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Abstract

:

Stem analysis is an essential aspect in forestry investigation and forest management, as it is a primary method to study the growth law of trees. Stem analysis requires measuring the width and number of tree rings to ensure the accurate measurement, expand applicable tree species, and reduce operation cost. This study explores the use of Open Source Computer Vision Library (Open CV) to measure the ring radius of analytic wood disk digital images, and establish a regression equation of ring radius based on image geometric distortion correction. Here, a digital camera was used to photograph the stem disks’ tree rings to obtain digital images. The images were preprocessed with Open CV to measure the disk’s annual ring radius. The error correction model based on the least-square polynomial fitting method was established for digital image geometric distortion correction. Finally, a regression equation for tree ring radius based on the error correction model was established. Through the above steps, click the intersection point between the radius line and each ring to get the pixel distance from the ring to the pith, then the size of ring radius can be calculated by the regression equation of ring radius. The study’s method was used to measure the digital image of the Chinese fir stem disk and compare it with the actual value. The results showed that the maximum error of this method was 0.15 cm, the average error was 0.04 cm, and the average detection accuracy reached 99.34%, which met the requirements for measuring the tree ring radius by stem disk analysis. This method is simple, accurate, and suitable for coniferous and broad-leaved species, which allows researchers to analyze tree ring radius measurement, and is of great significance for analyzing the tree growth process.
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1. Introduction


The tree growth model is an important method to evaluate tree growth, where stem analysis data is necessary to establish the model. We can obtain the change rules and growth process of factors such as diameter at breast height (DBH), tree height, form factor, volumes, and growth rate of the tree species. During stem analysis, the stem disk measurement is one of the primary steps, and the accurate number and spacing of tree rings are the basis to determine the growth of trees. Stem analysis is of great significance for the monitoring of forest tree growth state [1]. Annual rings are the archives of trees used to study forest yield, basal area increment, forest patch dynamics, insect outbreak, and tree growth response to climate change [2,3,4,5,6]. Tree ring width measurement mainly includes the microscope method [7], the image method [8], the ray method [9], and the tree ring analysis system based on a combination of the microscope and image methods [10]. Traditional tree ring identification methods mainly rely on manual measurement, which is laborious, inefficient, and prone to fatigue error [11]. When tree ring images are too complex, auxiliary methods should be used, like a magnifying glass to observe the surface after soaking, and chemical staining. In most cases, the rings are not uniformly round, and the irregular extension of the ring boundaries results in boundaries of different years not being parallel to each other. At the same time, the long-term preservation of disks requires an appropriate storage environment. If the disks are stored for a long time, dehydration will cause the wood to become dry, crack, and deform, increasing errors in second measurements. Moreover, the transportation of large volume disks is difficult.



The tree ring measuring instrument is the main hardware tool for measuring the width of tree rings. At present, the mature tree ring measurement tools include the LINTAB tree ring analyzer, Win DENDRO tree ring measurement and analysis system, and LA-S plant image analysis system. The LINTAB tree ring analyzer measures the width of the year ring by a rotating wheel control and high-resolution microscope positioning technology, but the working environment of the equipment is required to be high, and the application scope of the instrument is limited [12]. The Win DENDRO tree ring measurement and analysis system uses a high-quality graphic scanning system to measure the tree ring width. However, drilling cores or stem disks are collected from the field, dried, and polished before being used for analysis, which is complicated and expensive [13]. The LA-S plant image analysis system has the function of automatically judging tree rings and width, and can automatically generate analysis chronology, but its purchase cost is relatively high, so it is not a universal tool [14].



Since the 1980s, computer vision technology has been applied to tree ring detection [15,16], and it is efficient to use digital images for stem analysis [17]. Thetford et al. [18] applied image processing method to tree chronology research to measure tree ring width in 1991. A scanner or camera performs the tree ring image acquisition. The former can ensure that the image is not deformed, but is limited by conditions. The latter is deformed but flexible and more practical. In cases where the disk is too large, the working environment is in the field, the tree rings measured are cultural relics, or the rings measured are fragile (decayed wood, charcoal wood), the scanning method cannot be used for imaging; therefore, many scholars use digital cameras to take pictures and use image technology for tree ring data collection. For example, the R software package measurement method is used to measure tree ring width [19], but the measurement operation needs to be carried out in the command-line interface. The tree ring’s width can also be measured by AutoCAD [20], but this method requires AutoCAD to read the disk image and the operation is complex. ArcGIS platform can be used to measure the tree ring, but software would need to be purchased separately [21]. The feature detection algorithm is used to determine the feature points of the tree ring images, and then analyze the number and width of tree rings [22]. However, the extracted tree rings are prone to lack of rings, which cannot meet stem-disk ring-width measurement requirements. For conifer samples, using the edge detection algorithm of machine learning is better, but this method is only applicable to samples with good visibility. For species with complex anatomical structures, such as broadleaf species, the transition between early and late wood is not obvious, making automatic identification difficult. Simultaneously, a scar on a tree ring can easily be mistaken for a part of the ring, affecting the width measurement of the tree ring interval [23]. In addition, some scholars designed image processing software to measure the ring width. Newton [24] developed a stem analysis data processing and calculation algorithm and related software suite, but the system is only suitable for stem analysis of temperate and northern forest species. Luo [25] used PCI Geomatica 8.2 remote sensing image processing software to measure the tree ring width of the sample core, and corrects the width of the inclined tree ring according to the principle of a trigonometric function, but the improvement of the accuracy after correction is uncertain. Levanic [26] developed a tree age image acquisition system named ATRICS that also requires expensive software.



There are many studies on ring width measurement using images, but they rarely consider the geometric distortion of image edge, so the measurement accuracy needs to be improved. Therefore, we explore to improve the measurement accuracy by establishing an error correction model to correct the geometric distortion of the image edge, and use the Open Source Computer Vision Library (Open CV) to design a set of tree ring image preprocessing algorithms and tree ring width measurement algorithm. Open CV is an open-source computer vision software, which is light and efficient [27], and can reduce the cost of measurement. In this study, based on the digital images of tree rings taken by digital cameras, an error correction model is established to correct the geometric distortion of image edge. Then, the regression equation of ring radius based on error correction is established to realize the measurement of ring radius. Finally, the image measurement system of tree ring is developed based on this research method. The method of measuring ring radius in this study is simple and easy, with high accuracy. It is suitable for coniferous tree species with a clear ring, and broad-leaved tree species with unclear early and late wood boundaries. When there is no professional ring measuring instrument or software, this method has more practical significance, and improves the overall processing level of trunk analysis data.




