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RINGKASAN

YUNISA TRI SUCI. Pengembangan Metode Klasifikasi Kematangan dan Prediksi
Mutu Kimia Buah Kelapa Sawit secara Nondestruktif Berbasis Spektrometer
Portabel. Dibimbing oleh | WAYAN BUDIASTRA, Y ARIS PURWANTO dan
SLAMET WIDODO.

Penentuan tingkat kematangan dan mutu kimia buah kelapa sawit penting
dalam pengelolaan bahan baku karena berkaitan dengan keputusan panen,
penerimaan tandan buah segar, rendemen, dan mutu minyak sawit. Penilaian
kematangan di lapangan masih mengandalkan warna buah dan jumlah berondolan
vang dipengaruhi pengalaman pengamat serta kondisi lingkungan, sehingga
berpotensi menghasilkan keputusan tidak konsisten. Penentuan kandungan minyak,
Kadar air, dan asam lemak bebas (ALB) melalui analisis laboratorium memerlukan
preparasi sampel, waktu, biaya, instrumen khusus, dan umumnya bersifat
destruktif. Penelitian ini bertujuan mengembangkan metode klasifikasi kematangan
dan prediksi mutu kimia buah kelapa sawit secara nondestruktif menggunakan
spektrometer near infrared (NIR) portabel dan sensor multichannel ultraviolet—
visible—near infrared (UV—Vis—NIR) yang dipadukan dengan analisis multivariat
dan machine learning.

Penelitian dilaksanakan dalam tiga tahap menggunakan instrumen dengan
karakteristik spektral berbeda. Tahap pertama menggunakan spektrometer long-
wave near infrared (LW-NIR) NeoSpectra pada rentang 1350-2500 nm untuk
prediksi kandungan minyak, kadar air, dan ALB melalui eksplorasi spektrum,
seleksi panjang gelombang berbasis principal component analysis (PCA), serta
pemodelan partial least squares regression (PLSR) dan multiple linear regression
(MLR). Tahap kedua menggunakan spektrometer short-wave near infrared (SW-
NIR) SCiO pada rentang 740—1070 nm dengan beberapa metode pre-processing,
PLSR, dan regresi vektor dukungan (SVR). Tahap ketiga mengembangkan sistem
deteksi portabel berbasis sensor multichannel AS7265x ultraviolet—visible—near
infrared (UV—Vis—NIR) yang terintegrasi dengan ESP8266 untuk akuisisi
spektrum secara real-time, klasifikasi kematangan, dan prediksi mutu kimia.

Pada tahap LW-NIR, sebanyak 372 sampel digunakan untuk memperoleh
spektrum dan data referensi kadar air, kandungan minyak, dan ALB. Kombinasi
multiplicative scatter correction (MSC) dan PLSR menghasilkan kinerja terbaik,
dengan R? dan RPD sebesar 0,94 dan 4,38 untuk kadar air serta 0,94 dan 4,49 untuk
kandungan minyak. Prediksi ALB menghasilkan R? 0,70 dan RPD 1,87. Hasil ini
menunjukkan bahwa LW-NIR mampu menyediakan informasi kuat untuk menduga
kadar air dan kandungan minyak. Seleksi panjang gelombang menunjukkan bahwa
informasi spektral dapat disederhanakan tanpa menghilangkan informasi penting
bagi prediksi, sehingga berpotensi mendukung pengembangan metode efisien pada
instrumen portabel.

Pada tahap SW-NIR, sebanyak 408 sampel diukur pada rentang 740—1070 nm
dan diproses menggunakan Savitzky—Golay smoothing, detrending, normalization,
standard normal variate (SNV), serta kombinasinya. Prediksi kadar air
menggunakan normalisasi menghasilkan R? 0,99 dan RPD 6,72, sedangkan
prediksi kandungan minyak menggunakan SNV menghasilkan R* 0,92 dan RPD
3,12. Prediksi ALB menggunakan PLSR menghasilkan R? 0,51-0,52 dan RPD 1,42



sehingga masih terbatas. Hasil tersebut menunjukkan bahwa rentang spektral lebih
sempit tetap mampu menghasilkan prediksi sangat baik untuk parameter tertentu.
Perbedaan kinerja antarparameter menunjukkan bahwa pemilihan pre-processing
dan algoritma perlu disesuaikan dengan karakteristik respons spektral dan
kompleksitas hubungan antara spektrum dan parameter mutu kimia.

