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Abstract The paper shows a study on 2-D stem image
information collected by a digital camera. Information on
a single stem is obtained through calculations after the
application of the direct linear transformation model of
close-range photogrammetry and binocular stereo vision
technology, so that the calculating problem between stem
image information and its 2-D coordinate can be solved.
Furthermore, the 2-D processing methodology for measur-
ing tree image information simplifies calculating equations
and increases calculating speed. Although computer stereo
vision techniques for collecting parameters of a single
stem shape are comparative, complicated, and expensive,
research indicates the efficiently and feasibility of close-
range photogrammetry for stem image information.

Keywords close-range photogrammetry, computer vision,
stem diameter

1 Introduction

Digital cameras are increasingly used due to its high reso-
lution ratio, convenience, efficiency, and ideal cost perfor-
mance. Its new advantage lies on its outstanding application
in 3-D digital image collection, although it is not a spe-
cialized measuring camera. In addition, it shows high
accuracy (point site errors can be generally controlled at
approximately 2 mm if the photograph is taken on the
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condition that the outer accord errors of diameter at breast
height are < 1% in tree trunk diameter measurement) [ 1-3].
Therefore, its accuracy completely satisfies the requirement
of forest measurement.

Measurement with a digital camera is a no-touch method.
Not only can it store the direct vision of a single stem image
information, it can also realize 2-D visual coordinate
measurements for trunk curves based on theories of close-
range photogrammetry and computer vision technique, as
well as the application of computer image treatment for
collecting stem image information. Thus, trunk diameter
and height at any location of a tree can be calculated. In
addition, timber volume can be determined by stem curvi-
linear equations (i.e., the volume equation of a single stem
by subsection) [4]. The adopted modern measuring tech-
nique of close-range photogrammetry has become a novel
approach for measuring and determining timber volume,
and thus paves the foundation for the improvement of forest
survey technique.

2 Collection of image information based
on the principle of close-range photogrammetry

Compared with a measuring camera, a digital camera is
convenient to operate, flexible in focusing, lightweight, and
cheap. However, it does not contain a frame of reference,
leveling devices, and orienting devices. Furthermore,
images become deformed through its lens, and interior
orientation remains unsteady. With direct linear transfor-
mation (DLT), the weak points of the nonmeasuring camera
can be decreased or entirely eliminated.

2.1 Mathematical model of close-range
photogrammetry

The DLT is a calculating solution without a frame of
reference on the photos and approximates elements of the



60

interior and exterior orientations of the camera. The
fundamental equation [5] is summarized as:

X
z
In the equation, )X, Yare image coordinates of target points;

X, y, z are values of object space coordinates of target points;
L, is a coefficient; and i=1,2,...,11.
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In the measurements, the measured target was assumed
as a planar object (i.e., Z is regarded as a constant), so that
Eq. (1) can be simplified as Eq. (2):
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It is shown from Eq. (2) that at least four known points
(object space coefficients X; and Y;) and image space
coefficients (x;, y;) are needed and that i=1, 2, 3, 4 if the
eight L coefficients are computed. Therefore, Eq. (2) is
transformed to Eq. (3):

X3, 1 1 0 0 0 —xiXi —xIn] Lll X1
0 0 0 X1 1 1 —lel _yIYI le B4l
: Ly :
L4
; = 3)
: L
: L6
)(n Yn 1 0 0 0 _ann _Xn Yn Ll7 Xn
L O O 0 )(n Yn 1 —J/an _ann_ _Lg_ _yn_
where n>4.

It is known that the four points of the image space
coefficients (x, y) can be obtained from the photo image,
and corresponding object space coordinates (X, Y) can be
adopted as relative coordinates. When they are substituted
in Eq. (3), the L coefficients can be calculated.

2.2 Equation of L’ coefficient calibration
When controlling points expand to more than four,

observation points (v, v,) are set. The observation equation
is [5]:
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where 4 = L:X + LY +1.

