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Abstract

:

Advances in Unmanned Aerial Vehicle (UAV) technology and data processing capabilities have made it feasible to obtain high-resolution imagery and three dimensional (3D) data which can be used for forest monitoring and assessing tree attributes. This study evaluates the applicability of low consumer grade cameras attached to UAVs and structure-from-motion (SfM) algorithm for automatic individual tree detection (ITD) using a local-maxima based algorithm on UAV-derived Canopy Height Models (CHMs). This study was conducted in a private forest at Cache Creek located east of Jackson city, Wyoming. Based on the UAV-imagery, we allocated 30 field plots of 20 m × 20 m. For each plot, the number of trees was counted manually using the UAV-derived orthomosaic for reference. A total of 367 reference trees were counted as part of this study and the algorithm detected 312 trees resulting in an accuracy higher than 85% (F-score of 0.86). Overall, the algorithm missed 55 trees (omission errors), and falsely detected 46 trees (commission errors) resulting in a total count of 358 trees. We further determined the impact of fixed tree window sizes (FWS) and fixed smoothing window sizes (SWS) on the ITD accuracy, and detected an inverse relationship between tree density and FWS. From our results, it can be concluded that ITD can be performed with an acceptable accuracy (F > 0.80) from UAV-derived CHMs in an open canopy forest, and has the potential to supplement future research directed towards estimation of above ground biomass and stem volume from UAV-imagery.
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1. Introduction


Sustainable forest management requires an understanding of how macroscopic patterns of forests emerge, in a timely and accurate manner, in order to make informed decisions [1,2]. Detailed information on tree-level attributes, such as tree counts, tree heights, crown base heights and diameter at breast height (DBH) are essential for monitoring forest regeneration, quantitative analysis of forest structure and dynamics, and evaluating forest damage [3,4,5,6]. However, as several forest study areas are vast and not easily accessible, with a plethora of tree species with varying shapes and sizes, a cost-effective and accurate method to acquire forest attributes such as tree density (tree/ha), and tree characteristics such as height (Ht), basal area (BA), and stem volume (V) are essential to management and conservation activities [7]. Although traditional field surveys can be used to gather detailed information regarding these forest characteristics, they can become uneconomical, time consuming and exhausting, and hence are not ideal for studies dealing with periodic data collection [8,9].



Over the years, remote sensing techniques have been increasingly used for assessing forest resources, both directly and indirectly [10,11,12,13]. Aerial photography, light detection and ranging (LiDAR) and airborne multispectral, and hyperspectral images had been perceived as potential tools for observing forest areas and for performing broad-scale analysis of forest systems. These methods have the ability to quantify the composition and structure of the forest at different temporal and geographical scales with the support of various statistical methods, and therefore can supplement forest inventory related expeditions [14,15,16,17,18,19,20,21].



Advances in the fields of the Unmanned Aerial Vehicle (UAV) technology and data processing have broadened the horizons of remote sensing of forestry, and made the acquisition of high-resolution imagery and 3D data more easily available and affordable [22,23,24,25,26,27,28]. In fact, UAVs can be obtained at reasonable costs and can be perceived as a forester’s eye in the sky, capable of performing forest inventory and analysis on a periodic basis [22,29]. These light-weight machines can be remotely operated from the ground and can fly below cloud cover. With the availability of a wide range of sensors, these UAVs allow the end users to define the spatial resolutions, thereby opening new opportunities to forest managers [30]. In the past decade, studies have focused on exploring the usage of UAV-derived Canopy Height Models (CHMs), suggesting its potential in detection of tree tops, delineation of tree crowns, and subsequently estimation of parameters of crown morphology such as height, diameter, and surface curvature [9,22,23,25,30,31,32].



Previously, individual trees from UAV imagery were detected using mainly image segmentation using textural features, but photogrammetric 3D point clouds supplanted them with the progression of dense image matching methods and computing power [4,33,34,35,36,37,38,39]. For processing large amounts of imaging data, researchers today use so-called structure-from-motion (SfM) and multi-view stereopsis (MVS) techniques, which do not require the information on the 3D position of the camera or the 3D location of multiple control points, unlike traditional digital photogrammetric methods [40,41,42,43,44]. Here, 3D point clouds are generated through the matching of features in multiple images and ground control points (GCPs) are used for geo-referencing and scaling of these point clouds [45]. Nonetheless, very few studies have investigated possibilities of detecting individual tree counts from the CHMs that can be derived from these point clouds [41,46,47,48].



