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Abstract: In current individual tree crown (ITC) delineation methods for high-resolution multispectral
imagery, either a spectral band or a brightness component of the multispectral image is employed
in delineation with reference to edges or shapes of crowns, whereas spectra of tree crowns are
seldom taken into account. Such methods normally perform well in coniferous forests with obvious
between-crown shadows, but fail in dense deciduous or mixed forests, in which tree crowns are
close to each other, between-crown shadows and boundaries are unobvious, whereas adjacent tree
crowns may be of distinguishable spectra. In order to effectively delineate crowns in dense deciduous
or mixed forests, a new ITC delineation method using both brightness and spectra of the image is
proposed in this study. In this method, a morphological gradient map of the image is first generated,
treetops of multi-scale crowns are extracted from the gradient map and refined regarding the spectral
differences between neighboring crowns, the gradient map is segmented using a watershed approach
with treetops as markers, and the resulting segmentation map is refined to yield a crown map.
Evaluated on images of a rainforest and a deciduous forest, the proposed method more accurately
delineated adjacent broad-leaved tree crowns with similar brightness but different spectra than the
other two typical ITC delineation algorithms, achieving a delineation accuracy of up to 76% in the
rainforest and 63% in the deciduous forest.

Keywords: deciduous forest; individual tree crown delineation; watershed segmentation;
morphological gradient; spectrum

1. Introduction

As one of the important targets for the management and protection of ecological resources, forests
play an important role in soil and water conservation [1]. Since forests can provide measurable
economic, environmental, social, and health benefits, issues surrounding the efficient management and
application of forest resources have attracted widespread concern [2]. A comprehensive inventory of
forest resources, as a basic step for achieving efficient management, has attracted an increasing number
of forestry researchers to join in related studies [3], especially studies related to individual tree crown
(ITC) delineation from remotely sensed data [4].

The measurement of some forest parameters, such as crown area [5], stem diameter [6], tree height,
tree growth, and crown closure, is performed at individual tree level and requires information about
individual trees. The accuracy of ITC delineation is not only related to the accuracy of the subsequent
species identification, gap analysis, and estimation of stand-level characteristics such as above-ground
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biomass and forest carbon [7], but also highly relevant to a variety of forest-related activities, such as
silviculture treatment, biodiversity assessment [8], saw timber volume, and bioenergy supply [9].

Until now, numerous ITC delineation methods using remote sensing data have been proposed,
such as those based on valley following [10,11], between-tree shadow identification [12], region
growing [13], edge detection [14,15], watershed segmentation [16], and three-dimensional (3-D)
modeling [17]. These methods have been successfully applied in coniferous forests, but work poorly in
dense deciduous and mixed forests with complicated structures [18-21].

The poor performance of delineation on deciduous forests is mainly due to their more complex
structures compared to coniferous forests. Coniferous crowns have characteristic conical shapes,
obvious treetops, and significant inter-crown valleys; thus, can be easily identified [22]. In contrast, a
deciduous crown normally has an elliptic shape, a slightly flat treetop, and multiple main branches
which resemble individual trees, making it difficult to identify the main stem. Additionally, in
dense deciduous forests, the branches of neighboring crowns are interleaved, resulting in less
obvious inter-crown boundaries, and making it difficult to delineate crowns only according to their
boundaries [23].

Some ITC delineation approaches attempted to improve delineation accuracy by considering
scale size [15,24]. For instance, Gaussian filtering has been used to smooth the imagery prior to
segmentation, in order to suppress spurious branches, but it is difficult to determine an optimal filter
size [25]. To improve the situation, some multi-scale ITC delineation approaches were proposed, such
as identifying tree crown contours at each scale level and selecting seed points from the detected local
peak scales [14], choosing three different scales and performing crown extraction at each scale [24],
pre-processing the multispectral image using wavelet transform and then delineating tree crowns [26],
and adopting nonlinear multi-scale fitting to improve the goodness of fit of tree crowns at different
scales [27]. Despite the successes, those algorithms underperform in dense forests, due to the fact that
the scales of the tree crowns span a large range, whereas the scales used in these algorithms were
sparse and limited, and thus leading to incomplete detection of multi-scale crowns.

