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Abstract 
 
With the present number of forestry remote sensing and field plot survey methods several data 
sources can be combined to potentially achieve a higher accuracy than with a single data source. 
Some of these datasets contain single tree information and it would be of great value when 
designing survey techniques if one could automatically link data from different sources 
belonging to the same tree. In this paper such a method for linking field-surveyed and aerial 
detected trees is described and evaluated. A simulation study and experimental data show the 
accuracy of the algorithm at different settings. The method correctly links >90 % of the trees if 
the corresponding datasets have a position error standard deviation of 1 [m] and 10 % omission 
and commission errors.  
 
Keywords: LiDAR, digital aerial images, data fusion, field plots, single tree detection and 
linking.  
 
1. Introduction 
 
New remote sensing technology allows for high precision measurements of vegetation. Low 
resolution airborne laser scanner (ALS) data can be used to establish statistical models for the 
prediction of biophysical properties, e.g. stem volume and mean tree height, on a raster cell 
level (e.g. Means et al. 2000; Næsset 2002). In high resolution ALS data, individual trees are 
identified which makes it possible to establish statistical models on the tree level (e.g., Hyyppä 
et al. 2001; Persson et al. 2002; Solberg et al. 2006). The size of the random errors for statistical 
models will become a problem if there is a poor co-registration of field surveyed data and 
remote sensing data and this will affect the quality of remote sensing based forest inventories. 
High precision position measurements can be achieved with advanced GPS equipment but only 
below a clear sky where no canopy obscures the satellite signal. The GPS errors will be large 
within a forest stand with a high basal area (Næsset and Jonmeister 2002). Thus there is a need 
for an automatic tree linking algorithm that rectifies poorly registered coordinates in raw data. 
This paper presents a method for the automatic co-registration of field surveyed and remotely 
sensed data. The performance of the method was tested by using simulations. The algorithm was 
tested empirically in a forest in west Sweden. 
 
2. Method 
 
Linking field surveyed and aerial detected trees requires input data from a remote sensing single 
tree detection method (e.g., Gougeon, 1995; Holmgren and Wallerman 2006; Hyyppä et al. 
2001; Korpela 2004; Persson et al. 2002; Pinz, A., 1989; Pollock 1996; Solberg et al. 2006). In 
the empirical study in this paper the ALS single tree detection method developed by Holmgren 
and Wallerman (2006) has been used. Single tree data collected from a field plot is also 
necessary.  
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The method for linking field surveyed and aerial detected single trees is a two stage process: 
first, the field plot coordinate-system is rectified to the aerial data coordinate-system, and 
second, the field surveyed trees within the plot are linked to the most probable candidates of the 
aerial detected trees positioned nearby.  
 
2.1 Field data 
 
The study area is located in the west of Sweden (lat. 600 43’ N, long. 150 10’ E). The dominating 
tree species are Norway spruce (Picea Abies), birch (Betula spp) and Scots pine (Pinus 
Silvestris). Field reference data was collected in 155 field plots with 10 m radius each. The 
position of the field plots were measured using a Global Navigation Satellite System (GNSS). 
Within the plots, all trees with a stem diameter larger than 50 mm were callipered and tree 
species was recorded. The positions of the trees were registered relative to the centre of each 
plot by measuring azimuth and distance. 
 
2.2 ALS data 
 
The laser data was acquired using an Optech scanner with a scan density of approximately 10 
points/m2. The flying height was 900 m, the pulse repetition rate 100 kHz and the field of view 
340. The ALS single tree detection method used is developed by (Holmgren and Wallerman 
2006). 
 
2.3 Rectifying the field plot coordinate system 
 
Usually field plot measured tree positions have good precision but lower accuracy. The data is 
biased. Therefore, the two coordinate systems need to be rectified before the field plot trees can 
be linked to the aerial detected trees. The algorithm in this study uses an estimated position of 
the field plot centre to start the search, and a search area that contains the real field plot centre. 
The search area is set depending on the expected bias error in the experimental setup. From the 
start position, aerial single tree data from within the search area is collected as a list. This list 
must contain the tree position coordinates, x and y, and a variable that represents the tree size, 
e.g. the tree height, H, or the crown diameter, D. In this study the tree height was used. For the 
field plots a similar list is required with the positions of the trees and a size variable. In this 
study the stem diameter at breast height, DBH, was chosen to represent the size of the tree.  
 