In the past two decades, LiDAR has become the dominant remote sensing technology for ITD, mainly because it can quickly provide highly accurate and spatially detailed information about forest attributes across an entire forested landscape [7]. There are a variety of approaches used to detect and delineate individual trees from LiDAR-derived CHMs: local maxima detection, valley following (VF), template matching (TM), scale-space (SS) theory, Markov random fields (MRFs), and marked point processes (MPP) [7,35,49,50,51,52,53,54]. These algorithms, when applied on CHMs derived from aforementioned methodologies, promise efficient ITD performance. For instance, the application of LM algorithm on LiDAR-derived CHMs is a well-known established framework, which has been incorporated in several recent studies and the researchers reported adequate ITD accuracy [7,55]. Nevertheless, these methods were primarily designed for measuring large spaces or objects, and require expensive sensors, well-trained personnel, and precise computational technology to obtain accurate results. Therefore, how to collect high resolution data for individual tree attributes estimation in the case of smaller study areas over time, considering the cost associated with it, is a key challenge [22,23].



As UAV remote sensing techniques are undergoing rapid improvement—along with the availability of high spatial resolution remotely sensed imagery—there is potential for conducting and automating high accuracy forest inventory and analysis in a cost-effective manner [56]. We hypothesize that it is possible to automatically detect individual trees from the UAV-derived CHM with satisfactory accuracy using the LM algorithm, primarily designed for ITD from LiDAR data. In this paper, we aim to address two criteria: (i) Evaluate the applicability of UAV-derived Canopy Height Models for ITD; (ii) Determine the impacts of fixed treetop window size (FWS) and fixed smoothing window size (SWS) on the performance of the local maxima algorithm for ITD.




2. Methods


2.1. Study Area Description


The study area (Figure 1) was comprised of 32 ha of private forest at Cache Creek located east of Jackson city, in the state of Wyoming, with an elevation ranging from 1950 m to 2100 m. The open canopy forest covered about 80% of the total study site and was comprised of a variety of four tree species which included Lodgepole pine (Pinus contorta Douglas), Engelmann spruce (Picea engelmannii Parry), Subalpine fir (Abies lasiocarpa Nuttall) and Douglas fir (Pseudotsuga menziesii Franco). The climate of the region was characterized as humid continental climate, with warm to hot summers and cold winters. Annual average precipitation was 33 mm; average temperature ranged from a minimum of—15 °C in the coolest month (January) to a 27.7 °C in the hottest month (July).




2.2. Data Acquisition and Processing


For this study, the aerial survey was conducted on 13 July 2015 using a DJI phantom 3 quadcopter. It had a compact RGB digital camera—PowerShot S100 (Canon, Tokyo, Japan; zoom lens 5.2 mm; 12.1 Megapixel CMOS sensor; 4000 × 3000 resolution)—attached to it; the physical dimension of the sensor (7.5 mm × 5.6 mm, 1.87 µm pixel size) was 71.5 × 56.6 degrees. The RGB camera automatically triggered (1 image/s) during the flight, capturing approximately an area of 14.42 × 10.77 m2 with a pixel resolution of 3.5 mm flying at 10 m over the target and was installed on a stabilized gimbal (Photohigher AV200, CARVEC Systems, Hull, UK) along with the spectrometer to reduce the impact of the mechanical vibrations on the scientific instruments.



A total of 383 images from the flights conducted over the study area were used to generate point clouds and CHMs using the Agisoft Photoscan Professional v1.0.0 (www.agisoft.com) software (Agisoft LLC, St. Petersburg, Russia) [57]. Such software implements modern SfM algorithms on RGB photographs and thereby produces 3D reconstruction models based on the location of images with respect to each other as well as to the objects viewed within them [58,59,60,61]. In this study, the images had an overlap of 80% which made the stitching process more efficient. The processing steps included automatic aerial triangulation (AAT), bundle block adjustment (BBA), noise filtering, Digital Elevation Model (DEM) and ortho-mosaic creation. All the processes were performed under the default settings and in a fully automated way. The imagery was synchronized using the GPS position, and the ortho-mosaic was generated using absolute GPS coordinates; four random Ground Control Points (GCP) were used for enhancing accuracy. Some specific information of the camera locations and image overlaps related to UAV-image processing conducted in PhotoScan is presented in Table 1.



