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TRU Tree Radar is a new tool for the non-destructive testing of trees. In 
this work, two-dimensional images of the internal defect cross-section of a 
tree were reconstructed to provide a theoretical basis for accurately 
judging the shape and position of the internal decay, rationally using wood, 
and improving the utilization rate of wood. Two-dimensional images of 
different height defect sequences of tree trunk obtained by TRU tree radar 
were preprocessed and interpolated. Finally, the three-dimensional 
reconstruction of internal defects of tree trunk was realized by the surface 
rendering method and volume rendering method under the Matlab 
environment. The surface rendering displayed the rough 3D model quickly 
and effectively. However, the important internal information was 
incomplete, and the reconstructed model was not intuitive. Volume 
rendering was used to process each voxel in the data set, so as to describe 
the physical reality of the internal defects of the tree relatively accurately. 
An algorithm was proposed to improve the visualization level of internal 
defects, which can enhance the understanding of the three-dimensional 
image. 
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INTRODUCTION 
 

The internal decay of trees is a common natural phenomenon. Trees are affected by 

adverse environmental factors or attacked by various diseases and insect pests in the natural 

environment; also, there are physiological reasons for decay (Li et al. 2017; Xiao et al. 

2018). This early stage of the process usually starts from the inside. Although some trees 

still grow typically, their xylem may have become hollow or decayed (Kang 2019). Interior 

defects reduce the quality of wood, resulting in loss and waste of forest resources. There 

are many methods for non-destructive testing of wood, including the computed 

tomography (CT) scanning method, infrared method, ultrasonic method, mechanical stress 

wave, shock stress wave, vibration method, radar wave method, and impedance method 

(Schad et al. 1996; Nicolotti et al. 2003; Deflorio et al. 2008; Arciniegas et al. 2014; 

Allison and Wang 2015; Wu et al. 2018). TRU tree radar is a new non-destructive testing 

tool with many advantages such as no damage, high safety, convenient operation, and 

simple analysis. Liu (2017) used tree radar to investigate the internal defects of Platycladus 

orientalis in the Huangdi Mausoleum and studied the law of defects. Li et al. (2018) 
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estimated the relative dielectric constant using Hilbert transform algorithm and reflection 

amplitude based on radar wave detection; they extracted the trunk profile data by point 

cloud data technology, which significantly improved the accuracy of radar wave detection. 

Chen et al. (2017) used radar waves to detect and quantitatively evaluate the internal cavity 

of Pinus massoniana. Alani et al. (2020) used radar waves to evaluate the internal structure 

of the trunk and proposed a new method for locating internal defects.  

Three-dimensional reconstruction technology can help to obtain three-dimensional 

structure information from the two-dimensional sequence images of trunk defects and 

presents a realistic three-dimensional graph (Dong and Ke 2019). Observing and analyzing 

the trunk's internal defects from multi-angles and levels is convenient, which improves the 

accuracy and scientific validity of the study and its practical application. Bhandarkar et al. 

(1999, 2006) proposed a CATALOG system that detects and classifies critical defects in 

logs and reconstructs them by analyzing CT or computerized axial tomography (CAT) 

images. After that, a new feature-based tracking method was proposed for CT images to 

detect, locate and reconstruct internal defects in logs. Zhang and Sun (2008) used CT 

scanned tree sectional images to perform 3D reconstruction of the tree internal decay 

structure through the MATLAB toolbox. Zhang et al. (2010) realized the 3D reconstruction 

of log defect CT image and implemented virtual processing. Researchers tried a more 

efficient non-contact remote and near-end sensing method to reconstruct tree trunks and 

their internal defects in recent years. For example, Berveglieri et al. (2017) used vertical 

optical scanning and panoramic vision to reconstruct the tree trunk. Putman et al. (2018) 

used voxelized terrestrial lidar data to reconstruct the tree model to detect and quantify the 

structural loss of standing dead trees. Zhang and Khoshelham (2020) proposed a 

reconstruction method by combining structure from motion (SfM) photogrammetry and 

acoustic tomography to determine the internal wood quality. Puxeddu et al. (2021) used 

close photogrammetry (CPR) and three-dimensional ultrasound to reconstruct the internal 

decay of a living adult holm oak. These methods can directly show the volume of wood 

defects and quantitatively understand the three-dimensional distribution of attenuation. 

