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Abstract: The information related to plant geometric features is useful for its applications in weed
and pest control, growth modeling, quality evaluation, and environmental control in greenhouses,
etc. However, plant feature measurement is a challenging task due to irregular plant structure. To
efficiently measure plant features, this research proposes an imaging approach to non-destructively
measure the 2D and 3D geometric features of selected vegetable seedlings and plants. The
imaging method utilizes a stereo vision system which is composed of two off-the-shelf CCD
cameras with parallel optical axes. A software program was implemented and image processing
algorithms were designed for acquiring the depth images of the plant. The depth images of the
plant from different angles are merged to form a complete point cloud of the plant which was
further computed to measure the 2D and 3D geometric features such as projected leaf area, plant
height, plant volume, equivalent diameters, etc. The results obtained from the image processing
algorithm may also be used to reconstruct 3-dimensional model for structural analysis and
visualization. The relationship of 2D and 3D plant features were analyzed and discussed for
different vegetable seedlings and plants with different geometric structures. The estimation errors
of plant measurement were also assessed and compared with the traditional method using single
plant image. The proposed 3D measurements system combined with plant growth models, with the
capability of computer graphic visualization, forms an integrated system for plant measurement
and growth analyses that may be used in many areas both in horticultural research or practical
plant production processes.
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INTRODUCTION

The measurement and observation of plant
features are fundamental elements of plant science
research and its related applications. Plant growth is
monitored and determined by measuring a plant’s
geometric features, such as number of leaves, plant
height, leaf area, and leaf weight, etc. Many methods
have been applied in plant growth measurement
(Hashimoto et al., 1990; Hendry and Grime, 1993).

sphaerocarpa bushes with three commerically
available instruments for indirect measurements
(DEMON, LAI-2000, and Sunfleck Ceptometer), and
the results showed that the surface areas estimated
by these three instruments were not significantly
different from those established by direct
measurement. Thus, it was feasible to measure plant
features using an indirect non-destructive method.

Three approaches to plant feature measurements,
direct, semi-direct, and indirect, are employed in most
research. Traditional direct measurement methods are
generally simple and reliable, but they are also
tedious, destructive, time consuming and laborious.
Thus, non-destructive plant feature measurement
methods were developed. Brenner et al. (1995)
compared the measured area of individual Retama

Machine vision is a non-destructive method for
describing and recording exterior plant features. Many
researchers have implemented digital image
processing methods for non-destructive measurement
of plant growth (Sestak et al., 1991; Hashimoto et al.,
1990; Suzuki, 1995; Orbovic and Kieu, 1996; Chien
and Lin, 2005). However, most research has reported
on the measurement of plant leaf area. it's necessary
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to develop a simple and convenient system to
measure more plant features.

He et al. (2003) developed a binocular stereo
vision system to analyze the aggregate growth
variables of a plug tray of transplants. Three-
dimensional (3D) color images of the transplant
population were reconstructed from pairs of digital
two-dimensional (2D) color images. Average height,
leaf area, projected leaf area, and mass volume were
estimated by extracting user-selected colors, and the
results of the digital image analysis correlated closely
with those of the destructive measurements.
Therefore, stereo vision is a feasible tool to measure
the plant features non-destructively.

In this study, the application of an image
processing technique to measure projected leaf area,
plant height, plant volume, and equivalent diameters
was implemented and assessed with the aim of
developing a non-destructive measurement system for
the growth of selected vegetables.

MATERIALS and METHOD

The image acquisition system is depicted in Fig. 1.
Two cameras (Logitech® HD Pro Webcam C910) in
parallel with a baseline distance of 35.5 mm in
between were installed at a height of 515 mm from
the bottom surface. The axes of the two lenses were
adjusted vertical to the bottom surface. The vegetable
sample was placed on a white plate and its images
were captured by the two cameras for later image
processing.
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Figure 1. The image acquisition system

The images were digitized into 24-bit (RGB) with a
resolution of 640x480, and processed by a desktop
computer (Intel® Core™ i5 2.8GHz CPU). An image
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processing software for plant features measurement
was developed using Microsoft® Visual C++ 2010
under the Microsoft® Windows operating system.

To compare the estimated plant volume with the
actual plant volume, a total of 9 lettuces (Lactuca
sativa L.) were sampled for image acquisition and
measurement. The actual plant volume was
determined by the water displacement method.

