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ABSTRACT 

The airborne Light Detection and Ranging (LiDAR) system has been 
developed into a powerful instrument, which is capable of acquiring high 
accuracy and high density 3D terrain points.  An airborne LiDAR data 
generates point clouds distributed over surfaces of bare earth, vegetations, 
as well as artificial above-ground objects.  The generation of digital 
elevation models (DEM) is the most important application of airborne 
LiDAR data.  To generate a DEM, points on bare earth, i.e. ground points, 
should be extracted from airborne LiDAR data.  In this paper, a scheme is 
proposed for the selection of ground points, and for bridge detection.  Two 
data sets are tested to validate the process.  The first set was released by 
the ISPRS Working Group III/3.  The results are quantitatively compared 
with several recognized counterparts.  The second data set comprises three 
areas in southern Taiwan.  The accuracy of the generated DEM is 
evaluated.  The presentation of the terrain features is also analyzed. 

自動選取空載光達地面點以建立數值高程模型 

陳良健 1
 
   邵怡誠 2 

關鍵詞： 空載光達、數值高程模型、過濾、橋梁偵測。 

摘  要  

空載光達系統已發展成一個強有力的儀器，可用於獲取高精度且高密度的三維

地形點。空載光達資料為涵蓋地貌、植被及地上人工物之點雲資料，而產製數值高
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程模型為其最重要之應用項目。為產生數值高程模型，必須自空載光達資料中萃取

出地面點。本文提出一個包含選取地面點及偵測橋梁的自動處理架構，並測試兩組

資料以驗證其處理成果。 

1.  INTRODUCTION 

The airborne LiDAR system is a new technological 
tool designed for the acquisition of geoinformation.  
The development of the LiDAR system started in the 
1970s, primarily in the North America [1].  Since its 
maturity many laser- scanning systems have become 
available on the market.  The airborne LiDAR system 
consists of three components: a laser scanner, a Global 
Positioning System (GPS) and an Inertial Navigation 
System (INS).  In general, the point density of the 
terrain data collected is in the range of 0.05 ~ 20 
points/m2 [1].  Due to the fact that multiple laser pulse 
returns are used, the airborne LiDAR data frequently 
represent multi-layers of point clouds, which include 
ground points indicating bare earth and non-ground 
points indicating vegetation, buildings, vehicles or other 
artificial objects.  The airborne LiDAR data can be 
used for a number of applications, such as DEM 
generation, city modeling, coast surveying, and 
environmental monitoring.  In comparison with 
traditional techniques, DEM generation from airborne 
LiDAR point clouds has many advantages, including its 
high speed, high density, high accuracy and low time 
requirements.  It is also suitable for various types of 
complicated terrain, for instance wetlands, coastal zones, 
woodlands and ice areas [2].  

Given the large amount of LiDAR data, an 
automatic scheme for the selection of the ground points 
is preferable.  Although various techniques and 
methods have been proposed for the filtering of LiDAR 
data, research is still ongoing in this field [3].  Our 
method is an improvement of the method proposed by 
Shao and Chen [4].  We develop a new scheme which 
is capable of achieving greater accuracy and efficiency 
for different and more complex terrain types.  

2.  RELATED ALGORITHMS 

A number of algorithms have been developed for 
the filtering of LiDAR data for DEM generation.  Most 
of the filtering methods are based on the assumption 
that there is an abrupt change in height between a 
non-ground point/region and its neighboring ground 
point/points.  Filtering concepts based on this 
assumption can be divided into three categories: 
surface-based (point-to-points or point-to- surface), 
region-based (points-to-points) and slope- based 
(point-to-point) methods [5].  The data structure can be 
comprised of a triangulated irregular network (TIN), an 
interpolated grid data or the original point list. Table 1 

Table 1 Various filtering algorithms and their 
characteristics 

concept data structure 
developer (s) 

