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Abstract: Conventional near-infrared (NIR) spectroscopy
has shown its potential to separate wood species nonde-
structively based on the aggregate effect of light absorp-
tion and scattering values. However, wood has an aligned
microstructure, and there is a large refractive index (RI)
mismatch between the wood cell wall substance (n=1.55)
and the cell lumen (air=1.0, water=1.33). Light scattering
is dominant over absorption (u/ > u_) in wood, and this
fact can be utilized for complex classification purposes.
In this study, an NIR hyperspectral imaging (HSI) camera
combined with one focused halogen light source (@ 1 mm)
was designed to evaluate the light scattering patterns of
five softwood (SW) and 10 hardwood (HW) species in the
wavelength range from 1002 to 2130 nm. Several para-
meters were combined to improve the data quality, such
as image histogram plots of defined spaced bins (associ-
ated with diffuse reflectance values of light), variance cal-
culation on the frequency (the number of pixels in each
bin) of each histogram and the principal component anal-
ysis (PCA) of all the variance values at each wavelength.
The identification accuracy of the quadratic discrimi-
nant analysis (QDA) under the five-fold cross-validation
method was 94.1%, based on the first three principal com-
ponent (PC) scores.
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Introduction

With the high diversity of species, wood identification is
extremely important in the modern wood industry and
for monitoring the timber trade. However, wood identi-
fication based on macroscopic characteristics alone is
not always possible (Toscano et al. 2015). Consideration
of microscopic features can be very helpful in this regard
(Alfonso et al. 1989; Baas et al. 2004), and nowadays, DNA
barcoding differences may contribute to this task (Ohyama
et al. 2001). Most of the methods are time-consuming and
require special knowledge and in-depth training in wood
histology and wood anatomy systematics (Lang et al.
2015). Automatic identification systems would have great
advantages in fields of wood recycling and monitoring
illegal logging and the trade in protected tree species.

Near-infrared (NIR) spectroscopy has proven to be
powerful for the analysis of the properties of wood over
the past two decades. In the range of 800-2500 nm,
there are numerous overtone and combination bands of
vibrational frequencies due to functional groups, such
as C-H, O-H and N-H. It is possible to detect these differ-
ences on objects at wavelengths that are not visible to the
naked eye. Rapid quantitative evaluation can be achieved
by analyzing light reflectance or transmittance values
without special pre-treatments of the sample (Yao and Pu
2009; Leblon et al. 2013; Tsuchikawa and Kobori 2015).
The overlapping NIR bands appear non-specific and
poorly resolved, but they can be evaluated well by mul-
tivariate calibration algorithms and statistical methods
(chemometrics), such as principal component regression
(PCR) and partial least squares (PLS) regression analysis
(Martens and Naes 1989).

Studies involving the use of NIR spectroscopy in dis-
criminating between wood species are not common, but
Tsuchikawa et al. (2003) combined NIR spectroscopy and
the Mahalanobis distance to discriminate various wood
samples (Cryptomeria japonica, Pseudotsuga menziesii,
Picea sitchensis, Tectona grandis, Quercus mongolica,
Paulownia tomentosa, Quercus gilva, Fagus crenata) with
various moisture contents (MCs). Pastore et al. (2011) com-
bined NIR spectroscopy and PLS-discriminant analysis
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(PLS-DA) to discriminate Swietenia macrophylla from
three similar kinds of wood species (Carapa guianensis,
Cedrela odorata, and Micropholis melinoniana). Abe et al.
(2015) achieved a successful separation between five soft-
wood (SW: Chamaecyparis obtusa, Cryptomeria japonica,
Sciadopitys verticillata, Thujopsis dolabrata, Torreya
nucifera) and five hardwood (HW: Aesculus turbinata, Cer-
cidiphyllum japonicum, Cinnamomum camphora, Prunus
jamasakura, Zelkova serrate) species by NIR spectroscopy
combined with the principal component analysis (PCA)
method. The quoted authors concluded that the chemi-
cal component differences (mainly hemicelluloses and
lignin) between the SW and HW species contribute much
to the classification. Abe et al. (2016) were also success-
ful in differentiating between two SW species (Chamae-
cyparis obtusa, Torreya nucifera). The results indicated
that light-transmitting properties inside wood might be
used for wood species classification with advanced meas-
urement systems, especially in combination with math-
ematical data evaluation. Wood as a “turbid biological
material” exhibits an anisotropic light propagation behav-
ior because of its complex microstructure. Light absorp-
tion is primarily related to chemical components, whereas
light scattering is influenced mainly by physical charac-
teristics, but the conventional NIR spectroscopy cannot
differentiate between these two effects (Qin and Lu 2008).
There are encouraging observations that light scattering
patterns could be useful for wood species classification.