The UAV-derived point cloud was used to compute a digital terrain model (DTM) and a CHM. First, ground points were classified using a Progressive Triangulated Irregular Network (TIN) densification algorithm implemented in lasground (settings: step is 10 m, bulge is 0.5 m, spike is 1 m, offset is 0.05 m), LAStools [62], and a 1 m DTM was created using the GridSurfaceCreate functions in FUSION/LDV 3.42 [63]. Afterwards, the UAV-derived point cloud was normalized to height above ground by subtraction of the DTM elevation from the Z coordinate of each point projected on the ground using the ClipData tool. CanopyModel function, also in FUSION/LDV, was used to compute the CHM with 0.5 m of spatial resolution for the study site.




2.3. Individual Tree Identification (ITD)


In this study, we used the local maximum (LM) algorithm [56,64,65], implemented in the rLiDAR package in R [56,64] for ITD on the UAV-derived CHM. FindTreesCHM function was used for automatic detection of tree tops. This function is based on the LM algorithm and it offers an option to search for tree tops in the CHM via a moving window with a fixed tree window size (FWS). To achieve optimal tree detection, we tested four FWS (3 × 3, 5 × 5, 7 × 7 and 9 × 9 pixels) first on an unsmoothed CHM, and then on smoothed CHM by a mean smooth filter with fixed smoothing window sizes (SWS) of 3 × 3, 5 × 5 and 7 × 7 pixels.



For validation of the ITD, we selected 30 random plots of 400 m2 (20 m × 20 m) area each and performed a comparison between UAV based automatic ITD and an ITD done via independent visual assessment of on the UAV-derived orthomosaic, 3d point cloud and CHM. As the number of plots was considerably small, we randomly allocated the sample plots to enhance the robustness of the workflow. Further, we chose the parameters of FWS and SWS which had the best results in ITD with respect to the reference data and performed accuracy assessment for gaining a better understanding of the statistical factors and for identifying possible drawbacks. In particular, we evaluated the accuracy in terms of true positive (TP, correct detection), false negative (FN, omission error) and false positive (FP, commission error), as well as with respect to recall (r), precision (p) and F-score (F) as explained in Li et al. [66], using the following equations [67,68]:


r = TP/TP + FN



(1)






p = TP/TP + FP



(2)






F = 2 × r × p/r + p



(3)







Here, recall can be viewed as a measure of trees-detected, as it is inversely related to omission error; precision represents a measure of trees that were correctly detected, as it is inversely related to commission error, and F-score represents the harmonic mean of recall and precision, and hence higher p and r values result in higher F-scores. Figure 2 provides an overview of the study methodology.





3. Results


The UAV-derived orthomosaic and CHM are presented in Figure 3. The UAV-derived CHM and LM algorithm proved to be very effective for detecting individual trees in the considered open canopy forest (Table 2; Figure 4 and Figure 5). Importantly, FWS and SWS combinations were found to be a determining factor for the accuracy of ITD (Table 2). FWS of 3 × 3 and 5 × 5 are more accurate compared to 7 × 7 and 9 × 9. Lower SWS was found favorable towards ITD success rate as well. Larger SWS resulted in over estimation of tree tops. Finally, we did accuracy assessment on the best combination, which was 3 × 3 SWS and 3 × 3 FWS (Table 3).



For this study, the recall (r) had an overall value of 0.85 with a range of 0.68 to 1.00; overall value of precision (p) was 0.87 with a range of 0.69 to 1.00; and overall value of F-score was 0.86 and it varied from 0.73 to 0.95 (Table 3). Among the 367 reference trees used for this study, 358 (97.55%) trees were detected. In total, the algorithm missed 55 trees, and falsely detected 46 trees, indicating that under detection was higher than over detection.



