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Abstract

:

Since forest and fruit wood borer insects are very harmful, and the formed galleries are complex and not easy to observe, the 3D reconstruction and visual prediction simulation of their galleries are of great importance in agricultural and forestry research. A single image-based 3D reconstruction and visualization method is proposed. The method is divided into two steps: (1) photographing the complete insect galleries on different sample wood segments, correcting the images to obtain the complete insect tract outline, and then redefining the height of model expansion based on the distance from the outline to the midline of the outline via the sketch-based reconstruction method to reconstruct the 3D geometric model of insect tracts; (2) setting the influencing factors, such as forest and fruit wood borer pest species, host plants and insect population density, and simultaneously judging the newly added sample points and updating the original skeleton points according to the category of sample points and the comprehensive consideration of influencing factors, so as to obtain the changes of insect gallery structure under different conditions and achieve the predictive simulation of insect tract structure. We found that modeling 3D wood borer galleries by different pests on different host plants can be achieved. Compared to the hand drawing method, our method can obtain 3D models in a very short time, and the experimental models are all reconstructed within 1.5 s. The predicted variation in the range of insect tracts indicate that it was inversely proportional to the population density and positively proportional to the moth-eating ability of the pests, indicating that the method reflects the relationship between the range of insect tracts and the influencing factors. The proposed method provides a new approach to the study and control of wood borer galleries in the forest and fruit industry. In conclusion, we provide a method to reconstruct and predict the wood borer galleries in three dimensions.






Keywords:


forest and fruit; wood borer galleries; 3D reconstruction; prediction; simulation; visualization












1. Introduction


Forestry biological disasters caused by forestry pests are one of the major kinds of disasters threatening forestry, and their damage to forest resources and ecosystems causes substantial direct or indirect economic losses every year [1]. In the forestry and fruit industries, Saperda candida Fabricius, Carpomya vesuviana Costa, Anoplophora glabripennis, Cydia pomonella and other major, dangerous pests are responsible for invasion phenomena that are not to be underestimated [2]. Only in 2010, the economic losses caused by 16 kinds of agricultural and forestry invasive alien species, such as Aphis gossypii Glover, Agrilus mali Mats, and Leptinotarsa decemlineata (Say), amounted to 1.249 billion yuan [3]. Trunk moth larvae bore under the xylem or phloem of tree trunks, forming dense pits, destroying the phloem and transporting tissues of trees, and blocking the nutrient and water transport of host plants, leading to tree weakening or even death. In addition, because the toughness and strength of the trunk are obviously reduced after the damage, it is easily broken by the wind, which leads to safety accidents [4]. At the current stage, the control of forest and fruit wood borer insects is still based on spraying chemical pesticides or punching injections, which are more polluting to the environment, while the use of parasitic natural enemies to control moth-eating pests requires many experiments to be verified [5]. This often requires researchers to access natural parasitic enemies of the boring pest after a period of self-feeding on the experimental wood section, and then observing the activities of the boring pest and its parasitic natural enemies to obtain the effectiveness of the biological control [6]. The whole process usually takes tens of days. Since the feeding behavior of larvae is the main cause of damage to fruit trees, after understanding their feeding behavior, mastering their harmful characteristics and life patterns, establishing a three-dimensional model of their feeding channels and conducting predictive simulations can provide an effective means to improve prevention and control measures.



Simulating and predicting the movement of forest and fruit wood borer insects inside host plants is a difficult and complex task. In view of the cryptic nature of the life of forest and fruit wood borer insects, many scholars have proposed some methods to monitor them, which provide technical support to predicting the movement of pests at a later stage. Artificial sample observation [7,8] is a more commonly used monitoring method in agricultural and forestry research. The researchers dissect the affected wood segments to observe the internal structures of the insect tracts. The adult trapping technique [9,10] is based on the use of specific traps to trap adults in the experimental area, and is combined with manual observation to obtain a relevant assessment of the pests. Techniques such as remote sensing [11,12] are also used for monitoring, which are usually based on spectral features sensitive to leaf chlorophyll content that help one to achieve identification. With the advancement of computer technology and microelectronics, acoustic technology has achieved effective results in pest monitoring. This is mainly used for storage pests [13], wood quarantine pests [14,15], soil pests [16,17], and forest borer pests [18,19,20].



Currently, most research work on wood borer galleries is focused on forestry and agriculture, and the tracts are presented in 2D hand-drawn images, as they cannot be visualized in three-dimensional form. Li et al. [21] mapped the structure of the Xylotrechus rusticus L. at different damage stages by fine observation. Zhang et al. [22] obtained the damage symptoms of red-spotted white-striped aspen at different periods by visual inspection and dry dissection. Liu [23] obtained the distribution of Xylotrechus quadripes Chevrolat tracts on the trunks of affected coffee tree segments by disc analysis. Although 2D images of the galleries of wood borer pests are useful for researchers in agriculture and forestry, 2D images alone are not sufficient to study and analyze the tracts of wood borer pests because of the variety of pests and the complex structure of the tracts formed by their feeding. As the demand for virtual technology continues to rise, 3D modeling technology is receiving more and more attention and being awarded greater importance. Botanists can use numerous kinds of existing software [24,25,26] to build different plant models during their research in order to complete virtual experiments. However, most software can only simulate a limited number of existing plants, and make certain requirements of the user in terms of agricultural and forestry knowledge. Zhang et al. [27] completed a reconstruction of Agrilus subrobustus Saunders galleries using SAI scientific hand drawing as well as software such as Photoshop and Autodesk Maya. However, the above reconstruction method is not only labor-intensive and time-consuming, but also requires the user to have a clear knowledge of the damage characteristics and trunk structure of trunk-destroying pests, as well as to be familiar with the existing 3D reconstruction software.



