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Abstract: Measuring biometric tree characteristics to estimate the volume of wood in a forest area
is a time consuming task. It is usually performed by a team of two or more people, who measure
the diameter and height of several trees in sampling plots. The results are then extrapolated for
the forest stand. The present paper describes a method which facilitates estimating tree biometric
parameters using computational techniques. A camera takes two pictures of each sample tree, with
an especially designed target placed close to the tree, to facilitate image processing and camera
calibration steps. Taking advantage of the trees’ natural shape and assuming a symmetric stem, the
diameter and height of the tree stems are estimated from the images and the volumes of the tree
stems are calculated. Experimental trials show promising results, exhibiting errors similar to the
traditional methods used currently, in the range of 10%, showing that the method is suitable for
forest inventory.

Keywords: digital image processing; tree volume estimation; tree diameter and height measurement

1. Introduction

Forest planning and management is undertaken at strategic, tactical, and operational
levels. Although interconnected, each of these levels has its own objectives and information
needs. The collection of forest information (known as forest inventory) is done for different
purposes, at different spatial scales, involving different actors and resources allocated.
Forest inventory is a task which needs to be done periodically. Therefore, it is desirable
that the process of measuring the trees is fast, cost effective, and accurate.

1.1. The Problem of Forest Inventory

Kangas et al. [1] distinguish two fundamental levels of forest inventory. The first, is
the inventory undertaken at national level (National Forest Inventory (NFI)) carried out
by governmental institutions in association, in the case of Portugal, with industrial pulp
production companies. These NFI are the fundamental basis for formulation, monitoring
and evaluation of forest policies as well as to produce national and international forest
resources statistics. The second level of forest inventory takes place at the forest holding
level, or forest stands, and is carried out by forest owners in their holdings (Non Industrial
Forest Owners (NIFO)). In Portugal, small nonindustrial forest owners are the main players
in forest management. They hold over 90% of the forest area, with holdings of up to 5 ha,
often subdivided into several stands [2].

NFI results published at national and regional level are not sufficiently detailed to
guide management decisions at the holding or stand level [1]. Consequently, at the holding
level (NIFO), new inventories have to be made in order to support forest owners in their
strategic and operational management decisions, for example to decide what stand to
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harvest or which silvicultural treatment to apply. Wood supply is of primary interest for
forest owners, and estimates of growing stock or the conception of stand management
alternatives involve detailed information gathered also by using stand field inventories [3].

1.2. Modern Methods of Forest Inventory and Method Proposed

The use of a camera and image processing methods can be extremely useful because
it has the potential to greatly reduce the time necessary to estimate the DBH, total height
and volume of a tree [4–6], compared to traditional methods which require several manual
measurements of key tree points and tree volumes individual calculations. These image
processing method allow automatically calculating all the necessary values, such as the
diameter of the tree trunk, tree height, and volume estimation.

Previous research on automating the forest inventory process was proposed in [7,8].
However, the methods described in the present paper allow calculating the diameter and
the total height, even in cases where the view of the tree is partial. The methods used are
based on proportion transformations and hypsometric functions, as they are described
in [9,10].

The present paper proposes new methods to automatically estimate tree diameter,
height and volume based on computer vision and digital image processing techniques.
The software application developed allows estimating these tree characteristics using any
device equipped with a camera. A special symmetric target was designed, which has
chessboard targets stamped on a large red board. This special target is placed behind the
tree and one or two pictures of the tree are taken. Using computer vision methods, the
camera is calibrated to minimize perspective and lens distortions. Afterwards, the visible
part of the tree stem is extracted from the background using object detection methods [11].
The diameter of the tree stem is then calculated by comparison with the known dimensions
of the especially designed target. The non-visible part of the stem is estimated using line
projections, tree shape formulae or hypsometric relations.

2. Traditional Methods

Forest inventory requires the use of specialized human resources and traditionally, the
use of mechanical or optical instruments, such as callipers, hypsometers and measuring
tapes, to measure biometric parameters in field plots. Landowners with small holdings
cannot afford to make these field inventories and they base their decisions on visual
inspections of the stands, frequently without field measurements and no major concerns
with data accuracy. This practice is not exclusive to Portugal, and has been documented
for small forest owners even in countries with a long tradition of forest management such
as the Nordic countries [1,12]. Information needs for forest management at the holding
level are increasing because forest certification schemes require, as a prerequirement, the
existence of a recent forest management plan for the holdings [3]. The preparation of a
management plan requires relatively detailed information, usually collected and processed
on stand-by-stand basis for each forest species [13].

