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Abstract:
canopy structure parameters. In this study, our main focus was on using circular image region segmentation, which

Analysis of forest canopy hemisphere images is one of the most important methods for measuring forest

is the basis of forest canopy hemispherical photography. The boundary of a forest canopy hemisphere image was
analyzed via histogram, rectangle, and Fourier descriptors. The image boundary characteristics were defined and
obtained based on the following: (1) an edge model that contains three parts, i.e., step, ramp, and roof; (2) boundary
points of discontinuity; (3) an edge that has a linear distribution of scattering points. On this basis, we proposed
a segmentation method for the circular region in a forest canopy hemisphere image, fitting the circular boundary
and computing the center and radius by the least squares method. The method was unrelated to the parameters
of the image acquisition device. Hence, this study lays a foundation for automatically adjusting the parameters of
high-performance image acquisition devices used in forest canopy hemispherical photography.
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1 Introduction

The forest canopy is the most direct and ac-
tive interface layer with regard to interaction with
the environment, and forest structural analysis is
one of the key problems faced in ecological research.
As research deepens, methods for measuring forest
canopy structural parameters have been improved
(Neumann and den Hartog, 1989; Sharma et al.,
2013; Huesca et al., 2016) and ground measurement
techniques have appeared. Among the various in-
direct techniques, the use of digital hemispherical
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photography (DHP) has soared in the past few years
(Gonsamo and Pellikka, 2009; Liu C et al., 2013;
Brusa and Bunker, 2014; Zhao et al., 2014; Liu Z
et al., 2015; Woodgate et al., 2016), partly due to
the advent of digital photography and continuing im-
provements in computer technology.

The DHP approach makes use of image acqui-
sition hardware and computer software. The image
acquisition hardware commonly consists of a camera
with a fisheye lens and optional accessories (tripod,
leveling mount, and remote controller). Images are
stored commonly in compressed JPEG image format
in the camera. The computer software is an image-
analysis program for data manipulation and visual-
ization. The advantages of using this approach are
the affordability of the equipment, the ease of use,
and the potential to allow integration over long pe-
riods from just one photograph (Mailly et al., 2013).



742 Song et al. / Front Inform Technol Electron Eng 2016 17(8):741-749

Forest canopy images can be collected by a cir-
cular 180° fisheye camera, and spherical projection
is a simple and effective method to transform a circu-
lar 180° fisheye image into a perspective projection
image (Schneider et al., 2009; Ahmad et al., 2014).
Because the angle range of a fisheye lens is 0° to
180°, the image is known as a hemisphere image.
The imaging process projects a point in a three-
dimensional space onto a two-dimensional imaging
plane through a coordinate transform.

Any point p in the world coordinate system
(Xw,Yw, Zw), which has an incidence angle of 6
in the fisheye lens coordinate system (X, Y1, Z1),
must project to the point p’ in the image plane (u, v)
and the pixel coordinate system (z,y) (Fig. 1).

The forest canopy in the world coordinate sys-
tem projects onto the image plane forming a circu-
lar region because of the size of the sensor and the
shape of the fisheye lens (Fig. 2).
the circular region clearly is not the center of the
image and the radius of the circular region is un-
certain, as it is dependent on the image acquisition
hardware. The DHP approach used to extract forest
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canopy structural parameters is based on the analy-
sis of the circular region image. So, the performance

Zwt P
TZJW
Xw

V] Z
\ \
\ N Y
9 \\
1 0
N . % ensor| X
X Pe
[0) L h
i 1 (0] u
! | Y »v J
T
— u
o P X y v

Fig. 1 Hemisphere imaging mechanism: (a) hemi-
sphere imaging model; (b) image plane and pixel co-
ordinate system

of the hardware is very important. Fortunately, more
and more high-performance cameras are available
with the rapid development of digital photography
technology.