Some attempts of ITC delineation were tried from the perspectives of the multi-scale and spatial
morphology of tree crowns. The shape of a tree crown can be taken as a semi-ellipsoid of different
scales with the outermost branches attached [28]. After the tree crown is sliced into several layers from
top to bottom, a disk can be fitted into each resulting slice. The diameter of the bottom disk represents
the horizontal size of the tree crown [22]. Based on such a concept, a series of tree crown slices can
be obtained by previously setting multiple scales to characterize the multi-scale features of the tree
crown, and a unique treetop can be obtained by integrating multiple corresponding slices. A treetop is
generally taken as a local maximum of radiation and near the center of the tree crown. However, in
this concept, a treetop is no longer simply taken a point in the remote sensing image, but a maximum
value region within each horizontal slice of the tree crown [29]. The area of this maximum region is
affected by the crown sizes corresponding to each slice. The area and location of the local maximum
region describing the same crown vary with the size of the crown slice. There are as many maximum
regions as horizontal slices at the corresponding scales [15,24]. Therefore, how to select scales and
integrate the corresponding maximum regions found in horizontal slices of different scales is an urgent
problem to be solved.

To solve this problem, Jing et al. [22] selected three dominant tree crown scales, including small,
medium, and large, delineated three layers of tree crowns at the triple scales, and integrated the three
layers into one layer of multi-scale tree crowns. Although the multi-scale of tree crowns and the
integration of multi-scale tree crowns were addressed, the three sparse scales artificially selected do
not fully characterize the continuous multi-scale of crowns, and an effective integration of continuous
multi-scale is urgent. Therefore, Jing et al. [30] proposed a continuous multi-scale integration scheme
and a corresponding ITC delineation method called Crown Slices from Imagery (CSI). The latter was
successfully applied in coniferous forests, but underperforms in dense deciduous forests. This method
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tends to merge the treetops of adjacent deciduous tree crowns but fails to separate closely connected
deciduous crowns, leading to under-segmentation and low delineation accuracy.

The ITC delineation approaches mentioned above work well in coniferous forests, but fail in
dense deciduous or mixed forests, mainly due to the unobvious shadows between deciduous crowns.
In those algorithms, although a multispectral image is taken as the input, only one spectral band or a
bright component of the image is utilized, and the spectra in the image is ignored. As a consequence,
those algorithms would fail to separate neighboring crowns once the spectral contrast in a single
band is insufficient to determine the boundaries of tree crowns [3]. The availability of multispectral
information is the advantage of remote sensing images; however, few studies were carried out on ITC
delineation utilizing this advantage. Determining how to incorporate spectral information into ITC
delineation has been a bottleneck of current ITC delineation. Some scholars are exploring in this area.
Xiao et al. [31] used a pulse-coupled neural network and morphological reconstruction in the spectral
feature space to distinguish tree crowns from the background, but the experimental image used was
not a dense forest. Yang et al. [3] proposed a watershed segmentation method for ITC delineation from
high-resolution multispectral aerial imagery, but only part of the crowns in the image was delineated
in experiment, and the whole delineation accuracy was unknown. Duan et al. [32] performed a coarse
extraction of tree crowns with respect to image spectral and textural characteristics and achieved an
accuracy of 84% on unmanned aerial vehicle images. Asner et al. [33] detected dead trees in Hawaiian
forests successfully using a spectral mapping index. Those studies well demonstrated the abilities of
spectra in tree crown delineation, but few algorithms were suitable in dense deciduous or mixed forests.

In order to effectively delineate crowns in dense deciduous or mixed forests, a new ITC delineation
method fully using the spectral, shape, and multi-scale features of tree crowns is proposed in this study.
In this method, a morphological gradient map of the image is first generated, treetops of multi-scale
crowns are extracted from the gradient map and refined regarding the spectral differences between
neighboring crowns; the gradient map is segmented using a watershed approach with treetops as
markers, and the resulting segmentation map is refined to yield a crown map. Mainly based on spectral
and multi-scale features of tree crowns, this method is called SMS for brevity.

This paper is organized as follows: the study areas and experimental data are introduced in
Section 2.1, the flowchart and the details of each step of the proposed method are described in
Sections 2.2-2.6, experimental results and their assessments are demonstrated in Section 3, and
discussion and conclusion are provided in Sections 4 and 5, respectively.

2. Materials and Methods

2.1. Study Sites

In order to evaluate the SMS method proposed, two plots covering different forest types were
employed in the experiment. Plot one (3°26"52”-3°26"56"S, 65°19'14”-65°19"42"W) is located in the
Amazon rainforest (Figure 1a) and a 564 x 495 image of this plot was downloaded from Google Earth,
which was acquired in August 2015, and has a spatial resolution of 0.3 m and tree spectral bands. In
this plot, plant species rich in diversity and are interspersed with each other, and stands, consist of
dense crowns with different shapes, structures, and distinctive colors. Plot two (46°33'437-46°34"03"N,
83°25'137-83°25"20"W) is located at Sault Ste. Marie, Ontario, Canada and a 700 X 633 aerial image
with 0.15 m spatial resolution of this plot was acquired in August 2009 (in Figure 1b). This deciduous
forest consists of various-sized bushes, trees, and forbs, aged from 40 to 90 years. Aspen, white birch
and sugar maple, are the most common deciduous species in this plot. Both of the acquired images
have three spectral bands: blue, green, and red.
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Figure 1. The locations of the two experimental plots. The rainforest (a) and the deciduous forest (b).

