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a b s t r a c t

Wilting is a common symptom in plants responding to drought stress. Early wilting detection is of high
importance for crop precision management. However, it is challenging to develop a reliable measurement
technology. This study presents a sensing method based on three-dimensional (3D) images that are gen-
erated by a laser scanner. A leaf wilting index (LWI2DFT) is defined from the spectrum of a two-dimensional
(2D) Fourier transform (FT), in which a leaf is equivalent to a mathematical surface in 3D space, and thus a
wilting process refers to a series of the curved surfaces. To verify the effectiveness of the index LWI2DFT, we
applied our method to zucchini plants (Cucurbita pepo L.) 17 days after they emerged from the soil. The
laboratory experiments included two periods of 10 days each. From six leaves of three plants tested in
the first period, it was observed that this index was capable of sensing the stress response of the zucchini
from slight wilting to severe stress levels. The regression results between LWI2DFT and ambient tempera-
ture (Tair) fitted a linear equation with 0.814 6 R2

6 0.908, and those between LWI2DFT and the photosyn-
thetically active radiation (LPAR) with 0.696 6 R2

6 0.856. In the second period we repeated the
measurements with new samples to validate our results. A good correlation (0.609 6 R2

6 0.899 for Tair,
0.748 6 R2

6 0.892 for LPAR) confirmed the reliability of our proposed method.
� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Plants rely on adequate amounts of water to maintain cell
turgidity and leaf function. A number of factors, such as insufficient
water content in soil, strong solar radiation, high temperature and
salinity, may lead to plant wilting. Therefore, plant photosynthesis
is reduced because CO2 absorption is reduced as leaf stomata grad-
ually close in response to the environmental stress (Guerrero and
Mullet, 1988).

In arid and semiarid areas, plant wilting under drought stress is
commonly observed, and is suggested as a visual indicator of soil
water deficit (Bettina et al., 2007). Because the incipient wilting
of most plants can vanish after re-watering at early stage, this indi-
cator is beneficial for precision irrigation.

For the identification of plant response to drought stress,
diverse techniques have been developed and tested. A conven-
tional method is to measure the leaf water potential using a
pressure chamber, a psychrometer, or a cell pressure-probe
(Zimmermann et al., 2008). However, these available techniques
rely on contact measurements, and they don’t allow for maintain-
ing the leaf freeform in stem. Moreover, they require a thorough
understanding of plant–water relations (Bettina et al., 2007). An
alternative method is based on the measurement of leaf tempera-

ture when sensible heat on the leaf is not converted into latent
heat by evaporative cooling effect of transpiration. Many studies
applied infrared thermometry to determine leaf/canopy tempera-
ture or stomatal conductance (Hashimoto et al., 1984; Rahkonen
and Jokela, 2003; Emekli et al., 2007; Gontia and Tiwari, 2008;
Blonquist et al., 2009). Apart from these methods, machine vision
has received increasing attention over the past two decades (Seg-
iner et al., 1992; Ahmad and Reid, 1996; Kacira and Ling, 2001;
Kacira et al., 2002a, 2002b; Foucher et al., 2004; Mizuno et al.,
2007; Yang et al., 2008). A major advantage over measuring the
leaf water potential is the non-contact nature. To extract wilting
information from plant images, leaf color (Ahmad and Reid,
1996), physical morphology (Foucher et al., 2004), and the combi-
nation of both (Mizuno et al., 2007) have been considered. The
color detection is relatively simple but physiologic damage for
many plants may have already occurred when the leave color is
changed. Thus, the morphological information of the entire plant
or leaf may be more helpful to detect drought stress at the early
wilting stage (Foucher et al., 2004). The detection of wilting is
not only a problem associated with plant protection, but also
represents an interdisciplinary challenge involving differential
geometry, artificial intelligence, and pattern recognition. These ef-
forts have lead to the definition of a number of indices, the crop
water stress index (CWSI) and the top-projected canopy area
(TPCA) (Kacira et al., 2002a, 2002b), the apparent leaf area index
(ALAI) (Foucher et al., 2004) and the angle of leaves region (ALG)
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(Mizuno et al., 2007), which were evaluated under laboratory con-
ditions. In brief, these indices are derived from 2D images, which
are commonly acquired by charge coupled device (CCD) video
cameras with an array of pixel sensors. When a plant in 3D space
is projected onto a plane, it becomes a 2D image, which is equiva-
lent to a contraction mapping of the corresponding function from
3D to 2D according to the theory of functional analysis in mathe-
matics. As a result, the morphological information of plants is
incomplete in the 2D images. Thus, Omasa et al. (2007) proposed
3D plant analysis because diverse techniques for the quick acquisi-
tion of 3D images, such as laser scanners and time-of-flight cam-
eras, have become commercially available (Oggier et al., 2006;
Ehlert et al., 2008). The spread and adaptation of these technolo-
gies and methods depend on their costs and applicability, which
motivated this case study to identify plant wilting in 3D space.