The observed and computed tree density in the study area from the UAV-derived CHM were 305 and 300 trees per hectare (TPH; trees·ha−1), respectively. The most accurate results in the ITD were obtained primarily in test subplots with TPH ranging from 150 to 325 trees·ha−1 (Plot FID: 4, 13, 16, 19, 22, 24, 25, 26). On average, 93.2% of trees were detected correctly, with commission and omission errors limited to 8.7% and 6.8%, respectively, with a F-score of 0.92. In contrast, the algorithm detected only 81.4% of trees in subplots with TPH > 325 trees·ha−1 with a F-score of 0.83. The associated commission and omission errors were 14.4% and 18.6%, respectively.




4. Discussion


In the past decade, several studies have highlighted the potential for remote sensing in forestry. In particular, UAV equipped with consumer-grade onboard system camera and different sensors have been used to estimate tree counts, tree heights and crowns measurements due to its low cost and faster performance compared to traditional methods [22,23,69,70,71,72,73,74]. In this paper, we present a simplified framework for automated ITD from UAV-SfM derived CHM based on algorithms designed for LiDAR data processing. From the perspective of UAV-SfM remote sensing applications, this study can be recognized as a pioneering study for automatic ITD in open canopy mixed conifer forest, which have a comparative efficiency to LiDAR. The presented methodology has the potential to serve as a highly effective, affordable, and easy-to-use approach for ITD and therefore to support forest monitoring and inventory management. Because of the open canopy, we were able to collect sufficient ground points and perform operations similar to LiDAR; the derived data was found to be very detailed and of good quality. Herein, based on our results, it can be stated that UAV-SfM derived CHM coupled with LM algorithm is very capable of deriving tree counts with an acceptable accuracy (F > 0.80) in open canopy mixed conifer forests.



The accuracy of ITD in this study was found to be sensitive towards FWS and SWS combinations, and we noticed an inverse relationship between FWS and ITD, as reported by previous studies based on LiDAR data [7]. The most accurate results (i.e., results closest to the observed tree count) for SWS were found at 3 × 3 irrespective of FWS. Similar results were reported by Silva et al. (2016), where the 3 × 3 filter eliminated spurious local maxima caused due to irregularity of tree crowns and tree branches. In brief, a consistent FWS parameter can be seen as being more advantageous while performing ITD across a large area. Hence, we chose the best combination, which was 3 × 3 FWS and 3 × 3 SWS, for performing accuracy assessment. Even so, it should be borne in mind that the combinations of filter sizes and CHM filter conditions can be affected by forest types and tree size (which is correlated with Tree age) as well [75]. Depending on the intended usage, the users should always make a trade-off between commission and omission errors, and the overall efficiency of a particular window size can be viewed as a function of the object-resolution relationship which can serve as a first step towards the development of site specific tree identification models. [65]. However, more research pertaining to algorithmic development is needed to develop automated site specific adaptable window size estimations.



Even though we obtained the most accurate results for 3 × 3 FWS, we observed high commission error in all the cases and on average the algorithm missed around eight trees·ha−1. As the tree detection is based on FWS, having a small FWS results in selection of non-existent trees or multiple trees for an individual tree crown [65]. This further implies that detection of larger trees would be easier as their crown consists of a higher number of pixels compared to the smaller trees. Hence, it is beneficial to have a rough estimate of the threshold tree size beforehand. This inverse relationship between canopy closure and suitable window sizes that we observed in this study was similar to previously reported studies [7,76]. Considering that, the higher success rate of 3 × 3 can be attributed to denser canopy over the study sites. This would also depend on the diameter and height of the tree species under consideration. In addition, proximity to neighboring trees, trees located under other trees, trees found in shadows or trees having low spectral contrast with respect to understory vegetation are also considered detrimental to tree detection [65]. The overall transferability of our framework can be expected to rely on multiple factors with openness of canopy as one of the most dominant. Hence, the algorithm needs to be continuously improved to adapt to different case scenarios.



