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Abstract

:

The need to identify wood by its anatomical features requires a detailed analysis of all the elements that make it up. This is a significant problem of structural wood science, the most general and complete solution of which is yet to be sought. In recent years, increasing attention has been paid to the use of computer vision methods to automate processes such as the detection, identification, and classification of different tissues and different tree species. The more successful use of these methods in wood anatomy requires a more precise and comprehensive definition of the anatomical elements, according to their geometric and topological characteristics. In this article, we conduct a detailed analysis of the limits of variation of the location and grouping of vessels in the observed microscopic samples. The present development offers criteria and quantitative indicators for defining the terms shape, location, and group of wood tissues. It is proposed to differentiate the quantitative indicators of the vessels depending on their geometric and topological characteristics. Thus, with the help of computer vision technics, it will be possible to establish topological characteristics of wood vessels, the extraction of which would be used to develop an algorithm for the automatic classification of tree species.
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1. Introduction


Wood consists mainly of three types of tissue—vascular, mechanical, and reserve parenchyma. Their ratio and location are genetically set, and they serve to perform their physiological and mechanical functions in the stem [1,2,3,4,5]. The identification of the individual tree species is performed based on persistently repeating geometric shapes and groups that are characteristic for each species observed in the longitudinal and transverse section of the stem. For example, the location and quantitative ratio of vascular cells (vessels) are genetically pledged and determine the affiliation of species to the main groups of wood structure. It depends on many factors, but mostly on environmental conditions, the position of these tissues in the stem, the size and age of the stem, and more [1,2,3,4,5].



It was found that with increasing latitude there is a decrease in the size of the cellular elements in the wood. The vessels become shorter, narrower, increase in their density, the fibers are sometimes narrower, and the rays lower. Spiral thickenings appear on the walls of the vessels. Increasing altitude has similar but much weaker effects [6,7].



The size of individuals also affects the size of the vessels. Large trees rarely have pots with a diameter of about 50 (30) µm. The vessels most often have a diameter of 70 to 200 µm. Large trees are also the only ones that have vessels with a diameter greater than 200 µm. Conversely, small trees and especially shrubs have vessels whose diameter is 50–100 µm, or usually 50 µm [8].



The location of the vessels is predetermined in the cambial layer during the formation of the wood and by strong changes in the height of the stem [9]. It is believed that the overall increase in the size of the vessels and the decrease in their density from the leaves to the roots is due to the decreasing concentration of auxins [10]. However, the general opinion is that their distribution is not accidental and that it obeys essential, sustainable, and recurring patterns in plant development [11,12]. As a result, the spatial distribution of vessels often involves the presence of tracheids so that a parallel set of mechanical adaptations is periodically achieved simultaneously. These models have different distributions in monocotyledonous and dicotyledonous plants. In a study of many species, some results show that the increased presence of tracheids appears to reduce the tendency of vessels to cluster [13,14].



At the same time, vasicentric tracheids have been found to define a wide variety of strategies for grouping vessels to counteract cavitation [15]. The quantification of the optimal number of vessels is given by various mathematical models. It is assumed that there are different ways to optimize the number of vessels, depending on both the tree species and the environmental conditions [16].



A new field of research in wood science, in the field of machine learning, called computer-vision-based wood identification is progressing steadily towards the development of automated wood identification. It is currently just a minor topic in wood science and many wood anatomists are still inexperienced [17]. The majority of research has been on texture analysis techniques such as local binary pattern (LBP) or local phase quantization (LPQ) [18]. Additional authors suggest multidimensional texture analysis [19], wood texture grouping by a fuzzy logic [20], or histogram of oriented gradient (HOG) feature and support vector machine (SVM) [21]. Different types of neural networks have been examined to find out whether two species are very likely to be biometrically distinguished from their anatomy [22]. Deep learning architectures, such as Convolutional Neural Networks [23] and ResNet50 [24], have also been utilized.