The boundary layer at the plant leaf surface is the interface for
transition from liquid water to water vapor lost through the leaf
stomata. In contrast to the morphological features of the entire
plant, the leaf is more sensitive to drought stress. Additionally,
for plants of the same species, there exist plant-to-plant variations
in physical morphology due to site-specific field conditions, but
they have an identical leaf form. Therefore, the leaf-based wilting
index seems more reliable in practical use. In this study, rather
than characterizing the morphological features of the entire plant
or canopy structure within a field, the primary objective was to de-
tect the leaf-based morphological response to drought stress using
3D scanning measurements.

2. Materials and methods

2.1. Laser scanner description

The laser scanner (Fig. 1) included a triangulation range finder
(TRF) (M7L/400, resolution: ±1 mm, MEL Mikroelektronik GmbH,
Germany), which was separately driven by two stepper-motors
positioned along the x-axis (0–1.5 m, adjustable) or the y-axis
(0–0.5 m, adjustable) of an aluminum frame. Within the x-y plane,
the scanning span along each axis could be adjusted between
1 mm and 100 mm through the programmed parameters. For the
performed experiment, the scanning span was set to 2 mm with
a scanning velocity of 10 mm s�1. The system operated at 24 VDC

(a pair of lead-acid batteries (12 V, 7 Ah) connected in series) and
its control box was connected to a laptop via an RS-232 port to
transmit data or exchange instruction codes.

The measurement principle of the TRF (Lee and Shiou, 2011) is
shown in Fig. 2. A laser diode projects a light beam onto the surface
of the object of interest and a position sensitive detector (PSD) cap-
tures the reflected light location. According to this optical design,
the relative distance z is determined by

z ¼ b
x

sin a
ð1Þ

where x refers to the location of the image spot, a is the angle be-
tween the projected laser beam and the reflected light, and ß
(dimensionless coefficient) is related to the inherent structure of
the sensor. Detailed description of this sensor technique can be
found in the literatures (Ehlert et al., 2008; Lee and Shiou, 2011).

2.2. Definition of the leaf wilting index

In this study, assuming that a plant leaf without wilting appears
as a planar surface, and the leaves with more or less bending/
crimping shapes refer to the wilting at different levels, the wilting
dynamics of each leaf can be mathematically represented as a se-
quence of geometrical surfaces or functions (f (x, y)) in 3D space
or represented as a stochastic event (f (x(t), y(t), t)) of a time series
in four-dimensional (4D) space. Furthermore, it is presumed that
the curvature at each point of f (x, y) changes as the leaf wilting
progresses. Under these assumptions we perform a 2D Fourier
transform on the function f (x, y) (which is a non-periodic and con-
tinuous function):

Fðu; vÞ ¼
Z Z 1

�1
f ðx; yÞe�J2pðuxþvyÞdxdy ð2Þ

where u and v are spatial frequencies along x and y directions,
respectively, and F(u, v) is the 2D spectrum of f (x, y). Then a leaf
wilting index (LWI2DFT) is defined as:

Fig. 1. The experimental scene of using a laser scanner for capturing 3D plants
image.
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Fig. 2. Measurement principle of the laser triangulation range finder.
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