In the present paper, an NIR hyperspectral imaging
(HSI) camera combined with a focused halogen light
source (@ 1 mm) working in the in-line scanning mode was
applied to acquire spatially resolved reflectance images
(1002-2130 nm) of wood samples. The expectation was
that the light scattering characteristics of wood would be
able to differentiate between five SWs and 10 HWs, while
the HWs comprise both ring-porous and diffuse-porous
species. Such a spatially resolved imaging-based tech-
nique has not yet been described in the literature and thus
we expect new insights in the field of rapid and automatic
wood species identification.

Materials and methods

Sample preparation: The wood was commercially purchased from
a local wood processing company including five SW species: agathis
(Agathis alba), Norfork island pine (Araucaria heterophylla), western
red cedar (Thuja plicata), hinoki cypress (Chamaecyparis obtusa)
and Japanese cedar (Cryptomeria japonica), and 10 HW species:
ayous (Triplochiton scleroxylon), balsa (Ochroma pyramidale), rub-
ber tree (Hevea brasiliensis), yellow poplar (Liriodendron tulipifera),
katsura tree (Cercidiphyllum japonicum), empress tree (Paulownia
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tomentosa), castor aralia (Kalopanax pictus), Manchurian ash (Fraxi-
nus mandshurica), ulin (Eusideroxylon zwageri) and European beech
(Fagus sylvatica). Three air-dried samples with the dimensions of
12 mm (T) x30 mm (L) x80 mm (R) were prepared. The cellular struc-
ture was significantly different between earlywood (EW) and late-
wood (LW), especially for SWs. Therefore, only the EW areas were
studied. However, in several HWs (beech, katsura tree, etc.), the EW

Table 1: Air-dry densities and moisture contents of the 15 wood
sample species (average data with SD).

Name Density (g cm—3) MC(%) DPRP

Softwoods
Agathis 0.45+0.00 10.294+0.20
Norfork island pine 0.47+0.00 11.31+1.23
Western red cedar 0.35+0.01 10.03%£0.10
Hinoki cypress 0.45+0.01  10.04+0.22
Japanese cedar 0.39+0.00 10.78+0.30

Hardwoods
Ayous 0.45+0.00 9.73+0.10 DP
Balsa 0.14+0.00 8.63+0.19 DP
Rubber tree 0.67+0.01 8.69+0.23 DP
Yellow poplar 0.45+0.00 8.42+0.11 DP
Katsura tree 0.52+0.01 8.97+0.15 DP
Beech 0.67£0.00 8.91+0.10 DP
Ulin 1.09+£0.00 8.59+0.13 DP
Castor aralia 0.52+0.01 7.62+£0.13 RP
Manchurian ash 0.57+0.00 9.47+0.18 RP
Empress tree 0.28+0.00 8.74+0.17 RP

DP, diffuse-porous; RP, ring-porous; MC, moisture content; SD,
standard deviation.
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Figure 1: A spatially resolved image measurement system was
designed, mainly including an NIR-HSI camera and a focused
halogen light source at @ 1 mm.
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and HW were difficult to detect because the fiber diameter did not
change during the growing season. In such cases, the light-colored
surface area was measured. Table 1 shows the density and MC of the
species in the winter season.

Microscopic observations: Microscopic images were taken to check
the different wood cell wall structures, which directly contribute to
distinctive light scattering characteristics. Briefly, a small part of
each wood species was sliced by a microtome, then dyed with safra-
nin solution for cross-sectional microscopic imaging (2560 x 1920
pixels corresponding to 1.12x 0.84 mm) under a bright-field micro-
scope (PrimoStar, Carl Zeiss Microscopy Co., Tokyo, Japan).