 

 
 
Fig. 1. The research framework of the 3D reconstruction process 

 

 

3D reconstruction technology is relatively mature, and there has been much 

research in reconstruction algorithms, image processing, etc. The research relates to three-

dimensional reconstruction of sectional images of internal defects in tree trunks and is 

mainly focused on CT scanning images. However, from the reconstruction, the 
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performance of the internal defect areas is not intuitive, and sometimes it is necessary to 

go through further image segmentation to observe the internal decay areas, which 

dramatically increases the workload.  

At present, research on TRU tree radar is focused on the identification and 

evaluation of defects and the improvement of detection accuracy. The two-dimensional 

image of the trunk parsed by different non-destructive testing equipment contains 

additional internal information, so the image processing methods are different. This paper 

reconstructs the decay inside the trunk according to the TRU tree radar scan image. The 

research framework is shown in Fig. 1.  

 

EXPERIMENTAL 
 
Materials 

The TRU tree radar system is composed of a TerraSIRch™ ground penetrating 

radar system (Nashua, NH, USA), SIR-3000 (Subsurface Interface Radar) host, and 900 

MHz (Model: 3101D) radar signal transmitting system. The radar image analysis software 

is TreeWin (TreeRadar Inc., Silver Spring, MD, USA) program. Using the TRU tree radar 

to scan trees includes two independent steps: field data collection and radar wave data 

analysis.  

When TRU tree radar detects trees, the integrated radar transceiver antenna 

transmits high-frequency electromagnetic waves. In the process of radar wave propagation 

in the tree trunk medium, when it encounters decay and holes with electrical differences, 

the electromagnetic wave will be reflected and accepted by the receiving antenna, thereby 

realizing the process of non-destructive testing (Fig. 2a). The basic principle of detecting 

wood defect location by radar wave is to obtain the location of a wood defect according to 

the reflection time and propagation velocity of radar wave at the interface between healthy 

wood body and defective medium (Fig. 2b). Therefore, the key to defect detection is to 

determine the propagation and echo time of radar wave in different wood structure layers, 

and the second is to determine the propagation velocity of an electromagnetic wave in 

healthy wood body. If the dielectric constant of each wood structure layer is known, then 

the propagation speed of the electromagnetic wave in the medium is calculated as follows 

(Xu et al. 2012), 

𝑣 =
𝑐

√𝜀
                                                                                               (1) 

where v is the propagation velocity of electromagnetic wave in medium (m/ns), c is the 

propagation velocity of electromagnetic wave in vacuum = 0.3m/ns, and ε is the dielectric 

constant. 

The transceiver antenna in the equipment is integrated, so the h value in Fig. 2b is 

approximately equal to h1, then the formula for calculating the defect location is, 

2

tv
h


=                                                                                                                            (2) 

where h is the defect position, v is the electromagnetic wave propagation velocity in the 

medium (m/ns), and t is the radar wave two-way time at the interface between the healthy 

wood body and the defect (ns). 
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Fig. 2. Principle of radar wave detection and defective position detection. (a): Radar wave detection 
principle; (b): Detection principle of wood defect location, T is the transmitting antenna, R is the 
receiving antenna, h is the distance from the bark to the interface between the healthy wood body 
and the defective medium, h1 is the propagation distance of the radar wave in front of the boundary 
between the healthy wood body and the defective medium, v1 is the propagation velocity of the 
radar wave in the healthy wood, and v2 is the propagation velocity of the radar wave in the defect.  
 

This study takes the cedar (Cedrus deodara) in Shaanxi Province, China, as the 

empirical data collection object. During experimental data collection, scanning was carried 

out from the bottom to the top of the trunk, with positions corresponding to different 

heights. Radar wave data was obtained at ten heights within 1 m of the tree, and TreeWin 

software was used to analyze the radar wave data. The B-scan image of the tree trunk is 

shown in Fig. 3. The horizontal axis represents the distance along the perimeter of the trunk, 

the vertical axis indicates the depth of entering the trunk, and the green line represents the 

front surface (bark-wood). A white box is for the analysis gate; after filtering and grain 

processing, the waveform of the reflected wave and the corresponding internal abnormal 

characteristic form was reflected clearly. Red “hits” are reflections breaking the threshold 

and indicate a defect area. Finally, a two-dimensional image corresponding to the height 

of the tree trunk decay was generated (Fig. 4). 
 