2.3 Transformation of object space coefficients

After L; coefficient has been computed, image space
coefficients (v, v,) of the target points to be measured are
substituted into Eq. (6). Simultaneous duality linear
equations resolve their object space coordinates:

So far, it indicates that the DLT follows the sequence of
firstly calculating all DLT coefficients on the image
according to image controlling points (the already-known
points) and then computing the object coordinates of any
points that have formed on two or more photos [5].

!
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3 Collection of a single stem image
3.1 Data collection

Orthoprojection is adopted at ground photographing. Thus,
the major optical axis runs parallel with the ground, or the
film is vertical (or approximately vertical) to the ground
board, which is used as a mark mainly for obtaining four
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Table 1 The L; coefficient of

DLT Figure  Controlling points  Object space Image space L; coefficient

number number coordinates (X, ¥) coordinates (x, y)

Iljpg 1 (0, 0) (51.72, 33.51) L,=-0.027,9 L,=0
2 (18.2, 0) (53.98, 33.44) L;=51.72 L,~0.098,1
3 (18.2, 6.0) (53.98, 34.22) Ls=0.123,3  Ls=33.51
4 (0, 6.0) (51.72, 34.25) L,=—0.002,8 Lg=0

13jpg 1 (0, 0) (52.28, 32.42) L,=0.137,2  L,=0.059,7
2 (20. 0),0 (54.75, 32.46) L3=52.28 L,=0.010,1
3 (20.0, 15.0) (54.75, 34.36) Ls=0.163,9  Ls=32.42
4 0, 15.1) (52.32, 34.33) L;=0.000,3  Lg=0.001,1

17jpg 1 (0, 0) (46.50, -32.74)  L,=0.101,2  L,=0.032,8
2 (28.1, 0) (49.92, =32.70)  L;=46.50 L,=0.014,9
3 (28.1, —28.1) (49.99, =36.16)  Ls=0.096,2  Ls=32.74
4 (0, —28.1) (46.50, =36.16)  L,=—0.000,4 Lg=0.000,7

18jpg 1 (0, 0) (49.95, 32.14) L,=0.136,1  L,=—0.003,2
2 (28.1, 0) (53.30, 32.10) L3=49.95 L,=0.008,7
3 (28.1, 28.1) (53.38, 35.45) Ls=0.116,3  L=32.14
4 (0, 28.1) (50.02, 35.52) L;=0.000,3  Lg=—-0.000,1

coordinates. As a marking material, it should be clearly
distinguished from the surrounding environment. It should
also be flat and smooth on the surface. Its size should be
moderate, generally with a side length between 10 and
30 cm.

On the image taken by a digital camera, image coor-
dinates (x, ) at the four vertexes of the rectangular marking
material are collected. The top left vertex is regarded as the
origin of the coordinates, with the horizontal direction as
axis X and the vertical direction as axis Y. Presumably, the
origin of object space coordinates was a vertex of a marking
material. The side lengths of the material are already
known; thus, the coordinates of the four vertexes within the
world coordinate system could be known.

For example, the top left-hand vertex of the marking
material is the origin of object space coordinates, and its
horizontal level is the direction of axis X and vertical axis Y,
therefore, the corresponding object space coordinates of the
four vertex coordinates are indicated by (X, 1;).

In test measurements, the object space coordinates of the
two side points at diameter breast height (DBH) are M(X],

Table 2 Test data of stem diameter

Y1) and N(X,, 15); therefore, the image space coordinates of
the corresponding two points of the image plane are
marked as m(x;, y1) and n(x,, y,).

3.2 Calculation of the L coefficients

The collected coordinates of the four vertexes on the image
plane and the coordinates of the four vertexes on object
space coordinates are substituted into Eq. (3). Then the
value of L; is computed with the software Matlab 6.0 and
the data are obtained (Table 1).

3.3 Calculation of tree trunk stems

When L; coefficients are known, the image space
coordinates of the two points at the rim of the stem
diameter at the same horizontal line of the stem can be read
from the image treatment software. Then their object space
coordinates can be computed through Eq. (6).