Several hemispherical image-analysis pro-

grams have become available, such as Solar-
calc 7.0 (Mailly et al., 2013)

(http://www4.paca.inra.fr /can-eye).
software is also available, e.g., Winscanopy 2012 (Re-
gent Instruments, Canada) and HemiView (Delta-T
Devices Ltd., UK). Table 1 summarizes the charac-

teristics of the software.

and Can-Eye
Commercial

We know that the imaging range of a photo-
graph is decided not only by the optical center of the
camera but also by the focal length. Different cam-
eras with different fisheye lenses will have different
imaging ranges. So, a fixed radius and center cannot
meet the requirements of the hardware. Most impor-
tantly, the radius and the center cannot be found in
the hardware specifications.

Automatic circle detection in digital images is
an important issue of pattern recognition and com-
Some new methods are emerging,
such as the power histogram based method (Yuan

puter vision.

and Liu, 2015), center-based clustering method
(Scitovski and Marogevié, 2015), isophotes curvature
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Fig. 2 Digital hemisphere canopy image

Table 1 Characteristics of hemispherical image-analysis programs

Software Programming environment

Image segmentation

Solarcalc 7.0 BASIC

MATLAB & C++
Commercial secret

Can-Eye V6.314
Winscanopy 2012

HemiView Commercial secret

Draw radius (mouse position on image) or guess circle
(fixed radius and center)

Input file of camera parameters (.xls)

Matching with the hardware (fixed radius and mouse position
on center)

Matching with the hardware (fixed optical center and radius)
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analysis method (de Marco et al., 2015), and isosce-
les triangles sampling method (Zhang et al., 2016).
The most widely used method is based on the circle
Hough transform (Yao and Yi, 2016). However, all
of the methods are limited to recognizing a circular
target with the same trait and continuous boundary
points such as coins, balls, plates, and logos. Mean-
while, the complex calculations limit the size of the
image processed.

Clearly, there is a need to process large im-
ages. The target has a different trait whose boundary
points are discretely distributed. So, the objective
of our study is to propose an effective focus-point lo-
cation segmentation algorithm to confirm the center
and radius of a circular region image, which will pro-
vide technical support for the introduction of high-
performance image acquisition equipment in DHP.

2 Image boundary analysis

A digital hemisphere canopy image is a 24-bit
RGB full-color image. Usually, the noise content of
a color image has the same characteristics in each
color channel, but it is possible for color channels to
be affected differently by the noise. Different noise
levels are more likely to be caused by differences in
the relative strength of illumination available to each
of the color channels. Charge-coupled device (CCD)
sensors are noisier at lower levels of illumination;
therefore, the resulting red component of an RGB
image tends to be noisier than the images of the other
two components. In this situation, we use the blue
component image and work on histogram analysis.

Fig. 2 shows an example that demonstrates the
research process and result. It is a 24-bit RGB full-
color image of 2448 x 3264 pixels in size.

For nearly bimodal distributions (Fig. 3), the
intensity value of the valley could be used to identify
a suitable bi-level threshold separating the object
from the background.

Thresholding may be viewed as a statistical-
decision theory problem whose objective is to min-
imize the average error incurred in assigning pixels
to two groups. The global optimum thresholding us-
ing the Otsu method works well in situations where
there is a reasonably clear valley between the modes
of the histogram related to the objects and the back-
ground. According to the histogram threshold, the
segmentation result is shown in Fig. 4b.
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Fig. 3 Histogram of Fig. 2: (a) intensity levels in the
range [0, 255]; (b) intensity levels in the range [0, 40]

(a)

Fig. 4 Blue component image (a) and the segmenta-
tion result using a global threshold (b)

2.1 Shape feature

The rectangle degree is one of the image shape
feature parameters which reacts to the filling level in
the minimum enclosing rectangle. Denoting the area
of the object by Ay, the area of the minimum enclos-
ing rectangle by Aygr, the height of the minimum
enclosing rectangle by H, and the width of the mini-
mum enclosing rectangle by W, the rectangle degree
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can be defined as follows:

Ay A

K = = .
Aver  HW

(1)

When K =m/4=0.7854, the object is a circle.
In Fig. 4b, K =0.7692, H = 2250 pixels, and W =
2235 pixels. Thus, it is an approximate circle with
an irregular boundary.

