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Table 1. Specifications of the tuning parameters for each effective wavelength selection algorithms

No Algorithm

Parameters

Match Time: 2 .Seasons: 10 .Groups: 3 .Teams: 6

RDF: 2 .COF: 10 .CDF: 2 .Iterations: 10 .Molecules: 15

1 wccC

2 PSO P Bests: 8 [Episodes: 10 Particles: 40
3 HTS

4 FOA Iterations: 10 .Trees: 20

5 DSOS Iterations: 10 .Organisms: 20

6 CUK

Iterations: 10 .Cuckoos: 40 .Eggs: 10
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Fig. 3. Absorption spectra of Khormaei plum (a) and Khoni plum (b) samples
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Table 2. Descriptive statistics of peroxidase enzyme activity (absorbance/min.g) for different plum varieties

Variety Mean Star?da}rd Maximum Minimum
Deviation
Khoni 0.4236 0.1861 0.734 0.0808

Khormaei 0.4334 0.2029 0.7314 0.0787
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Table 3. PLSR modeling results for the Khormaei plum variety with various spectral preprocessing methods (5 Component)

. Training Validation Test

No Preprocessing

R? RMSE RPD R2? RMSE RPD R? RMSE RPD
1 No Preprocessing 0.9506  0.0419 4.55 0.8719 0.0715 2.89 0.3533  0.2797 0.89
2 SNV 0.8917  0.0621 3.07 0.5358 0.2329 0.89 0.7815 0.1567 1.6
3 MSC 0.8921 0.0619 3.08 0.5378 0.2346 0.88 0.6939 0.1723 1.45
4 Normalization 0.9385  0.0467 4.08 0.8666 0.073 2.83 0.6405  0.2907 0.86
5 Moving Average 0.9437  0.0447 4.26 0.8632  0.0739 2.79 0.4909 0.2752 0.91
6 Gaussian Filter 0.9354 0.0479 398 0.8676 0.0727 284 04262 02721  0.92
7 Median Filter 0.949 0.0426 4.47 0.873 0.0712 2.9 0.5328 0.2796 0.89
8 Detrending 0.8213  0.0797 2.39 0.4438 0.2229 0.93 0.7043 0.1524 1.64
9 Mean Centering 0.9506 0.0419 455 0.8719 0.0715 2.89 0.5334 0.2797 0.89
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Table 4. PLSR modeling results for the Khoni plum variety with various spectral preprocessing methods (8 Component)
) Training Validation Test

No Preprocessing

R? RMSE RPD R? RMSE RPD R2 RMSE RPD
1 No Preprocessing 0.9814  0.0248 7.41 0.968 0.0379 5.77 0.7406  0.0745 2.03
2 SNV 0.9252  0.0498 37 05282  0.1454 15 0.0482  0.1428 1.06
3 MSC 0.9264  0.0494 3.73 05477  0.1424 1.54 0.0156  0.1475 1.02
4 Normalization 0.9799  0.0259 7.12 0.9467  0.0488 4.48 07722 0.0698 2.16
5 Moving Average 09778  0.0272 6.78 0.9681  0.0378 5.79 0.7439  0.0741 2.04
6 Gaussian Filter 09761  0.0282 6.54 0.9649  0.0396 5.52 0.7554  0.0724 2.09
7 Median Filter 0.9804  0.0255 7.21 0.9655  0.0393 5.56 0.7411  0.0745 2.03
8 Detrending 0.9773  0.0275 6.7 0.8502  0.0819 2.67 0.2249  0.1289 1.17
9 Mean Centering 0.9814  0.0248 7.41 0.968 0.0379 5.77 0.7406  0.0745 2.03
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Table 5. Performance comparison of the SVM-R model for the Khormaei plum variety with different kernels and preprocessing methods

Kernel Preprocessing Training Validation Test
R2 RMSE  RPD R2 RMSE  RPD R2 RMSE  RPD