NIR spatially resolved spectroscopy (NIR-SRS): The NIR-HSI sys-
tem (Compovision, Sumitomo Electric Industries, Ltd., Osaka, Japan)
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was calibrated both spectrally and spatially. The camera possesses a
spectroscope and a two-dimensional (2D) InGaAs detector [256 pix-
els (spectral information) x 320 pixels (spatial information)] that can
receive NIR light in the range of 913-2519 nm, at a spectral interval
of ca. 6.2 nm. The distance between the target and the camera was
manually adjusted to achieve a horizontal field of view of 60 mm with
a spatial interval of 187.5 um. The NIR-HSI system operated in the ver-
tical plane with the specimen directly below. A concentrated point
light source, derived from a halogen lamp focused to a @ 1 mm spot,
was set up on one side of the imaging lens, at 20° from the vertical
plane. Thus, to collect the reflected light properly, the samples were
adjusted to a slope of 10° from the horizontal plane. Each sample and
the light fiber were fixed on a slider and scanned for light scattering
area line-by-line in a push-broom manner (Figure 1). The same NIR-
HSI system was described by Ma et al. (2018). The frame rate was set

Balsa Western red cedar

Katsura tree

Empress tree

YRR
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Katsura tree Empress tree

Castor aralia Japanese ceder Manchurian ash Ulin

Figure 2: (a) Cross-grained surface (measured) of the 15 wood sample species. (b) Microscopic images of the 15 wood sample species.
Softwoods (black title) are much simpler with more periodic anatomical features than hardwoods (red title: diffuse-porous and blue title:
ring-porous). Overall, each sample structure is unique from the other. It contributes to distinctive light scattering characteristics.
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to 200 frames s™. Overall, three randomly selected positions within
the EW part of the samples were scanned separately. As a reference, a
white plate was imaged under the same conditions, and a dark image
was obtained by turning off the light source and completely covering
the lens with its cap. Light illumination center values of the white
plate were copied for matching the same area as the sample meas-
ured data. All the collected spectral images of the wood samples were
then converted to relative reflectance values according to the follow-
ing equation:

R, =(S,

An An

-D, )/(B,,-D,,), )

where A and n are the wavelength and pixel index variables, respec-
tively, R, | is the standardized light reflectance value at wavelength
and pixel n. S, and B, denote sample and white reference images,

and D, stands for dark image.

Selection of wavelength range: NIR-SRS provides a large number
of variables (256 spectral images at equally spaced wavelengths from
913 to 2519 nm in this study). Wavelengths under 1002 nm and over
2130 nm were found to be noisy and unreliable, and so they were
removed from the data set first.

Contour plot of each SRS image: The spatial distribution charac-
teristics of incident light are related to wood cellular structure. In a
radial plane, the scattering pattern of the incident light has an oval
shape because wood is a semi-specular material that reflects part of
the light directly at the surface, but a part of the light penetrates the
surface, which is scattered in the material (Nystrom 2003). There is
a large RI mismatch between the wood cell wall substance (n=1.55)
and the cell lumen (air=1.0, water=1.33). Thus, multiple reflections
of light may occur on the repetitive wood cell wall substance-air
boundary, which results in an illuminated spotlight conducted by the
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fiber layers. In addition, light propagated across the wood cell wall
is attenuated more than that in the cell lumen and eventually forms
as an oval shape in a longitudinal direction of the fibers. Contour
plots were used to display the three-dimensional (3D) relationship of
each SRS image. Totally, 10 isolines (0.01, 0.03, 0.05, 0.07, 0.09, 0.2,
0.4, 0.6, 0.8 and 1.0) were drawn by connecting the image pixel (x-y
coordinate), where the same diffuse reflectance of the incident light
occurs.

Variance calculation in the areas between the isolines: Histogram
plots along with the indicated isolines were generated as spaced bins
to cover the range of elements (number of pixels). Then, the vari-
ance of the frequency data from each histogram was calculated and
considered to represent the light spatial distribution characteristics
instead of the individual SRS images.

Dimension reduction of the variance data: PCA (Martens and Naes
1989) was performed to reduce the variance data dimensions [input
data: 180 variance values at independent wavelengths; output data:
principal component (PC) scores] to improve the efficiency and
robustness of the statistical analysis.

Wood species identification: The prediction stability for separat-
ing 15 species based on the first three PC scores was evaluated by
quadratic discriminant analysis (QDA), combined with five-fold
cross-validation, while the original sample was randomly partitioned
into five equal-sized subsamples, four subsamples for training a clas-
sification model and a single subsample for testing the model. The
cross-validation process was repeated 5 times. QDA is a probabilistic
parametric classification technique and assumes a quadratic deci-
sion boundary that is used in situations in which there is a clear sep-
aration among the classes (Hastie et al. 2009). In addition, a broader
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Figure 3: NIR-SRS images of the 15 species at a wavelength of 1312 nm. Light scattering pattern differences are evident.
For example, wood samples (rubber tree, ulin and beech) with higher density, presenting the results with smaller light scattering patterns.
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range of problems can be more accurately modeled by QDA than by
the linear discriminant analysis (LDA). Matlab (The Mathworks, Inc.,
Natick, MA, USA) was used for data analysis.