The traditional methods for collecting forest data needed for forest management, such
as diameter at breast height (DBH) and total height, commonly recorded in a subsample
of these trees, are time-consuming, very costly and cannot directly measure some tree
attributes with great interest for forest owners, such as stem volume. These trends place
great pressure on the development of new, fast and cheaper approaches that allow the
estimation of the standing wood volume of a single tree, and then, they can also be used to
estimate the volume of a forest stand by extrapolation from the inventory plots [14–16].

Estimation of the volume of wood in the tree stems remains an essential task for
forest management decisions, because of the stems’ commercial value. Therefore, an
error as small as possible is desirable, for more confidence in management decisions. In
recent years, modern technology such as ground observation technology, remote sensing,
photogrammetry technology and 3D laser scanning technology have been used to extract
various biometric forest attributes [17]. However, data acquisition with these technologies
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is limited by the time and cost involved, difficult data processing, and lack of trained
personal and equipment. Thus, these approaches are more convenient for forest inventories
in a larger scale [4]. Moreover, at the stand level, these technologies present a lower
versatility and they are still less reliable than those obtained by traditional inventories
based on tree measurements in sampling plots [1].

Currently, several manual methods are used to measure the DBH and total height
of a tree. Hypsometers are used for measuring tree height. The volume of the stem
is then estimated using a binary equation based on the DBH and tree height [18,19].
Alternatively, a non-destructive method for volume tree estimation may be applied using
upper-stem diameters. Then the Smalian’s and Newton’s formulae are applied for each
stem section separately, in order to estimate the volume of each section and therefore the
tree volume [10,18,20]. However, this method is too laborious—and therefore costly—for
general use. So a new non-destructive, economical, user friendly and efficient method is
necessary [21].

3. Literature Review

Estimating tree dimensions from pictures has been researched before. The following
subsections describe previous work in object detection, dimension estimation and their
application for tree measurement estimation.

3.1. Tree Measurement from Images

In previous work, Varjo et al. [22] propose a method of estimating tree height and
volume from digital pictures. The main difficulties pointed out by the authors are the
quality of the images and the problem of separating tree from background. Part of the
problem might have been already solved by the quality of the cameras available now. The
problem of separating tree from the background we propose to solve using the especially
designed target.

Zhang and Huang propose a method to estimate a tree’s height from an image, using
digital image processing methods [7]. Han and Wang propose a similar method, although
applied to a mobile device [8].

These methods have both the same foundation. First an image of a tree with two
red markers (at a known distance between them) is obtained (using an edited picture, as
used by Zhang and Huang, or by using a real life target with red accents, as used by Han
and Wang). These images are then converted to the HSV (Hue, Saturation, Value) color
space, and processed in order to locate/extract the two red markers. After the extraction, a
triangle similarity method is applied, in order to find the tree height, knowing the distance
between the two markers.

In both cases, the tree’s height calculation method uses image processing with an
image where the full tree is visible. While both methods are similar, they differ essentially
in the fact that the second proposes the use of a mobile phone and the first uses a larger
computer to perform the target extraction. In both cases the authors claim an error of 4% in
estimating the tree height.

Also a relatively simple approach to calculate the volume was proposed in [19], where
the idea is to use a truncated cone. The method is an alternative to more traditional
approaches, such as the Smalian’s and Newton’s formulae.

3.2. Object Detection and Dimension Estimation in Images

Recent advances in hardware processing power make computer vision a viable method
for different tasks, such as robot navigation [23], object identification, or object measurement.

Ali et al. compare the performance of HSV and RGB (Red, Green, Blue) images for
colour segmentation and object extraction, applied to road signs [24]. Xie and Lu also
summarize the process for object detection, applied in the detection/identification of the
number of copper ores in a wire [25]. Othman et al. propose an algorithm to detect the
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dimensions of an object in real time, using OpenCV library [26]. Hussin et al. propose also
an algorithm to detect an object in real time, in this case a mango, using MATLAB [27].