(year) 
method 

surface region slope 
point
list

TIN grid

Axelsson (2000)
progressive TIN 

densification 
V V   V  

Brovelli et al. 
(2002) 

spline interpolation  V    V

Elmqvist (2001) active contours V     V

Haugerud and 
Harding (2001)

de-spike algorithm V    V  

Hu and Tao (2005)
hierarchical terrain 
recovery approach

V   V  V

Kilian et al. (1996) morphological filter  V    V

Kraus and Pfeifer 
(1998) 

hierarchical robust 
interpolation 

V   V   

Krzystek (2003)
hierarchical finite 

element 
V V   V  

Lohmann et al. 
(2000) 

dual rank 
morphological filter

 V    V

Masaharu and 
Ohtsubo (2002)

morphological filter  V  V   

Qi et al. (2007) morphological filter  V    V

Roggero (2001)
modified slope 

based filter 
  V   V

Shan and Sampath 
(2005) 

labeling approach 
with linear 
regression 

  V V   

Sithole 
(2001) 

modified slope 
based filter 

  V V   

Sohn and Dowman 
(2002) 

progressive TIN 
densification / 
regularization 

method 

V V   V  

Vosselman (2000)
morphological filter 
/ slope based filter

  V V   

Wack and 
Wimmer (2002)

hierarchical 
modified 

block-minimum
V V    V

Zhang and Chen 
(2003) 

a progressive 
morphological filter

 V    V

 
 
lists the characteristics and data structures of some 
filtering algorithms. 

In the surface-based concept, the surface of bare 
earth is assumed to be piecewise continuous.  Some 
classic filtering methods, for example the hierarchical 
robust interpolation proposed by Kraus and Pfeifer [6], 
employ the least squares method for surface fitting.  
Elmqvist [7] proposed an active contour model that 
minimized the energy function to achieve a ground 
surface.  Hu and Tao [8] analyzed the features of 
multiple returns from roads and vegetation, prior to 
subsequently selecting ground points in a coarse-to-fine 
manner.   

Some surface-based methods assume that the 
ground surface is locally flat so that the TIN structure 
can be used.  Axelsson [9] proposed a progressive 
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method for the densification of ground points.  
Haugerud and Harding [10] suggested the removal of 
spiking points from the TIN model.  Sohn and 
Dowman [11] proposed an upward and downward 
densification based on the minimum description length, 
similar to the operation proposed by Axelsson [9].  
Krzystek [12] proposed a hierarchical densification 
based on finite elements to adjust the ground surface.  

In the region-based concept, objects are assumed to 
be locally higher than the soil surface, or to have a 
closed outline with an abrupt change in height compared 
to the surrounding area.  In general, the mathematical 
morphology is employed to remove non-ground points 
and the grid data is utilized to accelerate the 
computation.  Kilian et al. [13] used a morphological 
opening to remove such object points.  It was observed 
that if a large operator was used, detailed terrain 
features like ridges and hilltops could be eliminated.  
While using a small operator, large artificial objects, 
such as buildings, could still be retained.  Morgan and 
Tempfli [14] proposed the utilization of a weighting 
function which is dependent on the operator size to 
remove object points.  Lohmann et al. [15] proposed a 
dual-rank filtering method.  Compared to surface 
fitting with linear prediction, it showed quite reliable 
recognition in relation to the removal of buildings and 
artificial structures.  Masaharu and Ohtsubo [16] 
suggested an approach where the lowest points were 
first selected from small patches and then object points 
in large patches were iteratively removed by statistical 
testing.  Brovelli et al. [17] used a spline interpolation 
method to create grid data, where the outliers and object 
points were removed by considering multiple returns 
and height difference thresholds.  Wack and Wimmer 
[18] tried to use the Laplacian of Gaussian operator to 
remove object points in a multi-scale manner.  Zhang 
and Chen [19] increased the operator size that 
accompanied the different thresholds in their filtering 
procedure.  Qi et al. [20] applied a morphological 
filtering with progressively increased windows in the 
opening. 

In the slope-based concept, a surface has a larger 
slope at a non-ground point near an object’s outline than 
at its neighboring ground points.  In general, the 
processing is done in discrete point space.  Vosselman 
[21] selected ground points according to the slope 
between a point and its neighbors.  Sithole [22] 
proposed a kernel function, modified from Vosselman 
[21], which improved the performance of the procedure 
when utilized in steep terrain.  Roggero [23] also 
introduced a variant filter, modified from Vosselman 
[21], where local linear regression was used in grid 
space, considering the weighting of the height 
difference and distance.  Shan and Sampath [24] 
labeled object edges by slope threshold to and fro along 
the scanline.  

