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Experiments were conducted to develop and assess a method by which the water content of a lettuce
canopy can be nondestructively detected and estimated using a combination of spectra, RGB images, and
canopy temperature. To this end, 130 lettuce samples grown in four different substrate water content levels
were collected for data acquisition. In the spectroscopy procedure, five spectral intervals (380 variables)
were selected by backward interval partial least squares and were further reduced to 48 wavelength varia-
bles, chosen using a genetic algorithm based on Savitzky—Golay smoothing and log (1/R) transformation.
Then, 967, 1170, 1221, 1406, 1484, 1942, and 1985 nm optimum spectral variables were selected by the
successive projection algorithm. Thirteen plant features were extracted from top- and front-view RGB imag-
es. These features comprised morphological, color, and textural features. An empirical crop water stress in-
dex was established based on dry and wet reference surfaces via thermal imagery. Subsequently, a principal
component analysis was applied to the spectral variables and the image features, and an extreme learning
machine was used to construct the multisensor and single-sensor models. The results show that the multisen-
sor model had a correlation coefficient of prediction of 0.9018, which was found to be approximately 9.4
and 15.7% better than that of the spectral and image models. This work demonstrates that integrating spec-
tra, RGB images, and canopy temperature with suitable algorithms offers a high potential for use in the
nondestructive measurement of water content in lettuce, considerably improving accuracy over that using a
single-sensor modality.

Keywords: spectrum, RGB images, canopy temperature, multi-sensors data fusion, nondestructive de-
tection of water content.
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Ilpeonooicen u sxcnepumeHmanbHo NPOMeCMUPOBAH MeMo0 HEPA3PYUAIOWe20 KOHMPOTs COOEPHCANUS
600bl @ NUCMBAX canama AAmyK, OCHOBAHMBIL HA UCNONb30BAHUU KOMOUHayuu cnexkmpos, RGB-uzobpa-
JIceHull U memMnepamypul pacmumensbHo2o nokpoga. [ns cbopa oannvix omobpano 130 obpasyoe carama,
BBIPAWEHHBIX NPU YemblpeX PA3TULHBIX YPOBHAX COOEPIHCAHUSL 800bl 8 cybcmpame. [[ns chekmpockonude-
CKUX U3MepeHULl C NOMOWbIO MeMOoO0a YacmuyHblX HAUMEHbUIUX K8AOPAmMO8, UCHONb3VIOWe20 aneopumm o06-
PAMHBIX UHMEPBANO8, 8bIOPAHLL NAMb CNEKMPATbHBIX UHMEPBANo8, skuouarwux 6 ceos 380 mouek, uucio
KOMOpbIX 0anee yMeHbuieHo 00 48 ¢ UCNONb308AHUEM 2eHeMUYecKo20 ai20pumma, OCHOBAHHO20 HA C2id-
arcusanuu Casuyxoeo—I onest u noeapugpmuueckom (1/R) npeobpazosanuu. C nomowpio memooa nociedosa-
MeNbHbIX NPOEKYUUl 8bIOPAHBL ONMUMATbHBLE 015 U3MepeHus Oaunsl 6onn 967, 1170, 1221, 1406, 1484, 1942
u 1985 um. Tpunadyams mopponocuueckux, Yyeemoesvix u MeKCMypHbIX 0COOECHHOCMEN PACMEHUI BbIS6TEHb

** Full text is published in JAS V. 88, No. 1 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 88, No. 1 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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u3 RGB-uzobpasicenuil — pponmanvrozo u euda ceepxy. Ha ocnose conocmasienus meniosvix usobpaice-
HUl ucciedyemvix 06pasyos ¢ MmaKogblMu OAsl CYXUX U GLANCHBIX IMALOHHBIX NOBEPXHOCMEN IMNUPUYECKU
YCmaHogieH UHOeKc 600H020 cmpecca. K cnexmpanbHbiM OAHHbIM U XAPAKMEPUCHMUKAM U300DaAdICeHUs]
NPUMEHEH AHATU3 2NIAGHbIX KOMINOHEHM, Npudem Oisk ROCIPOEHUsL MOOENel C HECKOLbKUMU U OOHUM CEHCO-
PAMU UCNOJIb308AH MEMOO IKCMPEMATbHO20 MAWMUHHO20 00yuenus. Pe3yibmamol nokaszvléaiom, 4mo Mo-
0eltb ¢ HeCKOMbKUMU cencopamu umeem kodpguyuenm xoppensiyuu 0.9018, komopwiii na ~9.4 u 15.7%
Jyue, vem y CNeKmpaibHoUu MoOenu u MOOeIU U300paxicenul.