The process of extracting objects from images is usually based on the concepts of
erosion and dilatation of image areas [28], methods which will be further explained
in Section 5.2. Those methods are widely used to remove visual noise on image extrac-
tions [29]. After applying erosion and dilatation to an image, the contours of the objects are
easier to determine using OpenCV contour detection functions. For better results extracting
information from images, it is important to correct perspective and lens distortions. The
process of correcting the distortions is camera calibration. Camera calibration can be done
from a target of known dimensions, which is usually a chessboard of black and white
squares of known dimensions [9,30].

4. Experimental Setup

The experimental setup developed in order to test the method consisted of: (i) a novel
especially designed target; and (ii) a python application. Both are briefly explained below.

4.1. Specially Designed Target

To be able to extract real dimensions of objects from an image, using a two dimensional
photo, it is necessary to use an object of known dimensions as “scale”. A popular target is
a rectangle with a chessboard pattern, as mentioned in Section 3.2.

In the present project, a special target was designed. It consists of a red rectangle
target with circular holes and four chessboard patterns, as represented in Figure 1. The red
color was chosen because it is uncommon in nature. Therefore, the area of the rectangle
can be easily identified from the image. The circular holes are used as a scale (their real
size is 18 cm of diameter) since the circular shape is easy to identify and extrapolate precise
measurements. The chessboard pattern is used for camera distortion calibration. The
complete target is 1.2 m wide and 2 m high, being sufficiently large to be easily detected
and measured with precision in the pictures. For example, for a tree with 20 m of height,
the target is 10% of its height. Nonetheless, the target is still lightweight, foldable, and easy
to carry and position in place.

Figure 1. Red rectangular target specially designed to facilitate image processing and camera calibration.
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The target is to be positioned behind the tree. It should be visible in both sides of the
tree, have at least one of the circular holes visible and have at least one of the chessboard
patterns visible, for optimal results when applied to estimate the height, DBH and wood
volume of a tree.

For testing purposes, a virtual target was also used. In the tree images, the target was
positioned behind the tree, using image edition software, before the picture was saved and
used for calculation. This was possible, since some pictures of the trees taken in real forest
areas contained white circles or rectangles of known size, which were placed in front of
the trees before the pictures were taken. Those circles and rectangles were then used to
determine the position and size of the virtual target.

4.2. Virtual Environment

The traditional methods used to calculate trees’ height and wood volume present an
error, which is usually up to 10%, or even 15% to 29% for trees 5–10 m high [31]. To test the
accuracy of the algorithms developed, a virtual environment was designed, using the 3D
modelling program Blender. In the virtual environment, it is possible to observe the trees in
any chosen angle, as well as to create different tree models and know their measures with
high precision. Figure 2 shows an example of a virtual tree with a special target behind the
stem. In the simulation environment, the point of view was changed and different pictures
were taken to debug and test the algorithms.

Figure 2. Target positioned behind a tree in a virtual environment.

5. Pre-Processing

For better results estimating the dimensions, the images were pre-processed. That
included camera calibration and conversion to HSV for better precision extracting the target.

5.1. Image Pre-Processing and Camera Calibration

To improve the images’ quality, correcting perspective and lens distortions, the first
step performed in the proposed algorithm is camera calibration. The chessboard pattern
is searched for in the images and if it is detected, the camera is calibrated and the images
pre-processed to correct the above mentioned distortions.

If the chessboard pattern is not detected, no camera calibration is performed. If one or
more patterns are visible, camera calibration is performed. Ideally, more than one pattern
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should be used, since the bigger the number of patterns detected, the better the results.
Also, the algorithm proposed can still work without camera calibration, but confidence in
the results is lower in that case.

When a chessboard pattern is detected in the image, some camera parameters such as
distortion coefficients and rotation vectors can be calculated. In the present project they
were calculated using the OpenCV calibration methods, which use the pinhole camera
model [32]. When the calibration results are available, they are applied to change the image
in order to remove the lens distortion.

5.2. Target Extraction

After the image is calibrated, the specially designed target must be automatically
identified, for the system to be able to get the information needed to calculate the height
and volume.

