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hope is that a method can be devised that automates the collection of such data that is both accu-
rate and cost effective.

STUDY AREA

The forest areas used in this research are commercial upland conifer forest compartments located
in Kielder Forest District, Northumbria, England (figure 1), and form part of a larger 55,000 hectare
forest estate managed by the UK Forestry Commission. Field studies were conducted in two forest
compartments. Site 1, located close to Kielder Water (latitude 55° 12' N, longitude 02° 35' W), is a
mature Sitka spruce stand, planted at an initial density of 2,500 trees per hectare that had been
progressively thinned over time to a tree density of 600 trees per hectare (figure 2). Site 2 is lo-
cated 10 km south east of site 1 (latitude 55° 07" N, longitude 02° 28' W) and is a structured mix-
ture of Sitka spruce and Lodgepole pine planted at 2,800 trees per hectare. Under this planting
regime, a majority of the pine is either severely suppressed or in an advanced stage of decay (fig-
ure 3). Atthe time of measurement, the canopy was open at site 1 due to the recent thinning and
closed at site 2. The understorey vegetation at both sites was a combination of dead needles and
mosS.

Figure 1. Location of the study area

Figure 2. Site 1, Sitka spruce stand
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Figure 3. Site 2, Sitka spruce and Lodgepole pine species mixture.

DATA & METHODOLOGY

Two 0.02 hectare sample plots were established at each of the selected sites. The ground survey
data recorded in each sample plot included measurements of tree diameter at breast height (DBH)
and total tree height. The basal area was derived from tree diameter and sample size information.
The summary plot statistics presented in table 1 shows that the main difference between the two
sites is the number of trees per hectare, with site 1 having significantly fewer trees than site 2. The
progressive thinning regime of site 1 has also resulted in an increase in mean diameter compared
to site 2.

Table 1. Summary of measured forest parameters

Site Species Planting Tree Mean Basal area | Mean tree
Reference year Density* diameter | (m2 ha-1) height
(Years) | (trees ha-1) (cm) (m)
Site 1 Sitka spruce 1933 600 34 60 26
Site 2 Sitka spruce / 1956 2,800 23 59 18.5
Lodgepole pine

* Note: the tree density for site 2 is calculated for all trees, dead or alive. The figures for mean di-
ameter, basal area and height are based on living trees only.

Three scans were recorded using a LPM-300VHS Riegl high-speed laser scanning system linked
to a laptop computer (figure 4). This scanner has a vertical and horizontal scanning range of 150°
and 180° respectively11. The scanning rate can be varied depending on the resolution required,
with a maximum data capture rate of up to 12,000 points per second. The beam divergence in-
creases by approximately 30 cm per 100 metres. The scanner emits laser pulses in the near-
infrared range (~900 nm), with data captured as the scanning mirror oscillates continuously
through the vertical and horizontal extent of the defined scanned area. Within this area, very accu-
rate measurements of the objects distance from the scanner can be obtained by recording the time

" 1t is worth noting that that a key feature of this scanner is the ability to scan a hemispherical view
(i.e. directly overhead).
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taken for the laser pulse to hit the target and return to the sensor. The intensity of the return is
recorded and quantized to 8-bits.

Figure 4. Riegl LPM-300VHS high-speed laser scanner.

Two scans of site 1 were recorded using two positions located diagonally across the sample plot to
ensure adequate overlap of the scans. Reflective marker poles were located within the sample plot
to provide reference points, enabling the opposing point clouds to be merged. Once merged it is
possible to view and classify the forest structure in three dimensions using TerraScan ™ software
(figures 6 & 7). The same method was replicated at site 2, although only one scan was recorded.

RESULTS & DISCUSSION

The results of the first set of intensity scans for the different sites are illustrated in figures 5 & 6. It
is clear to see that the increased tree density and branching intensity of site 2 (Sitka spruce and
Lodgepole pine species mixture) has a large impact on the effective range of the scan, which is
approximately 8 m (i.e. equivalent to a 0.02 ha sample size). Despite this limitation it is possible to
get an impression of the general structure of the forest and acquire measurements such as DBH
for all trees. A measure of tree density can also be obtained by making use of the range informa-
tion (figure 5). Furthermore, in some situations tree taper and branch frequency can be quantified
up to the point where the lower canopy starts (4 m). Beyond this point, shadowing caused by
dense branching prevents meaningful measurements being acquired.

Figure 5. Range image of species mixture, maximum range set to 8 m (note the backpack in bot-
tom left corner of the scan).
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In contrast, in site 1, (with 600 trees per hectare) the level of information that can be retrieved is
improved with individual trees clearly resolved up to a distance of 30 metres from the scanner. For
a number of trees in the plot a full profile from the base to the tip of the tree has been imaged. In
these instances, total tree height can also be retrieved from the scan and tree taper can be calcu-
lated for the clear part of the tree bole. However, beyond this point the upper canopy obscures the
scanners view of the tree stem.

Figure 6. Range image of Sitka spruce stand, maximum range set to 30 m.

By merging the two opposing laser scans a picture of the forest structure in three dimensions can
be visualised and quantitative measures derived. Table 2, provides a comparison of field meas-
ured and laser derived DBH measurements for site 1. This data is also presented spatially in fig-
ure 7, with the red outline representing the laser return from the tree stem at a height of 1.3 m (i.e.
DBH).

Table 2. Comparison of field measured versus scanner derived DBH for site 1

Tree No. Field Measured Scanner Difference

DBH - DBH

(cm) (cm) (cm)
1 34 34 0
2 44 44 0
3 29 28 -1
4 38 39 +1
5 34 34 0
6 29 30 +1
7 29 28 -1
8 42 44 +2
9 36 38 +2
10 43 39 -4
11 28 24 -4
12 29 27 -2
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Overall the results presented in table 2 indicate that there are minor differences between scanner
derived and field measurements of DBH. The largest difference is a 4 cm underestimation in the
scanner derived DBH measurement for trees 10 and 11. In both cases the trunks of these trees
were not clearly resolved either due to the acute angle of the scan (see inset) or where the scan-
ners view of the target tree was obstructed by adjacent trees.

Figure 7. Plan view of site 1, with the opposing scans merged. Inset of tree 10 illustrates the ef-
fect of the scanner setting.

The main applications of this type of technology could well be the validation of existing forest
growth models and quantification of above ground biomass. The results demonstrate that tree
density has a significant influence on the level of information that can be retrieved from the laser
data. The quality of the data retrieved in the lower density open forest stand is promising. In this
environment it is possible to make accurate measurements of tree diameter, taper and in some
cases total tree height. In denser stands (>2,500 trees per hectare) the quality of the information is
significantly reduced. It is worth noting, however, that a majority of European boreal forests and
Australasian plantation forests are more intensively managed, with stand densities usually ranging
from 200 to 1,400 trees per hectare (Naesset, 2002; Watt et al., 2003). Perhaps a more prudent
approach in densely stocked stands would be to scan smaller groups of trees, or even individual
trees in order to improve the level of information obtained. Where wood volume can be calculated
it should be possible to derive stand biomass and carbon content using published values of wood
density and wood carbon conent. Figure 8, provides a plan view of site 1 classified into four vege-
tative categories; upper canopy (vegetation > 10 m from the ground), lower canopy (vegetation <
10 m from the ground), tree stems and the ground surface. This sort of information will be of in-
terest to researchers modelling forest carbon sequestration rates as it is estimated for example
that that the tree trunk generally accounts for 60% of the aboveground biomass (Imhoff, 1995).
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Upper
>10 m

Lower canopyv

Figure 8. Plan view of site 1, classified into four vegetative categories.

CONCLUSION

The results of this study suggest that it is possible to use terrestrial laser scanning data to accu-
rately measure forest parameters such as tree diameter, taper and density at a plot-level. In situa-
tions where the scanner has an unobstructed view it is also possible to derive total tree height.
However, as tree density and branching frequency increase, the usefulness of this type of informa-
tion diminishes. In these situations single tree scans rather than wide angle scans may be a more
appropriate approach. It is possible that laser scan data could be used for the calculation of stand-
ing timber volume, validation of growth and yield models and quantification of above-ground bio-
mass. Future work will seek to evaluate the information content that can be obtained by high-
resolution scanning of single trees. This may be an effective means of providing quantitative
measurements of additional structural parameters such as canopy extent and volume and branch
size and frequency.
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ABSTRACT

Cleaning and spacing in young forests gives remaining stems better growing conditions. The in-
vestment is considered high in Sweden, as the work is often laborious and there are difficulties in
finding personnel for cleaning. New techniques, e.g. cleaning with autonomous artificial agents,
e.g. robots, may be a solution but requires that stems are found automatically. The aim here is to
test whether horizontal laser scanning can be used for finding trees in young forests. An automatic
method for extracting tree stems in images created from laser measurements is presented. The
user has to provide five situation-specific parameters. The proposed method is able to find the
stems and measure the height and diameter on them.