 
 

Fig. 3. B-scan display 
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Fig. 4. 2D image of tree decay sequence, (a-j) are the internal defect tomographic images of the 
trunk at 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm 

 

Gray-Scale Image 
To avoid the inconsistency of the detector or the inconsistency of time caused by 

the uneven imaging of the tomography and the classification of the position and grayscale 

information between these two-dimensional images in the subsequent three-dimensional 

reconstruction process, the weighted average method was used for image grayscale 

processing as follows (Lu 2003; Liu et al. 2018). 

 BGRBGR 11.059.030.0 ++===                                                           (3)              

where R, G, and B represent the three primary colors of red, green, and blue, respectively. 

 

Image Enhancement 
Based on image grayscale, the image was enhanced by the linear grayscale method, 

and the pixel values of the image were transformed by the specified linear function to 

enhance the gray level and improve the overall contrast of the image (Quan and Wang 

2017). If x  is the original gray-scale value, then the changed gray-scale value y  is, 

)2550( += ydkxy                                                                              (4) 

where k is the degree of inclination and d is the slope of the linear function on the y-axis. 

According to the morphology of each internal information and whether the 

interrelationship between them was clearly reflected, the image grayscale and image 

enhancement processing effect was used to evaluate the advantages and disadvantages of 

the image with a person as an observer, so there was no general quantitative standard (Su 

2007; Sheng and Gong 2019). 

 

Image Interpolation  
Unlike the scanning equipment such as CT, the image data obtained by TRU tree 

radar scanning is more affected by the uncontrollable factors of the detection equipment 

and the operators on the data acquisition site. The distance between two adjacent 

tomographic images is much larger than the distance between two adjacent pixels in the 

same tomographic image. Inevitably there is data loss, so the reconstructed 3D model is 

quite different from the real object. Therefore, it is necessary to interpolate the area between 

the upper and lower layers of the trunk defect tomography image. Linear interpolation was 

used to interpolate between original images, generate new transition images, and perform 
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a second interpolation between the interpolated image and the original image to solve the 

problem of large image spacing and obvious staircase phenomenon.  

Suppose that ),,( kiik zyxS  and ),,(
11 ++ kiik zyxS  represent two images to be 

interpolated, ),,(
dkiidk zyxS

++  represents the intermediate image to be constructed by inter-

layer interpolation, and linear interpolation is used. Meanwhile, kp  and 
1+kp  represent two 

corresponding points on kS  and 1+kS , respectively, then the gray value )(
dkpf

+
 of the 

corresponding point 
dkp

+
on 

dkS
+

 is: 

)()()1()( 1++ +−= kkdk pdfpfdpf                                                          (5) 

 

Surface Rendering Method 
The surface drawing method is a method that generates the intermediate geometric 

unit by extracting the isosurface of the 3D volume data of the image sequence. Then they 

were reproduced by traditional computer graphics technology (Li 2008). There are many 

algorithms for surface drawing. The difference between the algorithms lies in the different 

geometric units used to approximate the surface or the selection of geometric unit scales. 

Currently, the most used algorithm is the triangle as the fitting unit. When using the 

connected outline method for surface drawing, the image is first divided into several 

characteristic regions by “Canny” edge detection differential operator (Xia et al. 2017), 

and then the contours of each layer are extracted. Finally, the contours of each layer are 

connected by triangles with the points on the contour lines as vertices to piece together the 

object surface (Liu 2006). 

 

Volume Rendering Method 
The volume rendering method assigns a certain brightness and opacity to the voxel 

and then uses the optical principle to project it onto the plane. The basic principle of 3D 

reconstruction by volume rendering begins with constructing an idealized physical vision 

model according to the principle of visual imaging; that is, each voxel is a particle, which 

can transmit, emit, and reflect light. According to the gradient, the light intensity of each 

data point is calculated, accumulating the translucent color value of each data projected to 

the same pixel on the image plane.  From the initial processing, the results get a processed 

image (Levoy 1988). Assuming that the light propagates in the 


 direction at the r point 

in the volume data, and the direction range is S2, the brightness formula is (Deng et al. 