To extract the target, the image is converted to HSV (Hue, Saturation, value) color
model. The more popular RGB could have been used instead of HSV. However, since the
RGB color model only takes in consideration the color values, different lighting conditions
may affect the accuracy. A color range of accepted colors is then defined, which in the
present case is the red color of the target background, and the visible part of the target is
identified and extracted, as can be seen in Figure 3. To reduce any noise after the extraction,
the target/mask is processed using erosion and dilatation methods [28]. The erosion
method causes the selected areas from the image to shrink. The dilatation method is similar
to erosion; however it spreads the selected image areas. The contour of the extracted target
is then calculated, and processed in order to determine the convex hull. The convex hull
will reduce any “noise” on the contour detection. The convex hull process works by finding
the extremes of different points in the contour, reducing the detected lumps of the tree.
After the contour is found, it is now possible to obtain the values needed for the methods
explained next. Figure 3 shows the results of target extraction.

(a) Target mask (b) Target contour (in green)

Figure 3. Detection of the specially designed target and its contours extracted from the image.

6. Height Calculation Methods

Different methods can be used to calculate a tree height. Some of them require that the
full tree is in the field of view. Other methods give an estimate even when only a partial
view of the tree is available, relying more on the symmetry and other natural geometric
relations between parts of the tree.
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6.1. Image Pixel Scale

To estimate dimensions of any objects visible in the image, the first step is to calculate
a scale factor. The scale factor can be calculated from the dimensions of any known object,
selected as reference object. The scale is then calculated according to Equation (1).

k =
Rs

Ps
(1)

Rs is the dimension, or real life size of the reference object, in meters or other unit.
Ps is the pixel size of the reference object, as measured in the image, in pixels. Hence, the
relation Rs/Ps is the scale factor which can be applied, to convert pixels to meters. The
conversion can then be made applying Equation (2).

Rc = Pc × k (2)

In the equation, Rc is the estimated dimension, or real life size, of the object, as
calculated from the image, in meters. Pc is the pixel size of the object, in pixels, as measured
in the image.

In the present project, the circular holes with 18 cm of diameter are the preferred
reference object. Smaller objects could cause too big errors when measuring the number of
pixels. With larger reference objects is more difficult to avoid occlusion by large trees.

6.2. Line Projection

Line projection is a method to calculate the tree’s height from the image. Figure 4 is a
visual representation of the method. The process starts by selecting two points in the border
of the tree stem. Ideally the points are at the same height, which is as high as possible,
within the area of the red rectangle. Following the contours of the stem, towards the tree
root, two other points are selected, below those two previously selected. The two points
on each side of the tree stem determine small line segments, the green lines shown in the
figure. Determining the slope of the line segments on each side of the tree and calculating
the point of intersection of the two lines, allows determining the tree trunk top. With this
point is possible to obtain the tree height.

Figure 4. Line projection method to determine the tree’s height. The green lines represent the line
segments determined, the blue lines represent the linear projection of the tree stem up to the top of
the tree, where the lines intersect.
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6.3. Proportion Transformation

The proportion transformation method was especially developed to estimate the tree
height if the image shows the full tree. It is based on the methods used in [7,8]. The first step
of the method is to determine the highest point found in the tree, using image processing
methods similar to the ones applied in Section 5.2 for target extraction. The lowest point of
the tree image is also detected, using the red target as a guide line to find the tree bottom.
The height of the tree in pixels is then calculated, as the distance from the top to the bottom.
This distance is then scaled to real world values, using Equation (2). Figure 5 illustrates
the concept. Figure 5a shows one image of the tree contrasted against the background.
The tree is binarized and the top and bottom points are then easier to find in the binary
image. Figure 5b shows the original colour image, but with the yellow lines showing the
approximate cone of the tree stem.

(a) Tree using HSV range (tree mask) (b) The yellow lines represent the
extrapolated tree stem

Figure 5. Steps of the proportion transformation height calculation method.

One limitation of the proportion transformation method is that it calculates the highest
point of the tree, and not the height of the tree stem. The perceived stem height may be
affected by the foliage in the tree top. Therefore, the height of the tree stem may have a
significant error.

6.4. Tree Shape Function

The methods used above assume that the tree shape is straight. However, in real
life that is not the case. To mitigate this problem, a method was developed using tree
shape functions. Tree shape functions are mathematical functions that describe a relation
between the tree’s height and diameter at different sections of the tree stem [33]. They are
an auxiliary method to determine with more accuracy the tree height and the stem volume.

Figure 6 shows a shape function, this plot of the height of the tree stem as a function
of the tree diameter of a pine tree with approximately 14.4 m height and a stem that starts
at 0.33 m diameter. To determine a shape function, it is necessary to have some reference
values, such as the blue dots in the figure. The more dots are given, the higher the chances
of calculating a precise shape function. These mathematical functions are known from
forest engineering for different tree species [34–36]. Hence, with just a few points it is in
general possible to determine an approximate shape function with good accuracy.
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Figure 6. Typical pine tree shape function of a tree with approximately 14.4 m height.