INTRODUCTION

Forest management includes recurrent removal of trees during to whole rotation period. The pur-
pose is to give remaining stems better growing conditions. When the main part of the cut volume
originates from stems of less than 10 cm in diameter at breast height, the operation is called clean-
ing and spacing, or pre-commercial thinning, here denoted as cleaning (Pettersson & Bécke 1998).
This operation can be selective, geometrical, or a combination of both (Berg et al., 1973). In the
selective operation, the main-stems are chosen individually. A selected main-stem is a stem that is
left, because it is considered to be of good quality or because it, for various reasons, is considered
better than any nearby stems. In the Nordic countries, selective cleaning with a motor-manual
brush-saw is predominant today.

The cleaning area, as well as the percentage of stems that are cut through cleaning, has been
diminishing in Sweden; especially following the new revised Forestry Act of 1994, where it is no
longer compulsory to perform cleaning (Vestlund 2001). Cleanings are today done at some
200,000 ha per year (Anon. 2002), but Pettersson & Backe (1998) states the yearly need to be
about 300,000 ha. It seems thus, that the willingness to pay for cleanings is less than the actual
costs. The work is also laborious and this might explain why there are difficulties in finding person-
nel for cleaning. Therefore, new techniques seem to be needed for making future cleaning less
expensive and for reducing the human workload. Cleaning with autonomous artificial agents, e.g.
robots, may be a solution. However, a crucial stage in making a selective cleaning system is the
need to first automatically find and thereafter select stems in the stand. To capture information
about the stand, machine vision could be used. Hague et al. (2000) describes this as a cheap, fast
and powerful sensing method. Still, it has its drawbacks, especially in an out-door environment
where it has to handle natural lighting conditions. Direct sunlight, shadows, and clouds will affect
the collected data and artificial light will create shadows. Hague et al. (2000) states that other diffi-
culties are storing and processing data, extracting useful information from the images, as well as
dealing with natural objects.
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Hégstrém (1997) detected and segmented trees in a mature stand using measurements with laser,
here the diameter of the trees were some 0.5 metres. Hogstrom started by locating the trees to a
2-D histogram, thereafter labelled measurements within a vertical cylinder around the highest
peaks in the histogram. To find straight but non-vertical trees he tried to find the centre line of the
tree. Measurements belonging to two trees are removed. This process identifies and measure po-
sition as well as diameter for these relatively large trees.

The ability to find stems can also be used for “semi-automation” in cleanings and thinnings. Thin-
ning is described as a mentally demanding work with complex decisions, precision work with crane
and tool manoeuvrings, as well as high work-load. This can be a reason why many forest machine
operators have neck and shoulder pains (Léfgren et al., 1994). This mental stress was also found
in mechanised cleaning (Gellerstedt 1997).

The aim here was to test laser scanning for finding stems in young forest stands with the intention
of making a feasibility study of computer-based selective cleaning.

METHODS

In this study horizontal laser scanning was selected, since it does not depend on external light and
since the captured information also includes distance data. The distance is interesting, because
main-stems are selected both based on quality criteria and on relative positions.

Laser-measurements were made 26th of June in 2001, at Bennikebol approximately 5 km north of
Arlanda Airport. The stand had 7,000 stems per hectare, 50% softwood and 50% hardwood. It was
15 years old and the average height was 4 metres. The laser scanning was made with an Ac-
curange 4000 distance measuring laser mounted on a scanner developed by Mobile Robotics. The
scanner was positioned at 0.6 meters above ground on a wooden box. Due to the uneven ground
the box was slightly unstable which might have affected the measurements. The scanner has a
theoretical maximum range at 20 metres and a distance accuracy of 1 mm. It is a modulated dis-
tance measuring laser with spot size of about 5mm in diameter. The scanning was made at 10
kHz, see Table 1.

Table 1: Information about the measurements.

Location Picture size Picture size | Mirror rotation | Laser-plane | Mirror rotation | Estimated
raw data processed angle (°) angle (°) (Hz) time (s)
(pixels) data (pixels)

Location 1 430*299 430*273 - 67,7-135 60,8-157,5 (6,25 69

Location 2 589*400 568*361 45-135 45-177,6 6,25 94

The mirror rotation angle (a) determines how wide the scanning is and the laser-plane angle (B)
the height of the picture. When the angle for both a and B is 90°, the scanning is made straight
ahead. The number of measures was set to 400 per 90°; this determines the velocity of the mirror
rotation. Each scanning produces five different layers of data for each pixel: the angles a and 3,
distance, amplitude, and ambience. Amplitude is light reflection and ambience is background light,
Figure 1.

The raw data from the scanner was transformed into images. This transformation was made by a
program supplied by Mobile Robotics. If rows or columns lacked many measurements they were
removed from the transformation step. This is why the size of the processed data is smaller than
the raw data. During the transformation step, trees in the outer part of the image also become
slanted towards the centre of the image.
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Figure 1: The left image visualise the distance values from the scanner. Dark pixels are near the
scanner and bright pixels are further away. The pixels in the sky are dark because the distance
from the scanner is too large to give any distance value. The right image shows the amplitude val-
ues for the same scene, the brighter the more reflectance. The images display tree no. 1 in Loca-
tion 1.

Since we know that trees in the images have rectangular and more or less vertical stems we ana-
lysed the images to find vertical lines, i.e. trees. The method is automatic, but needs five user-
defined parameters that can be situation dependent. Two parameters are the minimum and the
maximum distance from the laser sensor. Two more are lower and upper values of the amplitude
of the signal. The last parameter is a threshold, T, close to one, to decide if the found pixels can be
considered to form a line segment or not. The following steps are used in the algorithm.

1. Find all pixels with the following properties:
a. The distance value is inside its given interval.
b. The amplitude value is inside its given interval

c. The difference between the maximum and minimum distances in a region consisting of
seven rows and one column around the central pixel is smaller than 0.15 m. Since the
trees are locally straight, the region only has one column and some rows. Some distur
bances in the laser measurements are present, and also the stems could lean towards
or away from the sensor, therefore the distance 0.15 m is used.

2. Figure 2a illustrates the found pixels from this first step.

3. Check if the pixels found from step 1, in a given region, create line segments. Since the stems
are vertical, but not straight, the size of the region used is 10 pixels wide and 30 pixels high. The
check of straightness is done with Principal Component Analysis (Gonzalez & Woods 1993). Here
the row and column value of the pixels are used as input to the PCA. The output is two eigenval-
ues representing the dispersion of the pixels in the direction of the respective eigenvector. If the
ratio between the largest eigenvalue and the sum of the two eigenvalues is larger than the given
threshold, T, it means that the pixels create a line segment. These pixels are kept for further analy-
sis, Figure 2b.
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4. A line is fitted to the pixels that are left, using linear regression analysis with the model y=Ax,
where y contains the column values and A the row values. Outliers are removed with Jackknife
residuals (Kleinbaum et al., 1988) Figure 2c.

5. The last step is to include all pixels along the fitted line that fulfils distance and amplitude crite-
ria. This is done by repeatedly taking one pixel from the ones included in the line and not yet inves-
tigated. By looking in a 3*3 neighbourhood of the pixel and adding all pixels fulfilling the criteria, the
line is updated to include more pixels and a new pixel is taken for investigation, Figure 2d.

Figure 2: The method illustrated in images. (a) Pixels fulfilling the distance and amplitude criteria.
(b) Pixels creating a line segment. (c) Outliers have been removed and a regression line has been
fitted to the remaining pixels. (d) Extension of the pixels along the line that fulfils the distance and
amplitude values.
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From the final image, Figure 2d, it is possible to estimate the height and width of the tree, in which
direction the tree is and the distance from the sensor to the tree. With the exception of the height,
the estimation is done by subtracting the minimum value from the maximum value among the pix-
els in the last image. The height is estimated by subtracting the minimum height from the maximum
height among the pixels in the resulting image from the first step, Figure 2a.

RESULTS

In Figure 3 results from the method are shown. The image corresponds to Figure 2d with the dis-
tance value image added for better viewing. All pixels belonging to the stem are not found, but this
is not necessary in order to find the tree.

Figure 3: On the left a photo of the forest and on the right the laser image. The photo is taken from
a higher point (1.5 m above ground) compared to the laser image (0.6 m above ground) which is
the reason why the two images are slightly different. Tree no. 2 to 5 at Location 2 are marked. The
pixels belonging to the found stems are shown in white.

Parameters estimated by the program and from field measurements are shown in Table 2 for the
marked stems in Figure 1 and Figure 3. Distance measurements between the trees marked in Fig-
ure 3 are shown in Table 3.
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Table 2: Tree data estimated by the program compared to manual measured data, in parenthesis.
The manually measured diameter is taken at 1 metre above ground. The distance is from the
scanner to the tree. O is the point where the laser scanning is made straight ahead, i.e. the angles
a and B are 90°. All values are given in metres.

Tree no. 1 2 3 4 5
Diameter 0.05 (0.04) 0.03(0.03) | 05(0.03) | 0.02(0.02) | 0.04(0.03)
Height 3.78 (3.8) 2.74 (3.9) 4.16 (3.1) | 3.41(3.2) 341 (3.9
Depth 2.26 1.53 1.71 1.18 1.16
Horizontal deviation | -0.05 -1.33 -0.33 0.06 0.74

from O

Distance 2.26 (2.3) 2.02 (2.1) 1.74(2.0) [1.18(1.5) 1.37 (1.7)

Table 3: The estimated distances between tree pairs for Location 2. All values are given in metres.

