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ABSTRACT: A TopoSys-1 airborne laser scanner (ALS) measurement campaign was arranged in summer
2000 in Finland. Flying heights were 400 and 800 m. The accuracy of digital elevation models (DEM) in
Masala and the accuracy of target models in Otaniemi were studied. Reference measurements for accuracy
analysis were made with a RTK GPS system and a tachymeter. Vertical error varied in different targets. For
400 m flying height, the average shift was 23 cm or 27 cm depending on the reference method and for 800 m
flying height the average systematic shift was 31 cm. Only a very small dependence on observation angle was
detected. Different ALS derived digital elevation models fitted better in with each other than with the
reference tachymeter based DEM.  

1 INTRODUCTION 

Airborne laser scanning is a method that produces 
topographic data for applications such as digital 
elevation and surface models, urban planning, water 
resource management, shoreline control, power line 
corridor mapping and forest applications. Traditional 
surveying methods for these applications are time 
consuming and costly. ALS can provide detailed 3D 
information efficiently.  

Digital terrain and elevation models in forest 
areas are treated e.g. Kraus & Pfeifer (1998) and 
Pyysalo (2000). DEM generation from laser scanner 
data using TIN-models is described in Axelsson 
(2000). Forest inventory is dealt with in Hyyppä & 
Inkinen (1999). 

In this paper we study the accuracy of DEMs and 
what is the elevation accuracy of digital surface 
model (DSM) and digital target model in urban 
areas. Also the homogeneity of laser-derived 
elevations was studied in order to find the variability 
of elevations recorded for single points. The 
variability was studied with various window sizes. 
The knowledge of the variability can be used to 
monitor the quality of the laser scanner, to analyse 
target properties and to calculate optimally raster-
based models. It is also typical, in some applications, 
to thin out the laser point cloud to reduce data 
storage and calculation burden. 

2 MATERIAL AND METHODS 

2.1 Laser scanner data 

The German Toposys-1 airborne laser scanner was 
used for recording the data used in this study. This 
scanner is a pulsed fibre scanner and it uses 1.54 µm
wavelength. Pulse length is 5 ns and the pulse 
repetition rate 83 kHz. More detailed technical 
information can be found from www.toposys.com.
First pulse mode was used for the measurements 
from two flying heights, 400 and 800 m. Two strips 
from both altitudes cover the Otaniemi target area 
and one strip was recorded over Masala. Flight 
number 451 was flown on June 15

th
  (H=400 m) and 

flight number 454 on June 18
th

, 2000 (H=800 m).  
Laser scanner points form a list of x, y and z 

coordinates. These points define a digital surface 
model (DSM), that include points from the ground, 
trees, lower vegetation and buildings. A DSM in 
regular raster format was calculated and the pixel 
size in this so called height image was 30 cm x 30 
cm. For the DSM the maximum height value from 
the original laser point measurements for each pixel 
was selected. For pixels without any height 
measurements values were interpolated linearly. 

2.2 Ground truth data 

The test area for digital elevation models in Masala 
is a small one (40 m x 40 m) but dense. We 
measured 1916 ground points with a tachymeter. 
The southern part is flat without trees but bushes, 
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pines and broad-leaved trees cover the northern part 
with an average slope angle of approximately 10 
degrees.

The coordinates of reference points in Otaniemi 
area were measured using Leica SR530 Real-Time-
Kinematic (RTK) GPS system. Over 700 points 
were measured, about 2/3 of them were ground 
points and 1/3 were situated on buildings and other 
man-made objects. 

A clinometer was applied to measure the true 
slopes in Otaniemi, since the slope of the surface 
affects the obtained laser scanner elevations. 

2.3 Generation of ALS DEMs 

2.3.1 Terrasolid model 
Laser point clouds were first classified to separate 
ground points from all other points. Program selects 
local low points that are on the ground and makes an 
initial triangulated model (www.terrasolid.fi). 
Triangles are at first below the ground and only 
vertices are at the ground level. Then new laser 
points are added iteratively to the model and it 
describes the actual ground surface more and more 
precisely. Max building size, iteration angle and 
distance parameters determine which points are 
accepted. Trees and houses are filtered out in this 
method. When the ground points are selected we can 
finally make a triangulated ground surface elevation 
model. All the classified ground points were 
accepted to the Terrasolid DEM so that the model 
was as dense as possible. 

