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For the estimation of production or evapotranspiration of a plant community, the spatial
structure of plants, especially the geometry of the leaves, has to be known. The geometry of
leaves is defined by the shape, the area and the position of each leaf. It is known that the area
of a leaflet of beans can be estimated by the lengths of the long and short axes of a leaflet. Two
images were taken at the same time by two cameras, which were set at different positions, in a
mungbean field. The spatial coordinates of four points, which determine the long and short
axes of a leaflet, were estimated by the analysis of the stereo images.

INTRODUCTION

It is possible to estimate the amount of products or photosynthesis of a whole plant
community with the photosynthetically active radiation intercepted by leaves.
Evapotranspiration from vegetation is greatly affected by net radiation. Solar radiation
accounts for most of the net radiation during the daytime when evapotranspiration is
large. Evapotranspiration consists of transpiration from plants and evaporation from the
soil surface. Transpiration is affected by solar radiation intercepted by a canopy, while
evaporation originated from the soil surface is able to be related to solar radiation which
reachs to the soil surface passing through a canopy. Therefore, it is important to
understand the spatial structure of plants, especially the geometry of leaves for the
estimation of production or evapotranspiration of a plant community.

The geometry of leaves is defined by the shape, the area and the position of each leaf.
Hirota and Nakano (2000) measured the spatial positions of soybean leaflets using a
manipulator. It takes a lot of time to measure the structure of a plant community in the
field with this equipment.

Recently, equipment for photographing and recording have been digitized, and so the
prediction of the three dimensional structure of objects from two dimension images using
image analysis has been applied to various fields (e.g. Ruff et al. (1995), Burie et al.
(1995)). Shibayama et al. (1989) estimated the spatial structure of a plant community
using an ITV camera, a laser beam scanner, a video processor and a desktop computer,
however there are some problems when using this equipment in the field.

In this study the procedure used to easily measure the spatial structure of a plant
community in the field by the analysis of stereo images was proposed, and then the spatial
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coordinates of four points, which express the shape of the leaflets, were estimated by this
procedure.

PRINCIPLES

Camera coordinate system and world coordinate system

The coordinate system based on the position, where a camera is set, is called the
camera coordinate system. On a camera coordinate system, usually, a picture plane is
taken as the z-y coordinate plane and the direction of the camera is taken as the 2
coordinate axis. In this paper, the following camera coordinate system is considered.

e The normal vector of the screen is the same as the z—axis of the camera coordinate

system.

¢ The directions of the x—axis and the y-axis are in the directions of rightward and

downward of the camera, respectively.

e The direction of the camera agrees with the positive side of the z-axis. An

increased 2—value indicates more distance from the camera.

Camera coordinate systems change with the setting position and the direction of the
cameras. For the purpose of treating objects expressed in some camera coordinate
systems synthetically, putting them in a unified coordinate system called a world
coordinate system is needed.

Central projection
The coordinates of point A", which is the central projection of a point A(x., ¥, 2.)
onto the plane S parallel to the x—y plane, is given,
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where 2, is a z-value of the plane S.

Let the points, which are the central projection on the plane S of three points A, B
and C, be A", B and C’, respectively, and the points, which are images of the three points
A, B and C on the image taken with a camera, be A”, B” and C”, respectively. Triangle
A’B°C” on the plane S is similar to triangle A“B”C” on the image. The following equa-
tions apply to these triangles,

cosG=—AB AT _ _ATB"- ATCT @
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where 6,, 6, and 6, are the measures of angles B'A"C”, C'B"A” and A"C"B", respectively.
Using the coordinates of these points equations (2), (3) and (4) can be expressed as
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Furthermore, the following relationship equation applies to the triangles,

IBC| _ lcAt _1AB1
sind, sinf, sinf,

&

ANALYSIS OF IMAGES

Photography
An equipment consists of two digital cameras, two poles as bases and the frame was
established in an experimental plot (Fig. 1). Each digital camera was attached on the

Fig. 1. Photographing system.
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frame with a screw for fixing the camera angle. The photography was conducted in the
procedure as is shown below.

1. Signs were marked on four points, which determine the lengths of the long and

short axes of each leaf on the top of a canopy

2. The shutters of the cameras were released at the same time to avoid gaps of a

leaf’s position, which are influenced by the wind

3. The leaves on the top of the canopy were cut, which were already photographed,

in order to photograph the leaves in the next layer
This procedure was repeated until there were no more leaves.