2.2. Methods

To improve the delineation in deciduous and mixed forests, a new ITC delineation method for
multispectral imagery was proposed in this study. This method is based on morphological gradient
image and Spectral Angle Mapper, and is called SMS for brevity. The flowchart of this method mainly
consists of four steps, as follows (Figure 2): (1) using a mathematical morphological method to obtain
a morphological gradient image of the multispectral image and further an inverse gradient image;
(2) automatically extracting initial treetops by multi-scale filtering and morphological operations
with regard to tree crown shape; (3) integrating the multiple resulting layers of initial treetops with
reference to the spectra of tree crowns; and (4) segmenting the gradient image using a marker-controlled

watershed segmentation approach to obtain a final tree crown delineation map.
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Figure 2. The overall process of the proposed method.
2.3. Calculating Morphological Gradient Image

Morphology is a mathematical tool for analyzing images based on morphological structural
elements (SE) [34]. The basic idea of morphology is to use a structural element with a certain shape
that is equivalent to a filtering window in signal processing to measure and extract the corresponding
shape in the image to achieve the purpose of analyzing and identifying the image. Basic morphological
operations include morphological dilation and erosion, which are generally defined for grey images [35].

For a grey image, its morphological gradient is defined as the arithmetic difference between the
dilation of the image and the erosion of the image [36]. Plaza et al. [37] extended this strategy to
multidimensional image fields and put forward multidimensional dilation and multidimensional
erosion. Based on this theory, Li et al. [38] proposed a vector-based method for calculating the gradient
image of a multispectral image.

The process of calculating this kind of morphological gradient image is as follows: applying
multidimensional dilation and multidimensional erosion to the multispectral image, respectively;
calculating the difference between the resulting dilated and eroded images; and finally, integrating the
resulting multi-band difference image to a single-band gradient image [39]. For a multispectral image
f, its morphological gradient image G is calculated as below:

G(f) = dist(d(x, y) —e(x,y)) )
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where dist denotes Euclidean distance, d is multi-band dilation, e is multi-band erosion, and (x, y)
denotes spatial coordinates.

Compared with a gradient image calculated from a single spectral band, the morphological
gradient image obtained above reflects the complete spectral differences between adjacent image
objects, in which the boundaries between neighboring tree crowns with different spectral are enhanced
and the pixels with similar spectra within each crown are suppressed.

In current ITC delineation algorithms, either a spectral band or a brightness component of the
original multispectral image is frequently used as the input, such as the first principle component (PC1)
of the original image [26] or the intensity component of a three-channel image. Such a gray image
contains the brightness information of the original image, but no spectra. In the method proposed in
this study, an inverse version MG(f) of the gradient image is used, which could be calculated as follows:

MG(f) = Imax - G(f) (2)

where Inax denotes the maximum brightness of the image. In this study, Imax was set as 255.

Itis well known that a brightness component and a gradient image of a multispectral image contain
different information. Figure 3a,b are the PC1 and the inverse gradient image of the multispectral
image of the plot 2. As demonstrated in Figure 3a, between-crown shadows reveal in the PC1 clearly,
whereas the enhanced edges of tree crowns displays in the inverse gradient image.
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Figure 3. The first principle component (PC1) (a) and inverse gradient image (b).

2.4. Determining Initial Treetops

Treetops are normally the prerequisite of ITC delineation. In the new ITC delineation method,
treetops are extracted from the inverse gradient image, instead of a brightness component, such as
PC1 or intensity component of the multispectral image, as does in CSI method. The main steps of
initial treetop extraction process of treetops is to take each crown as a series of horizontal slices and the
maximum area in each slice as the treetop, and then integrate a series of treetops into a ‘real” treetop
with respect to the shape and spectra of crowns. This process is improved from the CSI method [30].
The main processes for finding initial treetops are described as follows:

Step 1: Set a series of scales {S1: 2: S,,} in pixels. This scale series characterizes the multi-scale of
crowns in image and determine the term of standard deviation (o) of the Gaussian filters employed in
the next step. The minimum scale S; and maximum scale S, in this series correspond to the smallest
and the largest diameters of the crowns of interest, respectively. Crowns out of the scale series will be
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ignored. The interval is set as 2 pixels, in order to yield continuous scales, so that all-size tree crowns
of interest can be detected.