The present study aims to determine some general characteristics of the shape and location of the vessels, which give grounds for their geometric and topological classification. These classifications are based on measurable quantitative indicators of the vessels, determining more precisely their shape, size, and location and defining the limits of variation of these indicators in the wood for the main anatomical patterns. In addition, the proposed classification could be useful for quantitative wood anatomy studies such as comparison of clones, differentiating growing patterns, and cell aggregations. They can also be used in algorithms aimed at the elaboration of image analysis. The purpose is to obtain information with a small quantity (the size, not for the number of entries) of input information to give quality (descriptive) anatomical pattern information. The obtained results will be highly informative entries for the construction of machine learning architectures.




2. Methods and Materials


2.1. Classification of Vessels According to Their Geometric Shape: Geometry Classes of Vessels


Despite the huge variety of deciduous tree species, the cross-sectional shape of the vessels do not differ much. From a geometric point of view, the vessels can be divided into three groups (Figure 1). In the first group, the shape can be likened to a circle or figure in which every two diameters are approximately equal, i. d1 = d2 (Figure 1a). In the second group of vessels, the shape can be defined as an ellipse, with the two mutually perpendicular diameters being different, most often as d2 > d1, with d2 most often oriented in the radial direction (Figure 1b). The shape of the third group of vessels can be defined as irregular or rounded-polygonal (“star” type). Here, more than two diameters will be needed to determine some generally accepted average quantitative parameters of the vessels, such as diameter, area, and the coordinates of the centroid of the vessel (Figure 1c) [3,13]. Each of these three classes of the geometric classification of vessels is a geometric primitive.



There are four diameters measured: radial, tangential, and two diagonals. Their lengths are measured and compared. If the differences are statistically insignificant, it is sufficient to say that the vessel is class A or a circle. If at least three of the diameter differences are greater than the quantitative criterion chosen above (see Figure 1c), the vessel is classified as class C or a star. If the difference between d1 and d2 is statistically significant, and the difference between d3 and d4 is statistically insignificant (see Figure 1b), then the vessel is class B or ellipse.



The indicators significantly depend on the geometric shape of the vessels and will largely depend on their belonging to one of the geometric primitives defined above. For example, vessel diameter is usually understood as the size of the vessel cavity in the tangential direction [15].



The shape of the vessels may depend on the tree species, its location in the annual ring, or its location in the group, if any (Figure 2) [6,7]. However, it is possible to determine not only the diameter and shape of the vessel but also the orientation of its large diameter [25].



This indicator is determined by several statistical characteristics, such as the average of the diameter and variance of the diameters of the individual vessels, as well as the span—the difference between the diameter of the smallest and largest vessel in the group of measured cells. To determine the affiliation of the vessels to one of the three primitives, the average diameter is calculated as follows:


   d  av   =  1 n    ∑   i = 1  n   d i   



(1)




where:




	
di—measured diameters of the vessel, as i varies from 1 to 4;



	
d1—the diameter in the tangential direction, in µm;



	
d2—the diameter in the radial direction, in µm;



	
d3, d4—diameters located below 45° degrees relative to the tangential and radial directions, in µm.








The geometric classification of the vessels made here is conditional from the point of view of the manner and clarity of their determination. However, it is essential for the biological conditionality of the shape of the vessels from the characteristics of the species composition and the peculiarities of the global habitat of the plants. Furthermore, it is one of the necessary conditions for the successful application of computer vision methods to automate the activities of accurate recognition of vessel’s form.




2.2. The Classification of Vessels According to Their Mutual Position (Arrangement)


2.2.1. Density Arrangement Classes of Vessels


When considering the location of the vessels, various indicators can be defined to determine their place in the tiny, microscopic sample, subject to a single measurement of the vessels. Yet, the density of the vessels has most often been determined using the indicator number of cells per unit area (δ = number/mm2) [2].



This approach is not appropriate in cases where the individual zones in the annual ring are examined or the microscopic sample is not complete (i.e., there is a rupture of the slide). For example, this indicator is difficult to determine concerning vessels in the early wood of ring-porous tree species. In the present study, we propose a solution to this problem by calculating the density based on a defined distance between cells (µ, μm).



Here, however, these distances are related to the size of the vessel diameters (Figure 3). It can be assumed that the presence of one or another quantitative and qualitative relationship would define the species or would serve to distinguish two or more species. This quantitative indicator has the following statistical characteristics: average, standard deviation, and limit values.