With the development of computer technology, interdisciplinary cross-research has now become one of the hot spots of research. Its core idea is to take computer technology as the basis, and combine the disciplinary characteristics and science and technology of other disciplines to get better research results. Along with the advent and development of X-ray and MRI technologies, work on the use of computer technology for the 3D reconstruction of medical images has been carried out [28]. With 3D reconstruction technology, a model of the human organ can be constructed, and interactive manipulation of the reconstructed model can be achieved, thus enabling medical researchers to more fully understand the 3D relationship between the organ and its surrounding tissues for more accurate research and treatment purposes [29]. Meanwhile, medical image 3D reconstruction plays an important role in human simulation [30,31], virtual surgery [32], and robotic surgery [33].



In order to be able to detect the internal residual damage of plants without damaging them, many scholars have conducted some exploratory studies using non-destructive testing techniques. The instrument detection index mainly includes stress wave velocity [34], ultrasonic wave velocity [35], impedance value [36], X-ray gray value [37] and ground-penetrating radar electromagnetic ratio [38]. With the boom in computer technology, in recent years, researchers have started to experiment with a number of algorithms to achieve imaging inside wood. Du et al. [39] proposed a three-dimensional stress wave imaging method based on TKriging. Ge et al. [40] proposed a sinogram-based system rotation center to achieve high-quality CT tomography. The current NDT imaging algorithm is mainly based on laminar imaging, but it is limited by the accuracy of the sampled signal, and its capacity for reproducing the edge of the defect is not high.



However, sketch-based reconstruction is a flexible and interactive approach. Okabe et al. were [41] the first to propose the application of hand-drawn sketch modeling techniques to tree modeling and designed an interactive system to help users generate realistic tree models from sketches. Anastacio et al. [42] proposed to use a conceptual sketching approach based on construction lines to define the order of plant organs and the global structure, while locally using the L system for detail creation. Longay et al. [43] implemented a hand-drawn tree modeling system that can simulate tree growth and produce realistic tree models based on hand-drawn sketches. However, most of the aforementioned modeling focuses on the structure and characterization of plants, while simulations of the internal conditions of plants are rarely performed.



Researchers at home and abroad have conducted a lot of research on the occurrence, damage and influencing factors of forest and fruit wood borer pests. Since there are many species of moth-eating pests, such as Cerambycidae and Scolytidae in the Coleoptera family and Siricidae in Hymenoptera [44], and the morphology of the insect pathways formed by each type of pest inside the trees varies, the species of moth-eating pests can be an important factor when predicting the insect pathways. Ehrlich and Raven [45] proposed a landmark theory of synergistic evolution after studying the relationship between butterflies and their host cruciferous plants. The host plant population of the borer pest is equally diverse, and given the close relationship between the host plant and the pest, studies on the effects of different conditions of the host tree on the reproduction, survival, and damage of the borer pest are gradually being reported [46,47]. Yang [48] also compared the developmental progress and reproductive ability of Grapholita molesta Busck on six different host plants, and finally obtained the most suitable host. Thus, host plants are also an important factor influencing changes in insect population dynamics. In addition, Zhang [44] speculated, based on experimental phenomena, that when the population density on the host plant is small, the pest has a large activity space, a relatively wide moth-eating area, and a relatively long tract; while when the population density is large, the pest’s activity space and trend range are limited, so the moth-eating area is small and the tract is relatively small. Combining the results of the above studies, this paper selects pest species, host plant species, and population density as the three important influencing factors to predict the development of insect tracts.



After acquiring data on forest and fruit wood borer pest populations, most studies make scientific inferences about their development and population changes by combining their biological characteristics with the environmental conditions of the occurrence sites, and then make predictions about their occurrence trends, which mainly includes occurrence period prediction, occurrence quantity prediction, and occurrence range prediction [49]. Such predictions are mostly on the stand scale, using remote sensing image data [50,51,52] for the prediction and validation of forest pest occurrence trends over large areas. However, little work has been done to simulate the insect pathways inside monocots. It is nevertheless worthwhile to note that there exists a large body of work on the simulation and prediction of pest movement trajectories in many pests that can develop significant representational changes. For example, traditional field trials and follow-up surveys are used to study pest feeding at different times of the year [53], or manual defoliation and leaf trimming to simulate the pest [54,55,56]. However, this type of approach is time-consuming and labor-intensive, and the visualization is poor. Furthermore, with the rapid development of computerized virtual plant technology, many scholars have also used computers to simulate the dynamics of pest populations [57,58]. In addition, simulations predicting the movement and distribution patterns of insects on a single blade and the local variation of the blade also have good results. Casas et al. [59,60,61] studied and simulated the transport trajectories of insects in the plant canopy. Tang et al. [62] formed a plant functional–structural model to quantitatively simulate the effects of worm holes on single leaves of maize at different nibbling rates. All these works help us in the predictive simulation of forest and fruit wood borer galleries in this paper.



The goal of this paper is to achieve a visual predictive simulation of the spread of the forest and fruit wood borer galleries by reconstructing the tract in three dimensions from a single two-dimensional image, and incorporating changes in the influencing factors. Based on references to agricultural and forestry-related studies, the 3D reconstruction of the insect pathways was combined with the technique of sketch reconstruction. In this way, one can directly obtain a corresponding 3D model of a single wormhole by entering its 2D image and receiving a more intuitive and multi-angle view of the complete pit configuration. In addition to this approach, a simulation method for predicting insect paths based on influencing factors is proposed. The complete three-dimensional skeleton of the insect tract was used as an input sample point in connection with studies related to forest and fruit wood borer insects. By adjusting the values of three types of influencing factors, including pest species, host plants and insect population density, and the location of new insertion points, we can comprehensively determine whether the direction of pest movement within the forest stands holds true, thus enabling a visual predictive simulation of the insect path generation process.