Step 2: Smooth the gradient image to suppress branches using a Gaussian filter. The size and
sigma (standard deviation, o) of the filter are set to S1 pixels X 51 pixels and 0.3 X Sq pixels, respectively,
where S is the minimum scale described above. After the filtering, branches smaller than the window
size of the Gaussian filter will be effectively suppressed, and larger tree crowns will be retained.
Assuming a crown normally contains at least three branches, coefficient of 0.3 is empirically set in order
to simulate the shape of branches using a Gaussian filter [22,40]. This filtering process was completed
in MATLAB programming language.

Step 3: Morphologically filter the gradient image with a disk structural element of sizes equal
to the series of slices {S1: 2: S,,}, and extracting the local maximum regions in each resulting filtered
image as a layer of horizontal slice, LS; (I =1, ..., n). The resulting multiple layers of slices construct a
series of horizontal slices, {LS1, LSy, ..., LS;}, as demonstrated in Figure 4a.

1 /05 s
O 80; LS,

(@) (b) (©)

Figure 4. The integration of the series of slices. Initial layers (a), updated layers (b) and final layer (c).

Step 4: Integrate the series of slices {LS1, LSy, ... , LS} to obtain a final layer uLS,. In this iterative
process (Figure 4b,c), the first layer LS; and the second layer LS, are combined to form an updated
version uLS; of LS, which is then combined with the third layer LS3 to form a updated version of LS;,.
The process keeps on until an updated version uLS,, of the top layer is obtained.

Taking the i — th layer (Figure 5a) and (i + 1) — th layer (Figure 5b) as the fine layer and the coarse
layer, respectively, the integration processing of the two layers mainly consists of three steps, as follows:

Step 4.1: Sift each layer with reference to roundness of objects to remove false treetops. In this
process of discriminating treetops, once the roundness of an object in the layer is lower than a threshold,
the object will be eliminated from the layer. In the sifted layer (Figure 5c), only the treetops with high
roundness values will be retained.
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Figure 5. Integrating two layers of slices at different scales. Fine layer (a), coarse layer (b), sifted coarse
layer (c), combined layer (d), and re-sifted combined layer (e).

Roundness is a measure of how similar a segment area is to a circle [28,41], which is defined as

follows: A
T

where ¢ denotes the roundness of the segment, A is the area of the segment, and r is the largest distance
between the centroid and the border of the segment.
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Different image objects have different roundness values. As demonstrated in Figure 6, when an
image object consists of one, two, three, and four identical tree crown(s), its roundness value is 1.0, 0.5,
0.66, and 0.73, respectively. Therefore, the roundness threshold can be set as an arbitrary value within
the range of 0.5-1 to separate one-crown objects and multiple-crown objects. A coniferous crown in
field has a roundness around 0.85 [28], slightly lower than the identical value of 1, as a compromise,
the roundness threshold was set as 0.6 in this study.

(@) (b) (©) (d)

Figure 6. An image objects composed by one (a), two (b), three (c), or four (d) identical crown.

Step 4.2: Combine the fine layer and the coarse layer. The two previously sifted layers are
combined into a new layer using a logic ‘OR” operation (Figure 5d), and the latter is further refined
with reference to the roundness of objects. In the re-shifted combined layer (Figure 5e), only treetops
are retained, whereas slices of tree clusters are eliminated.

Thus, the initial treetops based on the shape characteristics of tree crowns were determined.
Through the above multi-scale processing, treetops could be comprehensively identified according to
the structure of tree crowns. However, spectra of crowns are rarely taken into account in the process,
especially in the integration of treetops at different scales (the step 4 above), in which the treetops are
recognized only by the shape and structure factors of crowns. As a consequence, once a slice of a tree
cluster with a high roundness value partially or completely cover the slices of multiple tree crowns at
a finer scale, the later may be falsely integrated into a treetop, thus leading to a false treetop and an
omission error in the final tree crown inventory.

2.5. Refining Initial Treetops

Therefore, it is necessary to make a further judgment of the results of the treetops identified in the
first part of this process.

In order to refine treetops and reduce omission errors in the final tree crown map, a spectral
index, Spectral Angle Mapper (SAM), is used in the processes of determining final treetops and the
following crown delineation in this study. The index of SAM is a common distance metric for two
spectra comparisons [42]. The smaller the SAM, the higher the similarity. Given two pixels 2 and b in
the form of n-D vector, the cosine value of their spectral angle 0 is:

n
i1 a;b;
cos(6) = S S 4)

n
Y a?b?

where a; and b; represent spectral band i of pixels a and b, respectively, and # is the number of spectral
bands. The larger the cosine value is, the more similar the two spectra are, and the more likely they
belong to the same type of feature.