Knrouesvle cnosa: cnexkmp, RGB-uzobpasicenus, memnepamypa pacmumenbHo20 NoKposd, 0bbeoune-
HUe OAHHBIX MHOJICECMBA CEHCOPO8, HEPA3PYUAIOWUL KOHMPOTb COOEPICAHUSL BOObL.

Introduction. Lettuce is a leaf-edible vegetable that is widely cultivated throughout the world and plays
an important role in human nutrition and diet. China's lettuce production accounted for more than half of the
world’s, and irrigation is one of the main factors affecting lettuce yield. Lettuce is extremely sensitive to
drought because of its shallow root system, multiple leaves, and large leaf area [1]. Water stress causes re-
ductions in the photochemical activity of pigments, absorption of nutrients, and nutrient transport from roots
to shoots [2]. Hence, plant response to water stress is expressed by a variety of physiological (e.g., stomatal
closure, chlorophyll status, and leaf water content) and biophysical (e.g., leaf and canopy structure, leaf area,
plant height, dry weight, biomass, and yield) traits [3]. Some of these traits are internal reactions, while some
are external manifestations. Thus, it is desirable to use a multisensor-based, multiple plant feature extraction
method for lettuce canopy water content monitoring.

With the ever-increasing tendency to employ automation in agricultural operations and the development
of precision agriculture concepts, it is desirable to develop non-destructive technologies and applications to
monitor plant parameters. Spectra, RGB images, and thermal imagery are effective technologies for drought
monitoring because they facilitate the natural integration of various types of vegetation information into ag-
ricultural drought indicators, which are otherwise difficult to measure through direct field observations [4].

Spectroscopy is being increasingly used for ecophysiological studies because of its rapidity, simplicity,
and nondestructive nature. In previous scientific research, the plant water status of different species has been
predicted by spectrometry. Danson et al. [5] used six wavebands of the maxima and minima of water absorp-
tion, centered at 975, 1175, 1450, 1650, 1950, and 2250 nm, and the first spectral derivative to determine
leaf water content. Clevers et al. [6] used the features at around 970 and 1200 nm to investigate the deriva-
tive spectra, maximum band depth, and area under curve algorithms, and thereby map the leaf water content.

An RGB image, which has been used to detect early signs of crop water stress considering that they al-
low fast and nondestructive phenotyping in plants, has the potential to detect trends in plants before human
visual detection is performed. Hendrawan and Murase [7] used machine vision to sense the water content in
cultured Sunagoke moss. Their image features consisted of eight color features (CFs), three morphological
features (MFs), and 90 textural features (TFs), and the minimum average prediction means square error
achieved was 1.75x107>. Zhuang et al. [8] presented a model to detect the water stress of maize in the early
stages. They extracted 14 CFs and TFs from the RGB image, and the accuracy of the detected water stress
reached 90.39%.

In addition to spectroscopy and RGB imaging techniques, recent developments in thermal infrared im-
aging (TIR) technology have focused on using canopy temperature (7)) measurements for realizing applica-
tions in variable rate irrigation [9]. One of the most commonly used methods for normalizing 7¢ as an indica-
tor of plant water status is the crop water stress index (CWSI), and its use in irrigation management has been
substantiated [10]. Adeyemi et al. [11] demonstrated the empirical CWSI (CWSIEg) approach that can be de-
ployed as an irrigation monitoring tool for greenhouse cultivated lettuce crops.

At present, many approaches employ single sensor technology for the detection of plant water status.
We proposed three multisensor data fusion schemes to implement the non-destructive detection of water sta-
tus in lettuce canopy. The proposed fusion approach could utilize the combined information of spectra, RGB
images, and T; sensors to develop a novel and comprehensive data fusion method based on multiple sensors.
This approach could improve irrigation accuracy substantially.