Tree pair Distance

2,3 1.01

3,4 0.66

4,5 0.69

3,5 1.21
CONCLUSIONS

The proposed method is an automatic method which needs interaction with the user. One reason
for not creating a fully automatic method without interaction from the user is the extra need of
scans through the image and therefore also need for extra controls. At this early stage the aim was
not to create a fully automatic method, but rather to see if the images are suitable for the task of
finding stems for cleaning. This is also the reason for using pre-defined thresholds. If a fully auto-
matic method is to be developed, some of the thresholds should probably be varying, or, even bet-
ter, calculated from the image. One other thing that must be solved is the problem in-step 2. It can
happen that the found pixels are from different trees and then the regression line will be between
the two trees instead of in one of the trees as in the usual case.

The method work fine when only the stems are to be found. However, the estimations of the pa-
rameters are not fully correct. The problem with the height is that the stems cannot be seen in the
top of the trees. This is the reason for using the image from the first step when estimating the
height. However, there are other stem characteristics that are more important than the height
(Karlsson et al., 1997). The diameter for tree no. 3 is incorrect due to the fact that we not only find
the stem but also the branches.

The distance between two stems after a cleaning in stands 1 metre in height or more should be at
least 1 metre (e.g. Brunberg 1990; Anon. 1999). This implies that either tree no. 4 or 5 should be
cut (Table 3). According to today’s cleaning instructions, preferably straight, vigorous, and undam-
aged stems should be selected to remain (e.g. Karlsson et al., 1997). As seen in Figure 3, tree no.
4 has a crook and should therefore, according to these instructions, be cut.

More laser measurements are necessary in order to discover where, i.e., in which types of forests,
this method can be used. Possibly more information on the adjustments will also be needed. For-
est is a very heterogeneous and unstructured environment and it is not certain that a method that
can find stems in one type of stand will be appropriate for another type of stand. With more meas-
urements a more general conclusion can be made on how the stems could be extracted from the
in-data. With more knowledge about the pros and cons of laser measuring, new ways to tackle the
problem certainly will arise.

New measurements should contain other forest types, and perhaps also other sensor types. Ber-
tozzi et al. (2000) states that millimetre-wave radars are more robust to fog and rain than laser
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beam sensors but are more expensive. This advantage might make millimetre-wave radar interest-
ing to explore. Machine vision in combination with another sensor (e.g. laser scanner, radar) will
probably be the solution to identify and position the target, i.e. the main-stem.
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ABSTRACT

In the Natscan project terrestrial laser scanning is used for deriving detailed information about tree
quality and forest stand parameters. The authors describe an automatic method for determining
tree positions and diameters at breast height (DBH) using terrestrial laser scanner data. Special
attention is given to the data-processing that must be carried out before this information can be
derived from the raw data. First, a digital terrain model is calculated by creating a subset of coordi-
nates containing lowest Z-values. Subsequently, filter methods are described to delete any noise
points which result from the ambiguity problem connected with phase difference scanners. Finally,
the process of tree stump coordinate and DBH determination by using Hough-transformation and
circle approximation is described.

In comparison with a conventionally measured reference data set results for the stump coordinate
and DBH are very promising. The differences fall within the expected range, although some im-
provement on developed algorithms is still necessary. The information derived so far can be used
a basis for further automatic determination of other single tree characteristics such as tree species,
tree height, crown projection area as well as location and type of wood defects.

INTRODUCTION

Information about current state and recent changes of forests are important basics for forest man-
agement and planning. In addition to well introduced airborne laser scanning, the use of terrestrial
laser scanning is quite common in architectural measurements but has hardly been tested for the
measurement of natural objects such as local terrain, standing trees or stags.

In the NATSCAN project one objective is to develop methods to automatically quantify characteris-
tics used in conventional forest inventories. In addition, quality assessment of single trees in forest
stands based on laser scanning techniques will be improved (Thies et al., 2002). The approach to
the project is a combined inventory method which includes aerial laser scanners for covering large-
scale areas and terrestrial laser scanners for deriving information about tree quality and inventory
parameters as for example diameter at breast height (DBH), branch-free bole length, tapering or
sweep of the bole based on sample plots. Terrestrial laser scanning, contrary to aerial laser scan-
ning, measures trees from underneath the canopy and does this with very high resolution which is
the basis for the described objective.

In this paper we roughly introduce the use of terrestrial laser scanners for forest inventories. Spe-
cial emphasis will be placed on the automatic recognition of trees in point clouds representing
sample plots with an average size of approximately 500 m2. In addition to several filtering methods
one pre-requisite for the automatic process is the separation of a digital terrain model (DTM) which
is also described.
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METHODS
The laser scanner

For our research we used the IMAGER 5003 from Zoller + Fréhlich which is based upon the spot
Z+F Laser Measuring System LARA and can be fitted alternatively for two distance ranges, 25.2 m
and 53.5m.

Advantages of a phase difference scanner are both its high accuracy and its speed. The system
realises an absolute accuracy within millimetre-range. As well as the distance, a value for reflectiv-
ity is also recorded. This intensity image delivers a 15 bit grey value image of the scanned area
which is comparable to a black and white picture (Heinz, 2001).

The beam deflection unit enables one to image a 360° horizontal field of view and a 310° vertical
field of view (the vertical view is cut off underneath the scanner). The maximum number of pixels
vertically is 15,000, the maximum number of pixels horizontally is 36,000. The achieved angular
accuracy for this deflection unit after calibration is approximately 0.01° (Zoller + Fréhlich, 2003).

A disadvantage of a phase difference scanner is the limitation of the maximum distance. When
objects are beyond the ambiguity interval the results will contain additional point-noise. Measured
distances in forests are usually greater than 25 metres, therefore we use a scanner with a range of
53.5 metres.

Measurement setup

The sample plots are scanned from various positions. On average, four scans evenly distributed
around the centre of the plot were made, each about 10 to 15 meter distance from the centre of the
plot, so that a central overlapping zone was guaranteed. Targets were used to match the data from
the different scans and to orientate the point clouds in a georeferenced coordinate. These targets
were placed in such a way so that they are visible in most of the scans. At least three targets were
necessary to register a scan. To achieve higher accuracy we insured that between five and six
targets were visible for each scan (figure 1). For georeferencing the point clouds targets were
measured with a total station and connected to the German national coordinate system (GAUSS-
KRUEGER coordinates).
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Figure 1: Typical measurement setup.
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Digital Terrain Model

In a first assumption a good recognizable feature of a tree is a perfectly circular stem cross-
section. For the selection of points representing stem cross-sections, a digital terrain model must
first be determined. In later stages of data analysis these terrain models also help to derive tree
heights and to calculate the slope and orientation of a stand.

A disadvantage of the laser scanning technique is that all measured points are unqualified. Points
only represent their positions and intensity and not on which object they reflected. To select points
which represent the ground surface the first step is to search for the lowest points. For this purpose
the point cloud is separated in a grid with a regular size of 50 x 50 cm. In each grid cell the point
with the lowest Z-value is selected. This sub-sampling of coordinates is the base point collection
for further analysis. In the next step these data points have to be tested against an exclusion cone
around the scanner and a-priory information about what the estimated maximum terrain height and
the maximum steepness of a slope are. From the scanner position a cone is projected which de-
scribes the relation of surface height and distance to the scanner (figure 2). Coordinates inside this
cone will be ignored.

Figure 2: Exclusion cone. All reflected scanner points within the cone above the scanner will not be
used for the determination of the ground surface. The dihedral angel of the cone is 180° - 2.

Clearly a point representing a height above the maximum terrain height cannot be part of the
ground surface, so if a point in the selection is much higher than its neighbouring points and ex-
ceeds a given maximum the point will be deleted. The last automatic test on the surface points is a
maximum slope test. If a point causes a steep slope in the surface it will be removed.

An optical test is still essential after finishing the automatic derivation of the collection representing
terrain coordinates. This test can be carried out on the drawn points. Points that are obviously not
part of the surface can be manually removed from the selection.

A digital terrain model with a grid size of 50 x 50 cm is calculated with the selected points.
Filtering

Due to the ambiguity problem the resulting point cloud from a laser scan includes point noise.
Points reflected at a 60 meter distance from the scanner behave as if they were only 6.5 metres
away (60 meters minus the wave length of 53.5 meters). Before any algorithm can be applied to
the data, these pixels must be identified and removed.

The first filter technique we use is a filter that deletes isolated points. Searching along the scan
direction every single point has four neighbouring pixels. If the distance of a pixel is extremely dif-
ferent from its neighbouring pixels it is separated as isolated coordinate and deleted from the point
cloud (figure 3b). The second filter used for noise detection is based on the intensity of the reflec-
tion. The intensity value of measured points ranges from 0 to 32,767. A very low value indicates a
reflection from a point beyond the ambiguity range and can be considered to be point noise. Ac-
cording to our experience natural objects never have high intensity values. This means that a very
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high intensity (e.g. 20,000 or higher) also indicates point noise when measuring in forest stands.
After using both filters most point noise is deleted from the dataset (figure 3c).