No Preprocessing 0.974 0.031  6.267 0.874 0.083 291 0557 0.326  0.646
SNV 0.985 0.024 8.21 0.568 0.153 1572 0578 0231  0.822
MsC 0.801 009 2268 0517 0.153 1485  0.212 0.203  0.938

Linear Normalization 0.988 0021  9.055  0.835 0.096 2545  0.069 0.179 1.07
Moving Average 0.916 0057 3488  0.868 0.076 2845  0.646 0.125 1.735
Gaussian Filter 0.893 0.07 3084 0831 0079 2513 0737 0.091  2.016
Median Filter 0.88 007 2913  0.897 0.06 322 0243 0.193  1.187
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Kernel Preprocessing Training Validation Test
R2 RMSE RPD R2 RMSE  RPD R2 RMSE RPD

Detrending 0.791 0.089 2209 0586 0.135  1.605  0.172 0199  1.135
Mean Centering 0.966 0.036 547 0927 0.059  3.836 0503 015  1.465
No Preprocessing 0.983 0.028  7.807  0.801 0.063 2317  0.789 0.083  2.247
SNV 0.879 0.068 2908 0473 0.149 1422 0843 022 0761
MSC 0.917 0.057 3508  0.368 0.165 1.299  0.041 0201  1.012
Normalization 0.982 0027 7572 0815 0.085 24 0648 0.107 1.74

RBF Moving Average 0.983 0.029 7.65 0.85 0.058  2.669  0.143 0155  1.116
Gaussian Filter 0.984 0.027 7.89  0.809 0.085 2364  0.562 0.117 1561
Median Filter 0.983 0.028  7.845  0.887 0.056  3.076  0.849 0.072  2.656
Detrending 0.869 0078 2792 0214 0.163  1.165  0.156 0.168  1.124
Mean Centering 0.981 0.028 741 0823 0.082 2453  0.365 0.166  1.296
No Preprocessing 0.983 0027 7733 0832 0.08 252 0.062 0211  1.002
SNV 0.985 0.026 8134 0491 0.124 1447 0199 0178  1.154
MSC 0.949 0.046 4473 0431 0155  1.369  0.174 0177 1137
Normalization 0.986 0.024 856  0.939 0.044 4186  0.667 0127  1.789

Polynomial ~ Moving Average 0.985 0.024 8264  0.846 0.081  2.628 0.19 0.183  1.148
Gaussian Filter 0.986 0.024 8505  0.845 0.086  2.624  0.245 0.289  0.689
Median Filter 0.985 0025 8326  0.807 0.078 2349  0.681 0122  1.827
Detrending 0.987 0023 8732 0549 0.135 1538  0.049 0.196  1.059
Mean Centering 0.984 0.027 8032  0.949 0.041 4583 0508 011 1473
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Table 6. Performance comparison of the SVM-R model for the Khoni plum variety with different kernels and preprocessing methods

