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Mathematical Models for Individual Tomato Flower and Fruit Growth Indices Based on Cumulative
Environmental Factors and Their Three-Dimensional Geometric Analysis

(OKalpani Abeysinghe!, Cuong Chi Doan®, Munehiro Tanaka®
(Kagoshima University"), Danang University?, Saga University ¥)

Introduction

Greenhouse cultivation provides the advantage of
modifying and controlling environmental conditions
to improve crop production. Tomato is one of the
most widely cultivated crops worldwide and
understanding the relationship between tomato
growth and environment is highly important. The
development of mathematical models (MM) is a
powerful approach for describing and understanding
the relationships between greenhouse environment
and plant growing indices. Coung et.al. (2022)
developed a flower cluster based MM to predict the
date of flower cluster initiation and fruit ripening,
cluster weight and fruit number. However, these
models predicted the characteristics of fruit cluster
unit rather than individually. Therefore, this study
aimed to develop MMs for individual flowers and
fruits to describe the relationships between
environmental factors and various tomato growth
indices.
Materials and Methods

Tomato (Solanum  Ilycopersicum L. cultivar
Momotaro Piece) was hydroponically cultivated in
the glass greenhouse over two seasons; the first
season (S1) from October 2022 to July 2023, the
second (S2) from October 2023 to June 2024.
Acquired data in S1 were used to construct the MMs,
while data from S2 were used to validate the MM by
S1. To record the duration on tomato growth
information, fruit clusters and individual flowers
were labeled according to their date of occurrence.
The number of days between the emergence of
adjacent clusters (CI), from flower opening to fruit
appear (DFFA), and from fruit appear to harvest
(DFAH), as well as individual fruit weight at harvest
(FW) were recorded as the dependent variables.
Temperature, solar radiation, and humidity were
measured in the greenhouse and converted into
cumulative amount of heat unit (CHU, °C days),
cumulative solar radiation (CSR, MJ m2day'), and
cumulative vapor pressure deficit (CVPD, kPa),
which were used as independent variables. MMs were
developed using multiple linear regression (MLR)
and checked these predictive potentials using S2 data.
Results and Discussion

For the MMs using S1 by MLR, R? for CI, DFFA,
DFAH, and FW were 0.70, 0.70, 0.57, and 0.09,
respectively, while the corresponding RMSEP were
2.04, 2.05, 9.98 and 88.66. By validation using S2,
the RMSE of CI, DFFA, DFAH and FW were 2.00,
1.67, 12.80 and 414.70, respectively. The RMSE
using S1 and S2 were generally similar, indicating the
relationships between environmental conditions in

greenhouse and tomato growth both in S1 and S2 by
controlling greenhouse conditions. However, FW
model showed poor predictive performance,

Besides, the scatter plot of observed and predicted
values for the DFAH showed several distinct linear
groups. To investigate this pattern, CHU, CSR and
CVPD were analyzed by fitting into an ordinary least
square (OLS) regression plane and geometrically
optimum 3D plane. For the vertical residuals and
perpendicular distances, the mean absolute deviations
were 1.223 and 1.219. Standard deviations were
0.971 and 0.967 respectively. The minimum variance
of perpendicular distance to the plane in 3D space
confirmed that the data lay almost perfect planar
surface. However, distinct linear groups were still
observed on the fitted plane. To further investigate
this pattern, environment data from several
representative plants were plotted in 3D space. At the
individual plant level, fruits formed distinct linear
groups rather than being randomly distributed across
the plane. Based on the observed linear patterns, fruits
were classified into early and late-harvest cohorts
(Fig.1). These two cohorts represented fruits with
different durations from the zero date defined as the
date of 2" cluster emergence, to the harvest date.
Consequently, fruits within each cohort may have
been exposed to similar environmental conditions,
suggesting that differences in fruit development time
under different environments resulted in different
combinations of CHU, CSR and CVPD, thereby
resulting in the linear groups. Furthermore, the poor
prediction ability of the FW model suggests that CHU,
CSR and CVPD cannot explain the variability in FW,
and additional information such as photosynthesis
characteristics may be required to improve prediction
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Figure 1 Distribution of standardized CHU, CSR
and CVPD for early and late harvesting cohorts in
3D space

Reference: doi.org/10.1016/j.scienta.2021.110803
* E-mail: mune@cc.saga-u.ac.jp
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3D Volumetric Reconstruction and Phenotyping of Greenhouse Cucumber Canopies
via Semantic Gaussian Splatting

ODong Thanh Pham" + Zaifei Jiang" + Muneshi Mitsuoka! + Daisuke Yasutake -
Takenori Ozaki® * Masaharu Koga® + Koichi Nomura® - Takashi Okayasu"
(VKyushu Univ., »welzo Co., Ltd., ¥Tottori Univ.)