The distance between the vessels in relation to their diameter is now used to determine the individual classes. Four main density classes are defined, where every two or more adjacent vessels belong to one and only one density class. However, in the wood of a species, there may be more than one class of arrangement of vessels. Density arrangement class can be distinguished as follows:



Class A: the average distance between the vessels is greater than three times their average diameter (Figure 3a).


µmean > 3.dav



(2)







Class B: the average distance between the vessels is about twice their average diameter (Figure 3b):


µmean ≈ 2.dav



(3)







Class C: the average distance between the vessels is equal to their average diameter (Figure 3c), i.e., they touch at one point.


µmean ≈ dav



(4)







Class D: the average distance between the vessels is less than their average diameter (Figure 3d), i.e., they touch in a line and are irregularly deformed.


µmean < dav



(5)







As shown in Figure 2, in class A, the relative position of the vessels is characteristic of the wood of tropical species, which have a low density of vessels (Figure 3a). Class B occurs in most diffuse-porous species—beech, maple, poplar (Figure 3b). Class C, where the contacts between the vessels are at one point, occurs in the early vessels of the ring-porous ash (Figure 3c). Contacts with a whole wall (which is double) are observed in some species—mulberry, robinia (Figure 3d)—both as clusters and in a strictly radial or tangential arrangement of vessels.



The present group of vessels is considered as a structure in which the vessels are in contact with each other at a point or with a part of the wall [2]. Figure 4 shows a typical arrangement of the vessels, as the most common ratio between the distances and diameters of the vessels (µ/d) is exactly 1.5. For the groups with contact vessels, this ratio will be 1.0. However, some species form a characteristic pattern even when the vessels are at a certain distance. Therefore, quantitatively, the term group of vessels located close to each other is defined by any set of vessels spaced less than 1.5 times their diameter (µ < 1.5d). In automatic detection algorithms, the same element can be detected several times, with slight variations in coordinates and size. This condition will be used to distinguish between individual vessels and eliminate repetitions, taking into account the arrangement in the class.




2.2.2. Orientation Arrangement Classes of Vessels


When considering the above-mentioned groups of vessels, it is possible to study their spatial orientation in relation to the neighboring vessels (Figure 5). For example, when each cell is in contact with two and only two adjacent ones, it is possible to classify them according to their orientation as follows:




	-

	
Radial Orientation Class. Includes all vessels that are in contact with or close to their tangential walls (Figure 5a).




	-

	
Tangential Orientation Class. It is defined by all cells that are in contact with or close to their radial walls (Figure 5b).




	-

	
Diagonal Orientation Class. In the third group, there is mixed contact with both radial and tangential walls. If the vessels are arranged in a chain, the groups are defined as diagonal (Figure 5c).









In cases where the vessels are in contact with more than two adjacent cells, they should be considered as a cluster (Figure 5d), coinciding with classes c and d shown in Figure 3. In each of these groups (with a ratio µ/d of 1.5, 1.0 and 0.8), the orientation of the large diameter of the vessels will be different.





2.3. Quantitative Indicators Used in the Analysis of the Relative Position of the Vessels


The location of the vessels depending on the relationship between the diameters of the cell cavities and the distance between them have recently been considered. To further distinguish the individual variants shown in Figure 3, we offer a few summary indicators. Using the techniques of computer vision and computer processing, they will be calculated very quickly and accurately. In previous methods of measuring vessels, most of them are impossible to calculate.



The first indicator “A” is called the distribution coefficient of vessels. It connects the diameter and distance of the studied cells with the density of the vessels. It can be expressed by the formula:


  A =  δ   µ i  .   d ¯        



(6)




where:




	
   d ¯   —the average diameter of the two measured vessels, in µm;



	
µi—the distance between the centers of the two measured vessels, in µm;



	
δ—density of vessels in the sample, number/mm2.








When studying the location and average diameters of the vessels in the main wood structures (ring-porous, diffuse-porous, etc.), it can be assumed that the specified coefficient will be an effective quantitative indicator for determining the affiliation of a tree species to the corresponding group shown in Figure 5.



Thus, for the structures of vessels located close to each other (case 1) A = 2.0, when the vessels touch at one point (case 2) A = 3.0, and when the vessels are flattened and bordering a whole wall (case 3) A = 3.75. If the vessels are spaced apart (µ/d > 3.0), A will be less than 1.0. The variation of A within the annual ring will also be an indicator of the peculiarities of the wood structure and can be used as a classifier.