Materials and methods. Plant material and growing conditions. Lettuce (Lactuca sativa, Italian) was
obtained from Woshu Seeds Co. Ltd., Nanjing, China. Experiments were performed in a greenhouse located
at Jiangsu University in China (32.11N, 119.27E) in the spring from 27 April to 15 June 2017. Lettuce seed-
lings with five true leaves were transplanted individually into plastic pots filled with perlite. For the irriga-
tion control treatment, irrigation amounts were 25% (T1), 50% (T2), 75% (T3), and 100% (T4), which were
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determined based on the water-holding capacity of the substrate. The pots were weighed before each irriga-
tion schedule, and a reduced amount of water was added to the pots to maintain the four irrigation control
treatments. The Yamasaki lettuce recipe was used for lettuce growth. The lettuce roots were always provided
with a fixed water content by a self-developed timed irrigation and collection system [12]. The canopy re-
flectance, images, and thermal infrared imaging data were recorded 15 days after transplanting.

Spectra data acquisition. The canopy reflectance was acquired using a portable analysis spectral devices
(ASD) FieldSpec® Pro Spectrometer, which was provided with a spectral range of 3502500 nm using a cus-
tom-made optical box [13]. The spectrometer was equipped with three sensors with a spectral sampling of 3,
10, and 10 nm. The built-in spectral resolution output of the data from the ASD operating system was 1 nm
along the entire spectrum. Spectral measurements were taken using a fiber optic cable with a 25° field of
view, which was placed 18 cm above the canopy. A 50-W halogen lamp was used for producing radiation.
The instrument was periodically calibrated in terms of spectral reflectance using a standard white reference
panel. Five replicate spectral measurements were taken for each sample and noise reduction was achieved by
averaging the spectra.

Computer vision data acquisition. The images of the lettuce canopy were taken using two digital camer-
as (EOS 400D, Canon Inc.) placed in the custom-made optical box. A white background plate was fixed to
the lettuce roots and a normal graph paper was set at the same height as the lettuce canopy. One of the cam-
eras was positioned above the top of the canopy using a tripod, and another camera was positioned at the
front of the canopy to obtain the front view images. The aperture priority mode was selected. The camera
aperture was set to f/8, and ISO was set to 100. The digital images were stored in JPEG format.

Thermal infrared imaging data acquisition and CWSIg calculation. The CWSIg was intended as a tool
for detecting the water status of plants around noon, which corresponds to the period of peak plant transpira-
tion [11]. Khorsandi et al. [14] used infrared thermography for detecting Tc in sesame under greenhouse
conditions from 11:00 to 14:00 h. Hence, to better determine the canopy temperature acquisition time, an ex-
tended period between 8:00 and 16:00 h was explored during this study according to reference [11]. Infrared
images were taken with handheld infrared thermography (Thermocamera Fluke Ti25, Fluke Corporation,
USA) with a resolution of 160x120 pixels, which operates in the waveband range of 7.5-14 pm. The camera
had a thermal resolution of 0.1°C, and the accuracy of the absolute temperature measurement was less than
+2°C. The emissivity for the canopy was set at 0.96, which is quoted for plant leaf by Jones [15].

The CWSIE uses two baseline temperatures: the temperature of a well-watered canopy, referred to as the
lower limit baseline temperature (7wet), and the temperature of a non-transpiring canopy, referred to as the
upper limit baseline temperature (7ary). Artificial wet and dry reference surfaces were created. For the Tiet
measurement, the lettuce canopy was sprayed on both sides with water as a wetting agent approximately
1 min before the imaging, whereas for the T4y measurement, the canopy was covered in petroleum jelly
(vaseline) on both sides [16]. The CWSIE is defined as [17]

CWSIE = (Tc — Twet)/(Tary — Twet),

where T is the actual canopy surface temperature (°C), Twe is Tc of a non-water-stressed canopy (°C), and
Tary is Tt of a non-transpiring canopy (°C).

For the canopy water content measurement, the leaves were cut and weighed on an analytical balance.
Later, the leaves were placed in paper bags and dried at 70°C in an oven until a constant mass was reached.
Next, each sample was weighed and the water content was calculated, according to the methodologies of [18]:

CWC = [(FW — DW)/DW]x100%,

where CWC is the canopy water content, FW is the canopy fresh weight (g), and DW is the oven-dry weight
of the same sample (g).