In the past decade, several studies have highlighted the potential for using UAV for vegetation mapping on small and large scales [77,78,79,80]. However, research in this area is still in its infancy, especially for ITD [70]. Lim et al. [23] identified 11 of 13 trees, with one false positive, utilizing stacked RGB ortho-image and CHM segmentation. Trees not identified possessed small canopies which were not clearly defined from neighboring trees. Sperlich et al. [81] developed point clouds from UAV-based aerial photographs and achieved ITD accuracy of 87.68% within a search radius of 1 m using a pouring algorithm [25]. Kattenborn et al. [25] upgraded Sperlich’s algorithm by geometrically classifying UAV-derived point clouds and detected individual palm trees with an overall mapping accuracy of 86.1% for a 9.4 ha study area and 98.2% for dense palm stands. Irrespective of tree detection techniques, heterogeneous stands with mixed and unmanaged trees offer more difficulty in selecting globally optimal segmentation parameters compared to homogenous stands [82]. Changing the crown overlapping threshold could be a viable strategy for determining emergent trees, as crown overlap is a major source for omission errors [83].



Similarly, airborne and terrestrial airborne LiDAR have also been explored for ITD, and have found to provide accurate results depending on forest conditions [84,85,86,87,88,89]. For instance, Silva et al. (2016), using airborne LiDAR data, found a similar accuracy (F-score > 80) for ITD in longleaf pine forest in Georgia, USA. Maas et al. [86] conducted numerous pilot studies using terrestrial LiDAR and reported that more than 97% of the trees could be detected correctly. Ritter et al. [87] proposed a two-stage density clustering approach for the automatic mapping of tree positions based on terrestrial lidar point cloud data sampled under limited sighting conditions. In their study, the authors detected tree positions in a mixed and vertically structured stand with an overall accuracy of 91.6%, and with omission- and commission error of only 5.7% and 2.7% respectively. Eysn et al. [89] used eight different ITD detection algorithms on airborne LiDAR data of different forest types of Alpine Space and automatically matched the ITD results to forest inventory data. While LiDAR is considered to be a well-suited technology for ITD, the acquisition cost of LiDAR data is still high, which makes the technology impractical for ITD in small areas and over time.



UAV imaging and terrestrial laser scanning systems are appropriate to survey small areas, while airborne laser scanning and hyperspectral systems are mostly used to survey large areas. The area sampled per time unit for these sensors depend of many factors, such as overlap percentage, flight speed, altitude, weather conditions and aim of the study [22,90,91]. UAV-imagery as well as photographs captured by manned aircrafts works differently from LiDAR technologies—whether it be the process of data extraction or be generation of metrics for assessing forest structure [92,93,94,95,96]. Even so, herein we are showing that the algorithm designed for LiDAR data processing can be also used for the purpose of processing UAV-SfM data ITD. Imaging technology has been found to be more reliable in capturing spectral information of the upper canopy while LiDAR—due to its ability to penetrate into the canopy—is more efficient for vertical stratification of vegetation layers and terrain associated with dense canopies [58,96]. Hence, in the case of close canopy forests, for accurate estimation of tree location and canopy attributes from UAV-SfM, external sources might need to be relied on for supplying DTMs [58,80,95].



While assessing the tree detection capability of our framework, tree location error was not estimated due to data limitations. Nevertheless, we anticipate a possible increase of errors with increasing density of stands, as reported in previous studies [31]. GPS errors associated with tree location estimation is another common source of uncertainty that needs further investigation [95]. Another weakness of this methodology can be attributed to the fact that irregular shapes of tree crowns can be a big problem in high density areas. As shadowing within and between crowns influences canopy reflectance, texture complexity, tree species variety, vertical stand structure and image quality can affect the delineation capacity of the algorithm [82,96,97,98,99]. The flight time of small UAVs is also shorter compared to LiDAR, which results in a relatively small sensed area. Even though flying at a higher altitude can be viewed as a remedy, it is detrimental towards the overall accuracy with respect to the resolution (ground sample distance) and it is restricted due to shorter signal range; it might create legal conflicts and privacy issues as well [40,100]. If high density point clouds are to be obtained, the process can become very time consuming. Also, environmental factors such as wind speed, lower visibility due to fog, shadows and temperature variations that can interfere in the efficacy of UAV operations should also be taken into consideration and addressed when working with forest remote sensing, especially for ITD [22,101,102]. Thus, the success rate of the method can be influenced by environmental conditions, existence of different forest types, particularly mixed species, and multilayered forests.