2.3.2 FGI model 
In order to generate DEM from laser scanner data 
the points that reflected from non-ground objects, 
like trees and buildings, must be removed from 
measurements. This was accomplished in three 
steps: First a segment-based classification, then data 
filtering and last a final refinement. In the following 
paragraphs the three steps are described in more 
details. 

In segment-based classification, image, created 
from laser scanner data by selecting minimum value 
in each grid, was first segmented into regions and 
then classification was performed for these regions. 
The regions were usually classified into trees, 
buildings and ground class. These three classes are 
usually of very high accuracy. The reason for 
classification is to eliminate the measurements 
reflected from buildings that are sometimes very big 
and they are difficult to remove by data filtering. 

Removal of laser scanning points reflected from 
non-ground objects, like buildings and trees, is 
usually called filtering. In this study, the aim of data 
filtering is to remove the points reflected from trees 
and to find ground points in forested areas. An 
algorithm for laser scanner data filtering was 
developed at the Finnish Geodetic Institute (FGI) 

based on Ruppert et al. (2000) that is originally 
developed for generating forest floor digital 
elevation models. The general idea is to combine the 
high resolution DTM, which is generated by finding 
the minima of all the laser measurements belonging 
to each grid area, with a low resolution one for 
identification and removal of non-ground points. 
This combination can then be repeated as often as it 
is necessary to generate a DTM of the desired 
resolution. The procedure starts with a coarse 
resolution. Iteratively, the resolution is improved till 
the desired resolution is reached. The starting 
window size should be chosen sensibly because a 
too big window size will lead to the loose of terrain 
details and a too small window size will cause that 
big buildings are only partially removed. However, 
in our case the start window size can be chosen as 
small as possible because buildings have been 
removed after segment-based classification.  

After data filtering, a rough ground surface was 
created. This surface is usually lower than real 
surface because of the action of taking minimum 
value for each DEM grid, especially in hilly areas. 
Thus a final refinement is performed to take back 
those original laser scanner data and used in a final 
interpolation of DTM if their differences between 
laser measurements and DEM after filtering are less 
than a predefined threshold. The final DEM can be  

1. mean of all laser scanner measurements 
within each grid and gaps between data are 
interpolated from neighbour points, 

2. interpolation for centre of each DEM grid 
from neighbour points, 

3. median of all laser scanner measurements 
within each grid and gaps between data are 
interpolated from neighbour points. 

In this study mean values were used. 

2.3.3 HUT model 
This method is originally used for creating a 3D 
forest model from laser scanner data and it is 
described in detail in Pyysalo (2000). A reference 
surface is calculated as an average from points 
between the lowest points and a threshold height 
value. Vegetation is eliminated by gradient threshold 
values. Vegetation pixels get their ground height 
values by interpolating from the surrounding ground 
pixel heights.  

2.4 Verification methods 

2.4.1 Digital elevation models 
Digital elevation models were subtracted from each 
other. Pixel based FGI and HUT models were 
triangulated before subtraction. Height differences 
were calculated for every vertex of the reference 
upper surface and the so called lower surface. Height  
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differences were also calculated for every inter-
section points of the triangles of the two surfaces. As 
an example the tachymeter model contains 1916 
points and 3816 triangles. Terrasolid model was 
subtracted from it. The amount of points of the 
difference surface was 11986 and it included 23966 
triangles.

2.4.2 Comparison with DSM 
The laser-derived locations and elevations were 
compared with RTK-derived field measurements. A 
comparison between the RTK-derived and laser-
derived heights was carried out as follows: First a 
1x1 m square polygon was generated with the 
measured RTK point as centre. Then heights in the 
DSM (the height image) within this polygon were 
observed deriving maximum, minimum and mean 
height values and standard deviation of heights. 
Depending on the target these heights were then 
compared with RTK-derived heights. For example, 
for flat roof corners the maximum height value was 
used, and in the case of flat ground areas (tarmac 
[asphalt], grass, etc.) the mean height value was used 
(Ahokas et al. 2001). 