2. Materials and Methods


2.1. Experimental Data and Stem Disk Shooting


2.1.1. Data Sources


The experimental data sets of this study are self-drawn imitation data and Chinese fir stem disk data, as shown in Figure 1.



Three drawn stem analysis disk samples were measured in four directions to measure the width, and the average values of the measurements in four directions were used to represent the real data set, to verify the research techniques and methods in this paper. The data are shown in Table 1.



The data of Chinese fir stem disks was used as the test data set, and two stem disks were selected. Three people measured the annual ring radius data. The average value measured by three people was used to compare the accuracy with the subsequent tree ring radius identification data, to verify the practicability of the technical method in this study. The data are shown in Table 2.




2.1.2. Image Data Acquisition


The four measurement directions of east, west, south, and north and the segment number are marked on the disk. A measuring direction line and a vertical line of the measuring direction were drawn on the stem analysis disk with a pencil through the pith. A ruler was placed along the measuring direction line to measure the radius line, to locate the zero in the pith. A digital camera or mobile phone was used to take images of the imitation stem analysis disk and Chinese fir stem analysis disk. The shooting diagram is shown in Figure 2, and the images were stored in JPG format. When shooting, the lens surface was kept parallel to the stem disk’s surface, ensuring that the measurement path was parallel to the upper and lower edges of the viewfinder window. Scattered light provided the best lighting condition.




2.1.3. Image Preprocessing and Pixel Coordinate Extraction


Digital images of the annual rings of the disks are RGB (Red-Green-Blue) images taken under natural conditions, the images easily influenced by natural light and shadow, collected images tend to have much noise. In the ring parameters measurement, ring boundary characteristics are the important basis of ring radius measurement. Therefore, it is necessary to preprocess the original image to eliminate the image’s uneven background illumination and highlight the core of the pith and ring boundary. Image preprocessing steps are as follows, the detailed parameter description of the function can be found in Appendix A.



Step 1. Call the function cvtColor ( ) to gray the read image. Image grayscale processing can retain the image information of interest, reduce the size of the image effectively, and provide the save and process conveniently for the processor.



Step 2. Call the function threshold ( ) to binary the read image. It can reduce the amount of image data and highlight the contour of tree ring.



Step 3. Call the function resize ( ) to scale the tree ring image according to any specified value to improve the click accuracy of the tree ring.



The measurement path is created after image preprocessing from the pith to the bark, locating the point position of the annual ring. The user can select the measuring path with the mouse, then drag and click the corresponding tree-ring point. The system collects the pixel coordinates of the measured points and saves the results in the data table for that disk. The measurement procedure calls the function circle ( ) to obtain coordinates and display them, the detailed parameter description of the function can be found in Appendix A.





2.2. Research Methods


In this study, the measurement of the ring radius is to use the pixel coordinate capture function of the Open CV to realize the conversion between the pixel coordinate and the ring width, and indirectly realize the measurement of the ring radius. However, when the image is taken, the geometric position of the image edge will be distorted. Therefore, the geometric distortion correction model is established in this study, and then the geometric distortion correction model is introduced into the regression model of ring radius to improve the measurement accuracy of ring radius. The experimental process is shown in Figure 3. The specific steps are as follows:



Step 1. Preprocessed the original digital image. The preprocessing process includes image graying and binary.



Step 2. Extract the pixel coordinates of annual rings, use pixel distance and actual distance to get the scale, measure the annual ring radius data of image.



Step 3. Establish the geometric distortion correction model by error value and the ring radius pixel distance.



Step 4. Establish the regression model of annual ring radius based on error correction and test its accuracy.



2.2.1. Calculate Ring Radius


The measuring scale was obtained from the pixel coordinate value and a ring radius with a true width, in accordance with the scale formula. The remaining annual ring radius of the analytic stem disk is obtained. The specific calculation principle is as follows: click on the digital image of pith o, the system records the coordinates of the pith core in the computer image coordinates (   x o   ,       y   o   ), and then click the intersection point a between any growth ring on the analytic stem disk and the measurement path, get the coordinates (   x a   ,       y   a   ) of the point in the computer image coordinates access to that point in computer image coordinates. Simultaneously, read the actual length      R a   ′    from point o to point a on the scale. According to the two-point distance formula of computer image coordinates, the pixel distance    d a    between two-pixel points is obtained, and Equation (1) is used to calculate the pixel distance      d   a   .


   d a  =      (   x a  −  x o   )   2  +    (   y a  −  y o   )   2     



(1)







Click other tree rings on the digital image at the point b where they intersect with the measured path. The system obtains point b in the computer image coordinates (   x b   ,    y b   ), and automatically calculates      d   b   . The actual radius of the tree ring at point b is       R   b  ′   . The scale formula is shown in Equation (2).


     d a     d b    =      R b   ′       R a   ′     



(2)







Substitute Equation (1) into Equation (2) and transform to obtain Equation (3).


     R b   ′  =      R a   ′       (   x b  −  x o   )   2  +    (   y b  −  y o   )   2           (   x a  −  x o   )   2  +    (   y a  −  y o   )   2       



(3)







Click the remaining tree ring points in turn on the digital image to obtain tree ring point coordinates, and then the uncorrected tree ring radius number      R b   ′    can be obtained.




2.2.2. Measurement Error Correction


In measuring tree ring radius, many error factors affect the measured value, including geometric distortion in image and the error when clicking on the measuring point. In this study, the disk image was enlarged to pixel level in the retractable window, so the error when clicking the measuring point has little influence on the accuracy and can be ignored. The shooting of the images was performed using the small hole imaging principle; its physical property makes the light in the optical center position in a straight line, but with the distance between the light and the axis of the optical center, the refraction effect caused by the lens is more obvious. This creates a lens distortion, which is more evident at the image edge [28,29]. Therefore, on the premise of ensuring that images were taken, and tree ring data obtained by clicking are in line with standard specifications as far as possible, the influence of the pixel distance from the ring to the pith on the geometric distortion error is analyzed.