Kernel Preprocessing Training Validation Test
R2 RMSE  RPD R2 RMSE  RPD R2 RMSE  RPD
No Preprocessing 0.983 0.023 7.693  0.946 0.047 4.44 0.765 0.097 2133
SNV 0.99 0.017 9.988  0.703 0.125 1.894  0.122 0.186 0.975
MSC 0.698 0.104 1.838  0.748 0.097 2.057  0.355 0.119 1.286
Normalization 0.988 0.02 9323  0.946 0.043 4426 0817 0.078 2412
Linear Moving Average 0.96 0.036 5.049  0.933 0.055 3981 0918 0.052 3.611
Gaussian Filter 0.964 0.034 5349  0.953 0.034 4758  0.802 0.094 2.323
Median Filter 0.957 0.038 4857  0.954 0.044 4823 0911 0.052 3.464
Detrending 0.946 0.04 4347  0.865 0.085 2.812 0601 0.105 1.635
Mean Centering 0.969 0.033 5773  0.968 0.033 5749  0.867 0.066 2.836
No Preprocessing 0.981 0.025 7429  0.824 0.075 2.46 0.496 0.127 1.455
SNV 0.96 0.036 5.024  0.499 0.147 1.459 0.31 0.157 1.244
MSsC 0.937 0.045 4028 0635 0.105 1.71 0.45 0.161 1.392
Normalization 0.981 0.025 74 0.873 0.061 2.903 0538 0.143 1.519
RBF Moving Average 0.985 0.024 8.184 0.86 0.071 2764  0.862 0.058 2.779
Gaussian Filter 0.98 0.023 7124 0813 0.083 2388 0.443 0.168 1.384
Median Filter 0.981 0.026 7371 0.753 0.093 2.076  0.633 0.107 1.704
Detrending 0.966 0.035 5501  0.681 0.092 1.828  0.651 0.116 1.748
Mean Centering 0.984 0.023 7.963  0.815 0.089 2398 0.876 0.056 2.932
No Preprocessing 0.968 0.034 5626  0.943 0.042 4.308 0.77 0.072 2.154
SNV 0.986 0.021 8586  0.655 0.121 1.758  0.557 0.211 0.828
Polynomial MSC 0.449 0.133 1361  0.636 0.116 1711 0459 0.229 0.855
Normalization 0.987 0.021 8.831 0.95 0.04 4602 0326 0.161 1.258
Moving Average 0.988 0.02 9137 0874 0.06 2908  0.869 0.068 2.858
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. Training Validation Test
Kernel Preprocessing

R? RMSE RPD R? RMSE RPD R? RMSE RPD
Gaussian Filter 0.921 0.055 3603  0.865 0.068 2.81 0.358 0.115 1.289
Median Filter 0.985 0.022 8337 0915 0.054 3542 0697 0.097 1.877
Detrending 0.986 0.021 8585  0.785 0.076 2227 0742 0.089 2.033
Mean Centering 0.987 0.021 8.954  0.936 0.05 4.089 0.92 0.048 3.642
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Fig. 4. Performance of the SVM model with various meta-heuristic algorithms, including World Competitive Contest (WCC), Particle
Swarm Optimization (PSO), Heat Transfer Search (HTS) algorithm, Forest Optimization Algorithm (FOA), Discrete Symbiotic Organisms
Search (DSOS), and Cuckoo Optimization (CUK), for the selection of effective wavelengths in Khormaei cultivar samples: (a) Average
RMSE for all samples, (b) Average correlation for all samples.
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Fig. 5. Performance of the SVM model with various meta-heuristic algorithms, including World Competitive Contest (WCC), Particle
Swarm Optimization (PSO), Heat Transfer Search (HTS) algorithm, Forest Optimization Algorithm (FOA), Discrete Symbiotic Organisms
Search (DSOS), and Cuckoo Optimization (CUK), for the selection of effective wavelengths in Khoni cultivar samples: (a) Average RMSE
for all samples, (b) Average correlation for all samples
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Table 7. Selected wavelengths of the SVM-PSO algorithm

Variety Selected EWs (nm)

Khormaei 864, 1027, 932, 1045.5, 978, 1069.5, 777, 987.5, 1085.5, 1011, 1076.5, 992.5, 954.5, 962.5, 526.5
Khoni 789, 579.5, 1069, 1034.5, 1067, 606.5, 780.5, 614.5, 702.5, 618, 617, 1079, 837, 539.5, 780
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Table 8. PLSR modeling results for the Khormaei plum variety with various spectral preprocessing methods (6 components)