[ Introduction]

Precise characterization of canopy
architecture is essential, yet 2D vision
compresses depth and traditional 3D sensing
struggles with severe self-occlusion in dense
crops. To address this, we present a semantic 3D
Gaussian Splatting (3DGS) framework. The
primary objectives are: benchmarking 2D mask
extraction (YOLOI11l vs. SAM3), integrating
semantic masks prior to 3DGS for leaf isolation,
and voxelizing spatial data to quantify temporal
architectural traits.

[ Materials and Methods]

The pipeline was executed through the
following sequential steps:

Data Acquisition: Video was collected in
single-bed and parallel-bed cucumber using a
handheld camera. Orbital trajectories were
performed at three heights (1.4 m, 1.6 m, 1.8 m),
capturing datasets before and after pruning.

Pose Estimation & 2D Masking: Camera poses
were estimated via COLMAP. To achieve spatial
isolation, custom YOLOI11l-seg networks were
evaluated against the zero-shot SAMS3
foundation model (prompted with "leaf") to
extract precise 2D semantic masks.

Semantic 3DGS Optimization: Input RGB
images were pre-masked using the segmentations
to exclude background infrastructure, then
processed through the 3DGS pipeline.

Spatial Voxelization: Optimized Gaussian
spatial means were extracted and scaled using
physical reference markers. The points were then
normalized onto a uniform 0.01 m voxel grid to
eliminate algorithmic densification bias.

Phenotypic Trait Extraction: The voxelized
data was analyzed to extract metrics, Leaf Point
Density, Canopy Length, Lateral Spread,

Projected Area, and Layer Porosity.

[Results and Discussion]

For evaluating 2D mask, the SAM3 model
(Semantic mloU = 0.9667) outperformed
YOLOI11-seg, providing the necessary boundary
precision to delineate complex foliage.

By embedding these SAM3 segmentation
masks prior to 3DGS optimization, background
infrastructure (e.g., support wires, paths,
framing) was strictly excluded from the rendered
scenes. Exporting these filtered semantic
Gaussians into a 0.01 m voxel grid neutralized
algorithmic densification bias—an artifact where
raw 3DGS adaptively clones and splits points in
high-contrast regions without reflecting actual
biomass. This normalization converted the point
cloud into an accurate physical representation of
3D leaf surface area (Figure 1).

Semantic voxel measurements demonstrated
millimeter-scale accuracy against in situ
physical ground truth (Table 1). The model
preserved leaf dimensions with a Root Mean
Square Error (RMSE) of 0.56 cm for leaf length
and 0.59 cm for leaf width.

Table 1: Geometric accuracy validation

Phenotypic Ground Voxel RMSE
Metric Truth (cm) Model (cm) (cm)

Leaf Length 182+ 1.0 1794+ 1.0 0.56

Leaf Width 164+ 1.2 161+ 1.1 0.59

Figure 1: Semantic leaf voxel models
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[ Introduction]

Greenhouse monitoring generates high-fre-
quency environmental time-series data, while
cultivation manuals provide essential manage-
ment knowledge. Conventional dashboards often
require users to manually select sensors and time
periods, making exploratory analysis difficult for
users unfamiliar with the system. This study de-
veloped and evaluated an integrated Generative
Al interface for graph generation and cultivation

guidance.

[ Materials and Methods]

The experiment was conducted in a greenhouse
equipped with a Ubiquitous Environmental Con-
trol System (UECS) at the welzo Research Farm,
Fukuoka. Environmental data such as tempera-
ture, relative humidity, and CO, concentration
were recorded at 1-second intervals, stored in
MariaDB, and then synchronized to Agri-eye
every 5 minutes via a secure API.