In this study, error separation technology is adopted in the process of tree ring radius measurement, the error value is not measured in advance, eliminating it during the data processing. The limited samples’ measured values were stored in the computer, and the geometric distortion correction model is constructed by using the error values of sample points. That is, the error values are fitted into an error curve, according to which the measured values can be corrected. Then, the basic model and the error correction model are combined, and the prediction model of ring radius based on error correction is constructed through the correction function method. The correction function consists of the basic function and the error correction function, combined in any form. The expression is as Equation (4).


  R  ( x )  = f  ( x )  ⊕ u  ( x )   



(4)







In the Equation (4),   R  ( x )    is the correction function;   f  ( x )    is the basic equation;   u  ( x )    is the error correction function composed of correction variables, which can be in various functional forms; the symbol  ⊕  represents the operation mode, which can be addition, subtraction, multiplication, division, or some unstructured combination form.



The establishment of the prediction model of ring radius based on error correction mainly includes the following three steps.



Step 1: Determine the basic equation. The computer image pixel distance formula (Equation (1)) and scale formula (Equation (2)) are selected as the basic model.



Step 2: Establish the error correction function. The pixel distance to the pith will affect the error value, therefore, the error correction function   u  ( x )    is constructed with the pixel distance from the ring to the pith as the variable.



Step 3: Determine the combination form of basic function and error correction function. In this paper, the basic function and correction function are combined in an unstructured way to establish the ring radius’s regression equation based on error correction.






3. Results


3.1. Obtain the Uncorrected Ring Radius


The coordinates of the intersection of the radius lines from the pith and the rings of each ring were recorded through the system window to extract the ring number and ring radius. The pixel distance is converted into the actual distance by scale calculation, the ring radius of each ring in four directions was obtained, and the measured results were compared with the ring radius measured by hand for verification. The measured data are shown in Table 3. In Table 3, to compare with the actual value, the measured value is rounded to two decimal places.




3.2. Geometric Distortion Correction Model


The tree ring radius value measured by the automatic tree ring radius measurement algorithm (measured value) and the tree ring radius value measured by hand (true value) were compared and verified. The difference between the measured value and true value is the error value, the measuring error u can be represented by Equation (5). Figure 4 shows the error distribution of the distance between different tree rings and the pith in the experimental measurement, and it can be seen in the unadjusted cases. The farther the ring is from the pith, the greater the measurement error is.


u = measured value − true value



(5)







According to the error terms’ distribution trend in Figure 4, the exponential regression and polynomial regression models to fit the error terms were compared and analyzed the fitting effects of the two models. The determination coefficient R2 was used to evaluate the fitting results of the model accuracy. The determination coefficient R2 reflected the confidence of the model fitting. The determination coefficient R2 is calculated by Equation (6).


   R 2  = 1 −     ∑   i = 1  n     (   y i  −    y i   ^   )   2      ∑   i = 1  n     (   y i  −    y i   ¯   )   2     (    n − 1   n − p − 1    )   



(6)







In Equation (6), n is the number of independent variables,    y i    is the true value,      y i   ^    is the estimated value, and p is the number of independent variables.



3.2.1. Exponential Regression Model


The equation   y =   ae   bx     expresses the type of exponential curve, and the trend line is generated by   log  ( y )  = log  ( a )  + bx  . If     y ′   = log  ( y )    and     a ′   = log  ( a )   , we can straighten it to     y ′   =   a ′   + bx  .



The pixel distance x and absolute error u(x) from the measurement point to the pith were used to establish a single-factor exponential curve regression model, as shown in Equation (7). In Equation (7), u(x) is the error value, x is the distance from the measurement point to the pith, and a and b are the correction model parameters.


  u  ( x )  =   ae   bx    



(7)







The data scatter diagram after transformation is nonlinear, and the fitting effect after nonlinear regression is shown in Figure 5.



According to the least square method to estimate the model coefficients, the best estimator of a and b is a = −6.10064 and b = 0.02495. The goodness of fit R2 of this model is 0.6685, and the fitting effect is fair. Equation (8) of the exponential regression model is as follows.


  u  ( x )  = 0.00224  e  0.02495 x    



(8)







After error correction with the exponential regression equation, the predicted value was compared with the real value to obtain the model residual diagram (Figure 6). The overall residual of the model fluctuates randomly around 0. In the ring close to the pith, the correction effect of the model is good, and the residual is distributed between (−0.05 cm, 0.05 cm). However, for the ring far away from the pith (the radius is more than 8 cm), the residual shows an increasing trend, indicating that the random error term may have heteroscedasticity.




3.2.2. Polynomial Regression Model


Polynomial geometric distortion correction model is adopted. According to the aberration theory, the influence of the high-order distortion coefficient on the distortion quantity is much smaller than that of the low-order distortion coefficient, so the high-order part is usually ignored. Too many geometric distortion coefficients will lead to too much calculation, and the calculation accuracy is not significantly improved. Therefore, only the first three radial distortion coefficients are considered in the geometric distortion model. The geometric distortion model is expressed as Equation (9). In Equation (9), u(x) is the error value, x is the distance from the measuring point to the pulp core, and    α 0  ,  α 1   , and    α 2    are the parameters of the correction model.


  u  ( x )  =  α 0  +  α 1  x +  α 2   x 2   



(9)







Under the condition of given measurement points, the fitting order of polynomial based on the least square method is too low, and the fitting effect is not ideal. However, when the fitting order is too high, the fitting curve swings a lot, and its coefficient matrix is ill-conditioned, with reduced reliability and complicated calculation. In this study, the least-square fitting polynomial was used to establish the error correction model, and the best-estimated value of        α   0  ,  α 1  ,   and    α 2    was obtained as    α 0   = −0.00797112,    α 1    = 0.00017254,    α 2    = 0.00000503. The fitting effect is shown in Figure 7.



The goodness of fit R2 of this model is 0.8649, and the polynomial regression model Equation (10) is as follows:


  u  ( x )  = − 0.00797112 + 0.00017254 x + 0.00000503  x 2   



(10)







The polynomial correction model was used to correct the measured values, and the predicted and the actual values were compared to obtain the model residual graph (Figure 8). The residual is significantly reduced after correction, and the overall residual fluctuates randomly around 0. The residual is uniformly distributed in the range of (−0.05 cm, 0.05 cm) as a whole, especially for the growth rings far away from the pith.