The algorithm of the measurement system was
developed using the Intel® openCV library, and the
procedure includes 4 main steps as shown in Fig. 2: 1)
implementing camera calibration to reduce distortion
from camera lens; 2) segmenting the plant from the
background; 3) calculating the disparity and the range
image of each image pair; and 4) calculating the
estimated plant features from single image and the
range image from stereo vision.
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Figure 2. Procedure of 3D feature calculation

The 3D reconstruction algorithm was built from
using a pinhole camera model, but radial distortion
and tangential distortion from camera lens could
result in errors in calculation of plant features. To
prevent such influences from image distortion, it is
important to calibrate the image captured from the
camera. The transfer function for distortion correction
is as follows:
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In Eq. (1), x, and y, are the coordinates of a pixel
in an image after camera calibration; xyand y, are the
coordinates of a pixel in an image before camera
calibration; k; k, and k; are radial distortion
coefficients; p; and p, are tangential distortion
coefficients; and r? is the sum of the squares of X,
and ), In order to calibrate the cameras, a
chessboard was prepared. After rotating and shifting
the chessboard when capturing the images from the
two cameras, the radial distortion and tangential
distortion coefficients were estimated from the feature
points on the chessboard, and the calibration function
in the cameras was then used for the subsequent
plant feature measurement experiments.

We used the GrabCut algorithm from the openCV
library to segment the plant from the background
(Rother et al., 2004). Texture color information and
edge (contrast) information were employed for the
segmentation. Since the colors of the background and
the plant were white and green respectively, the plant
(foreground) could be distinguished easily with the
GrabCut algorithm.

The algorithm used to calculate disparity was
SGBM (semi-global block matching) from the openCV
library. This is a modified algorithm from the SGM
(semi-global matching) method (Hirschmiiller, 2005)
which matches blocks instead of individual pixels, and
uses a simpler sub-pixel metric instead of a mutual
information cost function. The modification decreases
the computation time required in matching two
images.

Calibration of the relationship between the
intensity of disparity map and the height of the plant
was an important step in this study. The function to
estimate the depth (Z) between sample and camera
lens was as follows:

z-fL @)
d

In Eq. (2), fis the focal length of the cameras, Tis
the baseline distance between the center of the two
camera sensors, and d is the estimated disparity.
After the conversion, the estimated height of the plant
could be calculated. Experiments were performed to
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test the calibration process. In the experiment, a
sample was placed in the range of 70 ~ 460 mm
below the camera and the distance of the sample
from the cameras was estimated. Fig. 3 shows the
results of the estimated and the real depth. A linear
relationship existed, with a high coefficient of
determination (R?=0.9996) between the real and the
estimated depth. Therefore, the real depth could be
calculated from the intensity of disparity map.
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Figure 3. Comparison between the estimated
and real depth.

After calculating the real metric from the captured
images, the plant features could be calculated from
the metric. The equations for the plant features
calculation are listed in Table 1.

Table 1. Equations for plant feature calculation

Plant Features Function

Vi = 2 |(stage height — Z,) x K(Z;)

Plant volume
Plant height H = max(stage height — Z, x K(Z,))
Width W = max(|p, - pa/)x L(p))
engh  Len=max(p, - p |xL(p)
Maximum _ ~
diameter Dina = 2% maXQ Pi pc‘)x L(p;)
Minimum _ . B
diameter Diin = 2% m'”q Pi pc‘)x L(p;)
' - L(p,
Equivalent D =2 ZH P Pc‘ X (p,)]

diameter «a C

Atotal :Z[pi x F(p|)]

Leaf area
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Where, p; is the position of a pixel of the plant
P the position of the centroid of the plant
Viotai: the estimated volume of the plant
Z:. the estimated depth of p;

K(Z,): voxel size of Z;

H: maximum plant height

W: width of the plant

P Pjy: the coordinates of p;

Pou Pey: the coordinates of p.

L(p): length of pixel corresponding to p;
Len: length of the plant

Diax maximum diameter of the plant
Dins minimum diameter of the plant
Deg: equivalent diameter

C: the total pixel number of the plant
Aotz total projected leaf area of the plant

R p): pixel size of p;

Since the original plant features were estimated
from the images, the results of each plant feature
obtained from the equations in Table 1 are based on
the number of pixels. It is necessary to convert the

units of pixels to real spatial dimensions by calibration.

RESULTS and DISCUSSION

An image pair was captured from the cameras and
the disparity map was constructed from the image
pair using equation (2). Fig. 4 shows the images
acquired from the dual cameras, the pseudo-color
disparity map, and the illustrations of the maximum

and minimum radii. By comparing the image pair (Figs.