Modern forestry mostly requires forest information in digital format for maintaining a continuous workflow, and UAV based remote sensing offers a promising future in that regard [103,104]. In addition to that, ease of data collection, flexible control of spatial and temporal resolution, low operational costs, and safer work environment underpins the possibility of having a “UAV as a service” data collection market in the foreseeable future. The underlying technological advancement in multi-scale visual mapping, 3D digital modeling and time series analysis using SfM algorithms also empowers research in sectors outside forestry such as construction management [105], water contamination [106], archaeology [107], energy systems [108], computational biology [109] and habitat conservation [110]. Nevertheless, there are a lot of challenges associated with regulated, safe, and comprehensive applications of UAV remote sensing [9]. As multidisciplinary collaborations to promote the standardization of UAV remote sensing development are very limited, upcoming research expeditions should compare themselves with previous studies for systematically determining the optimal UAV remote sensing strategy for given forest lands [9,111]. Formulating methods to increase point density and developing strategies that optimize tree detection algorithms based on the characteristics of the point cloud can surely open new windows in UAV data analytics. Based on the findings presented in this study, future research directions should include species identification and evaluating the accuracy of estimating other tree-level characteristics such as DBH and crown area, which are important factors required for estimating biomass and stem volume.




5. Conclusions


In this study, we investigated the use of consumer grade cameras attached to UAVs and structure-from-motion algorithm for automatic ITD using a local-maxima based algorithm on UAV-derived Canopy Height Models (CHMs). Overall, this research study suggests that LM algorithm combined with proper fixed tree window sizes (FWS) and fixed smoothing window sizes (SWS) is capable of deriving tree counts with acceptable accuracy (F > 0.80) using UAV-derived CHM in open canopy forests. The proposed framework exposes the future potential of UAV-based photogrammetric point clouds for ITD and forest monitoring, and emphasizes that future research should focus on the estimation of individual tree attributes such as tree height, crown size and diameter, and thereby develop predictive models for estimating aboveground biomass and stem volume from UAV-imagery.
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Figure 1. Study Area at Cache Creek, Wyoming, United States of America. 






Figure 1. Study Area at Cache Creek, Wyoming, United States of America.



[image: Forests 08 00340 g001]







[image: Forests 08 00340 g002 550] 





Figure 2. Workflow of the UAV data processing and individual tree detection. (A) UAV-derived point cloud; (B) Classified ground points; (C) Digital Terrain Model (DTM); (D) UAV-point cloud height normalization; (E) Canopy Height Model (CHM). 
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Figure 3. UAV-derived Orthomosaic (A) and Canopy Height Model (B). 
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Figure 4. Individual tree detection from UAV-derived Canopy Height Model (CHM). Red dots represent the tree tops detected in the study area at stand level (A), and plot level (Plot 19) (B). Blue and yellow dots represent the commission (FP) and omission (FN) errors while the green dots represent the true positive trees (TP) at the plot 19 and (C). 
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Figure 5. Illustration of individual tree detection at landscape (A1–C1) and plot (A2–C2) scales. (A1,A2) UAV-point cloud; (B1,B2) UAV-derived CHM; (C1,C2) Virtual forest in 3D. 
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Table 1. Summary of UAV-image processing using PhotoScan.
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	Attribute
	Value





	Number of images
	383



	Flying altitude
	115.29 m



	Ground resolution
	0.03 m·pix−1



	Coverage area
	0.42 km−2



	Camera stations
	351



	Tie-points
	87,635



	Error
	0.76 pix
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Table 2. The highlighted grey color represents the best results, which were determined by comparing the number of trees detected (NTD) to the field-based tree inventory number (N). The closest values of NTD compared with N were selected as the best results.
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5