Through the above comparative study, we concluded that, compared with exponential regression model, polynomial regression model has better correction effect. However, the residual graph of polynomial regression model still has the problem of trumpet distribution, which indicates that the model may have heteroscedasticity. We tried to use weighted least square method to eliminate heteroscedasticity. The corrected residual is shown in Figure 9. Nevertheless, considering the evaluation accuracy and residual map of the model, the polynomial regression model after eliminating heteroscedasticity is used as the geometric correction model, and the regression equation of ring radius based on error correction is constructed.





3.3. Comparative Analysis of Exponential Fitting and Polynomial Fitting Results


The exponential regression model and polynomial regression model were introduced into the tree ring radius extraction equation respectively, and the regression equation of measuring pixel distance and tree ring radius was established. The equation measures the tree ring radius, and the measurement error of the two models is compared and analyzed. In the regression equation of tree ring radius,   R  ( x )    is the tree-ring radius to be solved,  x  is the pixel distance from the measuring point of the system to the pith,    d 1    is the true value of the ring radius of a circle known, and    x 1    is the pixel distance between the ring of a circle known and the pith.



The exponential correction model was introduced into the tree ring radius extraction equation, and the tree ring radius regression equation based on the exponential correction model was obtained. The equation is expressed as Equation (11).


  R  ( x )  =   0.01076 + 1.00417    d 1     x 1    x + 0.00095  e  0.02495 x    



(11)







The polynomial correction model was introduced into the tree ring radius extraction equation, and the regression equation of tree ring radius based on the polynomial correction model after eliminating heteroscedasticity was obtained. The equation is expressed as Equation (12).


  R  ( x )  =   0.042125 + 0.99283    d 1     x 1    x − 0.0003471 x − 0.00000226  x 2   



(12)







Two tree ring radius regression equations were used to predict the tree ring radius, and the difference between the predicted value and the true value (Table 1) was taken as the error value. The error values of the two tree ring radius regression equations were compared, and the results are shown in Figure 10.



Results show that an effective regression equation of tree ring radius can be established by measuring the pixel distance of the point and the tree ring radius. Error-values using the polynomial correction model regression equation are lower than the calibration model based on the exponential regression equation. The ring radius regression equation based on the polynomial correction model after eliminating heteroscedasticity for the image geometric-distortion has a better correction effect.




3.4. Model Application Verification


To verify the availability and measurement accuracy of the tree ring radius regression equation measured by the polynomial correction model, this paper designed experiments for verification, and the obtained data are shown in Table 4.



It can be seen from Table 4 that the tree ring radius regression equation based on the polynomial correction model adopted in this paper can effectively correct the geometric distortion generated by the digital image and achieve a more accurate measurement of the tree ring radius of the analytic stem disk. The maximum error of tree ring radius measurement results obtained by using this regression model is 0.15 cm, the average error is 0.04 cm, and the average detection accuracy reaches 99.34%, which can meet the measurement requirements of analytic tree ring radius.





4. Discussion


4.1. Measurement Comparison with Mainstream Research Methods


Tree ring has been recognized as an essential means to study tree growth and climate change due to its accurate dating, strong continuity, high resolution, wide geographical distribution, and it is easy to obtain copies [30]. In 1980, the report and recommendations of the second International Conference on tree climate ring climatology pointed out that “many tree ring records responding to large changes in various climate parameters in most parts of the earth are better than any other alternative climate data that can be measured by year” [31]. Ring width is linked in the study of tree ring climatology and forest productivity, and its deviation directly affects the accuracy of the above measurement results.



In the past, we used images to measure ring width. Liu [32] used IMAGE1/AT image analysis system to obtain tree ring sample parameters, with a measurement accuracy of 97.7%. Xie [33] obtained a tree ring digital image with a scanner and automatically segmented it to obtain width value, the edge model of maximum mean gray difference is used to segment and calculate the ring width, and the measurement accuracy is 97.06%. Qi [34] proposed to use the FSDI method to measure the width of annual rings, the measurement process is based on Adobe Photoshop image processing function and Auto CAD precise query function, and the results show that this method’s accuracy is 94.33%. Xu [35] studied a method for measuring tree ring width based on impedance meter, and established a power function model for predicting tree ring width by using the waveform characteristics of impedance data. The model’s accuracy is 97%, and it needs to select living trees that grow well and have no obvious decay outside, so its application scope is limited. Ning [36] studied the semantic segmentation model of tree ring image based on the U-Net convolutional neural network, and the measurement accuracy was 97.68%. In this paper, the regression equation of ring radius based on the geometric distortion correction model is studied. When the digital image detection method is introduced into the measurement of ring radius, the measurement error caused by the edge distortion of ring image is corrected, and the prediction accuracy of the regression model of ring radius is improved to 99.34%, which makes the actual calculated data of ring radius more objective.




4.2. Analysis of Tree Species Suitable for the Model


The image detection method’s introduction into the measurement of tree ring parameters can solve manual measurement problems, such as heavy workload, and artificial random error. However, the tree rings of different tree species vary greatly, bringing great difficulties to the automatic detection of tree rings. In tree ring climatology research, tree species is mainly arbor, mainly coniferous tree species with a clear ring. On the contrary, using broad-leaved trees with an unclear boundary of early and late wood is relatively less. To explore a method of measuring ring width suitable for coniferous tree species and broad-leaved tree species simultaneously and ensure high measurement accuracy is particularly important. To explore regression equation’s applicability and accuracy of annual ring radius in broad-leaved tree species, we selected the analytical wood disc of Ulmus pumila L. and Zelkova serrata (Thunb.) Makino as the research objects. We took sample images of broad-leaved tree species, as shown in Figure 11.



The regression equation of ring radius of Ulmus pumila L. based on the correction model is obtained as Equation (13).


  R  ( x )  = 0.042125 + 0.014436 x − 0.00000226  x 2   



(13)







The regression equation of ring radius of Zelkova serrata (Thunb.) Makino based on the correction model is obtained as Equation (14).