2.2 Edge models

Edge pixels are pixels at which the intensity of
an image function changes abruptly. Fig. 5 shows
a horizontal intensity profile of the image approxi-
mately through its center, including some isolated
points.
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Fig. 5 Horizontal intensity profile through the center
of the image (a) and that at the left boundary (b)

Considering the intensity at the left boundary,
we draw the following conclusions:

1. The boundary points are discontinuous.

2. The image contains three types of edges, in-
cluding the non-ideal models of step, ramp, and roof
edge, from left to right.

3. The circular boundary would not be deter-
mined directly using edge detectors because of mode
mixture.

2.3 Characteristics of boundary points

The performance of the Canny edge detector is
superior in general to that of other edge detectors.
The advantages of using this approach are a low error
rate, well localized edge points, and single edge point
response. Fig. 6 shows the result obtained with the
Canny algorithm.
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Fig. 6 Image obtained using the Canny algorithm

Fourier descriptors can be used to capture the
gross essence of a boundary. Fig. 6 shows an N-point
digital boundary in the zy-plane. The boundary it-
self can be represented as the sequence of coordinates
s(k) = [x(k),y(k)] (k=0,1,...,N —1). Moreover,
each coordinate pair can be treated as a complex
number, i.e.,

s(k) = z(k) +jy(k). (2)

The discrete Fourier transform (DFT) of s(k) is

N-1
a(w) = 37 s(k)e P/, 3)
k=0
where u = 0,1,..., N — 1. The complex coefficients

a(u) are called the Fourier descriptors of the bound-
ary. The inverse Fourier transform of these efficiently
restores s(k). That is,

_ 1 0 j2muk/N
s(h) =~ Y alwel2m /N, @

u=0

—

where £k = 0,1,..., N — 1. Thus, the boundary de-
scription has been obtained in the rectangular co-
ordinate system (Fig. 7). The position of the light
source and the action of the light rays are shown
clearly. We arrive at the following conclusions:
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1. Circular external scattering points have a lin-
ear distribution where the positions are related to
the light source location exit.

2. The center of the circle is not the image
center.

3. We must remove the scattering points before
computing the center and radius.
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Fig. 7 Image obtained using the Fourier descriptors

3 Boundary fitting and segmentation

Based on the above analysis, the blue compo-
nent of the digital hemisphere canopy image is trans-
formed to a binary image using the threshold of the
histogram (Lan and Zeng, 2013; Nafis et al., 2013).
The morphological opening would be used to remove
the scattering points. The opening could remove a
particular image detail that is smaller than the struc-
tural elements and, at the same time, ensure that it
does not produce global geometric distortion (Kwak
et al., 2013; Bai, 2015).

3.1 Boundary point extraction technique

The set of all white pixels in a binary image is
a complete morphological description of the image.
Let the elements be represented by a set A whose
elements are a tuple of the form (x,y), where x and
y are coordinates of a white pixel in the image. Let
the circular structuring elements be represented by a
set B, of which the value of the structural parameter
is two, and the origin is at the center of symmetry.

The opening of set A by structuring element B,
denoted by A o B, is defined as follows:

AoB=(A6 B)® B. (5)

The opening A by B is the erosion of A by B,

followed by a dilation of the result by B. The re-
sult of the opening is shown in Fig. 8a, and the set
of all white pixels is represented by A. Suppose the
elements in A are 8-connected boundaries, with each
boundary enclosing a hole. Then the following pro-
cedure fills all the holes with 1 s:

X, =(X,_1®B)NA° k=1,2,..., (6)

where B is the circle structuring element in Eq. (5).
The algorithm terminates at iteration k if X =
Xi_1. Set X}, then contains all the filled holes. The
result of hole filling is shown in Fig. 8b, and the set
of all white pixels is represented by A. The bound-
ary of set A, denoted by S (/1), can be obtained by
first eroding A by B and then performing the set
difference between A and its erosion. That is,

B(A)=A-(AeB), (7)

where B is the circle structuring element in Eq. (6).
Fig. 8c shows the result of boundary extraction.
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Fig. 8 Results of the opening (a), hole filling (b), and
boundary extraction (c)

3.2 Focus-point location

The important aims of boundary analysis are to
find the position of the center and obtain the radius
accurately. On the premise of the known bound-
ary point coordinates, the least squares method has
been adopted (Ahn et al., 2001; Chaudhuri, 2010;

Kanatani and Rangarajan, 2011). Let (z;,y;) (i =
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1,2,...,n) be n boundary points of object A. We as-
sume that (Xo, Yy) are the center coordinates of the
fitting circle. Therefore, the distance of a boundary
point to the center of the fitting is

di = /(i — X0)% + (yi — Y0)?. (8)

Thus, the square error will be
0i = di — R* = (z; — Xo)* + (i — Y0)* = R*, (9)

where R is the radius of the fitting circle. Then
assuming a = —2Xg, b = —2Yp, and ¢ = X¢ + Y —
R?, Eq. (9) becomes

6 =27 +y? +az; + by; +c. (10)
Therefore, the square for all n points is
F= 2512 = Z(xf + 92 4+ az; + by; + )% (11)
i=1 i=1

Eq. (11) is a three-parameter (a, b, and ¢) func-

We choose a, b, and ¢ in such a way as to
minimize the error §2. Thus, the optimal values of a,
b, and ¢ can be determined by solving the following
three equations:

oF oF oF
%—O, %_O’E_O'

OF /Ja = 0 gives

tion.

n
22@(@2 +y? +ar; +by; +¢) = 0.

(2

(12)
i=1
OF /0b = 0 gives
Z 2ui(xF +y? + ax; +by; +¢) = 0. (13)
i=1
OF /0c = 0 gives
22 +y2 +ax;+by; +¢)=0.  (14)

1

Solving Eqs. (12)—(14), we obtain Egs. (15)—(17)
(see the next page).

To test the effectiveness of the proposed tech-
niques, we applied them to Fig. 8¢ and obtained
a = 3343.8, b = 2412.5, and ¢ = 2981300, while
the radius of the fitting circle was 1126.5 pixels with
(1671.9, 1206.3) as the center. The result of seg-
mentation using the proposed method is shown in
Fig. 9.

Fig. 9 Result of segmentation using the proposed
method

3.3 Applications

We acquired hemispherical images using differ-
ent cameras with fisheye lenses. To verify the al-
gorithm, some clear boundary images were needed,
but they were difficult to obtain because of the ef-
fects of a luminous beam. Some ideal images were
acquired under an overcast sky and the proposed
method was applied to those to calculate the cen-
ter and the radius. The results were compared with
manual measurements (Table 2).

The procedure of the manual measurements was
as follows:

1. In Photoshop 8.0 the Circle Tool was selected
to fit the circular region in the hemispherical photo-
graph with white fill. Also, the same size image was
filled with black.

2. According to the gray value, the center and
radius were defined in MATLAB 7.0 based on the
principle of rounded integers.

The center and the radius were obtained us-
ing different methods, giving the same results. We
compared the center of the circle with the center
of the image (Fig. 10). The results show that the
smaller the image size, the larger the discrepancy
between them. The center points of images having
different sizes in the same equipment have a linear
relationship.