The main contributions of this paper include the following:



(1) A contour-based 3D reconstruction method of the forest and fruit wood borer galleries is proposed. The complete contours of the forest and fruit wood borer galleries are extracted from the input single 2D images of the forest and fruit wood borer galleries, and the sketch-based reconstruction method is applied to generate 3D models. In particular, during the model’s expansion, its expansion height is determined by the distance of the corresponding contour point from the 2D contour midline, instead of the distance from the corresponding point of the contour to the ridge line used in Ref. [63];



(2) A simulation method of forest and fruit wood borer galleries prediction based on influencing factors is proposed. By extracting the 3D skeleton from the reconstructed 3D models and adding the information on 3D skeleton sample points and the changes of pest species, population density, host plants and other factors, we judge whether the new sample points conform to the movement trajectory of pests in the process of insect tract generation, thus together forming a predictive simulation of the dynamic generation of insect tracts.




2. Data Collection and Preprocessing


2.1. Test Data Acquisition


All the images of complete forest and fruit wood borer galleries required in this experiment were obtained by shooting. The location of the shooting was the experimental specimen room of the School of Forestry, Beijing Forestry University. We selected wood segments of specimens with high numbers of forest and fruit wood borer galleries and good structural integrity of for the study. We found the complete galleries on the infested wood section, took the complete galleries as a whole for the scene, and chose the appropriate angle to shoot from. It should be specified that in the collected images of the forest and fruit wood borer galleries, the damage sites of the host trees were located on the surfaces of the phloem and xylem, and the damage inside the xylem of the host trees was not addressed. The main species of forest and fruit wood borer were found to be cerambycidae pests. Figure 1 shows Cudrania tricuspidata; the cadres of this tree are susceptible to damage, resulting in hollow defects. The main pests and diseases on it are Apriona germar, Cicadellidae and Chrysanthemum virus B.



The camera used for the shooting was a Canon EOS 60D, and its specific parameters are shown in Table 1.




2.2. Image Correction


Since there is a certain degree of angle shift in the image acquisition process, images with deviations in their shooting angles should be corrected before the image contour extraction process. Since [H]3×3, the transformation matrix in the projection transformation, has eight degrees of freedom, the power of the projection transformation is stronger than the other transformation forms. In this paper, a correction method based on projection transformation is used to manually select the area to be corrected and mark it. The criterion for selecting the area is that it will contain a complete worm channel in the smallest possible area. The selected area is then corrected according to the desired corrected position, and the result is shown in Figure 2.



Figure 2a shows the complete barked tree trunk; Figure 2b shows a photograph of the specimen trunk after bark removal, and we can easily see that it has more than one galleries on it, where the gallery selected by the red box is the part required for the experiment. Figure 2c shows the complete gallery selected by us, and the four sets of points (p1–p4) to be corrected are indicated by the red dots. Figure 2d shows the corrected image, where the green points    p  1  ′   –   p  4  ′    correspond to the corrected positions of p1–p4 in Figure 2c, respectively.




2.3. Contours Extraction and Compression


Given that there are more disturbances (e.g., cracks, holes, etc.) on the surfaces of insect-infested wood specimens due to storage time and storage environment, the results of using the automatic contour extraction method were not what we expected, so the manual method was used to extract the contours of insect paths. After manually extracting the two-dimensional contours of the forest and fruit wood borer gallery on the corrected image, the DP algorithm (Douglas–Peucker algorithm) [64] was used to compress the point set of the forest and fruit wood borer gallery contours. After compression by the DP algorithm, the overall morphology of the forest and fruit wood borer gallery contour was not changed significantly, and the detailed parts were well preserved. On the one hand, the numbers of points in the uncompressed contour point sets were relatively large, and they were partially similar, leading to many narrow triangular meshes and increasing the triangulation time when triangulation is performed. On the other hand, by compressing the contours, the numbers of contour points and similar points are reduced, resulting in a smoother surface of the resulting 3D model. The effect of compressing the contour point set using the DP algorithm is shown in Figure 3.




2.4. Three-Dimensional Models Reconstruction


Since the collected wood segments had all been stripped of their outer bark, resulting in the destruction of the insect tract structures on them, complete data regarding the insect tract on this wood segment could not be derived. Therefore, in the experiment, it was assumed that the collected contours were located in the centers of the original insect tracts, i.e., the insect tract structures were symmetrical on both sides of the contours. Based on the above assumptions, a sketch-based 3D reconstruction method [63] can be used to reconstruct the worm channel structure in 3D.



It is worth noting that the calculation we performed to determine the height of the ridge line elevation was different from that in the literature [63]. In this paper, the height of expansion was obtained from the distance of the point on the two-dimensional contour of the worm channel from the midline of its contour, rather than the distance of the corresponding point from the ridge line. As shown in Figure 4, we set the distance of the contour point  p  corresponding to the ridge line from the midline  r , and the height of the ridge lift at that point as  h . Then, the relationship between  h  and  r  was determined as   h = ω × r  , where  h  means the height of ridge elevation,  ω  means the weight value, and  r  means the distance of the contour point from the contour midline. Since the insect path is on the curved surface of the tree trunk and there is some angular deviation during the shooting process, there remains some degree of error between the true value and the corrected value, although it has been improved. Therefore, the distance  r  should not be directly used as the elevation height  h  of the ridge, but a certain amount of weight should be assigned to it. The weight is larger at relatively narrow locations and smaller at relatively wide locations, i.e.,  r  is inversely proportional to  ω .