	
6

	
5

	
5




	
5

	
10

	
43

	
11

	
6

	
7

	
17

	
9

	
7

	
4

	
9

	
8

	
5

	
4

	
5

	
4

	
4

	
4




	
6

	
6

	
28

	
6

	
4

	
3

	
10

	
4

	
3

	
3

	
5

	
3

	
3

	
3

	
5

	
3

	
3

	
3




	
7

	
19

	
24

	
13

	
11

	
4

	
15

	
12

	
9

	
4

	
10

	
10

	
9

	
4

	
7

	
8

	
7

	
2




	
8

	
10

	
19

	
13

	
6

	
4

	
5

	
7

	
5

	
4

	
3

	
4

	
4

	
3

	
0

	
2

	
3

	
2




	
9

	
7

	
27

	
6

	
6

	
5

	
9

	
6

	
5

	
5

	
4

	
6

	
5

	
5

	
3

	
6

	
5

	
4




	
10

	
12

	
30

	
12

	
8

	
6

	
9

	
10

	
6

	
5

	
6

	
6

	
5

	
3

	
5

	
5

	
5

	
3




	
11

	
15

	
29

	
12

	
10

	
6

	
15

	
11

	
9

	
6

	
9

	
10

	
8

	
6

	
7

	
9

	
7

	
5




	
12

	
19

	
39

	
19

	
14

	
10

	
21

	
16

	
13

	
8

	
13

	
16

	
12

	
6

	
9

	
11

	
11

	
5




	
13

	
12

	
33

	
10

	
10

	
9

	
13

	
10

	
10

	
8

	
10

	
10

	
10

	
8

	
7

	
10

	
9

	
8




	
14

	
9

	
33

	
9

	
8

	
8

	
15

	
8

	
7

	
7

	
9

	
8

	
7

	
6

	
7

	
7

	
7

	
4




	
15

	
20

	
42

	
19

	
13

	
9

	
18

	
16

	
11

	
5

	
14

	
13

	
10

	
5

	
11

	
11

	
6

	
3




	
16

	
13

	
20

	
13

	
11

	
5

	
13

	
11

	
10

	
5

	
10

	
10

	
10

	
5

	
6

	
10

	
8

	
4




	
17

	
10

	
32

	
10

	
10

	
8

	
14

	
10

	
9

	
7

	
10

	
10

	
9

	
7

	
10

	
10

	
8

	
6




	
18

	
11

	
27

	
11

	
11

	
7

	
13

	
9

	
9

	
4

	
8

	
9

	
8

	
4

	
7

	
10

	
7

	
3




	
19

	
13

	
24

	
13

	
10

	
8

	
13

	
10

	
9

	
7

	
9

	
9

	
9

	
7

	
7

	
9

	
8

	
6




	
20

	
7

	
26

	
7

	
6

	
4

	
10

	
6

	
6

	
4

	
5

	
6

	
5

	
4

	
5

	
5

	
5

	
3




	
21

	
22

	
29

	
17

	
10

	
9

	
17

	
12

	
9

	
6

	
11

	
8

	
8

	
6

	
7

	
8

	
7

	
4




	
22

	
10

	
33

	
11

	
10

	
6

	
15

	
10

	
8

	
5

	
11

	
10

	
7

	
4

	
6

	
7

	
6

	
4




	
23

	
7

	
33

	
7

	
7

	
4

	
15

	
7

	
6

	
4

	
9

	
7

	
4

	
4

	
5

	
5

	
4

	
4




	
24

	
13

	
35

	
15

	
11

	
8

	
13

	
13

	
9

	
6

	
9

	
8

	
7

	
5

	
7

	
7

	
7

	
4




	
25

	
6

	
21

	
5

	
5

	
3

	
6

	
7

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
3

	
3




	
26

	
8

	
25

	
9

	
8

	
6

	
10

	
8

	
8

	
5

	
9

	
8

	
8

	
5

	
9

	
7

	
6

	
4




	
27

	
10

	
28

	
11

	
8

	
4

	
16

	
11

	
5

	
4

	
7

	
6

	
3

	
4

	
3

	
5

	
4

	
4




	
28

	
14

	
30

	
14

	
8

	
9

	
12

	
11

	
8

	
6

	
9

	
8

	
7

	
5

	
9

	
8

	
6

	
4




	
29

	
13

	
25

	
12

	
6

	
3

	
11

	
7

	
4

	
3

	
5

	
4

	
4

	
3

	
3

	
3

	
3

	
3




	
30

	
10

	
30

	
10

	
9

	
7

	
14

	
9

	
8

	
6

	
10

	
8

	
6

	
5

	
6

	
7

	
6

	
5




	
Total

	
367

	
916

	
358

	
270

	
192

	
408

	
301

	
235

	
160

	
262

	
253

	
207

	
147

	
191

	
211

	
183

	
124








FID: FeatureID; Ref.: reference number of tree per test plot (N); FWS: fixed treetop window size; SWS: fixed smoothing window size; NF: no filter applied.
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Table 3. Accuracy assessment results of UAV-based individual tree detection based on False Positive (FP), False Negative (FN), True Positive (TP), recall (r), precision (p) and F-score (F) statistics parameters; where, Ref. (N) is the reference number of trees per test plot.