4(A) and 4(B)) and disparity map (Fig. 4(C)), the
depth information of the vegetable is clearly revealed
and, thus, the features concerning depth information,
such as plant height and volume, could be calibrated
and estimated from the depth image.

Segmentation of the plant from the image is an
important step when measuring the 2D features. Fig.
4(D) shows the result of background segmentation,
with the white area representing the plant. The profile
of the plant is clearly revealed and the 2D features,
such as total projected leaf area of the plant, the
maximum, minimum, and equivalent radii could then
be estimated from the binary image, as shown in Fig.
4(E).
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Figure 4. Results of image processing: (A) image from
left camera; (B) image from right camera; (C)
disparity map and pseudo-color scale; (D)
background segmentation; (E) illustration of
maximum and minimum radii

After obtaining the disparity map, the estimated
plant volume and height could be measured. Fig. 5
shows the relationships of the estimated and real
plant volumes, and the estimated and real plant
heights, respectively. Linear relationships exist in the
estimated and real plant volumes (R=0.9185) and in
the estimated and real plant height (R*=0.9046).
Comparing the results of plant volume in Fig. 5(A),
the relative estimation error was 13.0+£8.7%. The
error could have been due to the void space existing
in the lettuce plant; thus, the estimated volume from
the stereo vision could have been over-estimated.

The relative estimation error for plant height was
10.1+£8.6%. The estimated plant height was
systematically less than the real plant height judging
from the intercept and slope of the regression
equation. This could possibly have been due to the
block matching algorithm used to calculate the
disparity map. The information on the highest point of
the vegetable could have been lost with this algorithm
during computation.

The software program developed was also capable
of computing the 2D plant features from a single
image. These features included the estimated
projected leaf area and equivalent diameter of the
plant, and they were compared with the real volume
in this study. Fig. 6(A) shows the comparison of



estimated leaf area and real volume. Linear regression
analysis revealed that a linear relationship exists
between the estimated leaf area and the real volume
(R? = 0.8544). The result shows that the volume of
the plant is related to the projected leaf area of the
plant, so the estimated volume could be estimated by
using the projected leaf area from a single image
after proper calibration.
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Figure 5. Relationship of estimated and real 3D
features: (A) plant volume; (B) plant height
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On the other hand, the estimated equivalent
diameter was compared with the real volume. The
result, as shown in Fig. 6(B), is similar to the result of
the estimated projected leaf area, in that a linear
relationship exists between the estimated equivalent
diameter and the real volume (R> = 0.8543).
Integrating the results from a comparison of the
estimated leaf area, the equivalent diameter, and the
real volume, we found that the leaf area and
equivalent diameter are related to the plant volume.
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Figure 6. Relationship of estimated 2D features and
real plant volume and plant height: (A) leaf area and
real volume; (B) equivalent diameter and real volume;
(C) estimated volume from relationship of estimated
leaf area and real volume; (D) estimated volume from
relationship of estimated equivalent diameter
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After determining the linear relationship of the
estimated leaf area and real volume, the estimated

volume could then be calculated from that relationship.

Fig. 6(C) shows the estimated volume calculated from
the leaf area, and the result of the linear regression.
The slope of the regression line was 1, so the
estimated volume from the leaf area is similar to the
real volume. On the other hand, the y-intercept of the
regression line was -0.0012, and the relative error
was 21.6+11.6%. With the linear relationship of the
estimated equivalent diameter and the real volume,
the estimated volume could be calculated, and the
result is shown in Fig. 6(D). The slope of the
regression line was 1, so the estimated volume from
the equivalent diameter is similar to the real volume.
On the other hand, the y-intercept of the regression
line was 0.0019, making the relative error
25.1+£14.8%. Comparing the relative errors of the
estimated volumes from the disparity map, the
estimated leaf area and equivalent diameter, the
volume using stereo vision is the least. When
measuring the volume of lettuce, it's better to choose
the stereo vision system.

CONCLUSIONS

A stereo vision system using two off-the-shelf
cameras with parallel optical axes was developed to
measure 2D and 3D plant features in this study. A
software program was implemented and image
processing algorithms were designed to acquire the
depth images of the plants, and to calculate plant
features.

A linear relationship exists in the estimated and
real depth; thus, this system was suitable for
measuring the depth of each pixel in the plant, and
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