  R  ( x )  = 0.042125 + 0.014024  x    − 0.00000226  x 2   



(14)







The results show the regression model accuracy based on error correction is above 99%, the ring radius’s overall measurement accuracy meets the requirements. The regression model of ring radius based on error correction in this study is also applicable to broad-leaved tree species, and the measurement results and goodness of fit of the model are shown in Table 5.





5. Conclusions


In this study, based on the analysis of disk digital image, we used Open CV to measure the ring width, and established a regression model of ring radius based on error correction, which is a new exploration in the research of ring width measurement. We concluded that: (1) in the measurement of China fir analytic wood disk, the maximum measurement error was less than 0.15 cm, the average error was 0.04 cm, and the average detection accuracy was 99.34%, meeting the ring width measurement requirements; (2) when establishing the geometric distortion error correction model, the polynomial regression model (R2 = 0.8649) was better than the exponential regression model (R2 = 0.6685); (3) through the experiments in Ulmus pumila L. and Zelkova serrata (Thunb.) Makino, this method is applicable in the measurement of broad-leaved tree ring width.



Based on the above research, the stem analysis disk measurement and analysis software system were designed. The system can measure the disk digital image’s tree ring width and store the measured data and the basic information of the corresponding parse wood into a database. Also, all disk data of the analytical wood can be exported to Excel according to the number of the analytical stem. The main interface of the system is shown in Figure 12.
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Appendix A


In the chapter of image preprocessing and pixel coordinate extraction, the functions used are as follows. The important parameters of the function are described.



1. Grayscale function cvtColor ( ):



cvtColor (img, IMG, COLOR_BGR2GRAY);



Parameter description: img is the original image to be grayed; IMG is the output image after graying; COLOR_BGR2GRAY converts RGB format to grayscale image.



2. Binarization function threshold ( ):



threshold (img, IMG,0,255,THRESH_BINARY);



Parameter description: img is the original image without binarization; IMG is the output image after binarization; 0 represents the part less than the threshold, and the pixel gray value is set to 0; 255 represents the part larger than the threshold value, and the pixel gray value is set to 255; THRESH_BINARY represents the type of binarization operation for the threshold.



3. Image scaling function resize ( ):



resize (Input Array image, Output Array lines, Size dsize, double fx = 0, double fy = 0, int interpolation = INTER_LINEAR);



Parameter description: Input Array image is input image to be scaled; Output array lines is the output image after scaling; Size dsize is the size of the target image; double fx is the scale on the X axis; double fy is the scale on the Y axis; int interpolation is the way of interpolation, INTER_LINEAR r represents bilinear interpolation.



4. Function to get pixel coordinates cv2. circle ( ):



cv2. circle (img, (x, y), 1, (255, 0, 0), thickness = −1);



Parameter description: img is the input image; (x, y) indicates the center position of the circle; 1 represents the radius of the circle is 1; (255, 0, 0) represents the color of a circle according to BGR, blue = 255, green = 0, red = 0; thickness represents the thickness of the lines that make up a circle, thickness = −1 means to draw a solid circle.
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Figure 1. Digital images of stem disk. (a) Digital images of self-drawn imitation stem disk; (b) digital image of Chinese fir stem disk. 
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Figure 2. Shooting schematic of stem analysis disk digital image. 
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Figure 3. Flow chart of the experiment. N means the image has not been preprocessed; Y indicates that the image has been preprocessed. 
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Figure 4. The distribution of error values corresponding to the pixel distance from the tree ring to the pith. 
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Figure 5. The fitting results of the exponential regression model. 
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Figure 6. Residual graph of the exponential regression correction model. 
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Figure 7. Fitting results of the polynomial regression model. 






Figure 7. Fitting results of the polynomial regression model.



[image: Forests 12 00464 g007]







[image: Forests 12 00464 g008 550] 





Figure 8. Residual diagram of the polynomial regression correction model. 
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Figure 9. Residual diagram of polynomial regression correction model after heteroscedasticity correction. 
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Figure 10. Comparison of the error values of the measured results based on exponential tree ring radius regression equation and polynomial regression equations after eliminating heteroscedasticity. The “u1” indicates that the error value of the tree-ring radius regression equation (Equation (11)) fitted by the exponential correction model, and “u2” indicates the error value of the tree-ring radius regression equation (Equation (12)) fitted by the polynomial correction model. 
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Figure 11. Sample images of broad-leaved tree species. (a) Digital image of Ulmus pumila L. analytic wood disk; (b) the enlarged picture in the system of the box in the Figure 11a; (c) digital image of Zelkova serrata (Thunb.) Makino analytic wood disk; (d) the enlarged picture in the system of the box in the Figure 11c. 
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Figure 12. The main interface of the measurement and analysis system of the stem analysis disk. 
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Table 1. Radius measurement dataset of self-drawn imitation stem disks. SNO is the sample number of the imitation stem disk. RNO is the number of the growth ring (the number starts at the heart of the pith). D1, D2, D3, and D4 represent four measurement directions. RV is the value of the radius of the ring. MV is the mean of the ring radius in the four directions.
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SNO

	
RNO

	
RV (cm)

	
MV (cm)