. Training Validation Test
No . Preprocessing R? RMSE  RPD R? RMSE  RPD R? RMSE  RPD
1 No Preprocessing 0.838  0.0833 251 09111  0.0533 346 00494  0.1856 1.01
2 SNV 03631  0.1651 1.27 0314  0.2051 09 05503  0.2256 0.83
3 MsC 03709  0.1641 127 03097  0.2048 09 04926 02214 0.85
4 Normalization 0.8324  0.0847 247 0902 0.056 33 0.0458 0.177 1.06
5 Moving Average 0.7985  0.0929 225 08722 0.064 289 00357 01779 1.05
6 Gaussian Filter 0.74  0.1055 198 08279  0.0742 249 01506  0.1944 0.96
7 Median Filter 07751  0.0981 213 07761  0.0847 218 05271  0.1246 15
8 Detrending 0.3628 0.1652 127  0.8429 0.2429 0.76  0.7546 0.24 0.78
9 Mean Centering 0838  0.0833 251 09111  0.0533 346 00494  0.1856 1.01
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Table 9. PLSR modeling results for the Khoni plum variety with various spectral preprocessing methods (10 components)
) Training Validation Test
No . Preprocessing R? RMSE  RPD R? RMSE  RPD R? RMSE  RPD
1 No Preprocessing 0.8803  0.0633 2.92 0.9484  0.0437 455 0.7913  0.0797 2.26
2 SNV 06792  0.1037 178 02016  0.172 116 00631  0.2506 0.72
3 MSC 0688  0.1023 181 02098  0.1711 116 00975  0.1658 1.09
4 Normalization 08801 00634 292 009476 00441 451 0796  0.0788 2.29
5 Moving Average 08802 00634 292 09302  0.0509 391 07464  0.0879 2.05
6 Gaussian Filter 08769 00642 288 09333  0.0497 4 07911  0.0797 2.26
7 Median Filter 08269 00762 243 0827  0.0801 248 06429  0.1043 1.73
8 Detrending 0838 00737 251 07836 00896 222 02843  0.1476 1.22
9 Mean Centering 0.8803  0.0633 2.92 0.9484  0.0437 455 07913  0.0797 2.26
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Table 10. Performance comparison of the SVM-R model for the Khormaei plum variety with different kernels and preprocessing methods

Kernel Preprocessing Training Validation Test
R? RMSE  RPD R? RMSE  RPD R2 RMSE  RPD
NoPreprocessing 75 0165 1184 0883 0061 3024 0128 0250  0.973
Linear SNV 0.242 0.175 1161 0.497 0.132 1456  0.025 0.215 1.046
MSC 0.091 0.185 1.06 0.317 0.187 1.25 0.043 0.199 1.056
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Kernel Preprocessing Training Validation Test
R? RMSE __ RPD R? RMSE __ RPD R RMSE __ RPD
Normalization 0756 0097 2047 0868 0074 2844 0064 0193  1.001
Moving Average 0.526 0.13 1.468  0.782 0.101 221 0.31 0.182 1.243
Gaussian Filter 0423 0157 133 0852 0075 2687  0.136 0.17 1111
Median Filter 0451 0148 1364 0885 0065 3052 0494 0142 1452
Detrending 0102 0195  1.066  0.382 017 1314 016 0182  0.959
Mean Centering 0.457 0.148 1372 0861 0.077 2.768 0.715 0.106 1.935
No Preprocessing 0.98 0.028 7125  0.947 0.038 4.475 0.792 0.096 2.264
SNV 0739  0.106 198 0614 0.12 1663 0.8 0166  1.218
MSC 0718 0109 1904 0521 0135 1492 0073 0.19 1.072
Normalization 0985 0026 8148 0957 0039 4992 0815 0083 2404
RBF Moving Average 0.972 0.034 6.035  0.895 0.063 3.193 0.754 0.108 2.081
Gaussian Filter 0.97 0035 5826 0873 0074 2897 0673 0114  1.806
Median Filter 0983 0028 7739 0954 0038 4838 0852 0072 2687
Detrending 0555 0135 1515 0433 0141 1372 0507 0213 0841
Mean Centering 0983 0027 7751 0957 0033 4965 0655 0119 1758
No Preprocessing 0985 0025 8253 094 0043 4205 0147 0547 0417
SNV 0985  0.024 814 0107 0227 0981 07852 0417 0526
MSC 0154 0767 0269 0125 0219 0974 0549 0339 0548
Normalization 0986 0022 8488 0978 0028 6956 0514 1292 0176
Polynomial ~ Moving Average 0 0.2 1011 0002 0231 1.032 0 0179  1.033
Gaussian Filter 0 0207 1011 0 0179  1.033  0.403 0.22 0.872
Median Filter 0 0199 1011 0 0215 1033 0034 0202 1016
Detrending 0983 0025 7643 0114 0227 0978 0082 0368 0588
Mean Centering 0986 0024 8435 0952 0036 4733 0354 231 0.107
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Table 11. Performance comparison of the SVM-R model for the Khoni plum variety with different kernels and preprocessing methods