Set the point, where the support on the left side of the equipment is in contact with
the soil surface, to the origin of the world coordinate system, and then the following
relationship equation is applied between the world coordinate system and the camera
coordinate system (Fig. 2)

X X0 -2, +x
Y |= | (L+y, ~y)cosf+ (z+z,)sind (©)]
Z 20+ (L+y, —y)sinb - (z+z,)cos@

where L is the length of the arm, ZO is the vertical distance from the origin of the world
coordinate system to the connection point, where the arm joins with the support, XO is
the horizontal distance between the origin and the point, where the camera is in contact
with the equipment, s, %, and 2, are the lengths which express the relationship between
the point, where the camera comes into contact with the equipment, and the point of
sight and 6 is the measure of the angle of the elevation of the arm.

support

Z0O

pole

Y

Fig. 2. Relationship between the world coordinate system and the camera
coordinate system.
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Image Analysis

The analysis of the images was conducted in the procedure as shown below.
(O The coordinates of three points A1”, B1” and C1” (i.e. the images of the tips of the two
poles, A and B, and a point on a leaf, C) on the picture taken by the camera which has the
point of sight P1 were read.
(® The coordinates of the points A1 and B1” were calculated, which are the central
projection of the points A and B onto the plane S, by eq. (1) as the z—coordinate is 2,

. . . s s
(X a1, Y'an, 2 Az)z(_z; Za, Z Ya, Zs) (10)
) 2, 2
@81, Y'nsy 231)'—“(?3 xs,“g}“ Y, 2'5) . 1D

(3 The coordinates of point C1” were determined, which is the central projection of point
C, using the relationship equation, which is applied between the triangle A1°’B1°C1” and
the triangle A1"B17C1”. The following calculation is made in detail.

The values of cosé,, cos8, and cosd; are obtained by substituting coordinates of points
Al”, B1” and C1” into equations (2),(3) and (4). By substituting these values into the
equation, sin?@ -+ sin26=”1_,_1;_he values of siné,, sinf, and sind; are calculated. The
magnitude of the vector A1°B1”is obtained with the coordinates of the points A_l_’w_a-tp_d Bl
Eiy_silbstituting this value into equation (8) the magnitude of the vectors B1°C1” and
C1°Al” are determined. Substituting these values into equations (5) and (6) the following
equations are obtained,

J¥atgy’eth=0 )
v -+ 10=0 (13)
where . .
f= Xp— X A
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g y’Bl”y’Al
|AI'B1’l |A1CLl
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Y 4 Tt 1 N
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and
S (@ 28) TYuWn-yn) - cos0,.

IB1'A1"| IB1C17]
By solving these simultaneous equations, the coordinates of C1” are determined.
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® By performing coordinate transformation, the equation of the line P1C1” on the world
coordinate system is obtained.

(® The equation of the line P2C2" in the world coordinate system is determined from the
image taken by the camera, which has the point of sight P2, by the same procedure as
above.

(® Let the coordinates of the points of sight P1 and P2 be (X, Yr, Zp) and (Xe, Yiu, Zr),
and the directional vectors of the lines P1C1" and P2C2" be (I, 1, n,) and (I, ms, 72),
and then these two lines are expressed by the following equations, respectively,

X“‘Xm —- Y_Ym _ Z‘Zm
L m o

X ~Xm _ Y-Yo = Z =Zp =1, (15)
lg ms M2

=t, (149

The distance between a point C1(Xe,, Yei, Zc:) on the line P1C17 and a point C2(X,,
Y, Z¢») on the line P2C27 is expressed as

d= \/ (ng‘Xm)2+ (Ycz - YC))2+ (Zcz" ch)z (16)

Taking equations (14) and (15) into account, the coordinates of points C1 and C2 are
expressed as (X, Yei, Zo)=(Xm+Ut, Yortmity, Ze+nt) and (Xez, Yoo, Zeo)=(Xpetlots,
Yetmats, Zm+mst:). Substitute these coordinates into equation (16) and take the square
of each side of it,

dzz(XPz+l2t2 - -XI’I - l1t1)2+ (YPz+mztz_ YPL - mlt})2+ (sz‘*’%ztz— ZP] - nxtl)z. (17)

The segment C1C2 is perpendicular to both line P1C1” and line P2C2” when the distance
between the point C1 and C2 becomes minimum, and then the following equations apply,

WX Xo) Tmi(Yee- YO) +1,(Ze— Z61)=0 (18)
lz(X(;g_Xcl) +77l2(ch_ YCl) +n2(Z(;2_ ZCI):O . (19)