3. Based on Influencing Factors for Predicting Forest and Fruit Wood Borer Galleries Spread Range


3.1. Three-Dimensional Skeleton


3.1.1. Three-Dimensional Skeleton Extraction


As a shape abstraction method, skeletonization has high applicability, so it is widely used in various fields. In computer graphics, the use of curved skeletons is preferred over medial skeletons, which are susceptible to complex topological disturbances. A mesh shrinkage-based curve skeleton extraction algorithm [65] was used to extract the curve skeleton from the 3D model of the forest and fruit wood borer galleries constructed in Section 2.4. This method does not require the pre-sampling of the mesh model into the volume representation, and can act directly on the mesh domain. The overall iterative process is shown in Figure 5.




3.1.2. 3D Skeleton Description


After the extraction of the 3D skeleton, we obtained a set of sample points with certain topological structures and geometric features. Therefore, we can consider the extracted skeleton as a graph G consisting of vertices V and directed edges E, as   G =  (  V , E  )   , where the edge  E  is composed of points    v i    and    v j    with the direction    v i    →    v j   :


   e  i j   =  〈   v i  ,  v j   〉  ,  {       e  i j   ∈ E        v i  ,  v j  ∈ V       i , j ∈ N        



(1)







At the same time, each sample point  v  has its own set of properties, as in Equation (2).


  A  ( v )  =  (  P  ( v )  , F  ( v )  , T  ( v )   )   



(2)




where   A  ( v )    represents the properties of point  v , including:   P  ( v )    the location coordinates of the point,   F  ( v )    the influence factor, and the time series   T  ( v )    of the point.



Each edge also has a corresponding weight, initialized to a value of 1, which represents the number of times that edge is connected, as shown in Equation (3).


  W = ∑   (   v i  ,  v j   )    



(3)







As a side note, we will not consider the problem of the direction of the edge when calculating the number of connections between two points.




3.1.3. Description of Pest Movement


We do not have a clear picture of how the insects move inside the host plant, but based on the pictures taken and knowledge derived from research, we can make the following three classifications of their movement directions.



	
Pioneering Movement






As the pest moves inside the host tree, it tends to gnaw on new branches outside the main gallery, i.e., new sample points  v  and new points with directed edges  e . Often, at this point, the topological ordering of the overall gallery will be different from the ordering at the previous moment. Usually, however, the overall size of the branch is smaller than the main gallery, and the pest eventually returns to the main gallery from the direction of the branch, so we call this type of movement pioneering, as shown by the red arrow in Figure 6.



	2.

	
Forward Movement







When the pest moves inside the host tree, it moves in the direction of the main gallery towards the feathering hole, without creating a new branch outside the second. However, during the movement, the pest grows in size and may gnaw at the same location for a certain period of time, resulting in a significant increase in the size of this section of the tract. In this case, the position of the sample point at that moment remains unchanged, but the influences are updated and the weight of the side is increased. We call this type of movement forward, as shown by the blue arrow in Figure 6.



	3.

	
Backward Movement







The same pest moves along the main insect tract as it moves inside the host, unlike the forward movement, when the pest moves in the direction of the invasion hole. As with the forward movement, the backward movement does not create new branches. Since the pest eventually needs to fly out of the plumage hole, its backward movement must produce forward movement between corresponding points after it occurs, i.e., the position of the corresponding sample point does not change, but its influencing factors are updated and the weight of the edge is increased. We call such types of motion backward motion, as shown by the green arrow in Figure 6.





3.2. Influence Factors’ Establishment


Trunk-destroying pests form galleries by feeding on the trunk of the host tree as they move inside the tree. We assume that the damage to the tree is the ratio of the volume of the insect tract to the volume of the host tree trunk:


  E =    V  G a l l e r i e s      V  T r e e      



(4)




where  E  is the degree of damage to the host tree,    V  G a l l e r i e s     denotes the volume of the insect tract, and    V  T r e e     denotes the volume of the host tree. Due to the relatively slow growth of the tree, it is assumed that the volume of the host tree holds a specific value during the development of the trunk moth pest from the larval to the adult stage, so it is only necessary to solve for the volume of the insect tract inside the host tree, expressed as follows:


   V  G a l l e r i e s   =  ∫ s  d l  



(5)




where  s  is the maximum cross-sectional area of the insect body and   d l   is the corresponding length. Since the pest will go through the growth process from larvae to adult inside the host tree, its body size and the area of cross-sectional surface gnawed inside the host tree will also change. Assuming that the cross-sectional area formed by the pest in the larval stage is the minimum and the cross-sectional area formed in the adult stage is the maximum, then the above volume formula can be changed to    V  G a l l e r i e s   =  ∫  s d l ,  s  m i n   ≤ s ≤  s  m a x      , where    s  m i n     represents the cross-sectional area of the tract formed by larval-stage feeding and    s  m a x     represents the cross-sectional area of the tract formed by adult-stage feeding. Since the length is determined by the speed of movement of the pest inside the host tree,   d l   in Equation (5) can be further expressed as:


  d l = v × d t  



(6)




where  v  denotes the pest movement velocity and   d t   denotes the movement time. Thus, the description of insect feeding inside the tree can be converted into a description of the insect size and movement speed inside the host tree, i.e., Equation (7):


   V  G a l l e r i e s   =  ∫  s v d t ,  0  <  s  m i n   ≤ s ≤  s  m a x      



(7)







The main factors affecting the cross-sectional area and the movement speed of the pests are: pest species, host trees, population density and other external factors, which will be analyzed one by one below.