The second indicator “B” is called the coefficient of the influence of the side. It connects the diameter and the distance of the examined cells with the total area of the vessels as follows:


  B =  (    d ¯   .  µ i   )  / S  



(7)




where:




	
S—the total area of the vessels in the tiny, microscopic samples, in µm2 (The most commonly used magnification is 25 to 32×).








Since the total area of the vessels depends more on the environmental conditions than on the tree species, with this indicator, we aim to express the influence of these conditions on the structure of the wood. It can also be used as a classifier, as for the structures of vessels located close to each other (case 1) B = 1.06. When the vessels touch at one point (case 2) B = 0.85 and when the vessels are flattened and adjacent to a whole wall (case 3) B = 0.76. When the vessels are spaced apart (µ/d > 3.0) B will be less than 1.70.



The third (concentration coefficient), “C”, represents the ratio of the distance between the two cells studied (µι) to the average diameter of these cells (   d ¯   ):


  C =    µ i     d ¯     



(8)







When C < 1, we have a cluster or group in which the cells are flattened and bordered by a whole wall (density arrangement class D, Figure 3d). In C ≈ 1.0 they contact only at one point (density arrangement class C, Figure 3c). At C 1.5, the vessels are closely spaced so that they can form a recognizable texture. At C ≈ 2.0, the vessels are spaced far enough apart so that they can be defined as solitary (density arrangement class B, Figure 3b).



Due to the great variety of wood structures, the first main case of vessel arrangement can be divided into subclasses where C ≈ 3.0; 4.0; 5.0; etc. (density arrangement class A, Figure 3a).



The fourth (coefficient of diffusion), “D”, is reciprocal to the previous one. It represents the ratio of the average diameter between two measured cells (   d ¯   ) to the distance between them (µι):


  D =    d ¯     µ i     



(9)







Thus, for the structures of vessels located close to each other (case 1) D = 0.667, when the vessels touch at one point (case 2) D = 1.0, when the vessels are flattened and adjacent to a whole wall (case 3) D = 1.25, and when the vessels are spaced apart (µ/d > 3.0) D will be less than 0.333.



If these indicators are calculated for a series of vessels located in a radial strip, this will allow the variation of their values to be traced within the annual ring. This would help in determining the growth zones of tropical tree species. These indicators can also be used in the study of the wood of coniferous tree species. It should be noted that there the arrangement is only class D, as the tracheids are located close to each other.



For the three indicators, the average of all measured cells, the standard deviation of these values, and the range (i.e., the difference between the maximum and minimum value) are determined. The values of these indicators can be used in the comparison of tree species but can also be considered as histograms. For example, in the species shown in Figure 4, it will be dominated by C = 1.5, while in these species with many grouped vessels, values of C = 1.0 will prevail.




2.4. Methodology of Experimental Research


There are 76 species included in this study. Richter and Dallwitz [26] cite the data used in this study for these species, as well as the figures used in this text (Figure 2 and Figure 4). We use only cross-sectional data with the same scale as in the cited source, and it is indicated by a marker in the proposed figure. The selected species are specific representatives of the groups in the new classification under discussion. The diagrams show the distributions of the values of the studied indicators. Therefore, when presenting the results, only one circular-porous species, one scattered-porous species, and one species with tropical wood were selected. The density of the vessels, the average diameter, and the distances between them are determined. The total area of the vessels is calculated, as well as the coefficients proposed in this study.



The most distinctive part of the sample must be taken when determining the measuring vessels. The closest 2–3 cells are selected. The cells to be studied are chosen in the following manner: a section descends in a radial direction forward from the center of the chosen (called the first). The vessels listed below are ordered clockwise and 3–5 vessels are selected. Their diameters and the distance to the first cell are determined. The next one is chosen again in the radial direction, i.e., in the direction of the tree growth, etc. The distances between them are always graded as minimum µmin, maximum µmax, and intermediate µav. The distances between the centers of adjacent vessels are calculated as Cartesian:


   µ  av   =  1 n    ∑   i = 1  n   µ i   



(10)




where:




	
µmax—the maximum distance between the centers of the vessels, in µm;



	
µmin—the minimum distance between the centers of the vessels, in µm;



	
µmean—the intermediate distance between the centers of the vessels, in µm;



	
n—the number of distances ranging from 2 to 3.