A shape function can be calculated measuring the diameter of a tree at different
heights, and using these values to determine a cubic function that represents the tree
shape. A cubic function is used, instead of a linear or quadratic function, since it more
accurately represents the natural shape of the tree [34]. Different tree species and regions
need different tree shape functions.

Figure 7 shows a shape function applied over the image of a pine tree. After the shape
function is determined, this method can be used to calculate the height of any tree of the
same species. To determine the height, the base of the tree is divided in four stem segments.
Then, each segment bottom diameter is compared individually to the equivalent values of
the shape function. The shape function is successively re-scaled, until the value of the stem
segment bottom diameter is similar to the diameter of the shape function at that height.
This process is then repeated for each tree stem. The shape function determined, represents
a good approximation of the shape function of that tree. Now, it is possible to estimate the
tree height, where the diameter is equal to zero in the shape function previously calculated.
The flowchart in Figure 8 summarizes the process.

6.5. Hypsometric Relation

Hypsometric models represent tree height-diameter relationships, using data obtained
from a population of trees. These models relate the DBH measured at 1.3 m in the tree
with the total height of the tree. Using a significant number of trees (more than 30 for an
accurate result), a function can be calculated that represents the tree DBH in function of the
tree height. Usually, a potential function is used [37].

This method is faster and more precise than all the other described methods; how-
ever this requires that an hypsometric function is determined for each tree species, site
productivity and other factors. Accuracy is highly improved when increasing the number
of trees used to calculate the parameters of the function. After the hypsometric function is
established, the method determines the unknown height of the selected tree knowing its
DBH. An example of an hypsometric function is shown in Figure 9 using values from a
pine tree population.
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Figure 7. Typical pine tree shape contour, with an approximated shape function represented in yellow.

Figure 8. Steps of the method proposed to determine and apply the tree shape function.
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Figure 9. Hypsometric function, relating tree height to diameter in several trees.

7. Volume Calculation Methods

Different methods can be used to calculate the tree wood volume. In the present
research, three methods were explored, as described below.

7.1. Tree Segmentation

Trees do not have a linear relation between the diameter of the stem and the height,
as shown in Figure 6. For better accuracy determining the volume of the tree stem, the
calculation of the volume must be done summing the volume of short sections one after
the other [19]. Each section is easier to approximate as a solid regular geometric shape,
such as a truncated cone or cylinder.

The method implemented consists in dividing the base of the tree (the base here is
defined as the area within the red rectangle) in four equal sections, as shown in Figure 10.
Each section is then individually processed using the truncated cone volume Equation (3)
where h is the height, r1 the radius of the base of the truncated cone and r2 the radius of
its top.

V =
1
3

π(r2
1 + r1 × r2 + r2

2)× h (3)

The volume of the remaining stem is then calculated applying the cone volume
formula. This part of the stem is not sectioned. It is assumed as being a cone, for it is
very difficult to accurately calculate the contour of the remaining tree stem. This method
could be refined, for example using the neiloid formula for the first section, and a better
approximation for the last section. However, that was not done in the present work
considering that other methods showed to be far superior, as explained below.

7.2. Huber’s, Smalian’s and Newton’s Methods

Huber’s, Smalian’s and Newton’s methods [10,18,20,38] are the state of the art meth-
ods used to calculate the volume of a tree stem. The Huber’s method is the fastest and
the easiest to use; however, it is also the least accurate of the three. In contrast, New-
ton’s method is the most accurate, but it needs more diameter mensuration by stem
section [18,33].

To test these methods, an algorithm was developed to adapt them to the stem infor-
mation extracted from the images. This algorithm has the core elements similar to the “tree
segmentation” algorithm, on which the tree is segmented into different sections. However,
instead of using the truncated cone volume formula, one of the three formulae is used
(Huber’s, Smalian’s or Newton’s).
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Figure 10. Tree segmentation method. The yellow lines represent four tree base sections approxi-
mated as truncated cones. The black lines represent the remaining tree stem, approximated as a cone
(not to scale in the image).