2012) as follows, 

 drLrkrrrL
St ),[()',(),(),(),( 2


→++−=                (6) 

where )(rt is the absorption coefficient, ),( 


r is the scattering equation, and 

),( 


→rk is the scattering nucleus. 

The specific steps for 3D reconstruction by volume rendering under the MATLAB 

environment are described below. 

 

Construct the 3D volume dataset 

First, the “imread” function was used from the MATLAB toolbox to read the 

existing ten original images and the 27 images obtained by secondary interpolation. Then 

processed images were used to create a 3D volume dataset D by the “cat” function with a 

size of X×Y×37. 
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Preprocessing of reconstruction data 

The volume data set was constructed by the volume drawing method to reduce the 

display speed and improve the data capacity (Xu et al. 2001). The “reducevolume” function 

was used to delete some data points or fragments with less impact on the graphic display 

to reduce the data capacity, and the “smooth” function was used to smooth the data to 

improve the efficiency of the graphical display. 

 

Drawing of three-dimensional contours 

The “isosurface” function was used to calculate the cumulative projection of the 

dataset on the display plane, and the “patch” function was used to create a patch graphics 

object, this object is one or more polygons determined according to its vertex coordinates. 

(Zeng et al. 2004). 

 

Transparency setting and result display 

To ensure that the reconstructed effect can see the position and shape of the decay 

inside the tree, it is necessary to change the transparency of the patch constructed by the 

“patch” function to meet the visualization requirements. The transparency value is called 

the alpha value. To ensure that the reconstructed effect can see the position and shape of 

the decay inside the tree, it is necessary to change the transparency of the patch constructed 

by the “patch” function to meet the visualization requirements. Under the MATLAB 

environment, the “alpha” function was used to set the transparency of all filled images and 

surface objects within the current coordinate range, by specifying a transparency value 

between 0 (completely transparent) and 1 (completely opaque). After the transparency was 

defined, the “lighting” function was used to determine the distribution of the display light 

on the image, the “view” function was used to define the viewer’s perspective, and finally, 

the “axis” function was used to define the axis of the displayed image. 

 

 
RESULTS AND DISCUSSION 
 

Image Gray-Scale  
The result of the weighted average algorithm to gray-scale the image is shown in 

Fig. 5. After graying by this method, the image had suitable brightness and darkness, and 

the edges were clear. The degraded part was different from the benign part, and the overall 

image contrast was high, which was convenient for further image enhancement. 

 

Fig. 5. Gray-scale results. (a) The original image and (b) gray-scale image 
 

Image Enhancement  
Using the gray linear method to adjust the value range of k and d, the image 

enhancement effect was different. Compared with the original image (Fig. 6a), when the  
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k > 1, the overall effect was enhanced. The decayed part was different from other parts, 

with an unmistakable edge outline, and there was an apparent difference between black 

and white (Fig. 6b). In the histogram, the probability of the gray level corresponding to 

black, white, and gray color was high (Fig. 6b1). When 0 < k < 1, the contrast and 

brightness of the image decreased. The overall effect was weakened, and the edge of defect 

was not apparent (Fig. 6c). The corresponding histogram shows that the gray distribution 

was mainly concentrated in one region (Fig. 6c1). When k = 1, the image was the original 

image. When k = 1, d > 0, it shows the increase of image brightness (Fig. 6d). The change 

of d value shifts the overall gray distribution of the corresponding histogram to the right 

(Fig. 6d1). When k < 0, it shows the reverse display effect (Fig. 6e). Comparing the four 

value ranges, the best enhancement effect was at k >1 when using the gray-scale linear 

method for image contrast. 