	
D1

	
D2

	
D3

	
D4






	
1

	
1

	
1.40

	
1.30

	
1.30

	
1.40

	
1.35




	
2

	
2.15

	
2.05

	
2.05

	
2.15

	
2.10




	
3

	
3.10

	
3.30

	
3.05

	
3.35

	
3.20




	
4

	
4.25

	
4.05

	
4.00

	
4.30

	
4.15




	
5

	
5.10

	
4.70

	
4.65

	
5.15

	
4.90




	
6

	
5.75

	
5.35

	
5.25

	
5.85

	
5.55




	
7

	
6.55

	
6.20

	
6.05

	
6.70

	
6.38




	
8

	
7.65

	
7.20

	
7.30

	
7.55

	
7.43




	
2

	
1

	
1.40

	
1.80

	
1.80

	
1.40

	
1.60




	
2

	
1.85

	
3.40

	
2.75

	
2.50

	
2.63




	
3

	
3.33

	
3.68

	
3.55

	
3.45

	
3.50




	
4

	
4.23

	
4.71

	
4.55

	
4.38

	
4.47




	
5

	
5.10

	
5.12

	
5.15

	
5.07

	
5.11




	
6

	
5.75

	
5.82

	
5.80

	
5.77

	
5.79




	
7

	
6.55

	
6.80

	
6.80

	
6.55

	
6.68




	
8

	
7.95

	
8.02

	
8.00

	
7.97

	
7.99




	
9

	
8.80

	
9.48

	
9.40

	
8.88

	
9.14




	
3

	
1

	
1.75

	
1.65

	
1.65

	
1.75

	
1.70




	
2

	
3.20

	
2.80

	
2.80

	
3.20

	
3.00




	
3

	
4.35

	
3.80

	
3.65

	
4.50

	
4.08




	
4

	
5.25

	
4.90

	
4.85

	
5.30

	
5.08




	
5

	
6.10

	
5.67

	
5.70

	
6.07

	
5.89




	
6

	
7.45

	
6.75

	
6.80

	
7.40

	
7.10




	
7

	
8.80

	
8.45

	
8.45

	
8.80

	
8.63
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Table 2. Radius measurement dataset of Chinese fir stem disk. DNO is the number of the sample of the stem disk. DH is the height of the stem disk at the trunk; RNO is the number of the growth ring (starting at the pith); D1, D2, D3, and D4 represent four measurement directions; RV is the value of the radius of the ring; MV is the mean of the ring radius in the four directions.
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DNO

	
DH(m)

	
RNO

	
RV (cm)

	
MV (cm)




	
D1

	
D2

	
D3

	
D4






	
1

	
1.0

	
1

	
1.00

	
0.80

	
0.75

	
0.90

	
0.86




	
2

	
2.10

	
1.75

	
1.20

	
1.90

	
1.74




	
3

	
3.15

	
2.80

	
2.65

	
3.00

	
2.90




	
4

	
4.25

	
3.60

	
3.60

	
4.00

	
3.86




	
5

	
4.90

	
4.20

	
4.30

	
4.70

	
4.53




	
6

	
5.30

	
4.80

	
4.70

	
5.45

	
5.06




	
7

	
6.05

	
5.20

	
5.30

	
6.00

	
5.64




	
8

	
6.30

	
5.75

	
5.55

	
6.35

	
5.99




	
9

	
6.60

	
6.30

	
5.80

	
6.65

	
6.34




	
10

	
6.90

	
7.00

	
6.06

	
7.00

	
6.74




	
11

	
7.35

	
7.45

	
6.50

	
7.30

	
7.15




	
12

	
7.60

	
7.90

	
6.75

	
7.60

	
7.46




	
13

	
7.80

	
8.15

	
6.90

	
7.90

	
7.69




	
14

	
7.95

	
8.60

	
7.10

	
8.20

	
7.96




	
15

	
8.05

	
8.90

	
7.25

	
8.45

	
8.16




	
16

	
8.25

	
9.10

	
7.40

	
8.70

	
8.36




	
17

	
8.40

	
9.20

	
7.70

	
8.90

	
8.55




	
18

	
8.55

	
9.30

	
7.90

	
9.15

	
8.73




	
19

	
8.60

	
9.40

	
8.10

	
9.40

	
8.88




	
20

	
8.70

	
9.60

	
8.30

	
9.60

	
9.05




	
21

	
8.80

	
9.70

	
8.50

	
9.90

	
9.23




	
22

	
9.10

	
9.90

	
8.60

	
10.20

	
9.45




	
2

	
1.3

	
1

	
0.70

	
0.57

	
0.60

	
0.70

	
0.64




	
2

	
1.70

	
1.55

	
1.60

	
1.70

	
1.64




	
3

	
2.90

	
2.60

	
2.60

	
3.05

	
2.79




	
4

	
3.90

	
3.42

	
3.30

	
4.05

	
3.67




	
5

	
4.60

	
4.05

	
3.90

	
4.85

	
4.35




	
6

	
4.90

	
4.52

	
4.35

	
5.55

	
4.83




	
7

	
5.40

	
5.05

	
4.90

	
6.10

	
5.36




	
8

	
5.65

	
5.40

	
5.20

	
6.45

	
5.68




	
9

	
5.90

	
6.00

	
5.45

	
6.80

	
6.04




	
10

	
6.40

	
6.40

	
5.70

	
7.15

	
6.41




	
11

	
6.70

	
6.70

	
6.10

	
7.40

	
6.73




	
12

	
6.90

	
7.00

	
6.40

	
7.70

	
7.00




	
13

	
7.20

	
7.40

	
6.60

	
7.90

	
7.28




	
14

	
7.45

	
7.70

	
6.70

	
8.10

	
7.49




	
15

	
7.60

	
7.90

	
6.90

	
8.30

	
7.68




	
16

	
7.70

	
8.20

	
7.05

	
8.50

	
7.86




	
17

	
7.80

	
8.50

	
7.20

	
8.80

	
8.08




	
18

	
7.90

	
8.70

	
7.45

	
9.00

	
8.26




	
19

	
8.00

	
8.90

	
7.70

	
9.20

	
8.45




	
20

	
8.15

	
9.00

	
7.80

	
9.50

	
8.61




	
21

	
8.30

	
9.10

	
7.95

	
9.70

	
8.76




	
22

	
8.40

	
9.20

	
8.20

	
9.80

	
8.90




	
23

	
8.55

	
9.45

	
8.50

	
10.10

	
9.15
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Table 3. The true value and the measured value of the ring radius data. SNO is the sample number of the imitation stem analysis disk. RNO is the number of the growth ring (the number starts at the heart of the pith). D1, D2, D3, and D4 represent four measurement directions. PD is the pixel distance from this ring to the heart of the pith. TV is the true value of the ring radius. MV is the measured value of the ring radius. MTV is the mean of the true values. MMV is the mean of the measured value.
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SNO

	
RNO

	
D1

	
D2

	
D3

	
D4

	
MTV

(cm)

	
MMV

(cm)




	
PD

	
TV (cm)

	
MV (cm)

	
PD

	
TV (cm)

	
MV (cm)

	
PD

	
TV (cm)

	
MV (cm)

	
PD

	
TV (cm)

	
MV (cm)