The environmental data visualization applica-
tion provided a large-scale language model to au-
tomate the display and comparison of various
sensor data installed in the field. All sensor-re-
lated information and SQL syntax were stored in
the Retrieval-augmented generation (RAG) layer.
This enabled the automatic chart generation of
various environmental data using only natural
language.

On the other hand, to support decision-making
in cultivation management, documents related to
cucumber cultivation were organized, split, em-
bedded, and indexed in Qdrant. Responses were
generated from the extracted text. Visualization
was evaluated using 100 queries across 10 cate-
gories, and the quality of the responses was as-

sessed using several metrics.

[Results]

Fig. 1 demonstrates that the system synchro-
nized humidity and temperature data with venti-
lation-fan operation, enabling visual examination
of environmental responses to equipment control.
In the query evaluation, sensor-name extraction
achieved 87%, date-phrase identification 100%,
and executable date/time parsing 89%. Most er-
rors involved informal sensor aliases, ambiguous
wording, and contextual time expressions.

As shown in Fig. 2, mean BLEU, ROUGE-1,
and ROUGE-L scores were 56.8, 66.3, and 59.1,
respectively. These metrics compare generated
answers with reference answers by measuring
matching word sequences, individual words, and

overall word order; higher scores indicate greater

similarity.
Sensor value -~ Fan operation
Humidity (%) Fan (0/1)
80 §- &
” W
40 L = x > = = A: 0
Temperature (°C) Fan (0/1)
30 2k
s M
20 ) 0
Jun 13 Jun 14 Jun 15

Date and time
Fig.1 Generated chart for in-house humidity,

temperature, and ventilation-fan operation.

I BLEU ROUGE-1 ™ ROUGE-L

100
80

£ 60

& 40

g1 [T
1 2 3 45 6 7 8 9 10

Question

Fig.2 Answer-quality scores for ten cultivation-

guidance questions.
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NIR Spectroscopy for Quality Evaluation of First-Milled Sugarcane Juice under
Different Milling Machine Adjustments
Akeme Cyril Njume!-?©, Yoshiaki Shinzato?, and Eizo Taira'-?
"United Graduate School of Agricultural Sciences, and 2Kagoshima University; Faculty
of Agriculture, University of the Ryukyus

Introduction

Near-infrared spectroscopy (NIRS)
offers significant advantages over
conventional  analytical = methods,
importantly the ability to simultaneously
determine multiple parameters from a
single measurement. A calibration model
translates the unique recorded spectra
information into relevant sample
information. However, models are
employed for a considerable period, such
as within a harvest season, and over time
the predictive performance declines.

Brix (total soluble solids) in cane
juice is stored in thin-walled cells within
the fibrous stalk structure. The common
method of extracting juice consists of
cutting the cane into billets and
shredding it into fine pieces to maximize
rupture (Peter, 2017). In raw sugar mills,
first-milled juice is used to adjust the
milling machine settings at the beginning
of each harvest season, mainly after
machine maintenance. However, the
influence of milling machine settings
and juice extraction on first-milled juice
remains unknown.

This study evaluated the effects of
high- and low-pressure milling machine
settings using two juice extraction
methods, and an NIR calibration model
was built for process control of Brix in
first-milled cane juice.

Materials and Methods

Cane billets (30-50 cm long) were
harvested from a farmer’s farm and the
research field of Ryukyus University. A
three-roller milling machine was

adjusted to high-pressure (HP: 18 cm)
and low-pressure (LP: 23 cm) settings
using a Vernier Caliper; applied to both
the direct extraction method (DEM) and
shredded extraction method (SEM).
Cane billets (30 to 50 cm long) were cut
transversely into equal halves; one half
was pressed under the DEM HP setting
and the other under the LP setting for
DEM. For SEM, each half was first
shredded using an automatic shredder
and pressed under the corresponding HP
and LP settings. Juice Brix was measured
using a refractometer. Spectra data were
acquired using an NIR spectrometer
(400-2500 nm). Principal component
analysis (PCA) and model development
were conducted using MATLAB
Software.

Results

PCA distinguished juice differences
based on the milling machine condition
(Figure 1). However, there were no
significant differences in Brix values
found among milling machine settings.

10F

©

~ IS o

Scores on PC2 (38.62 %)

o

0

4

Scores on PC1 (53.45 %)

Figure 1. PCA score plot for juice quality

Conclusion
NIR can be used to monitor milling
operations and characterize juice quality.
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