The tree lists are used to create two single tree position images, figure 1. Within the image, each 
tree is displayed as a Gaussian surface where the x and y coordinates determine the position 
within the image, the tree size variable determines the amplitude of the Gaussian function, and 
the standard deviation is set to the expected tree position precision, figures 1 and 2. Since large 
trees often are detected from above whereas small trees often are hidden, the maximum surface 
is used; from all of the Gaussian functions that cover the same area, the highest value is chosen, 
figure 2.   
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Figure 1: Two single tree position images where each tree is modelled as a Gaussian surface with the 

amplitude proportional to the tree size and the standard deviation equal to the radial position error. LEFT: 
The position image of a circular field plot where the stem diameter at breast height is used as amplitude. 

RIGHT: The position image of an area with aerial detected trees, with the tree height as amplitude.  
 
The two single tree position images are then cross correlated to find the closest match between 
the patterns in the two images. The field plot image can be rotated a few degrees between each 
correlation run, in order to compensate for possible compass errors. The normalized correlation 
coefficient, cc (Gonzalez and Wintz, 1987) is defined as:  
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where g is the aerial position image, k is the field plot position image, k  is the average 
intensity of k and g (x,y) is the average intensity of g of the region coincident with k(x,y). The 
position and rotation with the highest correlation coefficient, equation 1, is assumed to be the 
place where the real field plot center is located. The greater the position image resolution results 
in the higher accuracy of the field plot matching achieved.  

 
Figure 2: [DOTTED CURVES]:  Three field plot trees with a stem diameter at breast height (DBH) of 

100, 300, and 250 [mm] and positions in the x-direction of 4.5, 5 and 7.5 [m], displayed as Gaussian 
functions with the DBH as amplitude and the position error (1 [m]) as standard deviation. [SOLID 

CURVE]: The maximum surface of all trees in the plot.   
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2.4 Linking field surveyed and aerial detected trees 
 
The algorithm uses the tree heights for both the aerial detected trees and the field surveyed trees. 
If the tree height is not sampled by the single tree detection method or the field survey – if for 
instance the crown diameter and the DBH is used instead – the tree heights must be estimated 
from the size parameters used. In order to get an estimate of the tree height, when the 
information is missing, a regression function from an area with similar climate and similar 
forest types is necessary. These size parameters to tree height functions can be pre-calculated in 
a database or curve fitted prior to a large scale experiment. In this study the single tree detection 
method samples the tree height directly but the field survey only samples the DBH. The field 
tree heights were estimated by a hyperbolic tangent function: 
 

)*tanh(* DBHpCH =        (2) 
 
where C is the tree height amplitude parameter and p is the tree height phase parameter. C and p 
were estimated by a non linear regression of data from forest areas similar to the one used in the 
experiment. 
 
For every field surveyed tree the algorithm calculates the radial ground distance, r, and the 
normalized Euclidian distance of the tree tops, d’: 
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where Haerial is the height of the aerial detected tree, Hfield is the height of the field surveyed tree, 
σr is the estimated radial error and σh is the estimated height error, figure 3. To limit the size of 
the calculation only aerial detected trees close to field trees are used. The largest distance to 
accept an aerial tree is defined as:   
 
 

DBHfbrAccept *+=        (4) 
 
where the parameters b and f should be set to include a reasonable number of trees. All aerial 
trees inside this radius are added to a list of tree links. To get an indication of how good a link is, 
a weight based on the normalized Euclidian distance of the tree tops is set to every tree link:  
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The weight is higher the closer the linked trees are; a zero tree top distance gives a weight of 
one. 
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Figure 3: Two field plot trees (gray) with possible links to an aerial detected tree (dotted lines) with 
position and height errors. The tree top distances d1 and d2, the radial distances r1 and r2, the height error 

standard deviation σh and the radial error standard deviation σr, are used by the linking algorithm to 
determine which tree to choose.   

 
In the tree link list the algorithm then searches for connected tree clusters, i.e. a group of field 
surveyed and aerial detected trees that are linked together. Each link only contains one field 
surveyed tree and one aerial detected tree, but since each field tree can be linked to several 
aerial trees and each aerial detected tree can be linked to several field trees, a network of 
connections can become a cluster of trees – a tree list graph.  
 
Since every field surveyed tree should only be connected to one aerial detected tree, multiple 
links must be removed from the list. The algorithm solves this by trying every possible 
combination of links in a tree cluster. Combinations with multiple links are discarded. The link 
combination with the highest sum of weights is the solution that is chosen for each tree cluster. 
All other links are removed from the list. This brute force method can be time consuming if the 
tree clusters are large and therefore the problem was minimized by only trying aerial detected 
trees standing close to a field surveyed tree.  
 
2.5 Simulations 
 
To get an estimate of how well the method works, the matching and linking algorithm were 
applied to 1125 simulated field plots.  
 