In practical applications, a reference spectrum is often chosen at first, and then, the angle between
the target spectrum and the reference spectrum is calculated to judge the similarity between them.
Because the spectral angle quantifies the spectral difference between two pixels, and therefore, can be
employed to judge the spectral homogeneity between treetops. In the SMS method proposed in this
study, SAM is employed to improve the process of treetops determination (step 4 described above) in
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the CSI method. Taking the i — th layer (Figure 5a) and (i + 1) — th layer (Figure 5b) as the fine layer
and the coarse layer, respectively. The detailed judgment process is as follows:

Step 1: Locate and mark the position of each treetop in the initial output result (Figures 7a and 8a)
obtained in step 4.2 of Section 2.4, and find the corresponding area on the fine layer (Figures 7b and 8b)
and the coarse layer (Figures 7c and 8c) at the same coordinates.

Step 2: Judge whether the fine layer or the coarse layer has a treetop in the corresponding area.
If either image does not have a treetop in the area, directly output the two layers using a logic ‘OR’
operation (Figure 7d). If both layers have at least one treetop at the location, proceed to the next step.
Taking TC and TF as the abbreviations of the treetop in the coarse layer and fine layer, respectively.

Step 3: Calculate the average spectra of TC as the reference spectra.

Step 4: Find the treetop in the subareas of the fine layer region, and calculate the average spectra
of each TF as the spectra of target.

Step 5: Calculate the cosine values of SAM between each TF and TC.

Step 6: Integrate the TFs and TC with reference to an SAM threshold (Figures 7 and 8). If the SAM
value of each TF is larger than the SAM threshold, indicating that all TFs are spectrally similar to TC
and will be directly integrated with the latter using a logic ‘OR’ operation (Figure 7d). The resulting
integrated layer contains the TC and all TFs. If any TF has an SAM value smaller than the threshold, it
means that there is no spectra similarity in these TFs. The treetops in the fine layer stand for different
tree crowns and they should not be integrated. In this case, the output result only retains the TFs
(Figure 8e).

The threshold value of SAM is obtained based on the statistical results of all SAM values calculated
on the image and fine tuning. First, the rough value is determined according to the statistical law, then
the precise value is further adjusted in a small range according to the effect of delineation. The purpose
of adjustment is to achieve greater delineation accuracy. In this study, the rough value was determined
according to the mode of statistical results, other statistical values such as average also could be taken.
It should be noted that this threshold is not a constant and varies with forest imagery of target. For
example, in the rainforest and deciduous forest, the SAM threshold was finally set as 0.9992 and 0.998,
respectively based on the statistical results and fine tuning.

Step 7: For all the treetops in the output results obtained in step 4.2 of Section 2.4, repeat operations
Step 1 to Step 6 on each treetop to obtain the final treetop map.

The SAM judgment process for multiple cases is shown in Figures 7 and 8.

(a) (b) (© (d)

Figure 7. Demonstration of the judgment process when there is only one treetop in the fine layer.
Combined layer (a), fine layer (b), coarse layer (c), final output layer (d).

Figure 8. Demonstration of the judgment process when there is more than one treetop in the fine
layer. Combined layer (a), fine layer (b), coarse layer (c), final output layer if all the Spectral Angle
Mapper (SAMs) are greater than the threshold (d), final output layer if any of the SAMs is less than the
threshold (e).
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2.6. Marker-Controlled Watershed Segmentation

The idea of a watershed segmentation algorithm first came from watershed topography, in which
the pixel values are regarded as topographic relief, so the entire image can be divided into a series
of catchments as zones of influence for each local minimum [26,43]. Based on the similarity between
geographic reliefs and tree crown surfaces, the watershed segmentation approach [44,45] is widely used
to segment imagery for tree crown delineation. Similar to the operations for terrain, the inversion of the
treetops layer is first taken as local minima and markers. Then, the relief is ‘flooded’ from the markers,
and boundaries are established where different sources of flooding water meet. These boundaries
constitute a watershed, and the watersheds that surround each area are labeled as a basin [46].

Conventional watershed segmentation algorithms for ITC delineation are typically implemented
on two types of image. One type is the grey or single-band image generated after the transformation
of the original image, which cannot ensure that the watershed outlines match the boundaries of the
real tree crowns. Another type is the gradient image generated from the grey or single-band image,
which would fail to segment neighboring trees when the spectral contrast in a single spectral band
is weak. In this study, a vector-based morphological gradient image and the final treetops after
refinement were used to obtain the final tree crown segmentation map through marker-controlled
watershed segmentation. This method can not only identify the real boundaries of tree crowns but also
distinguish adjacent tree crowns with similar brightness but obvious color differences. The method
was implemented in MATLAB® 2017a to generate the final tree crown delineation map.