Table 3. Accuracy assessment results of UAV-based individual tree detection based on False Positive (FP), False Negative (FN), True Positive (TP), recall (r), precision (p) and F-score (F) statistics parameters; where, Ref. (N) is the reference number of trees per test plot.





	

	
Number of Trees

	




	
Ref. (FID)

	
Ref. (N)

	
UAV

	
FP

	
FN

	
TP

	
r

	
p

	
F






	
1

	
16

	
12

	
0

	
4

	
12

	
0.75

	
1.00

	
0.86




	
2

	
18

	
17

	
1

	
2

	
16

	
0.89

	
0.94

	
0.91




	
3

	
17

	
22

	
6

	
1

	
16

	
0.94

	
0.73

	
0.82




	
4

	
10

	
12

	
2

	
0

	
10

	
1.00

	
0.83

	
0.91




	
5

	
10

	
11

	
2

	
1

	
9

	
0.90

	
0.82

	
0.86




	
6

	
6

	
6

	
1

	
1

	
5

	
0.83

	
0.83

	
0.83




	
7

	
19

	
13

	
0

	
6

	
13

	
0.68

	
1.00

	
0.81




	
8

	
10

	
13

	
4

	
1

	
9

	
0.90

	
0.69

	
0.78




	
9

	
7

	
6

	
1

	
2

	
5

	
0.71

	
0.83

	
0.77




	
10

	
12

	
12

	
3

	
3

	
9

	
0.75

	
0.75

	
0.75




	
11

	
15

	
12

	
1

	
4

	
11

	
0.73

	
0.92

	
0.81




	
12

	
19

	
19

	
2

	
2

	
17

	
0.89

	
0.89

	
0.89




	
13

	
12

	
10

	
0

	
2

	
10

	
0.83

	
1.00

	
0.91




	
14

	
9

	
9

	
1

	
1

	
8

	
0.89

	
0.89

	
0.89




	
15

	
20

	
19

	
2

	
3

	
17

	
0.85

	
0.89

	
0.87




	
16

	
13

	
13

	
1

	
1

	
12

	
0.92

	
0.92

	
0.92




	
17

	
10

	
10

	
2

	
2

	
8

	
0.80

	
0.80

	
0.80




	
18

	
11

	
11

	
3

	
3

	
8

	
0.73

	
0.73

	
0.73




	
19

	
13

	
13

	
1

	
1

	
12

	
0.92

	
0.92

	
0.92




	
20

	
7

	
7

	
1

	
1

	
6

	
0.86

	
0.86

	
0.86




	
21

	
22

	
17

	
0

	
5

	
17

	
0.77

	
1.00

	
0.87




	
22

	
10

	
11

	
1

	
0

	
10

	
1.00

	
0.91

	
0.95




	
23

	
7

	
7

	
1

	
1

	
6

	
0.86

	
0.86

	
0.86




	
24

	
13

	
15

	
2

	
0

	
13

	
1.00

	
0.87

	
0.93




	
25

	
6

	
5

	
0

	
1

	
5

	
0.83

	
1.00

	
0.91




	
26

	
8

	
9

	
1

	
0

	
8

	
1.00

	
0.89

	
0.94




	
27

	
10

	
11

	
3

	
2

	
8

	
0.80

	
0.73

	
0.76




	
28

	
14

	
14

	
2

	
2

	
12

	
0.86

	
0.86

	
0.86




	
29

	
13

	
12

	
1

	
2

	
11

	
0.85

	
0.92

	
0.88




	
30

	
10

	
10

	
2

	
2

	
8

	
0.80

	
0.80

	
0.80




	
Total

	
367

	
358

	
47

	
56

	
311

	
0.85

	
0.87

	
0.86
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