Figure 3a: Intensity Image of a scan; b: point cloud without isolated points, filter by a value of 2
metres; c: point cloud b filtered by points of an intensity less then 500 and more then 20,000.

Another disturbing factor for the automatic separation of trees based on 3D-point clouds are the
foliage and branches between the scanner and trees. These have to be detected. To isolate tree
boles from overlapping branches regions with only slight differences in distance values between
neighbouring pixels are separated. The density of pixels is relatively high close to tree boles (cor-
responding to little distances between neighbouring pixels). If a chosen distance is exceeded pix-
els are not recognised.

Coordinates of tree stump base and diameter at breast height

Using the digital terrain model a search for circles as a model of tree cross-sections has been im-
plemented. To find these circles all coordinates in a layer with a height between 1,25 and 1,35 me-
tre above terrain were extracted from the point cloud. The 3D coordinates were converted to a
regular raster image (figure 4). For this conversion a pixel size of 1 cm? was chosen.
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Figure 4: The selected layer of 10 cm height will be covered with scan points. These
scan points will be mapped on a plane and fitted to an regular raster of 1x1 cm.

After this conversion is done, standard pattern recognition methods can be applied. We decided to
use a Hough-transformation to detect circles in raster images.
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The Hough-transformation uses a parametric description of simple geometrical shapes in order to
reduce the computational complexity of their search in a binary edge image. The method for
searching circles use the parametric description:

(x—af+(y—w2=r2.

With a fix radius r the parameters a and b stretch a parameter matrix P(a,b). For every filled pixel
(value 1) in the binary edge image a set of corresponding parameter values a and b is calculated
matching the defined value r. The appropriate parameter matrix P(a,b) will be increased by 1 for
these parameters. At the end of the procedure, each parameter matrix element P(a,b) shows the
number of parameters that satisfy. If this number is above a certain threshold a circle is declared
(Pitas, 2000 and Paulus et al., 2001).

- circle tqiﬁhd

-

binary originalimage ~ Houghimage
Figure 7: The Hough-transformation uses a parametric description of simple geometrical shapes in
order to reduce the computational complexity of their search in a binary edge image.

The Hough-transformation needs to have a diameter value before it can recognise a circle. Be-
cause the tree diameter is not known before applying the algorithm we start with a value of 100 cm
and reduce the value in increments of 10 cm.

€

Figure 6a: Binary image layer with “C’ circle ring; b: Hough image; c: Hough circle.

The determined Hough circle is expanded by 10% to ensure the identification of all pixels that
could be part of the stem. On the selected pixels an algebraic algorithm is used to fit the circle pre-
cisely. The centre coordinate minus 1,30 m is assumed to be the tree stump coordinate and the
diameter of the circle is equivalent to the DBH.

RESULTS

In one test area, 28 Douglas- and silver fir trees with a diameter above bark in DBH of greater than
7 cm were measured conventionally. The reference data was measured with a total station (posi-
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tion) and a calliper (two cross-wise measurements in DBH). With the coordinates and DBH we de-
rived using the laser scan data we could correctly identify 26 out of the 28 trees. We consider this
very promising. The two trees that could not be identified were densely overlapped by small
branches in the direct line of sight from the scanner to the tree. The branches disturbed or blocked
the measurement of the trees too much. (
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Figure 7: Plot with DBH measured by total station and derived out of the laser scan data.

For two trees the difference between the reference and derived tree reaches up 90 cm. This is due
to an extreme sweep close to the base of the stump. Because tree positions are measured at
1.30m height, sweep has a very strong influence on their positions. For all other trees the differ-
ences are less than 20 cm.

One of the trees shows a great difference in DBH compared to its reference. Noticeable for this
tree is that the circle determined by the Hough-transformation resulted in-a more accurate ap-
proximation than the circle resulting from the algebraic algorithm that is supposed to be superior.

Table 1: Comparison of the reference data and the results from the laser scan. Originally 28 trees
were measured. 26 were automatically identified in the point cloud. Two were excluded because of
their sweep and one was excluded because of an error in the algebraic algorithm. The calculated
position differences are based on 23 trees.

min max mean standard deviation (o)
[ecm] [em] [ecm] [ecm]

Radial position differences 2.0 17.1 5.0 3.6

DBH differences -5.8 56 1.7 2.8

256



ScandLaser 2003, Umea, Sweden

The method used to locate trees in the laser scan identified more trees than were actually present.
This effect was caused by a dead tree lying on its side, the thick branches of which were them-
selves recognised as trees. A repetition of the automatic diameter estimation in upper parts of the
bole would help to identify these specific patterns.

CONCLUSIONS

The approach for deriving tree characteristics from terrestrial laser scanner data described in this
paper allows an automatic identification of trees, their positions and the DBH (as well as additional
diameters in variable tree heights). The results can be used as a basis for further automatic deter-
mination of other single tree characteristics such as tree species, tree height, crown projection
area as well as location and type of wood defects.

Developed methods and algorithms must be improved, especially the combination of Hough-
transformation and algebraic algorithm needs some enhancement. In the near future RGB colour
information will be added to the 3D geometry data. This will certainly improve filter methods and
also facilitate the determination of other forest inventory parameters, especially wood defects and
biomass distribution.

In the future, the main point of emphasis will be to separate information about crown structure from
the 3D point clouds, to estimate crown variables such as crown width, crown surface area, etc. and
compare them with results derived from airborne laser scanner data as well as conventionally
measured crown parameters. In addition, the implemented algorithms should be tested based on
just one scan from the centre of the sample plot, so that it is an option to use the terrestrial laser
scanner technique for deriving precise 3D models of certain forest stands or for collecting a high
number of data from different sample plots as is usual in most national forest inventories.

In addition to the accuracy of the data the great advantage of this technique is to obtain repeatable
results of measurements because of the high level of automatism. Effects resulting from subjective
influences like different measuring persons, accuracy of a number of different measurement de-
vices etc. are excluded.
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ABSTRACT

The accuracy of forest stem volume estimation at stand level has been investigated using a com-
bination of multi-spectral optical SPOT-4 satellite data and field measured tree height data. The
hypothesis is that the accuracy will be improved for the combined stem volume estimates com-
pared to using SPOT-4 data only. The test site, Remningstorp, is located in the south of Sweden
and consists mainly of coniferous forest. At Remningstorp, a laser scanning campaign is planned
to take place during the summer of 2003 and laser data will be acquired for the test site. This will
give the possibility of investigating the usability of combining multi-spectral optical satellite data
and tree height measurements from laser data, at stand level. However, tree height measurements
used in this study were collected using an objective inventory method in order to obtain standwise
tree height measurements similar to those derived from laser data. The stem volumes for the in-
vestigated stands were in the range of 15-585 m® ha™ with an average stem volume of 266 m® ha™
and an average stand size of 3.5 ha. Regression analysis was used to estimate stem volume at
stand level. The results showed a significant improvement for the combined stem volume estimate
with a root mean square error of 29.6 m® ha™ (11.1% of the average stem volume) in comparison
to stem volume estimates found in the literature based on multi-spectral optical SPOT satellite data
only. The obtained accuracy is in agreement with previously presented results based on laser data
with a relatively dense sample of laser measurements. The results imply that the combination of
multi-spectral optical satellite data and tree helght data can be used for standwise stem volume
estimation in forestry applications.

INTRODUCTION

Remotely sensed data in the form of aerial photos have been used for decades to estimate forest
variables in support of forestry management planning. Through manual interpretation of aerial pho-
tos using a stereo instrument, stand delineation and estimation of tree species composition and
canopy closure could be performed. The stereoscopic view also allows accurate tree height meas-
urements in forest stands if the ground is visible in the photos. Using tree height and canopy clo-
sure, standwise stem volume could then be indirectly estimated. A forest stand is considered as
homogenous forest in terms of tree cover and site conditions, typically 0.5-20 ha in size. Stem vol-
ume, one of the most important variables in forestry planning, represents the trunk volume per unit
area (m® ha™) excluding branches and stumps. Aerial photo interpretation is often carried out to-
gether with a field inventory to improve forest variable estimation. The photo interpretation and field
inventory is based on manual work and relies on the expertise of the personnel involved. In Swe-
den, the described procedure is known as the National Land Survey method and has primarily
been used among the forest companies (Age, 1985). For stem volume estimation at stand level
based on aerial photos the accuracy in terms of standard error is about 15% of the average stem
volume (Stahl, 1992).

For large-scale forest inventories, the advantages of using remotely sensed data are large, espe-
cially if objective and automatic methods could be developed to a low cost per area unit. In this
context, the possibility of using remotely sensed data from passive (optical) and active sensors
(laser and radar) is investigated to directly or indirectly assess forest variables useful for forest
management planning. High-resolution laser scanning and low-frequency synthetic aperture radar
are sensor technologies that have shown potential for operational use in forestry applications. In
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this paper, the potential use of multi-spectral optical satellite data and laser scanner data for stem
volume estimation is addressed.