2.7. Determining the Accuracy Indices

The commonly used precision evaluation methods include qualitative evaluation and quantitative
evaluation. In this study, the method of visual evaluation was first adopted as the preliminary
evaluation. The match between the delineation lines and the real tree crowns was assessed visually.
Then, quantitative evaluation was carried out for a more accurate evaluation. It is difficult or even
impossible to obtain an actual ground-based crown map directly. Therefore, for the methods evaluated
in this paper, the accuracy of the quantitative evaluation were not an absolute measure but a relative
one. In the process of evaluation, a reference crown map was generated by an independent and
experienced manual delineation professional for superposition analysis with the target crown map
generated by the delineation methods employed in this paper. In addition, all segments in the tree
crown map of target were divided into five categories according to their spatial relationships between
the reference segments and the target segments [8,22]. The whole evaluation process and the statistics
of the number of these five categories were completed automatically in the designed programming
language. The five evaluation categories are as follows:

(@) Merged—there are multiple reference crowns for which more than half the area is covered by a
target segment at the corresponding position.

(b) Missing—a reference crown covers more than half the area of no target segment at the
corresponding position.

(c) Nearly matched—for a reference crown and a target segment, their overlap exceeds 50% of only
one segment.

(d) Matched—for a reference crown and a target segment, their total respective overlaps exceed 50%.

(e) Split—there is a complete crown in the reference crown, but there are multiple segments with
more than half the area in the target crown at its corresponding position.

Based on the above definitions, both the matched and nearly matched crowns can be taken as
correctly delineated crowns or equal segments, both the missed and merged crowns represent omission
errors, and the split crowns represent commission errors.
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3. Results

3.1. The Tree Crown Delineation Results of the Rainforest

In order to evaluate the performances of the SMS method proposed, the traditional watershed
segmentation method, the commonly used marker-controlled watershed segmentation (MWT) method,
and the CSI method were also considered in the experiment. The final tree crown maps of the rainforest
plot generated by the four methods are shown in Figure 9, some subsets of the maps are shown in
Figure 10, the correctly delineated segments (matched and nearly matched target tree crowns) along
with the corresponding reference tree crowns are shown in Figure 11, and the accuracy statistics of
the maps are listed in Table 1. There are no detailed subsets displaying and precision statistics for the
severe over-segmented tree crown map produced by the traditional watershed segmentation method.

Figure 9. The tree crown maps of the rainforest plot obtained by the traditional watershed segmentation
(a), the Crown Slices from Imagery (CSI) (b), commonly used marker-controlled watershed segmentation
(MWT) (c), and the proposed spectral and multi-scale features (SMS) (d) methods, respectively.

Table 1. The accuracy statistics of the tree crown maps of the rainforest plot generated by the Crown
Slices from Imagery (CSI), the commonly used marker-controlled watershed segmentation (MWT), and
the proposed method (SMS) with reference to the same manually delineated tree crown map.

Total ‘s Nearly . Accuracy  Omission Commission
Methods Segments Merged Missing Matched Matched  Spilt (%) Error (%) Error (%)
CSI 205 75 15 30 76 9 51.71 43.90 4.39
MWT 205 10 7 25 90 73 56.10 8.29 35.61
SMS 205 24 7 21 136 17 76.59 15.12 8.29

As can be seen from Figures 9 and 10, the SMS method proposed in this study delineated more
tree crowns with different colors and complete shapes than the three other methods employed in
this experiment. Meanwhile, the shadow areas in the tree crown map generated by the SMS method
are also delineated along edges. As can be seen from Table 1, 157 of the 205 reference crowns in
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the rainforest plot were properly delineated by the SMS method, 24 were merged, 7 were missed,
and 17 were split, achieving an accuracy of 76.59%, which was improved by 25% as compared with
the CSI method. In addition, the CSI method offers an omission error of 43.90%, whereas the SMS
method yields a significantly lower value of 15.12%. It is demonstrated that the proposed method can
effectively distinguish more tree crowns than the CSI method. The MWT method, as an improved
version of the traditional watershed segmentation, is also apt to produce over-segmentation. In the
experiment, the MWT approach offered a commission error of 35.61%, whereas the proposed SMS
method gave a substantially lower commission error of 8.29%, indicating that the proposed new
method can effectively reduce over-segmentation and commission error. Moreover, as illustrated in
Figure 11, the correctly delineated segments (matched and nearly matched reference crowns) coincide
well with the SMS-generated target segments (superimposed in blue), visually supporting the idea
that the proposed new method can effectively delineate multi-scale tree crowns of different spectra
within a closed forest.