Tahap ketiga menghasilkan sistem deteksi portabel berbasis sensor
multichannel AS7265x ultraviolet—visible—near infrared (UV-Vis—NIR) yang
terintegrasi dengan ESP8266 dan perangkat lunak akuisisi data. Sistem
menggunakan 24 kanal spektral dan 270 sampel pada berbagai tingkat kematangan
dengan rentang pengukuran 410-710 nm. MSC memberikan kinerja cross-
validation terbaik, sedangkan kombinasi MSC dan SVM menghasilkan akurasi
klasifikasi kematangan sebesar 80,00%. Untuk prediksi mutu kimia, kombinasi firs¢
derivative dan random forest (RF) menghasilkan model terbaik. Kadar air
menghasilkan R? 0,94, RPD 3,31, dan RMSE 6,64; kandungan minyak
menghasilkan R? 0,93, RPD 3,02, dan RMSE 4,51; sedangkan ALB menghasilkan
R? 0,93, RPD 3,01, dan RMSE 0,42.

Temuan lintas instrumen menunjukkan bahwa ketiga instrumen memiliki
keunggulan berbeda. LW-NIR NeoSpectra unggul pada rentang spektral lebih luas
serta prediksi kadar air dan kandungan minyak. SW-NIR SCiO menunjukkan
kinerja prediksi tertinggi untuk kadar air dan baik untuk kandungan minyak
meskipun menggunakan rentang spektral lebih sempit. AS7265x menghasilkan
prediksi konsisten untuk kadar air, kandungan minyak, dan ALB serta mampu
mengintegrasikan klasifikasi kematangan dengan prediksi mutu kimia. Pemilihan
instrumen karena itu perlu mempertimbangkan tujuan pengukuran, parameter yang
dianalisis, karakteristik respons spektral, kebutuhan portabilitas, dan strategi
pemodelan.

Secara keseluruhan, penelitian ini berhasil mengembangkan metode
klasifikasi kematangan dan prediksi mutu kimia buah kelapa sawit secara
nondestruktif menggunakan spektroskopi NIR portabel dan sensor multichannel
UV—-Vis—NIR. Kebaruan penelitian terletak pada evaluasi tiga instrumen dengan
karakteristik spektral berbeda serta penyesuaian pre-processing dan algoritma
terhadap parameter yang diprediksi. Hasil penelitian memberikan dasar ilmiah bagi
pengembangan sistem evaluasi mutu yang cepat, objektif, portabel, dan berpotensi
diterapkan secara on-site untuk mendukung keputusan panen, sortasi, penerimaan
bahan baku, dan pengendalian mutu.

Penerapan lebih luas memerlukan pengujian pada varietas, umur tanaman,
lokasi kebun, kondisi lingkungan, dan tingkat kematangan yang lebih beragam.
Kajian stabilitas panjang gelombang, kalibrasi lintas instrumen, optimasi
klasifikasi, dan peningkatan sensitivitas terhadap ALB diperlukan untuk
memperkuat robustness dan generalisasi metode. Integrasi sistem dengan
pengelolaan mutu tandan buah segar pada tingkat kebun dan industri menjadi arah
pengembangan selanjutnya menuju penerapan teknologi sensor dan machine
learning dalam pertanian presisi.

Kata kunci: kelapa sawit; spektroskopi NIR portabel; sensor multichannel UV—
Vis—NIR; machine learning; prediksi nondestruktif



SUMMARY

YUNISA TRI SUCIL Development Of A Method For Non-Destructive
Classification Of Oil Palm Fruit Maturity and Prediction of Chemical Quality Using
A Portable Spectrometer. Supervised by I WAYAN BUDIASTRA, Y ARIS
PURWANTO, SLAMET WIDODO.

Determining the maturity level and chemical quality of oil palm fruit is
important in raw material management because it affects harvesting decisions, fresh
fruit bunch acceptance, oil yield, and palm oil quality. Field maturity assessment
still relies on fruit color and loose fruitlet numbers, which are influenced by
observer experience and environmental conditions, potentially resulting in
mconsistent decisions. Determining oil content, moisture content, and free fatty
acids (FFA) through laboratory analysis requires sample preparation, time, cost,
specialized instruments, and is generally destructive. This study aimed to develop
a nondestructive method for classifying maturity levels and predicting the chemical
quality of oil palm fruit using portable near infrared (NIR) spectrometers and a
multichannel ultraviolet—visible—near infrared (UV—Vis—NIR) sensor combined
with multivariate analysis and machine learning.