Spectral transformation. Appropriate spectrum preprocessing and selection of informative variables
(spectral wavelengths) are essential to improve the performance of the model and reduce model complexity.
The raw reflectance spectra were reduced to 400-2450 nm to eliminate the noise at the edges of each spec-
trum (Fig. 1a) [19]. To eliminate multiple scattering, high-frequency noise, and other interferences that can
reduce the performance of the model, Savitzky—Golay smoothing (nine smoothing points) [20] and log (1/R)
(where R is the reflectance) [21] were used for spectral preprocessing (Fig. 1b).

Splitting the calibration and prediction subsets. All the samples were divided into two subsets. The first
subset was called the calibration set, in which all the samples were used for modeling, and the second subset
was called the prediction set, in which all the samples were used to test the robustness of the final model.
The joint x-y distance (SPXY) algorithm [22] was used for dividing the sample subsets, which considered
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the weights of x-matrix (canopy spectral reflectance) and y-vector (CWC) at the same time. The calibration
set contained 90 samples and the remaining 40 samples comprised the prediction set. The results of water
content analysis in the calibration set and the prediction set are shown in Table 1. The performance of the fi-
nal model was evaluated using the root MSE of cross-validation (RMSECV) and the correlation coefficient
(Rc) in the calibration set, and the root MSE of prediction (RMSEP) and the correlation coefficient (Rp) in
the prediction set.

TABLE 1. Results of Water Content Analysis in the Calibration Set and the Prediction Set

Number | Minimum of | Maximum of Mean
Data Set samples |water content,|water content, o, > | Standard deviation, %
% %
Calibration set 90 1037 2845 1802 559
Prediction set 40 1207 2740 1852 436

Results and discussion. Extraction of optimum wavelengths. Because high redundancy may decrease
the estimation capability and computing efficiency of the model, the optimum spectral intervals were select-
ed by using an improved version of the interval partial least squares (iPLS) algorithm, called the backward
iPLS (BiPLS) algorithm [23]. In this study, the full spectrum (400-2450 nm) was divided into 10—40 inter-
vals. The optimum BiPLS model was obtained with 27 intervals. The best intervals chosen by BiPLS were 8,
11, 14, 15, and 21, and these efficient spectral intervals corresponded to 932—-1007, 1160-1235, 1388-1463,
1464-1539, and 1920-1995 nm. There were 380 variables in total (Fig. 1d).
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Fig. 1. The spectral transformation and extraction process of optimum wavelengths.
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The genetic algorithm PLS (GA-PLS) [24] was used for variable selection from 380 spectral variables.
The number of genes in each chromosome was equal to the number of samples. The crossover rate was
0.5, and the mutation rate was 0.01. The termination condition was reached when 100 generations were run.
GA-PLS was performed 10 times to remove random effects. Figure 1c shows the histogram of the selected
frequency of each variable involved in the PLS model. A variable was included if its frequency of selection
reached or exceeded the horizontal line. Thus, 48 variables with a higher selected frequency were deter-
mined.

However, the collinear wavelengths remained in the 48 variables. To obtain optimum spectral variables,
the successive projections algorithm (SPA) — a variable selection technique aimed at reducing collinearity
problems [25] — was used to further eliminate the collinear variables from the variables selected by BiPLS
and GA-PLS. The SPA was applied to the dataset, and seven variables were selected, specifically, 967, 1170,
1221, 1406, 1484, 1942, and 1985 nm (Fig. 1e).

Extraction of optimum image feature variables. Water deficiency causes obvious changes in plant color,
texture, and morphology. In this study, all the top view images (Fig. 2a) and front view images (Fig. 3a)
were processed by using threshold segmentation and by applying the “2G-R—B” index to extract the lettuce
target. The threshold was set as 0.2 based on experimentation. Then a binary image was obtained (Figs. 2b
and 3b) in which the lettuce canopy was the white foreground. The white pixels of the binary image were
converted to transparent, and hence the background was covered by all black pixels. To better exhibit the
edge of the lettuce canopy, Figs. 2¢ and 3¢ have white backgrounds. Then they were transformed into the
HSI color mode.