The Huber’s equation is Equation (4). The Smalian’s equation is Equation (5). In
addition, the Newton’s equation is Equation (6).

V =
π

4
× dm2 × h (4)

V =
π

4
× d12 + d22

2
× h (5)

V =
π

4
× d12 + 4 × dm2 + d22

6
× h (6)

In the equations, V is the tree volume, d1 the diameter of the bottom part of the tree
stem section, d2 the diameter of the upper part of the section, dm the diameter of the middle
part of the section, and h the length of this section of the tree.

As in the tree segmentation method, the remaining stem is assumed as a cone. How-
ever, the diameter of the middle of the cone is multiplied by a constant factor, which in the
present research was experimentally found to be 10%. This constant factor was determined
empirically, after testing different values and finding out that 10% gives the most accurate
result in general. This allows more accurately representing the assumed shape of the tree,
increasing the accuracy.

7.3. Newton’s Method Using Tree Shape Function

In this method, in order to more accurately determine the volume of the stem, instead
of using the values obtained from the red target (such as the diameter and others), the
calculated tree shape function is used to estimate the diameters at different heights, as
shown in Figure 11. The shape function is divided into ten segments, and each segment
volume is then calculated using the Newton’s Formula (6).
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Figure 11. Tree segmentation method. The blue lines represent segments along the tree stem.

Since this method is heavily dependent of the tree shape function, any errors in the
shape function calculation are noticeable in the volume. Therefore, it is necessary that the
shape function is correctly calculated to reach an accurate volume.

7.4. Volume Estimation Using a Shape Coefficient

In this method, the calculation of the wood volume can be divided in two different
steps. The first step is the volume calculation of the tree base (until 2 m height, which
is the height of the red target). For this, the Newton’s method is used, as described in
Section 7.3. In the second step is calculated the volume of the remaining tree stem (above
2 m) considering it as a cone. It is calculated using Equation (7), where V is the volume, D
the diameter in meters at 2 m height, H is the height of the remaining tree and Scoe f is the
shape coefficient determined for the tree species. The total volume of wood in the tree is
the sum of the two volumes calculated.

V = D2 × H × Scoe f (7)

The shape coefficient purpose is to correct the volume estimation considering that the
shape of the tree remaining stem (above 2 m) is not a cone and depends on some factors
such as the tree species, age, and local conditions. The shape coefficient is defined as the
relation between the measured volume of a reference tree and the volume of the same
reference tree calculated using height and diameter data.

A shape coefficient can be determined using Equation (8), where Scoe f is the shape
coefficient, Vs is the measured volume of the reference tree , Ds is the diameter of the base
of the reference tree and Hs is the height of the reference tree (above 2 m).

Scoe f =
Vs

D2
s × Hs

(8)

To estimate the volume of each tree, the algorithm implemented uses shape coefficients,
which are previously calculated for reference trees with different height/age. To determine
which shape function is to be used in each tree, Equation (9) is applied. Using this relation,
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the value obtained can be compared to the values of the references trees, choosing the
shape coefficient with the closer R.

R =
H
D

(9)

In Equation (9), H is the height of the tree and D is the diameter at the same height
used in the shape coefficient calculation (in the present case, 2 m).

8. Experimental Results

To test the developed target and algorithms in a real life scenario a physical target was
built, using styrofoam panels covered with colour plastic. Initially the target was supposed
to be all red, as described in previous sections. However, during the construction of the
target, one of the faces was covered in red and the other side was covered in pink. After
some testing, it was determined that the red target usually gets more accurate results. The
pink target is very effective in the shade; however in direct sun light the result is very
inaccurate, mainly by the fact that in direct sunlight the color is faded into a white tone,
increasing the inaccuracy of the target extraction.

For testing the different algorithms, several pictures were taken in two different
inventory plots. Two pictures per tree were taken whenever possible, only one when
lighting or space restrictions existed. Some of the taken pictures are shown in Figure 12.

Tables 1 and 2 show the results obtained with pictures of the 12 real Pinus nigra trees
shown in Figure 12.

Table 1. Results of the height calculation methods applied to pictures taken in a real forest scenario. Heights are in meters,
errors as a% of the height estimated using the traditional method.