3.2.1. Forest and Fruit Wood Borer Species


Different species of pests have different body sizes, feeding sites, and movement speeds, which ultimately lead to differences in the structures of the insect tracts formed. The influence equation arising from the pest species is:


  P = k  T  i n s e c t   × j A , k , j ∈ ( 0 , 1 )  



(8)




where  P  denotes the degree of influence of different species of pests,    T  i n s e c t     denotes the pest species number,  A  denotes the age of the pest, and  k  and  j  represent the constant coefficients.




3.2.2. Host Tree Species


In the long-term co-evolutionary process between insects and plants, the relationship between plant-feeding insects and hosts involves mutual selection, interaction and mutual adaptation, and plant-feeding insects have also formed a specific host spectrum. The probability of infestation by the same pest (preference) varies for different species of trees. Additionally, for the same species of host trees, the probability of infestation is related to the age of the tree. The influence equation for the host tree is:


   S  T r e e   = π D  H  T r e e   × m  T  T r e e   , m ∈ ( 0 , 1 )  



(9)




where    S  T r e e     denotes the infested surface area of the host tree,  D  denotes the diameter at breast height of the host tree,    H  T r e e     denotes the height of the host tree,  m  denotes the preference of the pest for the host tree, and    T  T r e e     denotes the host tree species number.




3.2.3. Density of Insect Population


The population density of the sample wood segments is related to the length and diameter of the segments and the number of feathering holes on them. When the population density is small, the pest has more space to move inside the host tree, and the scope of feeding is wider, forming a relatively large insect pathway. On the contrary, when the population density is high, the space for the pest to move becomes smaller and the scope of feeding is narrower, thus forming a smaller insect pathway. The influence equation of insect population density is:


  ρ =    N f    π d L    



(10)




where  ρ  denotes the population density (number of plumage holes per unit area),    N f    denotes the number of plumage holes on the specimen wood segment,  d  denotes the diameter of the specimen wood segment, and  L  denotes the length of the wood segment specimen.




3.2.4. Other Effects


In addition to the above three factors, the external environment also has an influence on the final structure of the insect tract, but since most burrowing pests live inside the host tissues and are influenced relatively little by the outside world, the influence of other external factors is expressed in this paper as   l i m ε →  0 +   , where  ε  represents the value of other influencing factors.



In summary, combining all the influencing factors, the complete impact coefficient can be obtained as:


  Q = a P × b  S  T r e e   × c ρ + ε ,  {      a > b > c       a , b , c ∈ ( 0 , 1 )        



(11)




where  a ,  b  and  c  represent the constant coefficients.



The pest feeding volume inside the host tree can ultimately be expressed as    V  G a l l e r i e s   = Q  ∫  s v d t    , and the degree of damage to the host tree can be expressed as:


  E =    V  G a l l e r i e s      V  T r e e     =   Q  ∫  s v d t      V  T r e e      



(12)









3.3. Prediction of Forest and Fruit Wood Borer Galleries


3.3.1. Define the Parameters


Before proceeding with the predictive simulation algorithm, we need to define several user-definable parameters, which are:




	
The distance an insect moves per unit of time.








In this paper, we use    d  m a x     to denote the maximum distance an insect can move per unit time within a host. The distance per unit traveled inside the host varies for each pest, due to its species and the growth period it is in. The user can control the morphological structure of the insect tract by setting different    d  m a x     values.



	2.

	
The angle of insect movement







In this paper, we use  θ  to describe the different directions of movement of the pests. Based on the three types of movement directions summarized in Section 3.1.3., we can define them in a more specific way by the range of  θ . Let us assume that there are three sample points    v  1    ,    v  2     and    v  3    , where    v  1     and    v  2     are the sample points of the previous moment and    v  3     is the sample point of the current moment, and the corresponding two directions of motion are   a =    v  1    v  2    →   ,   b =    v  2    v  3    →   ; in this case, the angle between these two directions of motion is  α . By judging the magnitude of  α  and  θ , we can determine the direction of motion of the sample point    v  3    . When the absolute value of the angle between two vectors is    |   α  a b    |  ∈  [   0  , θ  ]  ∩  [  π - θ , π  ]   , this means that the movement of the pest is within the angle specified by the user, i.e., the direction of its movement is in the direction of the main gallery. When    |   α  a b    |  ∈  [  θ , π - θ  ]   , this means that the insect’s movement direction deviates from the angle set by the user, and a new branch will be created at this time.



	3.

	
The distance of the sample point







If there are two points      v  1    →    and      v  2    →   , the distance between them is calculated as:


   d   v  1    v  2     =    (     v  1    →  -    v  2    →   )     (     v  1    →  -    v  2    →   )   T     



(13)







	4.

	
The angle of the sample point







Based on the definition in 2, we can calculate the angle between the two vectors as:


   α  a b   = a r c c o s    (  a × b  )     (   | a |  ×  | b |   )    = a r c c o s  (     a x   b x  +  a y   b y  +  a z   b z     | a |  ×  | b |     )   



(14)








3.3.2. Define the Prediction Point


In addition, according to the direction of motion of the insects we defined in Section 3.1.3., we can obtain three types of points corresponding to them, and one type of error point, defined as follows.



First, we assume that the current point is    v k   , its starting point and the ending point of the previous moment are    v  i -  1      and    v i   , respectively. The vectors of the two moments are   a =    v  i -  1     v i   →    and   b =    v i   v k   →   .