Hs 1 ASM,ENT, CON, HOM
1

a e
i — TPCP
| I_ ' ﬁ
TPCA l l l .
R G B ASM, ENT, CON, HOM |
Fig. 2. Processing of the top view images. Fig. 3. Processing of the

front view images.

The red mean value (R) green mean value (G) blue mean value ( B) hue mean value (H ), saturation
mean value (S), and luminance mean value (/) were extracted from each color space. They were calculated
according to the following equation:
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1 M
CFs=—7>C,
i=1
where M is the total number of pixels and C is the color value of every pixel in the image (only the lettuce
region; the background was ignored). The CFs can be defined as the following range: R[0,255], G [0, 255],
B [0,255], H[0,360°], S0, 1],and /]O0, 1].

Texture analysis was conducted using the color co-occurrence matrix (CCM) method, which has been
reported to successfully predict water content in plants. The CCM procedure consists of three primary math-
ematical processes. (1) CCMg g, CCMg 3, CCMg 5, CCMps, CCMp 1, and CCMg; were generated from RGB
and HSI images. (2) Four Haralick TFs—angular second moment (ASM), entropy (ENT), contrast (CON),
and homogeneity (HOM)—were extracted from the CCM; these TFs were the most significant features cor-
related with plant health [26]. (3) The mean values of ASM, ENT, CON, and HOM were regarded as TFs.

The top projected canopy area (TPCA) was a key factor in crop growth [27], which was obtained by di-
viding the number of white pixels by the conversion factor previously determined. The Roberts, Sobel, La-
placian, Gaussian, Canny, and Zero-cross edge detector algorithms [28] were applied to extract the top pro-
jected canopy perimeter (TPCP). The comparison showed that the Canny edge detector was especially suita-
ble for the images (Figs. 2d,e) because the test on the images indicated that the edge detection by this meth-
od not only contained fewer pixels but also had a good closeness and true edges. The “2G-R—B” index and
Canny edge detector were used to extract the plant height (PH) from the front view images (Figs. 3d, e). The
TPCA, TPCP, and PH were calculated according to the following equations:

TPAF = Ny/fi, TPCP = N/\[f; PH = N, /\[f;

where Ny is the total number of pixels in the lettuce area, f; is the number of pixels per unit area (1 cm?) in
the top view images, Np is the total number of pixels on the outer edge, Ny is the total number of pixels in
the height direction, and > is the number of pixels per unit area (1 cm?) in the front view images.

Thus, after following the image processing and feature extraction process outlined above, 13 image fea-
tures (6 CFs, 4 TFs, and 3 MFs) were available to estimate the water content in each lettuce sample.

Diurnal dynamics of CWSIg. The thermal infrared images of rectangular regions of interest (ROI) were
captured from 8:00 to 16:00 h (local standard time) at intervals of 1 h under clear skies when the sun was
unobscured by clouds. The mean temperature of ROI was calculated as 7¢. The results show that 7t increased
first and decreased afterward in the day and that the highest temperature occurred around noon; 7. increased
with increasing 7, and SR and with decreasing RH, and the relationship of 7. and 7, had a significant posi-
tive correlation. The time-varying 7. — T, values were calculated, which first increased and then decreased
afterward on a sunny day; the maximum 7, — T, occurred at 13:00.

Then, the CWSIEg values were calculated. With increase in irrigation, the CWSIg value decreased gradu-
ally, the diurnal course of CWSIEg of 74 lettuce stayed at a relatively constant and low level, and the diurnal
course of CWSIEg of 71 lettuce increased until 13:00 h and decreased after that, following the dynamics of
evaporative demand. The conclusions were consistent with the results of the references [11, 29].

Plant water stress assessment using multisensor data. Thus far, there were 21 variables for establishing
a prediction model in lettuce canopy, thereby making the model complex. Hence, principal component ana-
lysis (PCA) [30] was implemented on the seven spectral variables and 13 image features, which led to the
identification of three principal components (PCs) from the seven spectral variables and four PCs from the
13 image features. The cumulative variance contribution rate reached 99.52 and 98.24% according to the
PCA method. The fusion model retained eight variables.