 

Fig. 6. Contrast adjustment and corresponding histogram, (a), (a1): original images; (b), (b1): k=1.3, 
d=0; (c), (c1): k=0.5, d=0; (d), (d1): k=1, d=50; (e), (e1): k=-1, d=255 
 
Image Interpolation    

Figure 7 shows the result of image interpolation using linear interpolation. Figures 

7a and 7b are the upper and lower layer images ready for interpolation. After the first 

interpolation, the difference between the interpolated image and the upper and lower layer 

images was still significant. The step phenomenon was evident, and the effect was not ideal 

(Fig. 7c). After the second inter-layer interpolation, the difference between the upper and 

lower layer images was less pronounced, and the interpolated image was similar to the 

upper and lower layer images (Fig.7f), which achieved a good transition. The interpolation 

of sequential sectional images will increase the number of sequential images and it can 

improve the accuracy of subsequent 3D reconstruction. Because the sequence image 

increases the number of images after twice interlayer interpolation, and the image 

interpolation processing also takes a certain amount of time, finding a suitable interlayer 

interpolation algorithm improves the speed and accuracy of 3D reconstruction. 
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Fig. 7. Image Interpolation Results, (a), (b) are the upper and lower layer images to be interpolated, 
respectively; (c) is the interpolated images obtained by linear interpolation; (d), (e)are the upper 
and lower layer images obtained by the first linear interpolation; (f) is the interpolated images 
obtained by the second linear interpolation.  

  
Surface Rendering  

The surface rendering method has higher requirements for edge detection. Figure 8 

shows the result of edge detection by a “canny” operator. In the “canny” operator, the high 

and low thresholds affect the edge results. With a higher threshold, fewer edge points are 

detected, but the low threshold should not be set too high. Otherwise, some edge 

information is lost. In order to avoid the problem of poor adaptation caused by manually 

setting the threshold, this study used the maximum between-class variance (OTSU 

Method). According to the gray characteristics of the image, the image is divided into the 

background and foreground of the target object. Then the high threshold and low threshold 

are obtained. After edge detection using the “canny” operator, the contour of the decay 

inside the trunk was clear and complete, and the effect was better. 

 

 
Fig. 8. Edge detection result. (a) Original image and (b) edge detection image 
 

Figure 9 shows the surface drawing effect of using the triangle connection formed 

by the shortest diagonal as the fitting unit and then connecting the contours. When using 

this method for reconstruction, the correspondence between the contour lines is very 

critical. If there are more than one contour lines between the two adjacent layers, it is worth 

considering which contour lines should be connected in the adjacent contour lines. When 

the change of adjacent contour lines is relatively large, the corresponding difficulty of the 

contour lines is greater. Therefore, the contour correspondence problem can be effectively 

solved only by selecting an appropriate interpolation method. On the other hand, the 
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surface drawing method requires high accuracy of edge detection. The display effect is not 

good for some images whose features are not obvious. Because the data processed by 

surface method is only a part of the whole volume of data, the processed data has the 

advantages of the small calculation amount, small memory occupation, and fast running 

speed. With the support of computer hardware, it can smoothly carry out 3D interaction. 

Although the algorithm can reconstruct the decay more quickly, there is limited retention 

of the internal information, and the displayed information is only superficial information, 

which is inconvenient for further observation and analysis. Therefore, the physical model 

can only be restored to a certain extent. 

 
Fig. 9. Surface rendering reconstruction results 
 

Volume Rendering 
Unlike surface rendering, the advantage of volume rendering is that it does not 

require precise cutting of two-dimensional images. Instead it processes each voxel in the 

volume data set separately and finally reconstructs a three-dimensional image. Figure 10 

shows the result of 3D reconstruction by the volume rendering method. This algorithm can 

recover the shape of the trunk from the macroscopic analysis, and the introduction of 

transparency enhances the display effect of the whole image.  