	
Pioneering Points






When the points are used to represent new branching worm paths as opposed to pioneering movements, they become pioneering points. Such points are defined as follows: ① the distance    d   v k   v i      from the sample point at the previous moment is less than the set distance, i.e.,    d   v k   v i    ≤  d  m a x    ; ②    |   α  a b    |  ∈  [  θ , π - θ  ]   . This is shown by the red point in Figure 7, and    α  1   =  α  a b    .



	2.

	
Forward Points







The point that corresponds to the forward motion and has the same position as the original sample point is called the forward point. The advancing point can be defined as follows: ① the distance    d   v k   v i      from the sample point at the previous moment is less than the set distance, i.e.,    d   v k   v i    ≤  d  m a x    ; ②    α  a b   ∈  [  − θ , θ  ]   . This is shown by the orange point in Figure 7, and the    α  3   =  α  a b    .



	3.

	
Backward Points







The backward point corresponds to the backward motion, and is used to indicate the direction of motion along the original sample point toward the intrusion hole. The backward point is defined as follows: ① the distance    d   v k   v i      from the sample point at the previous moment is less than the set distance, i.e.,    d   v k   v i    ≤  d  m a x    ; ②    α  a b   ∈  [  π - θ , π + θ  ]   . This is shown by the green point in Figure 7, and the    α  2   =  α  a b    .



	4.

	
Wrong Points







As the name implies, the error point indicates the point that the pest will not reach at the current moment. Here, the distance    d   v k   v i      from the sample point at the previous moment is more than the set distance, i.e.,    d   v k   v i    >  d  m a x    . This is shown by the purple point in Figure 7, and the    d f  =  d   v k   v i     .




3.3.3. Prediction Simulation Algorithm


Based on the parameters defined above and the types of points, we can obtain a predictive simulation algorithm for the worm path as Algorithm 1.



	Algorithm 1. Simulation Algorithm for Prediction of Forest and Fruit Wood Borer Pest Galleries



	Input: The three-dimensional skeleton points set  V , the set of edges between the points of the three-dimensional skeleton  E , the set of attributes of the points  A , the set of weights of edges  W , the defined movement distance    d  m a x     and angle  θ , and the set of possible points  S .



	Output: The new 3D skeleton map    G ′    obtained by the algorithm.



	 1: for i in range (0, len( S )-1) do



	 2:  for j in range (0, len( V )-1) do

 3:   judge the distance between    v j    and    s i   

 4:   if    d   s i   v j    >  d  m a x    , i = i + 1, j = 0

 5:   else judge the angle  α  between      v  j -  1     v j   →    and      v j   s i   →   

 6:    if    | α |  ∈  [  θ , π - θ  ]   ,    s i    insert into  V , update  V   , E    , A    , W   and  S 



	 7:    else if   α ∈  [  − θ , θ  ]   , update    v  j +  1      according    s i   , update  V   , E    , A    , W   and  S 

 8:    else update    v  j -  1      according to    s i   , update  V   , E    , A    , W   and  S 

 9:    i = 0, j = 0

 10:    end if

 11:  end if

 12: end for

 13: return the new skeleton map    G ′   











4. Result and Analysis


4.1. 3D Reconstruction


4.1.1. 3D Modeling Results of Wood Borer Galleries


The 3D model generated according to Section 2.4. and Section 3.1.1., and its corresponding 3D skeleton, are shown in Figure 8. The specific information regarding the 3D model (number of vertices and faces) and the number of points of the 3D skeleton is presented in Table 2.



The experimental results show that the contour-based 3D reconstruction algorithm proposed in this paper can be used for the 3D reconstruction of the wood borer galleries on different host plants, which are formed by different wood borer pests. The 3D model can be obtained using the contour-based 3D reconstruction algorithm. The above modeling process was conducted using the Windows 10 64-bit operating system, using the following computer configuration: Intel(R) Core(TM) i7-10700 CPU @ 2.90 GHz, 16 GB RAM. Visual Studio 2019 was used for the 3D reconstruction phase of the wood borer galleries.




4.1.2. Visualization Results


As shown in Figure 9, we have fused the 3D models of the wood borer galleries generated using the 3D reconstruction algorithm in Section 2.4. with the models of the tree trunk to achieve a visual representation of the wood borer galleries. To do this, first, we created a cylinder and selected a tree trunk mapping approach that approximates the captured image. Next, the wood borer galleries’ models obtained in Section 2.4. were combined with the tree trunks. Ultimately, a visualization of the insect galleries on the tree trunk was obtained. All the above steps were done in 3D Max 2021.





4.2. Predictive Simulation


4.2.1. Only Forward Points or Backward Points Exist


In Figure 10, a visualization of the 3D skeleton obtained from the actual sampling points is shown. It should be noted that due to the small overall thickness of the worm tract (i.e., the z-values of the sample points are small), the overall z-values of the skeleton were somewhat enlarged when we made the display in order to visualize the changes in the skeleton. Matlab 2020 was used in the visualization and presentation of the 3D skeleton.



When only forward or backward points exist, the overall structure of the worm tract is the same as that of the sampled points, i.e., the position of each sample point does not change, but the weight of each edge increases and the nature of the corresponding point changes, resulting in a change in the overall volume of the worm tract, as shown in Figure 11.




4.2.2. Only Pioneering Points Exist


We have used the branch points of the sample points for the pioneering point demonstration, as shown in Figure 12. According to the movement pattern introduced in the previous section, after traversing a new branch, the pest always returns to the main path, and continues along the direction of the main insect path before it can generate another branch.