3. Results and Discussion


3.1. By Quantitative Indicators


3.1.1. Diameter of Vessels


This quantitative indicator varies significantly in the individual main wood structures. In some of them (e.g., the ring-porous ones) these differences are the main characteristic. There are also significant differences between species. In the diffuse-porous species it is the smallest—the average value is 62.3 µm—while in the tropical species, it is 184.3 µm.



For ring-porous species, it is 124.4 µm, but here the averaging is quite conditional. An important statistical characteristic is the standard deviation of these values. The biological meaning of dispersion is that the lower it is, the closer the vessels are in diameter and vice versa. For ring-porous dispersion, it is 31.1 µm with a range of 96.1 µm. In the case of diffuse-porous species, the value of the dispersion is 19.8 µm with a span of 67.7 µm. In the tropical tree species, its value is 66.7 µm with a range of 269.0 µm. It should be noted that these are average values of the main wood structures. Half of the diffuse-porous species have dispersion values of 2 to 5 µm. For tropical species, the basic values are from 20 to 40 (60) µm.



Statistical indicators cannot describe the location of the vessels, but the distribution of diameters in a general range can show many of the characteristics of this quantitative indicator (Figure 6a). While in ash there is a characteristic bimodal distribution of large (early) and small (late) vessels, in beech there are diameters collected in a narrow range and up to 90 to 100 µm. In the tropics, this range is much wider and shifted to larger diameters.




3.1.2. Distance between Vessels


This quantitative indicator also varies considerably with the individual main wood structures. The differences between the species are even more characteristic. In the diffuse-porous species it is the smallest, the average value is 136.6 µm, while in the tropical species, it is 538.5 µm. The ring-porous ones are somewhere in the middle with an average value of 209.6 µm. Here, the standard deviation of these values is also very important.



The lower it is, the more evenly spaced the vessels and vice versa. In the case of diffuse-porous species, the value of the dispersion is 59.5 µm with a range of 209.8 µm. In the tropical species, its value is 265.5 µm with a range of 1399.6 µm. Here, the largest values reach 1500 µm, i.e., from which it can be seen that it is indeed possible for the existence of species that in certain areas of one square millimeter to be absent in the presence of vessels.



To show the peculiarities of this quantitative indicator, we chose the same tree species (Figure 6b). The figure shows how the beech is collected in a narrow range, with small values. In ash, the small distances are in the vessels of the early wood, while the vessels in the late wood are separated at greater distances from each other. In padauk, the histogram can be divided into three ranges (Figure 6b). In the middle is the main group of vessels, but some are separated from the rest at considerable distances. The presence of all three tree species at distances of about 50 µm indicates that these are most likely paired vessels.



Due to the biological peculiarities in the formation of wood, in further research, an analysis of the orientation of the large and small distances between the vessels can be made.




3.1.3. Coefficient of Distribution A


This is one of the quantitative indicators that give us reason to separate tropical species into a separate basic wood structure. While the values of ring-porous and diffuse-porous differ by about two times (A = 12.6 and A = 33.0, respectively), the difference between tropical species is about 100 times in respect to both the previous ones (Figure 7a). The greatest value here is the mansonia, which slightly resembles the diffuse-porous ones, but with its A = 2.49. The smallest value in the diffuse-porous species is in the hornbeam (A = 6.38).



Standard deviation is not so important here, but it is noteworthy that in ring-porous and tropical species it is numerically larger than the arithmetic mean. Such species are elm, chestnut, limba, and obeche.




3.1.4. Coefficient of Site B


At this ratio, the differences between the species growing in the temperate zone and the tropics are also significant. There are also differences between the main wood structures. In the case of ring-porous species, the average value of B is 1.05, while in the case of diffuse-porous species it is almost twice less at 0.58. In the tropical species, this value is significantly higher at 7.25.



The distribution of values in the tree species shows some of the characteristics of the main wood structures. In the case of the diffuse-porous ones, as a rule, it is concentrated in a narrow range to the small values, while in the tropical ones they are located wider and at higher values, and there are no values higher than 30 (Figure 7b).