Figure 1. Difference surface of the Tachymeter and Terrasolid 
DEMs. 

2.4.3 Point wise window based comparison 
The homogeneity of laser-derived elevations was 
studied in order to find the variability of elevations 
recorded for single points. The methodology applied 
was the following:  
1. Individual laser-derived points were compared to 

RTK-derived values. RTK-derived position was 
selected as the centre of the window. All laser 
points within 1-m-by-1-m window were selected 
for the analysis.

2. Different materials such as tarmac, concrete, 
grass and sand were compared. 

3. Different sizes of the window were tested (from 
1 to 5 m) 

4. Adjacent laser-derived elevation profiles have 
been compared. 

The homogeneity of the laser pulses had been 
studied using mean values, standard deviations 
(St.D.) and minimum (Min) and maximum (Max) 
values.

3 RESULTS

3.1 Digital elevation models 

Digital elevation models from tachymeter data and 
from airborne laser scanner data were compared. 
Figure 1 depicts the difference between tachymeter 
elevation model and ALS derived Terrasolid model. 
Some stones that are under the trees and thus 
invisible for ALS are present in the difference 
surface. The results are affected by the fact that the 
tachymeter points were measured in spring time 
when bushes and trees didn’t have any leaves and 
green hays were absent. These points could also be 
placed where they describe significant ground 
features.

Table 1. Differences between tachymeter DEM and ALS 
derived DEMs in Masala. Flying height 400 m. 

Model Mean (m) St.D. (m) Min. (m) Max. (m) 

Terrasolid all 

ground points 

0.38 0.13 0.01 1.43 

FGI 2m 0.34 0.18 0.25 1.60 

FGI 2mCor 0.34 0.17 0.25 1.17 

HUT 2m 0.40 0.25 -0.26 1.90 

FGI 1m 0.34 0.17 0.65 1.87 

FGI 1mCor 0.33 0.16 0.65 1.14 

HUT 1m 0.34 0.17 -0.65 1.94 

FGI 0.5m 0.33 0.17 0.78 2.23 

FGI 0.5mCor 0.32 0.16 0.78 1.09 

HUT 0.5m 0.31 0.19 -1.52 2.32 

FGI 0.25m 0.32 0.16 0.80 2.06 

FGI 0.25Cor 0.32 0.15 0.80 1.16 

HUT 0.25m 0.21 0.41 -2.72 2.36 

FGI 0.1m 0.33 0.16 0.84 2.02 

FGI 0.1mCor 0.32 0.15 0.84 1.15 

HUT 0.1m 0.45 0.30 -1.27 2.01 

Points from the Toposys ALS form a pattern on the 
ground in which the distance between points in the 
flight direction is about 10 cm and the distance 
across the flight direction is about 80 cm when the 
flying height is 400 m. Thus the 10 and 25 cm 
models need interpolation over areas in the across 
flight direction. Table 1 describes differences 
between tachymeter and ALS derived DEMs. There 
is a systematic height error of 30-40 cm.   

002   15 11-12-2002, 09:23:04



16 Ahokas, E., Kaartinen, H., Yu, X., Hyyppä, J. & Hyyppä, H. 

The FGI model behaves poorly at the east edge 
where the laser data ends. FGI*mCor models are 
corrected for the max error peaks at the edge. HUT 
models include some small trees or bushes that were 
not filtered out in the iteration process. These are 
visible as large negative minimum values. 

Table 2. Differences between ALS derived DEMs in Masala. 
Flying height 400 m. Reference surface was made with the 
Terrasolid Limited software. 