On a clear day we used EOS 5D Mark II with EF
8-15mm USM to acquire a forest canopy hemispheri-
cal image in the forest farm of the Northeast Forestry
University. Images were acquired every hour from 1
pm to 5 pm because the intensity of the sunlight is
approximately symmetrical during that period. A
dual radiation meter was used to measure the pho-
tosynthetic photon flux at the spot for photogra-
phy and the numerical values varied during image
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Table 2 Comparison between instruments allowing center and radius calculation (unit: pixel)
Center (x0,yo0) Radius
Camera Fish lens Image size
Proposed Manual Proposed Manual
Olympus E-500 ZUIKO DIGITAL 450x508 (240.7352, 259.7178) (241, 260) 185.4170 185
8 mm F1.8
SIGMA SD1 Merrill SIGMA 8 mm 510x495 (280.5317, 243.8697) (281, 244) 212.3763 212
F3.5 EX
Canon EOS 1DS Mark III  EF 8-15 mm USM  750x500 (374.0723, 252.6003) (374, 253) 243.9720 244
iPhone 6S OREA 0.42x 750563 (368.8520, 346.7060) (369, 347) 196.4401 196
Canon EOS 5D SANYANG 8 mm 800533 (398.9051, 260.8717) (399, 261) 260.2174 260
F3.5 AE
Nikon D300 Nikon 8 mm {/2.8 1000x 945 (450.2681, 372.2106) (450, 372) 273.8018 274
SONY A7R II MADOKA 180 1000x 1000 (498.5290, 496.4679) (499, 496) 487.7187 488
Canon EOS 5D Mark III  EF 815 mm USM 1200x1200 (543.8606, 627.3253) (544, 627) 493.2448 493
Canon EOS 5D Mark II EF 8-15 mm USM 2784x1856  (1382.7000, 931.0079) (1383, 931) 680.8354 681
Canon EOS 5D Mark II EF 8-15 mm USM 4080x2720 (2026.0000, 1365.6000) (2026, 1366)  990.8092 991
Canon EOS 5D Mark II EF 8-15 mm USM 5616x3744 (2798.2000, 1878.5000) (2798, 1879) 1366.7000 1367

acquisition. The images had the same size and differ-
ent photo-sensibility (ISO 100-800). We calculated
the center point and the distance to the standard
center point (2026, 1366). Fig. 11 shows the results
from the experiment on April 25, 2015.

In our study, although it was possible to calcu-
late the center from all except from overexposed pho-
tographs, the result was affected by light intensity

and photo-sensibility. This effect was uncertain and
was related to the source location. However, when
the photosynthetic photon flux was within the scope
of 55 to 140 umol/(m? - s) and the photo-sensibility
from ISO100 to ISO250, the center was more consis-
tent. This suggests that the light effect on the image
had been minimized, so images could be collected in
such conditions.
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Fig. 11 Sample data from the experiment on April
25, 2015

4 Conclusions and future work

In this paper, we have proposed a method of
When
projected onto an image through a fisheye lens based
camera following a spherical projection model, the
shape of the forest canopy image is circular. We pre-
sented a detailed analytical process for the boundary

segmentation based on boundary analysis.

points, which had linear distributions under the in-
fluence of the light source location. Several points
were outside the circular region. These were not the
projected points of the forest canopy, but the scatter-
ing points of the light source. This explains why the
boundary was an ‘irregular’ circle. To eliminate the
scattering points, opening and hole filling were used,
and the loss of several edge points yielded an error
(Fig. 8b). The least squares method was applied to
the fitting of the circular boundary to minimize the
error. This method has proven its usability in terms
of effective implementation and acceptable comput-
ing costs.

The validity of the algorithm was verified by
comparing its results with those from manual mea-
surements on different ideal images. Then the condi-
tions suitable for collecting images were determined
from the calculation of the center under different
light conditions.

Our future work with respect to further devel-
opment of techniques to extract forest canopy struc-
ture parameters is to apply a similar idea of image
processing research to the forest canopy images that
are collected by a fisheye lens in a high-performance
camera. Another aspect that we are currently inves-
tigating is the relationship between the equipment
parameters and the canopy structure parameters.
We also intend to explore the possibility of char-
acterizing error models of fisheye lenses and creating
an error evaluation system.
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