Picture number Image space coordinates Estimated Measured Relative Measured stem
(x, y) of points at the rim diameter /cm diameter /cm error /% height /m
of DBH (pixels)
m(xy, y1) n(xz, y2)

11 (46.71, 25.29) (50.24, 25.29) 24.537,4 25.1 224 2.08

13 (46.31, 34.34) (50.09, 25.33) 30.993,9 29.5 —5.06 1.3

17 (46.46, 29.92) (49.95, 29.98) 29.283,2 29.5 0.73 1.68

18 (46.28, 34.18) (49.99, 34.18) 30.300,5 30.8 1.62 1.3
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Fig. 1 Schematic diagram of stereoscopic photography in normal photography

Finally, the stem diameter can be worked out by the
equation of the two point—straight-line distance (Table 2).
It can be shown from the table that the greatest error in
determining stem diagrams is limited to within 5%. If the
image point coordinates of the stem diameter on the image
can be accurately determined, accuracy in calculations can
be increased.

4 3-D data measuring techniques of binocular stereo
vision

4.1 Stereopair photography

The foundation of the stereovision-measuring method is
based on the treatment of optical parallax for the same
image point in various images and on calculations to obtain
3-D space information. Basic imaging perspective geo-
metric relations of every single object correspond to each
image in photographing space.

Fig. 2 The homologous
image point in stereoscopic
photography

According to the principle of human eye image forma-
tion, upright photographing method is adopted. Thus, the
left photographing center S becomes the origin of the S;—
XYZ object space coordinate system of photographing
measurements, while the right photographing center .S is
the origin of the S,—XYZ coordinate system of photograph-
ing measurement systems. Figure 1 shows the image
coordinate system o,—xz; of the left photo and the image
coordinate system o0,—xz, of the right photo.

If the object space coordinate of point A in the S1—-XYZ
coordinate system is (Xj, Y;, Z;), there is a relation that is
shown as follows:

X B X1
| = P f (13)
Z z]

where P is the left and right optical parallax of image point
(i.e., P=x,—x, are the image point coordinates); B is the

Table 3 Test data of the

B/m f/mm Label length /om Measured label length /cm

- - Image space coordinates P
homologous image point
X1, 21 X2, 22
(1,210, 804) (1,584, 820) 374
(1,238, 804) (1,610, 820) 376

1.2 214 6.56 6.6




length of the base line (B=X;+X>); f is photoprincipal
distance; and x; and z, are image point coordinates [7].

4.2 Test results

Image pairs (shown in Fig. 2) were collected and analyzed.
The identical points in the image pairs were identified. The
top left-hand vertex and the top right-hand vertex of the
easily distinguished label identical points were designated
as M and M', and N and N, respectively. Their coordinates
in the coordinate systems o—x1z; and 0,—x,z, were (x1, z1)
and (x», z»), respectively. Table 3 shows the test results.

5 Discussions

Firstly, regarding accuracy, the test shows that the 3-D data
measurements of the binocular 3-D vision were compara-
tively slightly lower because the measuring errors were
relevant to the adjustments of the base line. The camera
focused as well on the selection of the same named points in
the 3-D photographing measurement.

The selection of the same named points for photograph-
ing imaging is comparatively hard especially in natural
surroundings, so that the reassuring errors are directly
affected. Secondly, although the 3-D binocular vision
image process is complex, 2-D treatment is adopted in DLT.
Therefore, its mathematical model has thus been simplified,
and the calculation has been sped up. In authentic practice,
the two methods can be comprehensively applied according
to the needs of actual measuring tasks. But the premise for
the systematic realization of accurate measurements is the
parameter calibration of the digital camera.
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The test results show that its accuracy can satisfy needs
in practical applications. The advantages of close-range
photogrammetry by digital camera include easy storage of
data and easy transfer due to digitalization. Therefore, a
new approach is provided for stem determination and, thus,
the foundation is laid for close-range photogrammetry to
determine standing volume and storage. As for the trunks
of high trees, the determination method is more compli-
cated. Trees growing on mountainous land can be
photographed section by section with changing terrains.
The technique of image montage can be applied for the
determination of the tap stem diameter.
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