2.5.1 Generating simulated trees 
 
In order to have a realistic virtual tree lists, distribution generating functions were curve fitted 
from the field data. The relative frequency distributions of the DBH were modelled by 
two-parameter Weibull functions, f(DBH; k,λ), for the three dominating species: pine, spruce 
and birch; equation 6. 
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The simulated field tree DBH to height curves were modelled as hyperbolic tangent functions, 
equation 2, with added residuals calculated from a Gaussian distribution with standard 
deviations also modelled as hyperbolic tangent functions, equation 7,  
 

( )DBHpCH ⋅⋅= Residualtanhresidualσ      (7) 
 
where σΗ is the simulated field tree height standard deviation, DBH is the field surveyed stem 
diameter at breast height, Cresidual is the tree height residual amplitude parameter and pResidual is 
the tree height residual phase parameter. The settings for the distribution generating functions 
are shown in table 1. 
 
Table 1: Simulation settings for the different tree species: the scale and shape parameter for equations 6, 

the C and p parameters for equation 2 and the Cresidual and pResidual parameters for equation 7.   
 

 Pine Spruce Birch 
k, scale 286.0 252.0 206.0 
λ, shape 2.69 2.46 2.77 
C 24.0 28.0 22.0 
P 0.0042 0.0035 0.0075 
CResidual 3 2.7 1.8 
pResidual 0.01 0.01 0.01 

 
Since the field surveyed data had an approximate ratio of 45 % pine, 45 % spruce and 10 % 
birch this setting was chosen for the simulation. When generating a tree, the function first 
chooses a species. Then a DBH is generated from equation 6 with parameters corresponding to 
the chosen species. Finally the tree height is calculated from equation 2; with a residual 
calculated from equation 7. 
 
2.5.2 Simulation of field plot and aerial single tree data 
 
To create a field plot, the algorithm was used to add trees, until the correct number of trees per 
hectare (SPH) was achieved. The stem diameter at breast height was saved as field data and the 
tree height was saved as aerial data. The position was saved in both the aerial and the field data. 
To simulate position errors the coordinates of the aerial data was translated in a random 
direction in the ground plane, with a radial magnitude generated by a Gaussian distribution. If 
the tree crowns (modelled as ellipsoids of revolution) of two specimens were intertwined (had a 
cross section radius overlap of more than 30 % of the distance between the trees) the algorithm 
discarded the solution and tried a new tree. If the tree had a DBH < 50 mm it was discarded 
since the field plot sampling had 50 mm as a lower size limit. To get the correct number of 
omissions, some of the trees were not saved in the aerial data, and to get the correct number of 
commissions some trees were added only to the aerial data. To get a larger search area, trees 
outside of the field plot were added to the aerial data. Each tree in the field data and aerial data 
had a label to make it possible to identify a correct link. The simulation was run with three 
different numbers of stems per hectare (SPH), 300, 600 and 900; with five different position 
error standard deviations, 0, 0.5, 1, 1.5 and 2.0; and with three combinations of commission and 
omission errors, 0/0, 10/10 and 20/20 %. For each setting 25 plots were tested giving a total of 
1125 plots in the simulation. The field plot radius was set to 10 m for all plots.  
 
2.5.3 Configuration of the software 
 
In order not to use the same field plot data for both the simulation and for the DBH-height 
estimate in the field plot matching software, forest data from other areas in the same climate 
zone was used to calibrate the algorithm. The parameters C and p in table 2 was estimated this 
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way. The other parameters were set to values estimated to be feasible in an inventory of a real 
forest. 
 

Table 2: The settings of the configuration file for the software. A = size of search area, Δθ = field plot 
rotation angle increment, min/max θ = field plot rotation end values, b = tree position search bias, eq 4, f 
= tree position search factor, eq 4. C = tree height estimation amplitude parameter eq 2, p = tree height 
estimation phase parameter, eq 2. σh = height residual error,  σr =ground distance radial error. mpp =  

correlation image resolution.  

 
2.6 Empirical tests 
 
To support the simulation study a small empirical test was performed. In this test the trees did 
not have labels as in the simulation study so the number of correct links were not possible to 
achieve but it was possible to see if the method had a high connection rate. That is, if it 
managed to connect all the trees in the plot. This would be difficult if the tree position patterns 
differed too much between the field plot and the aerial data. It was also possible to see if the 
rectified field plot coordinate systems had a large bias and a large compass error. Since the field 
plot centres were measured using a Global Navigation Satellite System (GNSS) the expected 
bias and compass error was small. However if the found plot is not the correct one, any compass 
direction and bias within the search space is equally possible. Therefore small bias and compass 
errors indicate that the true field plots have been located.   
 
The field plot matching algorithm was applied to the material both for original field data 
coordinates and for data where the coordinates of each tree had been deliberately displaced 60 
m, in order to have two datasets: one set containing field plots and one set not containing any 
field plots. The proportion of connected trees for each aerial detected tree within the plot and the 
average bias of the field plots were calculated for different search area sizes and field plot 
rotation. 
 