4.2.3. Factors Influencing Regulation


According to the influencing factors mentioned in Section 3.2., changing the corresponding influencing factors will cause change in the influencing factor coefficient  Q , such that the change in the insect tract’s structure can be simulated under different situations. In Figure 13b, the 3D skeleton information regarding the insect tract’s structure on the wood segment is based on the actual photographed samples. At this time, the influencing factors are: pest species   P = 1  , host tree    S  T r e e   = 2  , and population density   ρ = 5  , corresponding to the influencing factor coefficient   Q = 5  ; if the influencing factors are adjusted to pest species   P = 2  , host tree    S  T r e e   = 2  , and population density   ρ = 8  , the corresponding influencing factor coefficient is   Q = 1  . With no change in the host tree species, the pest species changes to an insect with a relatively small borer capacity, and the density of insect mouths on the standard unit increases, resulting in a change in the overall structure of the insect tract. The extent of the insect tract is reduced and the depth of feeding is decreased, as shown in Figure 13a. If the influencing factors are adjusted to pest species   P = 2  , host tree    S  T r e e   = 1  , and population density   ρ = 2  , then the corresponding influencing factor becomes   Q = 10  . If the host tree species is changed to the species preferred by the pest, and the population density of the standard unit is decreased, the overall structure of the insect tract is changed to expand the extent of the tract and increase the depth of feeding, as shown in Figure 13c.






5. Discussion


Contour-based 3D reconstruction and predictive simulation methods have the following advantages: (1) The 3D reconstruction method of the galleries of wood borer pests [27] requires not only that the user has knowledge of agriculture and forestry, but also has some experience in using existing 3D modeling software, in addition to the time required to complete the 3D model of the insect galleries. Here, we used a contour-based reconstruction method combined with sketch reconstruction techniques [62] and redefined the height of the pest track 3D model to complete the 3D modeling of the wood borer galleries. (2) Most of the existing pest prediction simulations are focused on the stand [47] or plant surface [60]. The prediction of pests inside plants has rarely been performed. Therefore, in this paper, three factors, namely, pest species, host plant, and population density, were used to predict changes in the range of insect pathways by adjusting them, as shown in Figure 13. At the same time, three types of movements—forward, open and backward—were defined to describe the movement of the pest inside the host, thus enabling a predictive simulation of the change in the insect tract due to the movement of the pest inside the host, as shown in Figure 11 and Figure 12.



However, this approach still has some drawbacks. (1) The wood segments photographed in the experiments were all specimen wood segments. Therefore, they were pre-treated, so the structure of the wood borer galleries we observed were not complete. Also, because they were fixed and could not be moved, we could only photograph them at imperfect angles. This led us to consider solving the deformation problem due to the angle of the shot mainly in the stage of image correction. The deformation caused by camera parameters was not addressed in this paper. (2) For the height of the model mentioned in the 3D reconstruction of the wood borer galleries, the relationship between the height of the galleries and its width needs to be further demonstrated by conducting more experiments because the number of wood segments analyzed is small and the worm channels on the sample wood segments are not complete. (3) In this experiment, the collected wood borer galleries were located on the air-dried sample wood segments. However, in the real world, water content still has a greater effect on plants. The 3D reconstruction of the insect tracts on fresh host plants is not addressed in this paper. (4) Although this paper allows the work of 3D reconstruction of the insect tracts that are on the surface of the phloem and xylem, and compared to the use of chromatography [26,27], the method in this paper can obtain a 3D model with a clear outline (Figure 8b). However, for the insect tracts located inside the xylem, the method in this article do not apply. Since the insect tracts located inside the xylem cannot be contoured by a single image, therefore, the contour-based 3D reconstruction method proposed in this paper cannot be used. (5) There are still shortcomings in the algorithm design for the predictive simulation part of the wood borer gallery. The predictive simulation of insect tracts in this paper is homogeneous, i.e., every point on the tract will produce the same change under the variation of influencing factors. However, according to the related work of forestry researchers, refs. [43,44,45] there is often variation in the insect tracts eaten by wood borer pests. Therefore, to obtain more realistic predictive simulation results, the predictive simulation algorithm needs to be set up more complex and the properties of the points to be discussed need to be increased accordingly, but this will also increase the difficulty in the implementation of the algorithm.



In future work, the algorithm in this paper will be studied in more depth to obtain a more realistic reconstruction of wood borer galleries as well as predictive simulation results. Future research should be oriented in the following directions. (1) We will conduct experiments on the 3D reconstruction and visualization simulation of wood borer galleries formed by more pests in order to gain new knowledge and form better modeling methods. More experiments can also be conducted to study the differences in the effects of insect tracks formed by the same pest species in different tree species, or in the same tree species by different pests. (2) The insect tracks in the images taken in the experiments of this paper were all in dry tree trunks. Therefore, collecting new data from borer insect galleries through analysis and experiments can yield more new results, which can facilitate the more adequate design of a method for the reconstruction of insect trails, i.e., the predictive simulation algorithm.




6. Conclusions


This study presents a single image-based method for the 3D modeling of wood borer galleries. The heights of the wood borer gallery models were redefined by extracting the contours of the pest tracks using a sketch-based reconstruction method. The 3D skeleton information of the wood borer gallery was extracted using a grid-based shrinkage method. In order to predict the extents of the wood borer galleries, three types of pest movement directions, three types of influencing factors, and four types of prediction points were defined. Using this method, 3D modeling can be completed in just a few seconds. The labor and time spent in traditional modeling methods are reduced. By adjusting the influencing factors, the overall range of the worm tract’s 3D skeleton changes in proportion to changes in the influencing factors. However, the extent of the 3D skeleton of the wood borer gallery was negatively correlated with the influencing factor of the density of the pest mouths. This study overcomes the limitations of the 3D reconstruction of galleries of wood borer pests using single-image data. This method will provide a more accurate 3D model for the study and analysis of the insect galleries of wood borer pests.
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Figure 1. Display of Cudrania tricuspidata: (a) the tree as a whole; (b) the fruit of the tree; (c) the trunk of the tree. 
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Figure 2. Image correction: (a) The complete trunk; (b) The trunk after bark removal; (c) The selected position points; (d) The corrected image and corresponding points. 