(d3)

Figure 10. Subsets of the rainforest plot (a—d) and the subsets of the tree crown maps obtained
by the Crown Slices from Imagery (CSI) (al-d1), the commonly used marker-controlled watershed
segmentation (MWT) (a2-d2), and the proposed (SMS) (a3—d3) methods, respectively.
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Figure 11. The correctly delineated crowns (in blue) obtained by the Crown Slices from Imagery (CSI)
(a), the commonly used marker-controlled watershed segmentation (MWT) (b), and the proposed (SMS)
(c) methods, respectively, and the corresponding references (in white) of the rainforest plot.

3.2. The Tree Crown Delineation Results of the Deciduous Forest

Besides the rainforest, the deciduous forest was also used to evaluate the performances of the
SMS method proposed in this study. The final tree crown maps of the deciduous forest generated
by the four methods (the traditional watershed segmentation, MWT, CSI, and the SMS methods) are
shown in Figure 12, subsets of the maps are shown in Figure 13, the correctly delineated crowns along
with the corresponding reference crowns are shown in Figure 14, and the accuracy statistics of the tree
crown maps are shown in Table 2.

Table 2. The accuracy statistics of the tree crown maps for the deciduous forest plot generated by
the Crown Slices from Imagery (CSI) method, the commonly used marker-controlled watershed
segmentation (MWT), and the proposed method (SMS), with reference to the same manually delineated
tree crown map.

Total ‘s Nearly . Accuracy  Omission Commission
Methods Segments Merged Missing Matched Matched  Spilt (%) Error (%) Error (%)
CSI 356 77 44 45 156 34 54.46 33.99 9.55
MWT 356 5 20 67 95 169 45.51 7.02 4747
SMS 356 39 40 68 157 52 63.20 22.19 14.61

As can be seen from the detailed subsets of the deciduous forest image in Figure 12, the SMS
method proposed was more effective to distinguish and delineate adjacent tree crowns. The boundaries
of the tree crowns generated by the SMS method coincide with the edges of the reference tree crowns
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significantly better than those obtained by the CSI method. As shown in Table 2, 225 of the 356 reference
crowns were properly delineated, 39 of the 356 reference crowns were merged, 40 were missed, and 152
were split by the SMS method. The SMS method offered an accuracy of 63.20%, about 9 percent higher
than that yield by the CSI method, and an omission error of 22.19%, nearly 11 percent lower than that
produced by the CSI method. Obviously, the MWT method produced plenty of split deciduous crowns,
a high commission error of 47.47% and a low accuracy of 45.51%. As a contrast, the SMS proposed
method effectively improved delineation, offering a significantly reduced commission error of 14.61%
and a substantially improved accuracy of 63.20%.

Figure 12. The tree crown maps of the deciduous forest plot obtained by the traditional watershed
segmentation (a), the Crown Slices from Imagery (CSI) (b), the commonly used marker-controlled
watershed segmentation (MWT) (c), and the proposed (SMS) (d) methods, respectively.
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Figure 14. The correctly delineated crowns (in blue) obtained by the Crown Slices from Imagery (CSI)
(a), the commonly used marker-controlled watershed segmentation (MWT) (b), and the proposed (SMS)
(c) methods, respectively, and the corresponding references (in white) of the deciduous forest plot.

4. Discussion

Based on spectral and multi-scale characteristics of tree crowns, an improved framework for
individual tree crown delineation was proposed in this study. The framework makes full use of the
spectral, vertical structure, and shape characteristics of tree crowns in multispectral imagery.

In this new method, an inverse morphological gradient image was employed rather than a
commonly used brightness image, which synthetically retains the distinct spectral features of tree
crowns. Multi-scale integration of slices of crowns was used based on the vertical structure of
tree crowns, reducing the uncertainty of single-scale assessment of the vertical structure of tree
crowns and retaining its multilevel features. Taking each treetop as a maximum region rather than a
single point conforms to the true horizontal structure of the tree crown and effectively reduces the
over-segmentation of the final delineation result. In the integration of multi-scale treetops of layers
with respect to shape and spectra of crowns, crowns with distinct non-circular shapes will be removed
and adjacent crowns with distinct spectral differences were separated, thus improving treetops and
reducing the under-segmentation of the final crown maps.

Compared with the commonly used marker-controlled watershed segmentation method, the
proposed SMS method is obviously more complicated, consisting of several iterative steps and a few
parameters in the implementation process. However, it has been demonstrated in the experiment
that those parameters are critical to the accuracy of deciduous tree crown delineation. Besides the
commonly used marker-controlled watershed segmentation, the traditional watershed segmentation
was also for comparison in the experiment, and offered significantly over-segmented tree crown maps.
As an improved version of it, the marker-controlled watershed segmentation (MWT) provided a
slight improvement in the delineation results. However, there were still obvious over-segmentation
phenomena and serious commission error. In the MWT method, the markers are normally determined
at a single scale, and it is difficult to take into account multiple scales. In fact, in this study, the markers
at multiple scales were experimented in the MWT method, but it was difficult to determine an optimal
one and the resulting crown maps would be unsatisfactory. When the scale was small, branches would
be false taken as markers, and the delineation maps would be over-segmented. When the scale was
slightly larger, small treetops would be ignored, and the resulting crown maps would be seriously
under-segmented. The puzzle was effectively solved by taking into account multi-scale, although
several parameters related had to be manually set, including a series of scales of crowns, a roundness
threshold, and an SAM threshold, and multiple layers of treetops of crowns had to be recognized and
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iteratively integrated. This process avoids tedious trials of searching for a single optimal scale and
improves the integrity of tree crowns of different scales.