To achieve the best performance for predicting the water content in lettuce, extreme learning machine
(ELM) algorithms were adopted to develop a detection model, and they were used for nonlinear multivariate
data analysis [31]. The input variables were three spectral PCs, four image PCs, and one CWSIg value, and
the output variable was the CWC. In the process of ELM modeling, the neuron number was selected by trial
and error; values from 5 to 90 (90 being the number of samples in the calibration set) were considered at in-
tervals of 5. Finally, the optimum ELM model for the water content was obtained with 50 hidden nodes and
with RMSECV = 125%, R.= 0.9412, RMSEP = 157%, and R, = 0.9018. The arrangement leading up to the
ELM modeling is shown in Fig. 4, and a scatter plot showing the correlation between predicted and meas-
ured water content in the prediction set is shown in Fig. 5.
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Fig. 4. Arrangement for extreme learning machine (ELM) modeling.
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Fig. 5. Reference measured value versus predicted value in the prediction sets.

Comparative analysis of single-sensor and multisensor models. As listed in Table 2, the models based
on spectral and image data alone have been established by the ELM algorithm. The results showed that the
multisensor model was the preferred modality, which was indicated by the higher Rp and lower RMSEP. The
accuracy was approximately 9.4 and 15.7% better than that of the spectral and image models, respectively.
These results can be attributed to the following reasons.

TABLE 2. Comparison of Results Based on Different Sensors

. Calibration set Prediction set
Models Variables RMSECV. % Re RMSEP. % R,
Spectral data 7 162 0.8542 197 0.8243
Image data 13 198 0.8109 238 0.7794
Fusion data 8 125 0.9412 157 0.9018

Plants under different stress conditions may nevertheless show similar external symptoms [26]. Accord-
ingly, a single inspection technique can only describe changes in one particular aspect. For instance, RGB
images can document a plant’s spatial information, and spectroscopy can identify or detect a plant’s chemi-
cal properties [13]. When water stress occurs, the chemical properties of lettuce change earlier than the ex-
ternal characteristics. This is mainly due to the fusion of internal chemicals causing changes in external mor-
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phology. Hence, the accuracy of the spectral model is superior to that of the image model. The spectral mo-
del accuracy is approximately 5.6% better than that of the image model. Canopy light reflectance properties
based mainly on the absorption of light at a specific wavelength are associated with specific plant character-
istics. Water molecules in the canopy weakly absorb electromagnetic energy in the VNIR and strongly ab-
sorb in the SWIR [32]. The characteristic wavelengths are located at 967, 1170, 1221, 1406, 1484, 1942, and
1985 nm, which is related to the C-H stretch and O-H bend overtone [33]. This makes sense because the
CWC in lettuce is high.

Previous studies have shown that 7. has been accepted as an indicator of crop water stress because
plants close their leaf stomata when they experience water stress, thereby lowering stomatal conductance,
reducing transpiration, and increasing leaf temperatures [34]. However, Tc is influenced by the leaf angle
and leaf dimension at the leaf level and is strongly impacted by the canopy height and structure at the canopy
level [35, 36]. It does not account for changes in photosynthetic pigments in water-stressed crops [37] and is
limited in estimating plant water status due to variations in environmental temperature and humidity [38].
Therefore, the three sensors have different thematic roles and are complementary. The detection accuracy of
the model can be significantly improved based on the fusion of spectra, RGB images, and T-.

Conclusions. In this study, non-destructive detection techniques for evaluating the water content in let-
tuce canopy were investigated, including spectra, RGB images, and 7¢. Subsequently, seven optimum spec-
tral variables (967, 1170, 1221, 1406, 1484, 1942, and 1985 nm) were selected from 2151 wavelengths using
the BiPLS-GA-SPA method, which were significantly correlated with the water content of lettuce canopy.
Second, six CFs, four TFs, and three MFs were extracted from the top and front view images of lettuce can-
opies. Third, the CWSIg model was established by TIR imaging. Finally, three ELM models based on single
and multiple sensor modalities were established, and the analysis of their respective results indicated that the
model based on spectra is superior to the one based on image data, and that the model based on fusion is su-
perior to the model based on a single sensor modality. As such, the detection accuracy was significantly im-
proved by the multisensor fusion method.
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