The study was conducted in three stages using instruments with different
spectral characteristics. The first stage used a NeoSpectra long-wave near infrared
(LW-NIR) spectrometer at 1350-2500 nm to predict oil content, moisture content,
and FFA through spectral exploration, wavelength selection based on principal
component analysis (PCA), and modeling using partial least squares regression
(PLSR) and multiple linear regression (MLR). The second stage used an SCiO
short-wave near infrared (SW-NIR) spectrometer at 740—-1070 nm with several
pre-processing methods, PLSR, and support vector regression (SVR). The third
stage developed a portable detection system based on the AS7265x multichannel
ultraviolet—visible—near infrared (UV—Vis—NIR) sensor integrated with an
ESP8266 for real-time spectral acquisition, maturity classification, and chemical
quality prediction.

In the LW-NIR stage, 372 samples were used to obtain spectra and reference
data for moisture content, oil content, and FFA. The combination of multiplicative
scatter correction (MSC) and PLSR produced the best performance, with R* and
RPD values of 0.94 and 4.38 for moisture content and 0.94 and 4.49 for oil content.
FFA prediction resulted in R? of 0.70 and RPD of 1.87. These results indicate that
LW-NIR provides strong information for estimating moisture and oil content.
Wavelength selection also showed that spectral information could be simplified
without losing important predictive information, potentially supporting more
efficient methods for portable instruments.

In the SW-NIR stage, 408 samples were measured at 740—1070 nm and
processed using Savitzky—Golay smoothing, detrending, normalization, standard
normal variate (SNV), and their combinations. Moisture prediction using
normalization achieved R? of 0.99 and RPD of 6.72, whereas oil content prediction
using SNV achieved R? of 0.92 and RPD of 3.12. FFA prediction using PLSR
resulted in R? of 0.51-0.52 and RPD of 1.42, indicating limited performance. These
results demonstrate that a narrower spectral range can still provide highly accurate
predictions for certain parameters. Differences in performance among parameters



indicate that the selection of pre-processing methods and algorithms should be
adapted to spectral response characteristics and the complexity of relationships
between spectra and chemical quality parameters.

The third stage produced a portable detection system based on the AS7265x
multichannel ultraviolet—visible—near infrared (UV—Vis—NIR) sensor integrated
with an ESP8266 and data acquisition software. The system used 24 spectral
channels and 270 samples representing different maturity levels within a
measurement range of 410-710 nm. MSC provided the best cross-validation
performance, while the combination of MSC and SVM achieved 80.00% maturity
classification accuracy. For chemical quality prediction, the combination of first
derivative and random forest (RF) produced the best models. Moisture content
achieved R? of 0.94, RPD of 3.31, and RMSE of 6.64; oil content achieved R? of
0.93, RPD of 3.02, and RMSE of 4.51; and FFA achieved R? 0of 0.93, RPD of 3.01,
and RMSE of 0.42.

Comparison across instruments showed that each instrument had distinct
advantages. LW-NIR NeoSpectra provided a wider spectral range and strong
prediction of moisture and oil content. SW-NIR SCiO achieved the highest
prediction performance for moisture and good performance for oil content despite
its narrower spectral range. AS7265x provided consistent predictions for moisture,
oil content, and FFA, while offering a functional advantage by integrating maturity
classification with chemical quality prediction. Instrument selection therefore needs
to consider measurement objectives, target parameters, spectral response
characteristics, portability requirements, and modeling strategies.

Overall, this study successfully developed nondestructive methods for
maturity classification and chemical quality prediction of oil palm fruit using
portable NIR spectroscopy and a multichannel UV—Vis—NIR sensor. The novelty
lies in evaluating three instruments with different spectral characteristics and
adapting pre-processing methods and algorithms to the predicted parameters. The
results provide a scientific basis for developing rapid, objective, portable, and
potentially on-site quality evaluation systems to support harvesting decisions,
sorting, raw material acceptance, and quality control.

Broader application requires testing across more diverse varieties, plant ages,
plantation locations, environmental conditions, and maturity levels. Further
investigation of wavelength stability, cross-instrument calibration, classification
optimization, and improved sensitivity to FFA is needed to strengthen method
robustness and generalizability. Integration of the system with fresh fruit bunch
quality management at plantation and industrial levels represents a future direction
toward applying sensor and machine learning technologies in precision agriculture.

Keywords: oil palm; portable NIR spectroscopy; multichannel UV—-Vis—NIR
sensor; machine learning; nondestructive prediction
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