Model Mean (m) St.D. (m) Min. (m) Max. (m) 

FGI 2m -0.05 0.10 -0.52 0.37 

HUT 2m 0.03 0.27 -0.76 1.31 

FGI 1m -0.06 0.08 -0.89 0.25 

HUT 1m -0.06 0.10 -1.30 0.55 

FGI 0.5m -0.06 0.07 -1.20 0.52 

HUT 0.5m -0.08 0.11 -1.74 0.16 

FGI 0.25m -0.06 0.07 -1.23 0.43 

HUT0.25m -0.16 0.34 -3.01 0.13 

FGI 0.1m -0.06 0.08 -1.28 0.43 

HUT 0.1m 0.19 0.36 -1.55 1.23 

Table 3. Differences between ALS derived DEMs in Masala. 
Flying height 400 m. Reference surface was the FGI model of 
equal resolution. 

Model Mean (m) St.D. (m) Min. (m) Max. (m) 

HUT 2m 0.06 0.24 -0.60 1.33 

HUT 1m 0.00 0.06 -1.18 0.53 

HUT 0.5m -0.02 0.11 -1.69 0.28 

HUT 0.25m -0.13 0.37 -2.84 0.71 

HUT 0.1m 0.26 0.37 -1.46 1.94 

The same laser input data explain why different ALS 
derived DEMs agree better with each other as it is 
shown in Tables 2 and 3. The Terrasolid model is 
generally 6 cm below other models. Large negative 
minimum values indicate trees or bushes left in the 
models. 

3.2 Comparison with DSM 

The height differences between three surface types 
are in Table 4. There is an offset of 23cm and 31cm 
between the RTK and laser derived DSM heights at 
400 and 800 m flying heights.  

Table 4. Height errors (RTK – Laser) for different ground 
surface types. 

Type All Tarmac Concrete Grass 

Flying 

H (m) 

400 800 400 800 400 800 400 800 

Targets 361 369 167 182 42 46 45 44 

Mean (m) 0.23 0.31 0.25 0.32 0.19 0.31 0.19 0.25 

StD. (m) 0.06 0.07 0.04 0.04 0.05 0.04 0.07 0.06 

Min. (m) 0.02 0.06 0.16 0.19 0.12 0.24 0.03 0.13 

Max. (m) 0.46 0.78 0.46 0.45 0.34 0.38 0.32 0.38 

Standard deviation for grass is bigger than for 
tarmac and concrete. It is interesting to notice that 

the mean value of tarmac is 25 cm and 19 cm for 
concrete and grass (H=400m). 

Some heights of buildings were compared with 
RTK measurements. Results show that the height of 
the building derived from the DSM data is 5-6 cm 
above the RTK reference. 

Table 5. Differences in building heights (RTK-Laser). 

Flying height (m) 400 800 

Number of heights 14 13 

Mean (m) -0.05 -0.06 

Standard deviation (m) 0.06 0.07 

Minimum (m) -0.16 -0.22 

Maximum (m) 0.05 0.05 

The Toposys-1 ALS system has a scan angle of 14 
degrees (±7 degrees). Height differences as a 
function of measurement angle are depicted in 
Figure 2. R

2
=0.016 and R

2
=0.012 are statistically 

significant at 95% confidence level. We can say that 
the observation angle has only a minimal effect on 
the height accuracy. 

Figure 2. Height differences between RTK GPS and airborne 
laser scanner (ALS) measurements at 400 m and 800 m flying 
heights. 
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Height errors for tarmac, concrete and grass are in 
Figure 3.

Figure 3. Height difference as a function of observation angle 
for different surfaces.  

R
2
 =0.22 for grass is statistically significant at 95% 

confidence level. No other R-squared value is 

statistically significant.  

3.3 Point wise window based comparison 

Individual laser-derived points were compared to 
RTK-derived values. RTK-derived position was 
selected as the centre of the window. All laser points 
within 1-m-by-1-m window were selected for the 
analysis. The systematic difference of these two data 
sets was 27 cm from the altitude of 400 m and 31 cm 
from the altitude of 800 m (RTK measurements 

were systematically higher). Systematic error of 
each surface type is approximately in the same 
ranging from 24 to 28 cm. The obtained standard 
deviation for each class was about 2-3 cm. The 
errors are of the same order as the accuracy of 
reference RTK GPS measurements. 