3. Results 
 
3.1 Simulation results 
 
Results from the simulation show that the method has a high connection rate if the position 
radial error standard deviations are 1 [m] or smaller, figure 6. Even with as high omission and 
commission errors as 20 % the method still links more than 70 % of the trees correctly. When 
the position errors increase, the connection rate decreases, especially for dense forests and a 
single tree detection method with large omission and commission errors.  
 

A  Δθ  min / 
max θ  

b  f  C  p  σr  σh  mpp 

[m2] [°] [°] [m] [m]/[mm] [m] 1/[mm] [m] [m] [m]/pixel 
3600 2 ±16 1.5 0.002 25.5 0.0036 1.0 3.0 0.5 



SilviLaser 2008, Sept. 17-19, 2008 – Edinburgh, UK 

 102

 
Figure 4: Simulation of the expected amount of correct links between field trees and aerial detected single 

trees for 300, 600 and 900 stems per hectare, 0, 10 and 20 % omission and commission errors, and 0.0, 
0.5, 1.0, 1.5 and 2.0 [m] radial position error standard deviations.  

 
3.2 Results empirical test 
 
Table 3 shows the results of the empirical tests for different search area sizes and field plot 
rotation, both for search areas containing field plots and for search areas without field plots.  
 
 

Table 3: The results for the empirical test of the automatic tree linking algorithm  
 

 Search 
areas 

with field 
plots 

Search 
areas 

without 
field plots 

Search 
areas with 
field plots 

Search 
areas 

without 
field plots 

Search 
areas with 
field plots 

Search 
areas 

without 
field plots 

Search area [m2] 1600 1600 3600 3600 10000 10000 
Min/max 
compass search 
angles [deg] 

±8 ±8 ±16 ±16 ±16 ±16 

Proportion of 
connected aerial 
trees 

92.9% 76.9% 93.1% 79.5% 93.5% 84.5% 

Average field 
plot radial bias 
displacement 
[m] 

1.68 7.94 3.06 15.81 5.42 31.83 

Average 
compass angular 
displacement 
[deg] (absolute 
values) 

2.23 5.56 2.95 9.14 3.24 7.96 

 
 
Table 3 shows that the search areas with field plots have a higher connection rate than the search 
areas without field plots. That is they connect more trees even though they are not necessarily 
the correct ones as indicated in the simulation study. In the case with the search areas without 
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field plots of course none of the tree links are correct. The radial displacements and the compass 
shifts are also fairly small and constant for the search areas containing field plots whereas for 
the search areas without field plots the displacements increase with increasing search area, 
indicating that the algorithm manages to find a field plot if it is present in the search space.  
 
4. Discussion and conclusions 
 
A new method for automatically linking of field-surveyed and aerial-detected individual trees 
was implemented and tested by using simulations and an empirical field data set with high 
accuracy GPS measurements. The method could be used for any remote sensing method that 
produces a map with tree positions and relative tree sizes. The simulation results show that a 
high proportion of correctly linked trees can be obtained if the chosen single tree detection 
method has a small tree position random error (≤1m standard deviation) and less than 20 % 
commission and omission errors. With a higher random error of the tree positions the 
performance of the method will become more affected by a greater omission and commission 
error. The empirical results also indicate that the algorithm manages to find and connect trees in 
a field plot if it is present in the search space.  
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	Morphology data acquisition: The elevation profile for each transect was generated by a topographic station along each of the three transects line, assembly them with GPS in the extreme transects points to link local data from topographic station, and world wide coordinate system (UTM). Thus, were generated a data sets that describe the elevation profile of each one of the three transect under analysis. The criteria used to take z variable using topographic station along the transect was every two meters, at least that the point has bad access, always measuring the forward movement distance along the line.  
	The three elevation profiles were generated by the use of topographic station along each transects line, assemble with GPS located in the extreme of the transect points. Thus, were generated a data sets that describe in suitable accuracy, the elevation profile of each one of the three transect under the study area using Geodesic cartographic base. 
	 
	The Figures 5, 6 and 7 show the elevation profiles of the three transects, from two sources, the reference one that come from geodesic GPS, and other come from LiDAR source. We appreciate the small difference between both sources which is quantified in tables 2, 3 and 4 were it is showed the error distribution in the elevation z exe of the 3D system, where the maximum error distribution of z exe over the three transects is mostly concentrate between 0 to 1 meter. The resume table 5 shows that the 92 % of the data for all distance of the three transects (Table 4) shows an error concentrate between 0 and 1 meter. The 6 % of error is concentrate between 1 and 2 meters and 2 % between 2 and 3 meters. 
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