In Scandinavia, it has been demonstrated that high-resolution laser scanner data provides accu-
rate estimation of forest variables at stand level (e.g., Hyyppéa et al., 2001; Neesset, 2002; Holm-
gren, 2003). Hyyppa et al. (2001) investigated boreal forest characterised by stem volume in the
range of 2-335 m® ha™, reporting standard errors for mean height, basal area, and stem volume of
1.8 m (9.9% of the average mean height), 2.0 m? ha” (10.2%), and 18.5 m* ha™ (10.5%), respec-
tively. A study performed by Naesset (2002) was based on coniferous dominated stands with stem
volumes ranging from 91-415 m® ha™. The stands were divided into three strata according to age
class and site quality prior to evaluation. The standard deviations of the differences between pre-
dicted and ground-truth values of mean height, basal area, and stem volume were found to be
0.61-1.17 m, 2.33-2.54 m? ha™, and 18.3-31.9 m® ha™ (corresponding to 11.4-14.2% of the aver-
age stem volume), respectively. In Holmgren (2003) laser data were used to predict mean height,
basal area, and stem volume in coniferous forests with stem volume in the range of 0-600 m* ha™.
The accuracy, in terms of root mean square error (RMSE), was 0.59 m (3% of the average mean
height), 2.7 m? ha™ (10%), 31 m® ha™ (11%), respectively, for the best case investigated.

When estimating stem volume using laser data, both the vertical and horizontal structure of the
forest vegetation needs to be accurately captured. As the vertical structure (tree height) is meas-
ured directly, adequate measures describing the horizontal structure (forest density) need to be
derived from laser data. The above reported results rely on a relatively-dense sample of laser
measurements (up to a few meters between laser footprints). In the scenario of several meters
between laser footprints, stem volume is expected to be less accurately estimated due to uncer-
tainty in laser data derived forest density measures. However, standwise mean tree height is still
believed to be accurately estimated using low laser measurement density. Given a sparse sample
of laser measurements, the forest density may instead be captured using optical satellite data to
accurately estimate stem volume at stand level.

Nilsson (1997) investigated the possibility of combining multi-spectral optical Landsat TM satellite
data and field measured tree height data to improve estimation accuracy for stem volume. The
study was carried out in boreal forests using the kNN method at sample plot level. In the evaluation
dataset (plot radius of 7 m) the mean tree height and stem volume were 12.9 m and 149 m® ha™,
respectively. The result showed that the MSEs for stem volume decreased by 46% (on average)
compared to the MSEs observed using Landsat TM data only. Holmgren et al. (2000) also used
the kNN method to estimate stem volume in boreal forests by combining Landsat TM data with
field data. The stem volumes for the stands used as validation dataset were in the range of 0-480
m® ha™ (on average 156 m® ha™). The accuracy, in terms of standard error, for the stem volume
estimates was found to be 36% of the average stem volume using satellite data only. By adding
site index, age, and mean tree height as ancillary data the standard error was improved to 17%.

The objective in this study is to evaluate the accuracy of standwise estimation of forest stem vol-
ume using multi-spectral optical SPOT-4 satellite data and tree height data in combination. In the
present study, tree height measurements were collected using an objective inventory method in
order to obtain standwise tree height measurements similar to those that could be derived from
laser data.

TEST SITE DESCRIPTION

The test site, Remningstorp, is located in the south of Sweden (58°30°'N, 13°40’'E) and covers
about 1200 ha of productive forestland (Figure 1). The prevailing tree species are Norway spruce
(Picea abies), Scots pine (Pinus sylvestris), and birch (Betula spp.). The dominant soil type is till
with a field layer consisting of blueberry (Vaccinium myrtillus), cowberry (Vaccinium vitis-idaea) or
narrow thinned grass (Deschampsia flexuosa). In the denser forest a field layer is not present. The
topography is fairly flat with a ground elevation varying between 120 and 145 m above sea level.
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Figure 1: Test site location showing 61 objectively inventoried forest stands (shaded grey).

FIELD DATA

The ground data available for the test site consisted of a digital stand boundary map, a coarse
(50x50 m?) digital elevation model (DEM), and standwise field measurements.

The field inventory was carried out using the forest management planning package (Jonsson et al.,
1993). In each stand, sample plots (radius 10 m) were placed in a randomly positioned systematic
grid. On each plot all trees were tree species determined and callipered at breast height (i.e., 1.3 m
above ground). For randomly selected sample trees, chosen with a probability proportional to basal
area, tree heights were also measured. Hence, field data were collected using an objective and
unbiased method.

Altogether 106 stands were randomly selected for field inventory assuring that the entire stem vol-
ume range was represented in the analysis. The standwise estimated stem volumes from field
measurements collected between 1997 and 2002 were adjusted to 2000 to match image data ac-
quisition. For this study, stands were selected to represent coniferous forests with various stem
volumes using the criteria of coniferous stem volume >70%, soil type till, and ground slope <4°.
The selection criteria were used to obtain a broad range of stem volumes and to keep influencing
variables as constant as possible. In total, 61 stands fulfilled these criteria giving stem volumes in

~the range of 15-5685 m® ha™' with an average of 266 m*® ha™. The stands varied between 0.6-19.2
ha in size with an average of 3.5 ha. On average nine sample plots were measured in each stand.
The estimated accuracy, in terms of standard error, was about 9% of the average stem volume at
stand level.

OPTICAL SATELLITE DATA

SPOT-4 is a multi-spectral optical satellite orbiting the Earth in a near polar and sun-synchronous
orbit at an altitude of about 800 km. The high resolution visible and infrared optical instrument has
a green (B1), red (B2), near infrared (B3), and mid infrared (B4) band measuring reflectance repre-
sented by digital numbers (DNs) in the wavelengths 0.50-0.59, 0.61-0.68, 0.79-0.89, and 1.58-1.75
pUm, respectively. The images cover 60x60 km and the ground resolution is 20 m with a radiometric
resolution of 256 digital levels. The optical image used in this study was registered under cloud
free conditions on July 3, 2000 with track 053, frame 230/2, view angle -20.8°, and sun elevation
angle 52.8°. The image was geometrically precision corrected by the Swedish Space Corporation
to the Swedish National Grid with a geometrical error of about 10 m.
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METHOD

In order to estimate standwise stem volume a model was developed using linear regression analy-
sis. The set of predictor variables chosen consisted of the average DN of the multi-spectral bands
B1-B4, ditto squared, the ratio between the bands, and the objectively inventoried mean tree
height, at stand level. In total a set of 15 predictor variables were investigated. The selection of
predictor variables to be included in the model was based on residual studies, statistical signifi-
cance of the estimated regression coefficients, and the coefficient of determination. The model for
estimation of stem volume using SPOT-4 data and mean tree height data, at stand level, is ex-
pressed as:

In(v,) = &, + B, + @, B1? + g—;+ a, E—i+ asIn(h)+¢&, + 6, (1
where v; is the stem volume in m® ha™ for stand i, ag, as,..., as are the regression coefficients, B1,,
B2, B3, and B4, are the average DN for stand /, respectively, h; is the mean tree height, ¢; is the
random error for the true stem volume, and §; is the sampling error for the th stand. The random
variables ¢; and &; were assumed to be independent and normally distributed with zero expecta-
tions and variances 0% = Var(e) and 0% = Var(5). The regression coefficients were estimated by
means of ordinary least squares (OLS).

A correction factor for logarithmic bias was applied as the average of stem volume estimated from
the field measurements divided by the average of the predicted stem volumes. Furthermore, cor-
rection for the sampling error was carried out as described in Fransson et al. (2001). Finally, a
cross-validation test was performed to ensure that the function was not overfitted.

RESULTS

The estimated stem volume from field measurements plotted against the combined stem volume
estimate from model (1) is shown in Figure 2. All regression coefficients in (1) were found to be
significant (p < 0.001) except for the intercept (ap). The regression coefficients were estimated to ag
=-0.410, a; = 0.170, a» = -0.004, as; = -5.37, a, = 3.03, and as = 1.50. The relative RMSE before
correction of the sampling error was 13.2% of the stem volume (corresponding to 35.1 m® ha™ for
the average stem volume) and with the sampling error removed 11.1% (29.6 m® ha™). The coeffi-
cient of determination (adjusted) from the regression analysis was 97.6% and the correlation coef-
ficient between stem volume and mean tree height estimated from field measurements for the 61
stands was 0.87.
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Figure 2: Stem volume plotted against estimated stem volume from a combination of SPOT-4 data
and mean tree height data, at stand level, using regression model (1) with a reference line, for 61
objectively inventoried stands.
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The square root of the ratio between the estimated total variance about the regression function
with cross-validation and the estimated total variance about the regression function without cross-
validation was found to be 1.05, which is considered acceptable.

DISCUSSION

In this study, the combination of multi-spectral optical SPOT-4 satellite data and forest tree height
data for estimation of stem volume, at stand level, has been investigated using regression analy-
sis. The analysis was based on coniferous forest stands at a test site located in the south of Swe-
den. The estimation accuracy was expressed in terms of root mean square error (RMSE). Stand-
wise field measured tree height data were used due to limited availability of laser scanner data.

The results show that accurate estimates of standwise stem volume can be obtained with a RMSE
of 29.6 m* ha™ (corresponding to 11.1% of the average stem volume). The obtained accuracy is in
agreement with previously presented results based on laser data with a relatively dense sample of
laser measurements (e.g., Hyyppéa et al., 2001; Naesset, 2002; Holmgren, 2003). However, stand-
wise mean tree height used in the present study is believed to be accurately estimated using only
a sparse sample of laser measurements, which will reduce costs in large-scale forest inventories.