Tree Line Projection Proportion Transformation Shape Function Hypsometric Relation Traditional Method

tree1 12.24 (+24.44%) 12.65 (+21.91%) 18.54 (+14.44%) 13.55 (+16.36%) 16.20
tree2 11.34 (+27.77%) 11.64 (+25.86%) 10.36 (+34.01%) 13.96 (+11.08%) 15.70
tree3 10.83 (+27.80%) 12.87 (+14.20%) 14.93 (+0.47%) 13.91 (+7.27%) 15.00
tree4 12.84 (+29.06%) 13.76 (+23.98%) 15.81 (+12.65%) 14.16 (+21.77%) 18.10
tree5 12.47 (+11.87%) - 17.85 (−26.15%) 13.84 (+2.19%) 14.15
tree6 6.67 (+58.05%) - 20.93 (−31.64%) 13.16 (+17.23%) 15.90
tree7 12.86 (+19.63%) - 20.12 (−25.75%) 14.02 (+12.38%) 16.00
tree8 11.86 (+26.34%) - 22.34 (−38.76%) 13.07 (+18.82%) 16.10
tree9 10.23 (+36.06%) 12.65 (+20.94%) 19.23 (−20.19%) 13.83 (+13.56%) 16.00
tree10 10.87 (+29.87%) 12.74 (+17.81%) 16.67 (−7.55%) 13.23 (+14.65%) 15.50
tree11 12.34 (+14.31%) 11.12 (+22.78%) 18.32 (−27.22%) 13.56 (+5.83%) 14.40
tree12 12.22 (+10.15%) 11.87 (+12.72%) 18.20 (−33.82%) 14.29 (−5.07%) 13.60

Avg 4.80 (26.28%) 7.95 (46.68%) 1.58 (22.72%) 2.49 (12.18%) -
StD 1.71 (12.75%) 6.14 (39.55%) 3.13 (11.80%) 0.40 (6.05%) -

Table 2. Results of the volume calculation methods applied to pictures taken in a real forest scenario, Volumes are in cubic
meters, errors as a% of the volume estimated using the traditional method.

Tree Tree Segmentation Huber Smalian Newton Newton/Shape Func. Shape Coef. Traditional Met.

tree1 0.32 (+28.83%) 0.37 (+17.70%) 0.37 (+17.70%) 0.38 (+15.48%) 0.49 (+8.99%) 0.41 (+8.81%) 0.45
tree2 0.30 (+27.08%) 0.31 (+24.65%) 0.32 (+22.22%) 0.34 (+17.36%) 0.28 (+31.94%) 0.38 (+7.63%) 0.41
tree3 0.23 (+33.00%) 0.25 (+27.18%) 0.26 (+24.26%) 0.26 (+24.26%) 0.47 (−36.91%) 0.31 (+9.70%) 0.34
tree4 0.31 (+43.69%) 0.38 (+30.97%) 0.40 (+27.34%) 0.40 (+27.34%) 0.63 (−14.44%) 0.48 (+12.81%) 0.55
tree5 0.17 (+32.97%) 0.19 (+25.08%) 0.20 (+21.14%) 0.20 (+21.14%) 0.36 (−41.96%) 0.23 (+9.31%) 0.25
tree6 0.15 (+32.13%) 0.17 (+23.08%) 0.18 (+18.55%) 0.18 (+18.55%) 0.64 (−189.59%) 0.20 (+9.50%) 0.22
tree7 0.29 (+27.41%) 0.35 (+12.39%) 0.37 (+7.38%) 0.39 (+2.38%) 0.57 (−42.68%) 0.42 (−5.13%) 0.40
tree8 0.47 (+38.76%) 0.48 (+37.46%) 0.48 (+37.46%) 0.49 (+36.16%) 0.63 (+17.92%) 0.59 (+23.13%) 0.77
tree9 0.28 (+16.07%) 0.32 (+4.08%) 0.33 (+1.08%) 0.33 (+1.08%) 0.43 (−28.90%) 0.34 (−1.92%) 0.33
tree10 0.30 (+17.74%) 0.31 (+15.00%) 0.33 (+9.51%) 0.34 (+6.77%) 0.42 (−15.16%) 0.45 (+4.03%) 0.36
tree11 0.34 (+34.73%) 0.36 (+30.89%) 0.36 (+30.89%) 0.37 (+28.97%) 0.46 (+11.69%) 0.45 (+13.61%) 0.52
tree12 0.43 (+11.36%) 0.46 (+5.17%) 0.48 (+1.05%) 0.48 (+1.05%) 0.67 (−38.12%) 0.52 (−7.19%) 0.49