	
1

	
1

	
29

	
1.40

	
1.40

	
31

	
1.50

	
1.50

	
27

	
1.30

	
1.30

	
29

	
1.40

	
1.40

	
1.40

	
1.40




	
2

	
44

	
2.10

	
2.13

	
48

	
2.30

	
2.32

	
43

	
2.05

	
2.08

	
45

	
2.15

	
2.17

	
2.15

	
2.17




	
3

	
66

	
3.15

	
3.19

	
76

	
3.65

	
3.67

	
63

	
3.05

	
3.06

	
69

	
3.35

	
3.37

	
3.30

	
3.32




	
4

	
87

	
4.15

	
4.20

	
94

	
4.50

	
4.54

	
82

	
4.00

	
4.04

	
92

	
4.40

	
4.44

	
4.26

	
4.31




	
5

	
107

	
5.10

	
5.17

	
111

	
5.40

	
5.44

	
95

	
4.65

	
4.71

	
105

	
5.10

	
5.13

	
5.06

	
5.11




	
6

	
123

	
5.85

	
5.94

	
124

	
5.95

	
5.99

	
108

	
5.30

	
5.38

	
118

	
5.65

	
5.70

	
5.69

	
5.75




	
7

	
145

	
6.90

	
7.00

	
137

	
6.55

	
6.62

	
128

	
6.25

	
6.32

	
133

	
6.50

	
6.58

	
6.55

	
6.63




	
8

	
172

	
8.45

	
8.59

	
157

	
7.50

	
7.58

	
158

	
7.50

	
7.63

	
157

	
7.50

	
7.58

	
7.74

	
7.85




	
2

	
1

	
27

	
1.40

	
1.40

	
32

	
1.65

	
1.65

	
36

	
1.85

	
1.85

	
38

	
1.97

	
1.97

	
1.72

	
1.72




	
2

	
52

	
2.75

	
2.80

	
51

	
2.65

	
2.65

	
56

	
2.90

	
2.91

	
59

	
3.05

	
3.06

	
2.84

	
2.86




	
3

	
64

	
3.33

	
3.34

	
75

	
3.90

	
3.91

	
71

	
3.65

	
3.68

	
79

	
4.13

	
4.16

	
3.75

	
3.77




	
4

	
88

	
4.55

	
4.57

	
89

	
4.65

	
4.68

	
88

	
4.55

	
4.57

	
103

	
5.30

	
5.35

	
4.76

	
4.79




	
5

	
104

	
5.35

	
5.40

	
108

	
5.55

	
5.61

	
101

	
5.20

	
5.24

	
116

	
6.10

	
6.18

	
5.55

	
5.61




	
6

	
118

	
6.10

	
6.12

	
122

	
6.40

	
6.47

	
117

	
6.00

	
6.07

	
129

	
6.80

	
6.90

	
6.33

	
6.39




	
7

	
142

	
7.30

	
7.37

	
133

	
6.85

	
6.90

	
132

	
6.75

	
6.85

	
154

	
7.90

	
7.99

	
7.20

	
7.28




	
8

	
180

	
9.20

	
9.34

	
154

	
7.90

	
7.99

	
159

	
8.10

	
8.25

	
178

	
9.10

	
9.24

	
8.58

	
8.71




	
9

	
202

	
10.30

	
10.48

	
171

	
8.75

	
8.87

	
188

	
9.95

	
10.14

	
208

	
10.60

	
10.80

	
9.90

	
10.07




	
3

	
1

	
36

	
1.75

	
1.75

	
36

	
1.75

	
1.75

	
34

	
1.65

	
1.65

	
33

	
1.60

	
1.60

	
1.69

	
1.69




	
2

	
67

	
3.25

	
3.26

	
65

	
3.15

	
3.16

	
58

	
2.80

	
2.82

	
56

	
2.70

	
2.72

	
2.98

	
2.99




	
3

	
97

	
4.70

	
4.71

	
83

	
4.00

	
4.03

	
71

	
3.45

	
3.45

	
80

	
3.90

	
3.91

	
4.01

	
4.03




	
4

	
118

	
5.70

	
5.73

	
101

	
4.95

	
4.99

	
91

	
4.40

	
4.42

	
109

	
5.25

	
5.30

	
5.08

	
5.11




	
5

	
135

	
6.50

	
6.56

	
118

	
5.80

	
5.87

	
108

	
5.30

	
5.35

	
125

	
6.05

	
6.08

	
5.91

	
5.96




	
6

	
174

	
8.35

	
8.46

	
133

	
6.55

	
6.64

	
127

	
6.25

	
6.33

	
153

	
7.40

	
7.44

	
7.14

	
7.21




	
7

	
203

	
9.70

	
9.87

	
163

	
8.05

	
8.18

	
158

	
7.80

	
7.92

	
190

	
9.10

	
9.23

	
8.66

	
8.80
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Table 4. The measured data of tree ring radius of Chinese fir disk. DNO is the number of the sample of the stem analysis disk. RNO is the number of the growth ring (the number starts at the heart of the pith). D1, D2, D3, and D4 represent four measurement directions. PD is the pixel distance from this ring to the heart of the pith. MV is the measured value of the ring radius calculated by the system according to the regression equation of tree ring radius based on the polynomial type correction model. EV is the error value of the ring radius. MEV is the mean of the error value.
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DNO

	
RNO

	
D1

	
D2

	
D3

	
D4

	
MEV (cm)




	
MV (cm)

	
EV (cm)

	
MV (cm)

	
EV (cm)

	
MV (cm)

	
EV (cm)

	
MV (cm)

	
EV (cm)