In comparison with studies based on multi-spectral optical satellite data, the results reported by
Fransson et al. (2001) showed that stem volume in boreal forests could be estimated with RMSEs
of 24-36% of the average stem volume using SPOT data. The study was performed at a boreal
forest test site with stem volumes in the range of 0-305 m® ha™ (on average 129 m® ha™). Magnus-
son and Fransson (2003) estimated stem volume at stand level using SPOT-4 data and obtained a
RMSE of 23.5% on the same dataset as used in this paper. Hence, by adding standwise mean tree
height as explaining variable in the regression analysis the RMSE was improved by about 53%
(23.5% to 11.1%). The studies by Nilsson (1997) and Holmgren et al. (2000) also showed a signifi-
cant improvement when combining multi-spectral optical satellite data with field data.

The next step will be to perform standwise stem volume estimates using multi-spectral optical sat-
ellite data and laser data. Further research is needed to investigate the required number of laser
measurements per area unit in order to achieve accurate mean tree height estimates.

Replacing the field measured tree height data with laser measured tree height data acquired from
a sparse sample of laser measurements, the proposed method may be suitable in large-scale in-
ventories in order to improve cost-effectiveness. In such a scenario, empirical relationships be-
tween stem volume and remotely sensed data (i.e., multi-spectral optical satellite data and tree
height data measured from laser scanning) need to be developed using a sample of known refer-
ence stands. These relationships could then be used to estimate standwise stem volume for each
stand using the proposed remote sensing data sources. In addition, optical satellite data may also
be used for segmentation of stand boundaries and provide useful information about the proportion
of coniferous and deciduous trees.

In conclusion, the results for standwise stem volume estimation were found to be better than using
the conventional National Land Survey method, implying that the combination of multi-spectral op-
tical satellite data and tree height data can be used in forestry applications.
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ABSTRACT

Visual interpretation of aerial photographs or numerical satellite image analyses have shown a
capacity for large area forest-mapping tasks, such as the estimation of stem volume, the discrimi-
nation of tree species, the classification of site types and forest taxation, and the detection of forest
changes. The results, however, have seldom been satisfactory for small area inventories or for
operative forest planning. With the development of digital technique, the amount of remote sensing
material available for forest inventories increases with escalating pace. Digital aerial photographs,
airborne video imagery, spectrometers and ranging radar detection represent the latest in airborne
images and compete with dozens of new, more accurate satellite images. One of the most promis-
ing alternative of these new technologies for increase accuracy and efficiency of forest inventory is
airborne laser scanner data.

The present state of the art in laser scanning indicates high potential in assessing various parame-
ters of single trees, and to adapt this information for plot and stand level. The height of individual
trees can be measured at the best with an accuracy of 50 cm. At stand level, basal area and stem
volume can be obtained with a standard error of about 10 % if the relation between height and di-
ameter of the tree is solved appropriately. The use of the distribution function can helped in as-
sessing the amount of wood in the second and third storeys. Tree species can be obtained with the
help of the aerial imagery to about 80-90 % correctness for individual trees. Using multi-temporal
data sets it has been shown that even the plotwise growth of trees can determined with about 10
cm precision using laser scanner (based on 2 years separation in laser acquisitions). The corre-
sponding value for standwise growth is 5 cm. All mature cut or fallen trees can be automatically
detected. In addition, laser survey provides a DEM with accuracy between 20-40 cm in hilly, for-
ested areas. In this context, we analyze possibilities of laser scanning data in operative forest
planning and in a strategic planning inventory taking into account the information requirements
related to wood purchasing as well as increasing needs for ecological information such as meas-
urements of landscape level biodiversity.

1. INTRODUCTION

Detailed and timely information on forests are required by e.g. traditional forest management, forest
certification and assessment of forest biodiversity. This increased demand of information combined
with the desire to reduce costs have created a need to increase the efficiency of forest information
acquisition. Technologies for acquiring spatial forest resource information have developed rapidly
during the past years. Field work has been enhanced by satellite positioning systems (GPS), auto-
matic measuring devices, field computers and wireless data transfer. Modern remote sensing, in
turn, provides cost efficient spatial digital data which is both spatially and spectrally more accurate
than before.

Promising results in generalizing field inventory results to large forest areas using remote sensing
have commonly been achieved (e.g. Tomppo 1990, Tokola 1990, Tokola & Heikkild 1997, Katila &
Tomppo 2001, Hyvénen 2002). However, apart from visual interpretation of aerial photos, remote
sensing has rarely been used in forest planning compartmentwise inventories. This is because of
two main reasons. Firstly delineation of compartment boundaries is a highly subjective matter and
thus difficult to accomplish automatically via numerical methods. Secondly the accuracy of nu-
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merical interpretation methods has so far not been adequate enough. With the development of
digital technique, the amount of remote sensing material available for forest inventories increases
with escalating pace. One of the most promising alternative of these new technologies for increase
accuracy and efficiency of forest inventory is airborne laser scanner data.

The present state of the art in laser scanning indicates high potential in assessing various parame-
ters of single trees, and to adapt this information for plot and stand level. The height of individual
trees can be measured with high accuracy. At stand level, basal area and stem volume can be
obtained with a error acceptable for practical forestry if the relation between height and diameter of
the tree is solved appropriately. The use of the distribution function can helped in assessing the
amount of wood in the second and third storeys. Tree species can be obtained with the help of the
aerial imagery. Using multi-temporal data sets it has been shown that even the plotwise growth of
trees can determined. Mature cut or fallen trees can be automatically detected. In addition, laser
survey provides a DEM with high accuracy in hilly, forested areas.

The cost of laser scanning is relatively high. However, due to the improved availability of the laser
scanner and also due to the technological development, the costs of laser scanning are all the time
decreasing. Practical forestry today includes the possibilities of using laser scanner for standwise
forestry as suggested by Naesset (2002). On the other hand, the development of individual tree
characterization proposes possibilities of using such techniques in practical forestry. Due to the
present high costs related to individual-tree based solutions, we analyze the possibilities of using
laser scanner as a sampling device.

This paper describes a possible practical solution for operative forest data acquisition. We first
analyze the technical possibilities related to the laser scanner and then apply that for large area
forest inventory.

2. TECHNICAL POSSIBILITIES
2.1 Profile imaging and laser scanning

Profile imaging is aimed to produce height profiles of the imaged objects by imaging the area of
interest in parallel flight lines. Since the flight altitude is only 100-200 m a single flight line covers a
relatively narrow strip of terrain. A 3D profile of the imaged area can be accomplished by joining
several flight line images. Examples of profiling sensors are the laser based LIDAR (light detection
and ranging) radar and the profiling microwave radar. According to Hyyppé (1993) a profiling mi-
crowave radar is capable of measuring the stock’s mean and dominant height, basal area, stem
volume, crown height, development class and soil type. The main problem has stemmed from the
low ground width of the images. The resulting flight line density in operative use has been so high
that imaging costs have soared out of bounds.

Laser scanning provides more promising imagery than profile imaging. This technique makes it
possible to reach even the single tree level in forest imaging. A laser scanner emits an optical /
infrared laser pulse perpendicular to the flight line. Each image row consists of pixels representing
almost adjacent ground elements. The x, y and z coordinates are derived for each pixel. By analys-
ing these measurements both 3D terrain and crown models can be derived. The difference of
these models is the height model of the stock. The main advantage of this technology compared to
optical remote sensing is that in this case the physical dimensions of the imaged objects are
measured directly. Ground reference measurements are therefore not required which in turn re-
duces the total measuring costs (Hyyppa & Inkinen 1999).

2.2. Assessing forest stand attributes by use of laser scanner
2.2.1 TREE HEIGHT MEASUREMENTS

In Hyyppé and Inkinen (1999) and Hyyppéa et al. (2001), it was demonstrated that high-pulse-rate
laser scanners are capable to detect single trees in boreal forest zone. It was shown that tree
heights of individual trees in the dominating storey could be obtained with less than 1 m standard
error. However, the results shown in Yu et al. (2003) suggests that better accuracy than 50 cm can
be obtained with high sampling density airborne laser scanners. In the Table 2 of Yu et al. (2003),
standard deviation of height estimates between two laser acquisitions are given. If all the trees are
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growing at the same rate within the same stand, the standard deviation also describes the stan-

dard deviation of the height estimation divided by \/_2- This implies that even an accuracy of 20-30
cm can be obtained for single tree heights. This is better than the accuracy obtained with conven-
tional hypsometers. Several other studies have also indicated that the mean height can be pre-
dicted accurately using laser scanning (Naesset 1997, Magnussen and Boudewyn 1998).

2.2.2. TREE SPECIES RECOGNITION

Holmgren and Persson (2003) have shown that airborne laser scanning, measuring structure and
shape of tree crowns, could be used for discriminating between spruce and pine. The portion cor-
rectly classified trees on all plots was 95 %.

2.2.3 ESTIMATION OF TREE PARAMETERS FOR INDIVIDUAL TREES

Persson et al (2002) showed that 71 % of the trees could be correctly detected using laser scan-
ner, however, 91 % of total stem volume was detected. The segmentation was improved on fitting
a second-order parabolic surface to the height data.