Kernel Preprocessing Training Validation Test
R? RMSE __ RPD R? RMSE __ RPD R? RMSE __ RPD
No Preprocessing 052 0101 1714 0812  0.089 238 0.746 0101  2.049
SNV 0419 0135 1326  0.664 0.11 1781 048 0148 1432
MSC 0232 0169 1153 0364 0129 1295  0.056 0.18 1.063
Normalization 0849 0069 2599 0888  0.066 309 0638 0088 1716
Linear Moving Average 0.631 0.111 1.663  0.843 0.074 2.603 0.635 0.116 1.71
Gaussian Filter 0669 0106 1756  0.783 0.09 222 053 0119 1516
Median Filter 0.67 0.101 176 0861 0071 2769 0699 0113  1.883
Detrending 0.46 0133 1375 0649 0125 1742 0238 0143  1.183
Mean Centering 0678 0102 1781 0839  0.082 257 0599 0116  1.631
No Preprocessing 0914 0053 3444 0829 0085 2498 0432 0131 1371
SNV 0772 0088 2116 0619 0122 1672  0.166 0149  1.131
RBF MSC 0796 0087 2236 0687 0105 1846 0355 0168  0.887
Normalization 0.954 0.04 4721 083 0082 2506 0446 0124  1.388
Moving Average 0932 0048 382 0683 0101 1834  0.34 0162 1271
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Kernel Preprocessing Training Validation Test
R? RMSE __ RPD R? RMSE __ RPD R? RMSE __ RPD
Gaussian Filter 0881 0068 2928  0.706 0.1 1904 0362 0124  1.293
Median Filter 0893 0061 3088 0854 0077 2707  0.605 0.1 1.643
Detrending 0906  0.055 329 0817 0089 2417 0489 0115 1445
Mean Centering 0.935 0.05 3973 0824 0079 2462 049 0099  1.446
No Preprocessing 0.983 0.024 7729 0878 0.057 2.959 0.708 0.112 1.912
SNV 0985 0023 8368 0082 0174 1078  0.368 0313 0563
MSC 0981 0025  7.308 0276 0164 1214  0.148 0284 0705
Normalization 0989 0019 9552 0772 0079 2163 0.1 0279 0711
Polynomial ~ Moving Average 0938 0047 4064 0849 0064 2659 024 0162  1.184
Gaussian Filter 0925 0049 3685 0788 0079 2242 0366 0164  1.298
Median Filter 0832 0075 2465 071 0109 1919 038 0136  1.316
Detrending 0989 0017 9721 0641 0113 1723 05 0152  1.461
Mean Centering 0981 0025 7393 0799 0074 2305 0092 0563  0.343
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Introduction: Plums (Prunus domestica L.) represent a commercially important group of stone fruits, valued
globally for their nutritional composition and health-promoting properties. Despite their economic and dietary
significance, postharvest quality deterioration remains a major challenge, primarily driven by enzymatic
processes such as peroxidase (POD) activity, which contributes to internal browning and reduced marketability.
Conventional approaches for quantifying POD activity are often labor-intensive, destructive, and influenced by
multiple environmental and physiological variables, limiting their practical application in quality control
workflows. In recent years, visible/near-infrared (Vis/NIR) spectroscopy has emerged as a promising non-
destructive technique for rapid assessment of internal fruit attributes. This optical method enables real-time
monitoring of biochemical changes without compromising sample integrity. The present study aimed to develop
and validate a Vis/NIR spectroscopy-based predictive model for estimating POD enzyme activity in two Iranian
plum cultivars, Khormaei and Khoni, by integrating spectral data with machine learning algorithms.