Unlike the Crown Slices from Imagery (CSI) method, the SMS method can separate and delineate
adjacent crowns with similar brightness but different spectra, which are prevalent in rainforests,
deciduous, and mixed forests. The dividing lines generated by the SMS method can better fit the edges
of the tree crown, while those obtained by the CSI method had mismatches in between-crown valleys.
These mismatches were caused by multi-scale filtering. Although multi-scale filtering can suppress
branches and objects with significantly different shapes or small sizes to avoid over-segmentation to
some extent, it can also blur between-crown valleys in the original grey image. The CSI method takes
the original grey image exactly as the base image for watershed segmentation, so it is difficult to make
the CSI results coincide with the real crown boundaries.

However, in the new method, the gradient map is used to maintain the edge of the crown and such
misalignment is eliminated because the segmentation lines go along the between-crown boundaries in
the gradient map when watershed segmentation performs. Since the original CSI method works well
in coniferous forests, as an improved version of the CSI method, the SMS approach was not specifically
experimented in coniferous forests in this study. In fact, the new method aims at solving the problem of
the lack of spectral data in ITC delineation and can enhance between-crown boundaries by integrating
the spectral differences between adjacent tree crowns, thus it’s more suitable for dense deciduous
forests and rainforests with abundant spectra.

High resolution three-band RGB imagery was used in this study to illustrate the universality
and reproducibility of the SMS method proposed in this paper. Actually, the SMS method is suitable
to multispectral images of three bands or any other dimensions and works better with the increase
of band number. It is clear that, as the band number increases, the spectral differences between tree
crowns will increase, along with the spectral angle between tree crowns. Large spectral differences will
facilitate differentiating adjacent tree crowns. Readers could easily use the forest image download
from the Google earth to reproduce and apply the SMS method in their own study. In addition, the
spatial resolution of the images in the SMS method should be at decimeter level so that that the tree
crowns in images can be correctly recognized and precisely delineated.

Due to the iterative and traversal process of the refined judgment of the multiple layers of
treetops in the SMS method, the time and computation complexity are increased compared to current
ITC delineation methods with simpler processes and fewer thresholds (such as the CSI method, the
commonly used marker-controlled watershed employed in this study). Although the new method is
not perfect in terms of computation complexity, it results in significant improvements in the accuracy
of the delineated boundaries of the tree crown. Accurate crown boundaries provide the basis for
subsequent forest analyses, such as fine forest survey. This research provides a novel perspective on
ITC delineation based on spectral and multi-scale characteristics of deciduous tree crowns for future
studies. Some image de-correlation and image decomposition can be utilized to enhance the spectral
differences between tree crowns. Additionally, experiments using remote sensing data of more than
three bands will be carried out in future work.

5. Conclusions

The main aim of this study was to propose an improved algorithm to solve the problem of
automatic individual tree crown delineation in dense mixed forests, especially the rainforest and
deciduous forest. To verify the effectiveness of the proposed method, two different remote sensing
images were used and three other common methods were compared. The results show that the
proposed method successfully extracted the tree crown with similar luminance but different spectra by
using Spectral Angle Mapper value and ensured the integrity of tree crowns by using multi-scale. The
relative delineation accuracy in the experimental rainforest and deciduous forest was up to 76.59%
and 63.20%, respectively, namely, improved by 25% and 10% compared with the initial Crown Slices
from Imagery (CSI) method. When compared with the commonly used marker-controlled watershed
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segmentation, the accuracies of the proposed method improved by 20% and 18% for the tree crown
maps of the rainforest and deciduous forest, respectively. Based on the two experimental results,
the proposed method was applicable to both the rainforest and deciduous forest, but better suited
to rainforest areas in terms of the overall delineation accuracy. Combined with the experimental
images that can be seen intuitively, the number of crowns with different colors in the rainforest is
significantly larger than that in the deciduous forest, we conclude that the proposed method has more
potential to delineate tree crowns with abundant spectral data in the image. Moreover, the tree crowns
delineated by the proposed method can better fit the edges, because the gradient has the feature of
well maintaining the edge of the image.
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