2.2.4 GROWTH AND HARVESTED TREES

The applicability of small footprint, high sampling density airborne laser scanner for estimation of
forest growth and detection of harvested trees was demonstrated in Yu et al. (2003). Two laser
acquisitions - one in September 1998 and another in June 2000 - were carried out using Toposys-
1 laser scanner in test site (Kalkkinen), 130 km north of Helsinki. Three-dimensional tree height
models were calculated for both data sets using raster-based algorithms. Object-oriented algo-
rithms were developed for detection of harvested trees and forest growth estimation. Out of 82
field-checked harvested trees, 65 trees could be automatically detected. All mature harvested trees
were detected; problems were encountered mainly with smaller trees. Forest growth was tested at
tree, plot and stand levels. Applied methods included an object-oriented tree-to-tree matching algo-
rithm, interactive orientation using point cloud and statistical analysis. The precision of the esti-
mated growth, based on field checking or statistical analysis, was about 5 cm at stand level and
about 15 cm at plot level. The authors expected that the methods may be feasible in large area
forest inventories where permanent sample plots are used; the described methods may be applied
to replace a large number of permanent plots with laser scanning techniques.

2.2.5 QUALITY OF STEM

The objective the study by (Pyysalo and Hyyppd, 2002) study was to carry out reconstruction of
single tree crowns from laser scanner data to use the obtained vector model for feature extraction.
The reconstruction was implemented in several stages. In the study it was found that dense laser
scanner data detail describes the upper canopy of forest and therefore is suitable for tree height
information extraction. The lower crown was found less detail measured with laser scanner and
parameters extracted from that part were less accurate, but trend setting. Even though, the crown
base line was less accurately determined, such information may be used to detect crown base line
giving information on the quality of the stem.

2.2.6. DIGITAL ELEVATION MODEL (DEM)
Hyyppa et al. (2000) obtained an average standard error for DEM in the forest area of about 22
cm. The accuracy of various DEM algorithms was tested by Ahokas et al. (2002), and an accuracy

of 14 cm in a hilly, forested environment was obtained. Information on DEM can be used to further
estimate growth, determine good routes for forest road network.

2.2.7 SUPPRESSED TREES
Maltamo et al. (2003) proposed the use of theoretical distribution functions to account for the sup-
pressed trees. The tree crown segmentation method used cannot detect suppressed trees from a

height model based on laser scanning. Consequently, the shortest trees of the dominant tree layer
may not be recognized. These trees can be predicted by using theoretical distribution functions.

2.2.8 BIODIVERSITY
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The three commonly referred components of biodiversity are genetic, species, and habitat (ecosys-
tem) diversity. Habitat composition of a forest area reflects its species richness. Geographic infor-
mation systems (GIS) and remote-sensing techniques are now increasingly used to study the dis-
tribution. of animal species based on habitat distribution. Holopainen (1998) developed habitat
classification system for the estimation of habitat diversity using airborne images.

By tradition, biodiversity conservation has been focused on protecting individual threatened spe-
cies, however, this species-by-species approach is expensive and inefficient. Due to the complex
relationships between species and their biotopes, a biotope approach to the conservation of biodi-
versity is often preferable. Of the many means of describing vegetation diversity, the most common
are extent, structure, composition, biomass or production, and condition. Each of these can be
assessed on the ground, but they may be assessed more effectively from various forms of remote-
sensing data.

Several digital image features can be used in numerical classification and in the assessment of the
diversity of a forest (Parmes 1996). The features can be derived from the digital numbers of single
pixels, segments, or groups of segments. Traditionally, texture has been divided into statistical and
structural texture (Haralick 1979). Statistical texture can be understood as the randomlike variation
of tone values in the neighborhood, while structural texture quantifies the structure, form, and loca-
tion of pixels or segments. If geometric, contextual, and pattern features are used, presegmenta-
tion of the image is needed. Presegmentation divides the image area into units of homogeneous
tone values. Once the image has been segmented, geometric features such as the size and shape
of land cover units and their distribution can be calculated. The frequency of segment boundaries
describes the texture or diversity of a landscape. In contrast, the ratio of the size of the segments
to their boundary lengths is correlated with the complexity of the landscape (Parmes 1996). When
the structure becomes more clear and shows better spatial resolution, it is possible to use struc-
tural contextual features, in which the units are homogeneous stands, or labels of a group of
stands. If location of these stands is known, spatial heterogeneity can be characterized by frag-
mentation. In practice, the natural distribution of ecosystems is heavily fragmented, mainly as a
result of human intervention.

The fragmentation of a forest area can be characterized by using some simple metrics of land-
scape, e.g. biotope areas, density, size, and variability. Edges, shapes, core areas, and nearest
neighbors can also be used as indicators of landscape diversity. A group of diversity indices exists,
traditionally used in the assessment of species diversity, that can also be used to determine land-
scape diversity.

Holopainen (1998) studied Forest habitat mapping by means of digitized aerial photos and multis-
pectral airborne measurements. The habitat classification used aimed to compress tree stand and
ground vegetation information into a single variable. Classification based on tree and ground vege-
tation. Holopainen (1998), Holopainen & Wang (1998a) and Holopainen & Jauhiainen (1999) found
out that habitats derived by tree information were possible to identify with high accuracy using nu-
merical interpretation of aerial photographs. However, when accounting ground vegetation, the
classification accuracy was decreased remarkably (Holopainen & Wang 1998a, Jauhiainen et al.
2003).

Laser scanning has advantage compared to interpretation of digital aerial photograps by having
possibility to detect measurements also from ground vegetation and under storey. That means it
would be possible to derive valuable information also for calculation of landscape level biodiversity
indices and indicators.

The tree height maps of the forests can also be used to preserve biodiversity. E.g. Russian flying
squirrel is rare within the European Commission and special actions are carried out to preserve the
habitat. It is possible to selectively harvest the trees and still leave transition areas for the squirrels
within the road construction processes.

3. PROPOSED SCENARIO

Presently, the availability of the laser data is significantly improving each year and the costs are
steadily decreasing due to the acceptance of new systems with higher sampling density and higher
flight altitude. Most of the presently available laser systems can detect individual trees. Present
costs for laser survey are highly dependent on the size and shape of the test site. The most eco-
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nomic use of the laser scanning in forestry is to apply it on a strip-base sampling, since long stripes
are economic to fly. Thus, large-area forest inventory using permanent or non-permanent sample
plots are perhaps the most feasible operative applications for laser scanning at single tree level.
Furthermore, Laser scanning sample could be utilized in compartment-wise forest inventory if
some cheaper remote sensing material (e.g. digital aerial photographs) is available for generalising
laser scanning result to whole forest area.

Thus, in addition to the laser scanner flight, we recommend the use of a separate aerial survey, to
help in the tree specie classification and for generalising. Laser scanner survey is recommended to
be repeated every 8-10 years. The use of theoretical distribution functions is suggested to account
for the suppressed trees.

The obtainable parameters for the plot are the following:
1. Individual tree heights and mean tree height

2. Percentage of crown coverage, crown area for each tree, basal area, mean basal area, mean
diameter

Stem volume of each stem, mean volume

Tree species

Number of stems

Growth (individual tree height crown, crown growth, mean volume growth)

Quality of the stems

O N o g b w

Site quality and fertility (from the growth data)

4. DISCUSSION OF THE SCENARIO
4.1 Example

Let's take a forest inventory example. In the following, we compare costs of traditional
compartment-wise forest inventory to airborne laser scanning based inventory. The selected study
area is virtual company Forest Ltd situated in central Finland. Forest Ltd. has about 200 000 ha
forest that should be inventoried. Because full coverage of laser scanning might be too expensive
for forestry purposes, our starting point is a multi-phase sampling involving laser scanning, digital
aerial photographs, and field measurements. Sufficient laser scanning sample would be 10 % of
forest area, that is 20 000 ha (200 km?) in our example. If our area is 40 km x 50 km square and
flight line widht is 200 m, we should have 20 flight lines each 50 km in length.

The processing of the laser data has the following steps: 1) tranformation of the data to local
coordinates, 2) classification of the point cloud into underground hits, ground hits and vegetation
hits, 3) calculation of the DEM and DSM corresponding to crown level, 4) calculation of the 3-D
tree height model, 5) segmentation of the tree height model, 6) derivation of the treewise
parameters from the laser data and digital aerial photographs 7) derivation of plotW|se statistics as
well as generalization of the data for aerial photographs.

In tree level analyses tree crown models are derived using either digital photogrammetry of aerial
photos or laser scanning. In our example, tree heights are derived using laser scanning sample,
tree species and crown size by means of aerial photographs, and other tree characteristics using
various tree models. Successful implementation of this approach requires successful tree crown
identification especially in two-storey and multi-storey stands and appropriate tree models. Theo-
retical models taking into account trees invisible on the remotely sensed imagery are also required
in order to achieve unbiased analysis results.