After defining the transparency of the attributes of the constructed fragments, it 

makes the micro details such as the shape and relative spatial position relationship of the 

internal defects of the trunk more obvious, and the visualization of the whole image 

becomes higher. The volume rendering algorithm needs to calculate each voxel in the 

volume data field, so the amount of calculation is relatively large, which reduces the 

display speed of the image, and the change of the viewing angle of illumination and display 

will make the whole rendering process start again. This approach is restricted by computer 

hardware, so it cannot meet the needs of real-time display. Although the speed of using this 

method to reconstruct is slower than that of the surface reconstruction method, after 

processing each voxel in the volume data set, more internal information of the trunk is 

preserved. The details are kept intact, so the reconstructed model is more accurate and 

convenient for further observation and analysis. 
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Fig. 10. Volume rendering reconstruction results 

 

Development and Validation of 3D Visualization System for Decay inside the 
Tree  

Using surface rendering and volume rendering for 3D reconstruction, the volume 

rendering method had a better reconstruction effect, and the model had a strong sense of 

reality. Based on the volume rendering method, a 3D visualization system for decay inside 

trees was developed that generates a file “.exe” that can run independently. The user does 

not need to install MATLAB, but directly installs the executive program. The system 

provides overall functions by menu items. The menu function area includes file reading, 

model reconstruction, and model export.  

After the interface and properties of the program were defined, the callback 

function was designed corresponding to the menu item and associated its item with the 

callback function to realize the menu function (Fig. 11a). When using this system, the two-

dimensional images of different heights obtained by tree radar are preprocessed, 

interpolated, and stored in the newly-built folder. After using this system to read the file, 

the three-dimensional visualization effect of the defect is displayed. In order to verify the 

effectiveness and reliability of the system and the reconstruction method, this study takes 

the species Gleditsia sinensis as an example to reconstruct (Fig. 11b).  

The study tree is located in Xianyang City, Shaanxi Province, China. It is an ancient 

tree about 300 years old, DBH=135 cm. The tree has serious defects and has formed an 

open cavity. The internal defect characteristics can be directly observed without cutting, 

which is convenient for later comparison. Therefore, the method of this study is used to 

acquire and preprocess the image of the trunk defect at the height of 1 m from the ground, 

and then the internal defect is reconstructed by this system. From the reconstruction results 

displayed in the system (Fig. 11a), this method can directly show the shape of the wood 

defect and quantitatively understand the attenuation volume of the tree, which has certain 

reliability and authenticity. 

Because of various differences in the shapes of the reconstructed objects, it is 

difficult to have a reconstruction method that can directly reconstruct objects of any shape. 

Hence, these methods still need to be clarified. Due to the limitation of time and conditions, 

this research work only involves a small part of all the reconstruction methods, and a lot of 

work still needs to be further studied and discussed. As far as this study is concerned, it is 

necessary to continue the research in the following aspects: (i) Continue to study the 3D 

reconstruction algorithm in depth. 
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Fig. 11. System operation interface and instance verification 

 
In practice, the object surface reconstruction method based on fault contour still has 

a variety of shortcomings. The reconstruction result is not ideal, so it is necessary to study 

other algorithms of surface rendering. (ii) Study a hybrid rendering method that integrates 

surface rendering and volume rendering and obtains the effect of volume rendering at a 

faster speed. (iii) Enrich the function of the three-dimensional visualization system of 

decay inside the tree. In this study, the development of the system is only based on the 

volume drawing method. In future, the system will add a two-dimensional image 

preprocessing module and a surface rendering module to enrich the system functions to 

meet the different needs of users. 
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CONCLUSIONS 
 

1. The information contained in the two-dimensional images obtained by TRU radar 

scanning was different from that of CT equipment and stress wave equipment, so the 

processed image method was also different. The linear grayscale method improved the 

object contrast and solved the problem that the original image gap is too large by a 

series of two linear interpolations, which lays the foundation for the subsequent 3D 

reconstruction. 

2. Based on two-dimensional image preprocessing and image interpolation of TRU tree 

radar, the results of 3D reconstruction by surface rendering and volume rendering 

showed that the surface rendering algorithm reduced the original data to compact 

surface data. The calculations can run quickly in the MATLAB environment. The 

study defined the transparency of the patches constructed in the reconstruction process 

in the volume rendering, which improved the visualization level of microscopic 

details, such as the shape and position, and did not need to segment. The three-

dimensional visualization system of the decay tree was designed with MATLAB/GUI, 

which gets rid of the problem that the “.m” program cannot run independently without 

MATLAB, and the reliability and authenticity of the research method and system are 

verified by an example, which lays a foundation for the popularization and application 

of 3D reconstruction technology in the field of tree non-destructive testing. 
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