Avg 0.15 (28.39%) 0.12 (20.85%) 0.11 (17.92%) 0.10 (16.41%) −0.06 (40.35%) 0.05 (10.90%) -
StD 0.09 (9.54%) 0.09 (10.45%) 0.09 (11.55%) 0.10 (11.78%) 0.12 (49.01%) 0.11 (6.85%) -
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(a) Tree 1 (b) Tree 2 (c) Tree 3

(d) Tree 4 (e) Tree 5 (f) Tree 6

(g) Tree 7 (h) Tree 8 (i) Tree 9

(j) Tree 10 (k) Tree 11 (l) Tree 12

Figure 12. Pictures of some trees tested. The pictures show young to mid age trees in a forest stand,
with the target behind the tree being measured.
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The best algorithm to calculate the height is the hypsometric relation. As for the
volume, the shape coefficient and the Newton’s method both present a more accurate value
than the other methods.

9. Discussion

The results presented show that these methods can successfully estimate the height
and wood volume of different trees, with error margins approximately in the same range as
the traditional methods, which are also just approximations. The tree height estimations
presented by Zhang et al. [7] and Han et al. [8] have smaller errors. Zhang et al. have a
relative error of 4% and Han et al. have a relative error of 3.62%. However, that difference in
accuracy may happen, at least in part, because both papers use pictures taken in apparently
optimal conditions. The pictures they used were taken at an angle of 90 degrees and the
image distortion is minimal. The authors also state that the developed algorithms are only
viable in non complex scenarios. The present paper proposes a method which achieves
an average error of 12.18% for height and 10.90% for volume. However, the method was
applied and tested in non-ideal field conditions, and is capable of producing results in
more complex scenarios.

In the present research, the main goal was to optimize volume calculation and not
height. Some of the pictures used are also very challenging. For example, tree2 was
photographed at a very wide angle and several tree crowns were superposed. The results
show that the method is robust enough to be used even by lay people, which might be the
case for small forest owners. Nonetheless, the results also show that some training and
experience may be necessary for learning how to take the best pictures and minimize the
errors. For better results the picture must be of good quality and the tree being measured
must take a considerable part of the image. Also, we expect to have similar results in both
low and high stand density, since methods such as the hypsometric function (for the height
estimation) only take into account the base of the tree, which is not much affected by the
stand density.

The procedures followed in the present research may also require some optimization
for the future. Namely the physical target, made of styrofoam covered with plastic sheets
and paper checkerboards, was flimsy and difficult to position when the tree has branches
near the soil. A better target can give better results.

Compared to the state of the art, the present approach offers more possibilities and
novel contributions. It allows automatically estimating the volume of wood in a forest
area by taking pictures of the trees in the sampling plots. Important characteristics are
highlighted as follows:

• Knowledge from Forest Engineering is embedded into the models, offering more
precise results with less information.

• The use of hypsometric functions allows a good estimation of the height of the trees
even when only a partial view of the tree stem is available.

• The use of a specially designed target allows easily calibrating the camera, thus cor-
recting image distortions and working with pictures taken at different angles. It also
facilitates the process of extracting the tree stem from several different backgrounds.
This leads to more precise results in a wider range of camera positions and angles,
making the method adequate even for small forest owners who cannot use expensive
or complex equipment.

10. Conclusions

Calculating the volume of wood in a tree using non-destructive methods is very
important for forest management. The present research proposes methods to automatically
calculate the tree diameter, height and wood volume, based on a picture with a partial
or complete view of a tree. Thus, the proposed non-destructive method, compared to
traditional methods is not only easier to use, but is also cheaper. The user only needs to
load the software on any equipment that has camera and put the target on the tree. Also,
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the user will not need more time and other computer resources to calculate the volume.
The errors measured in tree height and volume estimation are comparable to the traditional
methods used by small land owners. The results show that the method based on the
hypsometric function and shape coefficient is the most reliable and has an error of 10.90%.

One limitation is that some of the proposed methods, the ones based on hypsometric
relations and tree shapes formulae, will only work for trees of known species. Another
limitation is that a large physical target is still needed for better accuracy.

Future work includes further testing, possibly optimizing the physical target and
algorithms to produce better results for Pinus nigra and other tree species. Other camera
calibration algorithms and parameters can also be tested, for a more accurate calibration.
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