If equation (18) is rearranged by substituting the coordinates of the points C1 and C2,
which expressed with parameters ¢, and ¢, respectively, it becomes,

L(Xp ~ Xeo) My (Yo~ YVie) T0( 20— Zp) HH (12 +mi+nd) (20)

t =
2 l]lz +m1m2+nlnz

- Using the parameters @ and S expressed as

_ ptmitng
- l)lz+m1mz+nxn2

and
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L(Xp— sz) +mi(Ym ) +7’&1(pr - Zm)
Ll +mmy,+nm,

B:

)

equation(20) becomes t,=at,+ 8. Replacing parameter t, of equation (17) with this
equation the following equation is obtained,

d2=at?+bt, +c @n
where
a=La - L)+ (ma -m)*+(n.a - n,)?,
b:Z(Xm*Xl’l'i'lzB)(lza - ll)'l'z(ym” Yi +’m,25)(m2(1 - ml)
+2(Zpg* Z,'J; “+"’}’Lg B) (nz a - nl)
and

c=(Xm—Xpt+l: B+ Yro— Yo +m B)Z +(Zea— Zptm, 6)2

Differentiating both sides of equation (21) with respect to t,, the following equation is
obtained
2

dd
ar, =2at,+b. (22)

The parameter a is greater than or equal to zero, and the value of d? becomes minimum

3

when %(iw =0 (i.e. ty=~ -é% ).

By substituting the parameter ¢, obtained as above into equation (20) the parameter ¢,
is calculated, and then the coordinates of points C1 and C2 are determined. Let the
midpoint of segment C1C2 be point C.

RESULTS AND DISCUSSION

Photography was conducted in the field planted mungbean. A leaflet was marked at
four points, which were the base, Cb, top, Ct, and other two points, where the width of
the leaflet was maximum, Cl and Cr, as shown in Fig. 3. The height of the canopy was
about 0.5m, and then the photography was repeated four times.

An example of a pair of images is shown in Fig. 4. Fig. 4 (a) and (b) were taken by
left and right cameras, respectively. The coordinates of the marked point on the world
coordinate system were calculated with pairs of pictures. The reading of coordinates of
the points on the images taken by digital cameras was carried out by commercial
software.

Table 1 shows the results obtained by the analysis of the three numbered leaflets in
Fig. 4. The coordinates (X1, Y1, Z1) and (X2, Y2, Z2) correspond to the points C1 and C2
in this paper, respectively. For thesc leaflets, the z—coordinates of the points C1 and C2
were equal, and the maximum value of differences of the y— and the z—coordinates
between C1 and C2 was 6 mm. For the whole canopy, the maximum value of differences
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Fig. 3. The marking points on a leaflet.

(b)

Fig. 4. Sample of a pair of images.
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Table 1. The spatial coordinates of the points on leaflets 1, 2, and 3 in Fig. 4. The unit is the cm.

leaflet No. X1 Yl Z1 X2 Y2 Z2
1 Cl 472 80.6 39.3 472 80.8 39.3
Cr 39.3 78.6 35.5 39.3 79.1 35.6
Cb 4186 84.5 36.5 41.6 84.6 36.5
Ct 448 74.6 36.1 44.8 747 36.1
2 Cl 36.1 85.2 373 36.1 85.4 374
Cr 34.1 92.2 37.1 34.1 92.3 37.2
Cb 40.4 87.8 39.1 40.4 88.0 39.2
Ct 30.9 86.8 34.5 30.9 86.7 34.5
3 Cl 45.5 91.2 42.8 45.5 91.5 43.0
Cr 43.8 85.9 37.1 438 85.9 37.1
Cb 41.1 88.1 38.9 41.1 88.4 39.0
Ct 50.0 85.6 41.9 50.0 86.2 422

between the coordinates of the points C1 and C2 was about 10mm. These differences
might have occured because of a reading error of the coordinates of the points on the
leaflets. The signs on the leaflets were circular with a radius of about 3 mm, the read
points might differ between a pair of images. To avoid reading errors, the shape or the
size of a sign and the way to indicate it should be improved.

If the method of indication is improved so that the four points on a leaflet are able to
be clearly photographed, a leaflet’s area could be calculated with the lengths of the long
and short axes of a leaflet by the method shown by Hirota and Nakano (2000). Then, it
would be possible to know the structure of a plant community as a leaf area index and so
on by using stereo images taken by two digital cameras.
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