3.1.5. Coefficient of Concentration C


This is one of the main indicators used in the classification of species. Although the values of the individual construction structures are close, their distribution is important and carries a lot of diagnostic information (Figure 7c). After analyzing the results of all studied species, the group of vessels located at large distances (µ > 3d) is divided into three—µ = 3d, µ = 4d, and µ > 5d.



We add two more: µ = 1.5d and µ = 2.5d. Although it is possible to calculate this coefficient within the annual ring, it is important to note that it eliminates the difference between early and late wood. If the automatic recognition of the vessels makes it possible to follow the measured vessels in the radial direction, it will be possible to trace the change of the values in the early and late wood.



Figure 7c shows values at which the distance is equal to or less than the diameter of both early and late wood vessels. It can be seen from the figure that the vessels of beech are relatively evenly distributed, both at the beginning and the end of the ring. In ash, the low values are probably for the vessels in the early wood, while the high values are for the vessels in the late wood.



In padauk, there are values in almost the entire possible range. The average value for this coefficient for ash is 2.9 (as a total for ring-porous species, it is 1.96). It is very close to that of the padauk whose coefficient 3.03 (the average for the tropics is 2.97). However, the comparison and classification of species follow the sequence of these coefficients (from 4.1.1 to 4.1.5) and there can be no confusion between these two species. The value of this coefficient for beech is 1.84, with an average value for scattered-porous of 2.23.




3.1.6. Coefficient of Diffusion D


The coefficient D is reciprocal to C, and the distribution of values is more important than their average value (Figure 7d). The average values of the main wood structures are close and do not carry the information necessary for the classification of the species. For ring-porous species, the average value is 0.68, for diffuse-porous species it is 0.57, and for tropical species, 0.48. Here, too, the standard deviation makes little biological sense. In total, for most species, the values of this indicator are scattered throughout the range. They are more useful for comparing individual species than for distinguishing main wood structures.





3.2. According to the Main Wood Structures


3.2.1. Ring-Porous Tree Species


This wood is characterized by a clear division of early-large and late-small vessels. The obtained average value for the density of the vessels is 35 mm2. The lowest values are obtained for Robinia (8 mm2), and the highest for Elm, Ulmus (55 mm2). The obtained average value for the diameter of the vessels is 124.4 µm.



In these species, this averaging is most conditional due to the large difference in vessel diameter in early and late wood. That is why histograms are especially useful here, showing the actual distribution of values. The obtained average value for the distances between the vessels is 209.6 µm, the lowest being in Ulmus (115.6 µm) and the highest in Robinia (319.2 µm).



These two wood species determine the limits of variation of most indicators. With this main wood structure, it is important to study the orientation of the large and small distances between the vessels. The small ones will be inside the groups, and the big distances are those between the groups. For example, in Ulmus, the large ones will be oriented mainly radially, while in Quercus, they will be oriented mainly tangentially. The average value of coefficient A is 12.6 and of the coefficient B, 1.05. The values of the coefficients C and D are 1.96 and 0.68, respectively.




3.2.2. Diffuse-Porous Tree Species


Diffuse-porous wood is made up of numerous small vessels. The obtained average value for the density of the vessels is 138 mm2. The lowest values are obtained for Hornbeam, Carpinus (80 mm2) and the highest for Pear, Pyrus (240 mm2). The obtained average value for the diameter of the vessels is 62.3 µm. Although in this structure the vessels are similar in diameter in both early and late wood, the distribution of values in histograms also provides useful information.



The average value of the distances between the vessels is 136.6 µm. Here the dispersion is very small because in these types of combinations it is located almost evenly 59.5 µm. The values of the calculation coefficients are very different from those of the ring-porous ones. The average value of coefficient A is 33.0 and of the coefficient B, 0.58. The value of the coefficient C is 2.23 and that of D is 0.57.




3.2.3. Tropical Tree Species


These are species in which the cambium works continuously throughout the year. We have lately tried to separate these species into a separate main wood structure due to the large differences in the quantitative indicators of their anatomical structure. Some tropical trees are important for the woodworking and furniture industry, while others have a very characteristic structure of the vessels.