Results and discussion

Figure 2a shows the measured cross-grained surface of
the 15 species (black title: SW, red title: diffuse-porous
HW and blue tile: ring-porous HW). Figure 2b shows the
representative microscopic images. SWs have more peri-
odic anatomical features than HWs, while the longitudi-
nal tracheids constitute about 90% of the volume of the
SW. On the other hand, HWs dispose of large diameter
vessels for fluid conduction. The microstructure of each
microstructure is unique. Not only the cell wall area rate
but also the structure shape variances would cause dif-
ferences in the light scattering patterns. Kitamura et al.
(2016) pointed out that the wood cell wall scatters light,
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but with increasing median pore area, multiple reflec-
tions may occur on the repetitive wood cell wall and
air boundaries, which reduces the transmitted light
intensity.

Figure 3 shows representative SRS images at 1312 nm
collected from the EW part of each wood species. Several
studies evaluated the grain angle via the light scattering
patterns (Zhou and Shen 2003; Hu et al. 2004; Simonaho
et al. 2004). In addition, wood samples (e.g. rubber tree,
ulin and beech) with a higher density (with higher cell
wall-to-area ratio) show results with smaller light scat-
tering patterns. A further observation was that in the HW
or SW groups (where the main chemical substances were
similar), the light scattering pattern differences were still
evident. If it would be possible to enhance these differ-
ences, a high accuracy in the wood species identification
would be possible.

Figure 4 shows histogram plots of the SRS images
(Figure 3) with the histogram functions (0.01, 0.03, 0.05,
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Figure 4: Image histogram plot of the SRS images shown in Figure 3.

The frequencies at lower light reflectance ranges (0.01-0.03, 0.03-0.05, and 0.05-0.07) have apparent difference among the 15 wood species.
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Figure 5: Variance data plot of the 15 wood sample species (NIR wavelength range is 1002-2130 nm, with a 6.2 nm interval).
Each species include nine values at each independent wavelength. They were collected from three prepared samples and three different
measurement positions of each sample (earlywood part).

0.07, 0.09, 0.2, 0.4, 0.6, 0.8 and 1.0) as placed bins with a The frequencies (number of pixels) at lower light reflec-
non-uniform width, to reveal the underlying shape of the tance ranges (0.01-0.03, 0.03-0.05 and 0.05-0.07) show
distribution. The bins appear as rectangles so that the rec- apparent differences among the 15 wood species, which
tangle heights represent the number of the image pixels. can also be seen in Figure 3.
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Figure 6: 3D scatter plot using the first three PC scores calculated from the total variance values.
The differences among the 15 wood species can be clearly distributed.
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Figure 5 shows the plot of variances as calculated from
the frequency of the histogram plots. The NIR wavelength
range was from 1002 to 2130 nm, with 6.2 nm intervals.
Each species included nine values at each independent
wavelength. They were collected from three prepared
samples and three different measurement positions.
The pixels with light reflectance values under 0.01 were
ignored. Pronounced lower variance values were located
at 1200, 1450 and 1920 nm, which were attributed to C-H
and O-H group absorptions in wood.

Figure 6 shows the 3D scatter plot based on the first
three PC scores. The 180 variance values at independent
wavelengths are represented as numerical data based on
the PC loadings. The accumulated contribution rate was
97.7% (PC1: 85.7%, PC2: 9.9% and PC3: 2.1%). The differ-
ences in the first three PC scores for each species can be
clearly distributed.

The classification method was evaluated by QDA com-
bined with a five-fold cross-validation. Figure 7 shows the
detailed classification results with 94.1% cross-validation
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accuracy. It can be concluded that NIR-SRS-based HSI
technique is fast and robust in separating the 15 wood
species in the focus of this study.

Conclusion

Light scattering differences between wood species were
studied for species identification. To this end, NIR-HSI were
collected from a focused halogen light source (@ 1 mm) and
the images formed the basis for the evaluation of the light
scattering characteristics of five SW and 10 HW species.
The unique cell wall structures of these species were mani-
fested by different raw, spatially resolved images. The
five-fold cross-validation accuracy was 94.1% of the image
histogram plots, PCA of the frequency variances and QDA
classification. The accuracy can be improved by repeating
the same measurements on larger illuminated areas of the
samples, which would reduce the spatial microstructure
differences within the same species.
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Figure 7: Mixing matrix between true class and predicted class: the prediction accuracy of nine species was 100%, and other six species
had little errors under QDA combined with the five-fold cross-validation method.
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