	
1

	
1

	
1.01

	
0.01

	
0.80

	
0.00

	
0.73

	
0.02

	
0.90

	
0.00

	
0.01




	
2

	
2.11

	
0.01

	
1.76

	
0.01

	
1.20

	
0.00

	
1.90

	
0.00

	
0.00




	
3

	
3.18

	
0.03

	
2.78

	
0.02

	
2.62

	
0.03

	
3.04

	
0.04

	
0.03




	
4

	
4.22

	
0.03

	
3.61

	
0.01

	
3.60

	
0.00

	
4.00

	
0.00

	
0.01




	
5

	
4.87

	
0.03

	
4.23

	
0.03

	
4.28

	
0.02

	
4.78

	
0.08

	
0.04




	
6

	
5.24

	
0.06

	
4.83

	
0.03

	
4.67

	
0.03

	
5.45

	
0.00

	
0.03




	
7

	
5.98

	
0.07

	
5.22

	
0.02

	
5.24

	
0.06

	
5.97

	
0.03

	
0.05




	
8

	
6.35

	
0.05

	
5.78

	
0.03

	
5.52

	
0.03

	
6.28

	
0.07

	
0.04




	
9

	
6.57

	
0.03

	
6.35

	
0.05

	
5.74

	
0.06

	
6.58

	
0.07

	
0.05




	
10

	
6.87

	
0.03

	
6.95

	
0.05

	
6.08

	
0.02

	
6.98

	
0.02

	
0.03




	
11

	
7.39

	
0.04

	
7.50

	
0.05

	
6.52

	
0.02

	
7.27

	
0.03

	
0.04




	
12

	
7.65

	
0.05

	
7.95

	
0.05

	
6.78

	
0.03

	
7.60

	
0.00

	
0.03




	
13

	
7.85

	
0.05

	
8.22

	
0.07

	
6.93

	
0.03

	
7.93

	
0.03

	
0.05




	
14

	
8.00

	
0.05

	
8.67

	
0.07

	
7.13

	
0.03

	
8.24

	
0.04

	
0.05




	
15

	
8.10

	
0.04

	
8.98

	
0.08

	
7.28

	
0.03

	
8.52

	
0.07

	
0.06




	
16

	
8.30

	
0.05

	
9.17

	
0.07

	
7.44

	
0.04

	
8.76

	
0.06

	
0.06




	
17

	
8.45

	
0.05

	
9.28

	
0.08

	
7.74

	
0.04

	
8.98

	
0.08

	
0.06




	
18

	
8.61

	
0.06

	
9.33

	
0.03

	
7.95

	
0.05

	
9.24

	
0.09

	
0.06




	
19

	
8.63

	
0.03

	
9.43

	
0.03

	
8.16

	
0.06

	
9.47

	
0.07

	
0.05




	
20

	
8.81

	
0.11

	
9.64

	
0.04

	
8.37

	
0.07

	
9.67

	
0.07

	
0.07




	
21

	
8.83

	
0.03

	
9.73

	
0.03

	
8.50

	
0.00

	
10.00

	
0.10

	
0.04




	
22

	
9.13

	
0.03

	
9.93

	
0.03

	
8.68

	
0.08

	
10.27

	
0.07

	
0.05




	
2

	
1

	
0.70

	
0.00

	
0.58

	
0.01

	
0.60

	
0.00

	
0.70

	
0.00

	
0.00




	
2

	
1.66

	
0.04

	
1.59

	
0.04

	
1.60

	
0.00

	
1.75

	
0.05

	
0.03




	
3

	
2.91

	
0.01

	
2.64

	
0.04

	
2.63

	
0.02

	
3.05

	
0.00

	
0.02




	
4

	
3.91

	
0.01

	
3.39

	
0.03

	
3.33

	
0.02

	
4.10

	
0.05

	
0.03




	
5

	
4.61

	
0.01

	
3.98

	
0.07

	
3.98

	
0.07

	
4.90

	
0.05

	
0.05




	
6

	
4.86

	
0.04

	
4.54

	
0.02

	
4.43

	
0.08

	
5.65

	
0.09

	
0.06




	
7

	
5.36

	
0.04

	
5.06

	
0.01

	
4.98

	
0.07

	
6.13

	
0.03

	
0.04




	
8

	
5.68

	
0.02

	
5.43

	
0.02

	
5.28

	
0.07

	
6.48

	
0.02

	
0.04




	
9

	
5.93

	
0.02

	
6.01

	
0.01

	
5.53

	
0.07

	
6.84

	
0.04

	
0.04




	
10

	
6.43

	
0.02

	
6.40

	
0.00

	
5.73

	
0.02

	
7.23

	
0.08

	
0.03




	
11

	
6.73

	
0.02

	
6.74

	
0.04

	
6.19

	
0.09

	
7.48

	
0.08

	
0.06




	
12

	
6.94

	
0.04

	
7.05

	
0.05

	
6.49

	
0.09

	
7.78

	
0.08

	
0.06




	
13

	
7.14

	
0.06

	
7.44

	
0.04

	
6.69

	
0.09

	
8.01

	
0.11

	
0.07




	
14

	
7.38

	
0.08

	
7.63

	
0.08

	
6.79

	
0.09

	
8.08

	
0.02

	
0.06




	
15

	
7.63

	
0.03

	
7.94

	
0.04

	
6.99

	
0.09

	
8.28

	
0.02

	
0.04




	
16

	
7.72

	
0.02

	
8.23

	
0.03

	
7.19

	
0.14

	
8.48

	
0.03

	
0.05




	
17

	
7.87

	
0.07

	
8.44

	
0.06

	
7.24

	
0.04

	
8.78

	
0.03

	
0.05




	
18

	
7.96

	
0.06

	
8.67

	
0.03

	
7.50

	
0.05

	
8.97

	
0.04

	
0.04




	
19

	
8.06

	
0.06

	
8.87

	
0.04

	
7.75

	
0.05

	
9.24

	
0.04

	
0.04




	
20

	
8.20

	
0.05

	
8.97

	
0.03

	
7.95

	
0.15

	
9.53

	
0.03

	
0.06




	
21

	
8.35

	
0.05

	
9.07

	
0.03

	
7.98

	
0.02

	
9.72

	
0.02

	
0.03




	
22

	
8.49

	
0.09

	
9.17

	
0.03

	
8.23

	
0.03

	
9.84

	
0.03

	
0.05




	
23

	
8.63

	
0.08

	
9.43

	
0.03

	
8.53

	
0.03

	
10.14

	
0.04

	
0.04
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Table 5. The measurement results and goodness of fit of the model. MAXE is the maximum error value of the measurement result. AVGE is the average error value of the measurement results. DOA represents the degree of accuracy of the measurement results.
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Tree Species

	
Ulmus pumila L.

	
Zelkova serrata (Thunb.) Makino






	
Parameter

	
MAXE

	
AVGE

	
DOA

	
MAXE

	
AVGE

	
DOA




	
Value

	
0.09

	
0.05

	
99.68%

	
0.10

	
0.07

	
99.44%
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