value calculated from the dataset based on
Ginoga et al. (2005). It says that the trunk volume value
is between the min value of 166.033 dm? and the max
value of 866.539 dm?® which shows that the trunk volume
calculated by the model is valid practically, the value is
still in between the real value.

Model

elements In reference In model Trueness Verification value
Leaf area calculation L = length x width widthAllLeaf * lengthAllLeaf \% 1.00

Trunk V=VYVixmxd?xtor 3.14* \%

volume V=mr?xt (Totaldiameter/2) * 1.00

calculation (Totaldiameter/2) * allTrunkHeight

Verification value 1.00

Table 2: Model validation result

Model elements Value in model Value in real Trueness Validation on value
Leaf length in 20™" year 3.73dm 4.400+3.1000 dm \% 1.00

Leaf width in 20" year 2.52.dm 2.950+1.9500 dm \Y 1.00

Leaf area in 20" year 9.41 dm? 19.025+17.725 dm? \% 1.00

Trunk length in 201" year 166.72 dm 161.0004+59.000 dm \Y 1.00

Trunk diameter in 20™ year 1.90 dm 1.840+0.40 dm \Y 1.00

Trunk volume in 20t year 470.28 dm? 516.285+350.255 dm?® \% 1.00

Validation value 1.00
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Conclusion

This research succeeded in developing the virtual Teak
tree predicting the amount of oxygen and economic value.
At the age of 20, 1 teak tree can produce 17 L/h oxygen
and sell around IDR 1,200,000 while 1000 teak trees can
produce 14,000 L/h oxygen and sell around IDR
1,200,000,000. The FSPM-GrolMP method is used to
construct the model being able to visually simulate a
morphological Teak tree growth per year for 20 years. The
visualization contains the calculations of total leaf, trunk
diameter, trunk height, trunk volume, length of total leaf,
width of total leaf and leaf area per year. The model itself
has verification and validation values of 1.00 which can
be seen in Tables 1-2, which means the model
successfully makes virtual growth of the teak tree and it is
academically and practically true.

This research could aid the Teak entrepreneur in
predicting the economic value of teak trees and aid nature
organizations in predicting the amount of oxygen
produced by teak trees. The model produced also can help
the agronomist, forest and environment researcher in
seeing the morphological teak tree growth in an easy-
academic-manipulated computer model ecosystem.

Suggestions for future research to see all teak tree
organs’ behavior in more detail and try to correlate them
to other ecological issues, such as the effect of rainfall,
temperature, planting location and weather. All of this
can be done by gathering data on other teak trees' organ
growth, learning more deeply about research on
ecological issues and more in-depth use of GrolMP-FSPM.
Furthermore, dataset construction can be expanded to
include more than 20 years and in a deeper time range
(e.g., per month).
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