Materials and methods: A total of 160 plum samples were employed in this study, comprising 80 specimens
each from the Khormaei and Khoni cultivars. Non-destructive spectral measurements were initially acquired
using a Vis/NIR spectrometer operating within the 350-1100 nm wavelength range. These absorption spectra
provided preliminary insights into the internal biochemical properties of the fruits. Subsequently, POD enzyme
activity was quantified through a conventional destructive colorimetric assay, serving as the reference method.
To enhance the predictive performance of the models, spectral data underwent preprocessing using a suite of
techniques, including normalization, standard normal variate (SNV), multiplicative scatter correction (MSC),
median filtering, and mean centering. These procedures aimed to mitigate noise and variability inherent in raw
spectral signals. Two machine learning algorithms—~Partial Least Squares Regression (PLSR) and Support
Vector Machine (SVM)—were implemented to construct predictive models for POD activity. To address the
high dimensionality of spectral data and identify the most informative wavelengths, the SVM framework was
coupled with six meta-heuristic optimization algorithms. The selected wavelengths were then used to
reconstruct both PLSR and SVM models, and their predictive accuracies were benchmarked against models
developed using the full spectral range.

Results and discussion: The findings of this study demonstrated that Vis/NIR spectroscopy is a reliable and
efficient technique for predicting POD enzyme activity in plum fruits. However, model performance varied
significantly between the two cultivars, underscoring the influence of varietal-specific biochemical and physical
traits. In full-spectrum modeling, the SVM consistently outperformed the linear PLSR model across both
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varieties. For the Khormaei cultivar, the SVM model employing a radial basis function (RBF) kernel combined
with Median Filter preprocessing achieved the highest predictive accuracy, classified as excellent (RPD =
2.656). In contrast, for the Khoni cultivar, although the PLSR model with normalization preprocessing yielded
very good results (RPD = 2.16), the SVM model with a polynomial kernel and mean centering preprocessing
attained superior performance (RPD = 3.642), indicating excellent predictive capability. These differences are
attributed to the distinct physicochemical properties of the Khormaei and Khoni plums, which affect spectral
response and enzyme activity patterns. To enhance model efficiency and reduce computational complexity, six
meta-heuristic optimization algorithms were evaluated for effective wavelength selection. Among them, Particle
Swarm Optimization (PSO) emerged as the most accurate and computationally efficient, successfully reducing
the spectral dimensionality to 15 key wavelengths while preserving model integrity. Post-optimization modeling
further confirmed that predictive performance is highly dependent on cultivar-specific characteristics and the
choice of modeling strategy. The SVM model, owing to its capacity to capture complex and non-linear
relationships, generally exhibited superior performance compared to the linear PLSR approach. Specifically, for
the Khormaei variety, the optimized SVM-R model with an RBF kernel achieved an RPD of 2.687, maintaining
excellent classification. Conversely, for the Khoni variety, the best result was obtained using the PLSR model
with normalization preprocessing (RPD = 2.29), suggesting that linear modeling can be highly effective when
paired with appropriate data treatment.

Conclusions: This study demonstrates the efficacy of Vis/NIR spectroscopy, in conjunction with advanced
machine learning techniques, as a robust and non-destructive approach for the rapid assessment of POD enzyme
activity in postharvest plum fruits. The results underscore the importance of cultivar-specific model selection,
with non-linear algorithms such as SVM consistently outperforming linear models like PLSR in predictive
accuracy. Moreover, the integration of meta-heuristic optimization algorithms—particularly Particle Swarm
Optimization (PSO)—proved highly effective in dimensionality reduction, enabling the identification of key
wavelengths that enhance model performance while improving computational efficiency. These selected
wavelengths offer a practical foundation for the development of compact, dedicated devices tailored to non-
invasive quality monitoring of plum fruits. Overall, the proposed methodology holds significant promise for
advancing postharvest quality control practices in the fruit industry.
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