These species cover almost the entire variety of textures, which will be very useful for the subsequent classification of species. For tropical tree species, the average vessel density is very low (9 mm2). The lowest values vary from 1–3 mm2 (balsa, dabema, padauk, etc.), and the highest is about 30 mm2 (mansonia, louro branco, mukulungu, brazilwood, etc.).



It is important to note that the highest values are significantly lower than the density in the diffuse-porous species. The obtained average value for the diameter of the vessels is 184.3 µm and the standard deviation is 66.7 µm. It should be noted that standard deviation is of particular importance here. The lower it is, the closer the vessels are in diameter and vice versa. The obtained mean value for the distances between the cells is 538.5 µm and the dispersion is 265.5 µm.



These values are many times greater than the distances in the diffuse-porous species. Therefore, we consider it justified to separate these species into a separate main wood structure, called tropical wood. When examining the distances between vessels, the standard deviation is also very important. The smaller it is, the more evenly spaced the vessels are. The average value of coefficient A is 0.36 and of the coefficient B, 7.25. The values of the coefficient C is 2.97, and D is 0.48.




3.2.4. Wood with a Transitional Structure


This wood is characterized by a gradual decrease in the diameter and density of the vessels within the annual ring. It is a conditional combination of semi-ring-porous wood (such as walnut and hickory) and semi-diffuse-porous wood (such as cherry). In the former, the change in the diameters of the vessels is more significant than their density, and in the latter, it is the opposite.



When analyzing the values of the quantitative indicators and the possibilities of the automatic recognition of the vessels, it becomes clear that it is better to divide this main structure of the construction into two and to join them respectively to the ring-porous and diffuse-porous species.






4. Conclusions


Initial research has shown that the structure of wood can be successfully classified in a new way that allows the use of quantitative indicators. They are defined to be able to correctly use the methods and advantages of computer vision. The shape, location, and mutual arrangement (grouping) of the vessels can be defined with the limits of variation of these indicators.



Thus, tree species with a specific anatomical structure can be divided into separate groups to help classify them for their automatic recognition. The study of the proposed quantitative indicators in experimental conditions will give evidence of the practical use of this classification.



The analysis of the quantitative indicators allows for the differentiation of a new main wood structure or to eliminate the existing one. Tropical wood already has its quantitative indicators, very different from other main wood structures. At the same time, it would be difficult to separate semi-ring-porous species from ring-porous species and semi-diffuse-porous species from diffuse-porous species.



To improve classification methods, future studies should include an analysis of the orientation of the distances between the cells.
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Figure 1. Cross-sectional shapes of vessels (geometric primitives): (a) round; (b) ellipse; (c) star. 
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Figure 2. Cross-sectional shapes of vessels depending on the tree species and grouping. (a) round in limba (Terminalia rubiginosa); (b) ellipse in dabema (Piptadeniastrum africanum); (c) star in aniegr (Aningeria robusta) and (d) ivy (Hedera helix) [26]. 
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Figure 3. Scheme of the classes of mutual arrangement of the vessels depending on their density, represented by the distance/diameter ratio; (a) µmean > dav; (b) µmean ≈ 2dav; (c) µmean ≈ dav; (d) µmean < dav (The arrows indicate the specified diameter di). 
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Figure 4. Examples of species forming a characteristic morphology without contact between vessels. (a) Bulnesia arborea; (b) Calophyllum brasiliense; (c) Castanopsis malayana [26]. 
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Figure 5. Distribution of the vessels depending on their orientation and the number of their contact walls. (a) radial groups; (b) tangential groups; (c) diagonal groups; (d) clusters. Of the shown structures, the ratio µ/d is 1.0 and 0.8. 
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Figure 6. Distribution of vessels in ash (Fraxinus, ring-porous), beech (Fagus, diffuse-porous), and padauk (Pterocarpus, tropical): (a) with different diameters and (b) with different distances. 
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Figure 7. Distribution of vessels for ash, beech, and padauk: (a) with different values of the coefficient A. Distance between vessels, µm. Distribution of vessels, %; (b) with different values of the coefficient B; (c) with different values of the coefficient C (µ/d); (d) with different values of the coefficient D. 
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