The size of the applied window was tested. Only 
flat areas were selected for the analysis. Table 6 
shows the statistics of the analysis. From the altitude 
of 400 m, the 1-m-by-1-m window included 8 to 12 
pulses, and the respective values were 40 to 45, 90 
to 100, 150 to 190 and 240 to 300 pulses for 2 m, 3 
m, 4 m and 5 m wide windows. The respective 
values from the altitude of 800 m were 2, 5, ca. 10, 
ca. 20, and ca. 30 pulses. As can be seen from Table 
6, the standard deviation slightly increased as the 
window size increased. The standard deviations 
from the altitude of 800 m from each surface type 
were substantially smaller than that from the altitude 
of 400 m. The larger footprint size of the laser beam 
on the ground from H=800 m has the averaging 
effect on the results. 

Table 6. The statistics of homogeneity of various window sizes 
ranging from 1-m-by-1-m to 5-m-by-5m. 

Material  Window 

size (m) 

400 m 

Max–Mean 

(cm) 

400 m 

Mean-Min

(cm) 

400 m 

St.D.

(cm) 

Tarmac  1 7 7 4.6 

Grass  1 6 7 4.5 

Sand  1 6.5 7 4.5 

Tarmac  2 10.5 10 4.7 

Grass  2 10 10 4.7 

Sand  2 10 9 4.6 

Tarmac  3 12 12 4.9 

Grass  3 12 11 4.8 

Sand  3 12.5 12 4.9 

Tarmac  5 14 14 5.2 

Grass  5 14 14 5.0 

Sand  5 17 15 5.2 

  800 m 

Max–Mean 

(cm) 

800 m 

Mean-Min

(cm) 

800 m 

St.D.

(cm) 

Tarmac  2 3.8 3.5 2.7 

Tarmac  3 5.1 4.6 2.9 

Tarmac  5 8.4 7.4 3.6 

Figure 4 shows the cumulative frequencies (F) of 
adjacent profiles taken from the tarmac. The profiles 
have been taken along the road. Profiles 4 and 5 
deviate the most due to the 10 cm height of the curb.  
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Figure 4. The homogeneity of adjacent profiles taken from the 
tarmac (window size 1-m-by-1-m). 

In Figure 5, there are profiles in a parking lot with a 
1 % constant slope and with varying window size. 
Due to the slope, the mean values increase 
constantly along the profile. Again, the phenomena, 
that the standard deviation is smaller with 800 m 
flight than the 400 m flight, occurred. 

Figure 5. Mean, maximum and minimum values of various 
window sizes ranging from 1-m-by-1-m to 5-m-by-5m. 
Constant 1 % slope. 

4 CONCLUSIONS 

The accuracy of airborne laser scanning for digital 
elevation and target models has been investigated in 
different ways. There are errors in the ALS derived 
DEMs, because laser observations leave gaps under 
trees. The first pulse mode gives the upper surface of 

vegetation and some features, like bushes, may 
remain in the models in spite of filtering. The 
Terrasolid model behaved well among other models. 

Toposys-1 has a scan angle of ±7 degrees. It was 
found that the observation angle has only a minimal 
effect on the height accuracy. It would also be 
interesting to study ALS systems with larger scan 
angles.

For 400 m flying height the average vertical shift 
was 23 cm or 27 cm depending on the reference 
method and for 800 m flying height the average 
systematic shift was 31 cm.  

The differences due to surface material are not 
statistically significant. Basically, all changes can be 
explained by the surface slope and accuracy of the 
laser system. 

The difference between the maximum and 
minimum values from the altitude of 400 m is about 
30 cm. Obviously, raster models using small grid 
size (e.g. 30 cm) can lead to corresponding errors. 

The variability of the laser heights in various 
window sizes was smaller from the altitude of 800 m 
than 400 m.  

Curbs caused significant differences to observed 
standard deviations of tarmac profiles. 
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