Figure 2. Image correction: (a) The complete trunk; (b) The trunk after bark removal; (c) The selected position points; (d) The corrected image and corresponding points.



[image: Agronomy 12 01087 g002]







[image: Agronomy 12 01087 g003 550] 





Figure 3. The effect of compression using the DP algorithm: row (a) represents the original contour after manual extraction. The (a) (1) contour has 789,804 points; the (a) (2) contour has 789,246 points; and the (a) (3) contour has 775,014 points. Row (b) indicates the contours after compression using the DP algorithm. The (b) (1) contour has 13,510 points; the (b) (2) contour has 76,180 points; and the (b) (3) contour has 77,410 points. 
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Figure 4. Schematic diagram of ridge elevation. (a) shows that the expansion height defined in this paper is different from that in the literature [63]. The distance from a point  p  of the profile to the ridgeline is  s  (red), the distance to the midline of the profile is  r  (blue), and the height of the ridge elevation is  h . (b) Schematic diagram of the transverse interface where the profile point p is located. 
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Figure 5. Three-dimensional skeleton extraction: (a) reconstructed 3D model; (b) the first iteration shrinkage; (c) the third iteration contraction; (d) the fifth iteration contraction; (e) the nth iteration contraction; (f) the three-dimensional skeleton. 
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Figure 6. The schematic diagram of pest movement directions—“in” depicts the invasion hole, and “out” the feathering hole. Blue points indicate the points on the main gallery, and red points indicate points on the branching worm paths (i.e., new points created by pioneering movements). Blue arrows indicate forward movement, red arrows indicate pioneering movement, green arrows indicate backward movement, and orange arrows indicate forward movement paired with backward movement. 
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Figure 7. The types of points. “in” denotes the invasion hole, and “out” the feathering hole. The red point indicates the pioneering point; the green point indicates backward point; the orange point indicates the forward point; the purple point indicates the wrong point. 
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Figure 8. Three-dimensional reconstruction and skeleton extraction: row (a) represents the input image; row (b) represents the 3D model generated from the 2D contour of the image in row (a); row (c) represents the 3D skeleton extracted from the 3D model in row (b). 
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Figure 9. Visualization effect display column (a) is the real shot image; column (b) is the synthetic effect. 
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Figure 10. The 3D skeleton sample point visualization display: (a) shows the skeleton sample points in 3D space; (b) shows the skeleton sample points in the x-y view. The color indicates the depth of the point, i.e., the z-value of each point. The darker the color, the shallower the depth of the point, and the brighter the color, the deeper the depth of the point. 
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Figure 11. Only forward or backward points exist. We assume an extreme case wherein the pest repeatedly performs a backwards–forwards action on the trajectory of an existing sample point, i.e., all sample points have updated attribute values. (a) shows the updated 3D view; (b) shows the updated x-y plane view. The updated worm path range changes from (−4, 5) to (−8, 10) for x, from (0, 3.5) to (0, 7) for y, and from (0.5 × 10−3, 5 × 10−3) to (1 × 10−3, 6 × 10−3) for |z|. It can be seen that the backward and forward movements have a large effect on the x and y values, while the z values change relatively little. 
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Figure 12. Only pioneering points exist. We use the branch points in the sample points to demonstrate the branch point addition process. There is only one branch in (a); (b) returns from the branch to the main worm path and continues; (c) continues in the direction of the main worm path; in (d) a second branch is generated. 
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Figure 13. Changing the influencing factors. The images in the top and bottom rows are correspondences. (a,d), (b,e) and (c,f) correspond; the first row is the 3D view and the second row is the x-y plane view. (b,e) indicates the original sampling site effect; (a,d) shows a change in pest species and population density; (c,f) shows a change in host tree species and population density. 






Figure 13. Changing the influencing factors. The images in the top and bottom rows are correspondences. (a,d), (b,e) and (c,f) correspond; the first row is the 3D view and the second row is the x-y plane view. (b,e) indicates the original sampling site effect; (a,d) shows a change in pest species and population density; (c,f) shows a change in host tree species and population density.



[image: Agronomy 12 01087 g013]







[image: Table] 





Table 1. Camera parameters.
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	Camera Parameters
	Parameter Specification





	Sensor Type
	CMOS



	Sensor size
	22.3 × 14.9 mm



	Effective Pixels
	18 million



	Image Processor
	DIGIC 4



	Image resolution
	Approx. 17.9 million pixels (5184 × 3456)
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Table 2. Reconstruction of 3D model and 3D skeleton specific data.






Table 2. Reconstruction of 3D model and 3D skeleton specific data.





	Image
	Species
	Model
	Vertexes *
	Faces *
	Times (s)
	Skeleton Points *





	Figure 8(a1)
	Eucryptorrhynchus brandti
	Figure 8(b1)
	3812
	7620
	0.54
	1720



	Figure 8(a2)
	Cerambycidae
	Figure 8(b2)
	6678
	13,352
	1.04
	2074



	Figure 8(a3)
	Ips

shangrilla
	Figure 8(b3)
	12,302
	24,600
	1.33
	4644



	Figure 8(a4)
	Cerambycidae
	Figure 8(b4)
	5196
	10,388
	1.12
	2057







* represents the number of variables.
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