Single-tree-based inventory is applied for the whole laser scanning data. Typically, automatic
segmentation leads to 50 % correctly classified segments and also 50% of the existings trees is
assumed to belong to the dominating storey. This means that by fully automatic techniques, 25 %
of the trees existing in the surveyed area are collected and processed. This means, that by the
laser survey, we can collect 2.5 % sample of all the trees in the Forest Ltd. test site.
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Laser scanning sample would be generalized to study area by digital aerial photographs. Numeri-
cal interpretation of digital aerial photos has been hindered by radiometric irregularities in the im-
agery. Issues related to e.g. the atmosphere, central projection, sun angle, topography, film prop-
erties, and camera optics cause bi-directional reflectance effects which makes similar objects in
different parts of image differ greatly in respect to their image features. This phenomenon causes
difficulties even in visual interpretation and is especially problematic in numerical interpretation
which is commonly based on the stratification of image features into homogenic classes or strata.
Empirical and semi-empirical correction methods have been applied quite successfully with digital
aerial photos (Holopainen & Wang 1998a, 1998b, Pellikka 1998, Holm 1999, Mikkola & Pellikka
2002), video imagery (e.g. King 1995) and spectrometer imagery (e.g. Leckie et al. 1995).

Traditional pixel-by-pixel image analysis is not applicable when employing very high spatial resolu-
tion (VHR) image material because the size of a pixel is typically smaller than the object of interest.
As a solution to the determination problem segment -based approach in which image segments
serve as units of feature extraction and image analysis has been suggested (e.g. Pekkarinen
2002). Segmentation divides the image completely into continuous, non-overlapping homogeneous
sets of pixels (Pekkarinen 2002).

Here, we suggest automatic segmentation of empirically corrected digital aerial photographs.
Segments can be used as units of feature extraction. Laser scanning sample can be generalized to
segments using k —nearest neighbour (k-NN) estimator. Feature space would consist of segment-
based spectral and textural features.

4.2 Comparison of the costs of laser scanning and aerial photography versus conventional
compartment-wise forest inventory

Since there are not any laser scanner in Finland, the costs of the laser scanning flight would con-
sist of the mobilisation and survey costs. That would be 12 000 Euro for the mobilisation and
roughly 40 000 — 50 000 Euro for the data acquisition and preprocessing. It is assumed that full
coverage of aerial photography is collected as standard procedure of forest inventory. In the follow-
ing, we estimate that the total costs of laser surveys are 60 000 Euro, which means 3 Euro per
hectare of collected data and 0.3 Euro per hectare for the whole inventory area. Additional 60 000
Euro would be needed for the processing of the laser data into location-based tree-wise informa-
tion Therefore, the additional costs of laser scanning is 0.6 Euro per hectare. Another survey after
8-10 years would cost the same amount.

Aerial survey that is used for tree species recognition and for generalising the laser scanning sam-
ple to whole forest area is, of course, more expensive when flying lower. If our aim is to make tree-
wise measurements (tree species) using aerial photos, scale of 1:16 000 or better (Korpela 2000)
is required. If our goal is compartment-level segmentation smaller scale (e.g. 1:30 000) is enough.
In our example, we would like to make tree-wise estimations, i.e. we use photos that are photo-
graphed at the scale of 1:16 000. Preprosessing (radiometric correction and segmentation of about
300 aerial photos) and estimation of results to whole forest area would cost approximately 300 € /
photo, i.e. 90 000 €. The cost of the (ortho)photos would be about 200 € / photo, i.e. 60 000 €.

In traditional forest inventory, the cost for permanent sample plots are normally 100 $ per plot. In
2000, total costs of compartment-wise inventory in Finland was 17,9 € / ha, in which about 45 %
(7.9 € / ha) is cost of field measurements (Uuttera et al. 2002). The usability of laser scanning
based inventory in practise is dependent on amount of field work.. Assuming the accuracy of laser
scanning data in estimating forest variables such as tree hight, diameter, basal area, and volume
of trees is as high as in previous research, and that accuracy of tree species recognition using digi-
tal aerial photographs is sufficient, volume of stand, tree species and timber assortment distribu-
tions would be possible to estimate without field measurements. In addition, growth of the trees
and site quality would be possible to measure using multi-temporal laser scanning data.

However, field measurements would still be needed in assessing biodiversity indicators and key
biotopes. In our scenario, it would be possible to map potentially important areas of biodiversity
using tree height maps estimated by laser scanning or using fragmentation indicators estimated by
digital aerial photographs. Field measurements can be concentrated to those areas, and e.g.
guided transect sampling (Ringvall 2000) could be utilized.
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Modern measuring equipment provide a worthy means also for improving the efficiency and accu-
racy of field measurements. Today field measurements are carried out with the aid of field com-
puters and satellite positioning systems with which measured forest data can be transferred di-
rectly to forest databases attached with accurate positioning data. Devices for improving the effi-
ciency and accuracy of stock measurements have also been developed. The Helsinki University
Dept. of Forest Management has e.g. developed a new stock measurement device called the la-
ser-relascope which is based on laser measurements of angles and distances. The device can be
used to measure tree heights and tree diameters at arbitrary heights from plot centers without ac-
tually visiting the trees. All measurements are further positioned using GPS (Laasasenaho et al.
2002).

If we assume, the field measurements are needed in 20 % of forest area, and that the costs of
measurements is more expensive than in traditional compartment-wise inventory (about 10 € / ha),
the costs of the field work would be 400 000 € in our example. In Table 1, costs of laser scanning
based inventory are compared to costs of traditional compartment-wise inventory.

Table 1, costs of laser scanning based inventory are compared fo costs of traditional compartment-
wise inventory. ‘

Laser scanning based inventory Traditional compartmentwise inventory

laser scanning 60 000 €

processing of laser scanning data 60 000 €

Digital aerial photos 60 000 €

Pocessing of aerial photos 90 000 €

Field Measurements 400 000 €

Total costs 670 000 € (3.35 €/ ha) 3600 000 € (18 €/ ha)

4.3 Other possible application of laser-derived individual information

Extracting information needed in forest models - The correct delineation of single crowns is the
basis for most of the other information which can be derived from laser scanner data. It is also ba-
sis for the information needed for most of the forest and meteorological models. An automated
procedure to assess single crowns is a decisive step towards a better database for the models
and, therefore, a remarkable increase in model quality. Single crown information until now is very
difficult to assess. With terrestrial methods, the time consuming procedure is in most cases feasi-
ble only for sample plots. Based on the single tree information distribution, diversity or statistics
can be calculated. Most of this information is needed in forest related models but is not available
today.

Updating of location-based single tree maps, especially in park and city areas. Single trees, parks
and gardens are an essential part of the urban environment. Information on trees and forested ar-
eas (e.g. parks) is needed for city mapping and modeling. In large-scale map databases single
trees are normally stored as points and presented in the map with symbols describing the type of
the tree, e.g. a coniferous or a deciduous tree. Larger groups of trees and gardens are presented
with symbols inside an area or on a line (a row of trees). It is possible to automatically update
these tree maps.

Preservation of ecological corridors - The tree height maps of the forests can also be used to pre-
serve ecological corridors. E.g. Russian flying squirrel is rare within the European Commission and
special actions are carried out to preserve the habitat. It is possible to selectively harvest the trees,
e.g. in the road construction process, and still leave ecological corridors that anables squirrels to
fly across the road to the opposite site of the forest.
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5. SUMMARY

When considering remote sensing in forest inventories one must weigh its costs and benefits. How
big are the reductions in field work costs compared to the costs stemming from the acquisition,
pre-processing and interpretation of the remotely sensed imagery. If remote sensing is regarded
beneficial the next step is to consider the type of remote sensing to be applied. Will the imagery be
acquired by satellites or aircraft and what is the most suitable spatial, spectral, radiometric, and
temporal resolution of the imagery. These issues deal with the size of the inventory area, purpose
of the inventory (mapping, monitoring), desired level of accuracy (region, compartment, tree) and
image costs. In other words, if the purpose of the inventory is say to locate highly stocked areas for
wood purchasing purposes highly detailed information may not necessarily be required. In this
case the use of moderate cost mid-resolution imagery (e.g. Landsat) may be recommended. On
the other hand, if the purpose of the inventory is to assess within compartment variation or single
tree characteristics very high resolution satellite data, digital aerial photographs or laser scanning
data is required.

The paper presented a feasible concept and an example of using a laser scanner data as a sam-
pling device for large-area forest inventory. It was assumed that with 10 % coverage, additional
cost will be 0.6 Euro per hectare due to laser mobilization, acquisition, preprocessing and process-
ing into treewise information using single-tree approach. Total costs of compartment-wise inven-
tory would be approximately less than 4 € / ha when using laser scanning, digital aerial photos and
directed field measurements.

There are currently huge number on-going research projects involving development of new geo-
graphical information acquisition methods in forestry, e.g. the use of digital aerial photograps or
laser scanning in forest inventory. For example, “Forests in GIS” post-graduate school run at the
Helsinki University Dept of Forest Management is focused to these issues. It is therefore quite rea-
sonable to expect good results in the present day aspirations to produce more detailed forest in-
formation at a lower cost for various forestry related purposes. It however remains to be seen will
emphasis be put on the utilization of new remote sensing techniques or on the rethinking and reor-
ganizing of the actual inventory and planning processes.
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