The characteristics of the aforementioned 
approaches are now summarized as follows.  Although 
errors could exist in the airborne LiDAR data, all 
filtering methods ignore system and random errors, and 
deal with outliers only.  In the surface- based methods 
the ground surface is assumed to be piecewise 
continuous; local surface fitting is conducted afterwards.  
If there is a break line in the processing unit, this tends 
to cause smoothing errors along this break line.  In 
some methods where it is assumed that the ground 
surface is locally flat, the TIN model is subsequently 
employed to avoid over smoothing.  However, this 
type of method is unable to overcome the cutting effect 
in rugged areas.  On the other hand, the region-based 
methods perform well on slopes and break lines.  They 
tend to remove various locally higher ground points 
located on ridges or hilltops, which are locally higher 
and regarded as objects.  In contrast, the slope-based 
methods retain more locally higher ground points.  
Although the computation of a slope between two 
neighbors is simple, the search for neighboring points is 
time-consuming, especially when the process is 
extended to global LiDAR points.  In addition, ground 
points on steep slopes tend to be removed. 

3.  PROPOSED SCHEME 

In order to improve efficiency while still 
maintaining high accuracy, we design a scheme to 
separate the ground and non-ground (object) points in 
LiDAR data.  We first use fewer representative points 
to generate an initial surface model.  The object points 
are segmented by a slope-constrained morphological 
reconstruction.  Bridges are special geometric features, 
which may be suspended over a channel and connected 
to the ground surface only at the ends.  Since they can 
easily be mislabeled as parts of the ground, additional 
detection must be included to remove bridges.  Some 
ground points may have been excluded during the 
generation of the initial surface model, so in the last step, 
a surface concept, based on the TIN model, is employed 
to reselect ground points from original LiDAR data.  
Figure 1 shows a flowchart of the process.   

3.1  Generation of Initial Surface Model 

The amount of the original LiDAR data is generally 
up to millions points per square kilometer. It means that 
a significantly large computation and memory is 
required to extract ground points from the data.  To 
improve computational efficiency, we propose using a 
pseudo-grid to reduce the airborne LiDAR data from 3D 
space to a 2D grid.  The method is based on two 
concepts.  First, DEM is a single variable surface, i.e. 
there is only one elevation on a plane location.  Second, 
the lowest point in a limited area has the maximum 
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Fig. 1  Flowchart of the proposed scheme 

possibility of being a ground point. Based on experience, 
depending on the point density and the terrain types, a 
grid size of 2 ~ 6 m is deemed appropriate for the initial 
surface model.  Thus, the lowest point in a grid is 
selected to represent the height of the grid although its 
original plane coordinate (x, y) is still retained for 
further accurate processing.  In this way, traditional 
grid interpolation is not involved.  Fewer and more 
representative points are used to form the surface 
model. 

The initial surface model could still contain outliers.  
These outliers represent the peak and pit noise but can 
be removed by morphological operations, i.e., opening 
and closing with a flat structuring element [25].  
Opening includes the processes of erosion and dilation.  
Erosion is performed first by replacing the center point 
with the lowest one in the operator, while dilation 
selects the highest one.  Opening removes locally 
higher points, such as peak noise.  On the other hand, 
in the closing process, dilation is performed first, 
followed by erosion, which removes locally lower 
points, such as pit noise.  A larger operator could result 
in over-smoothing, that causes to information loss.  
Considering that unwanted points are gathered in small 
areas, a 3 × 3 operator would be a good selection and 
applied to our all experimental data.  In vegetated 
areas, because ground points are fewer and lower than 
their neighboring object points, they may easily be 
regarded as low outliers.  Since opening and closing 
are employed to remove high and low outliers, 
respectively, we suggest that opening be performed first, 
followed by closing.   

3.2  Object Segmentation 

In this paper, we assume that object points are 
locally higher and use region-based morphological 
segmentation to exclude locally higher regions.  With 
this method, some locally higher ground areas, such as 
ridges or hilltops, might also be deleted as objects.  To 
cope with this problem, we integrate a slope constraint 
to recover the locally higher ground points.   

3.2.1  Morphological Reconstruction 

In this step, morphological reconstruction to 
segment object points is performed first.  This 
reconstruction is based on geodesic dilation, originally 
developed for the segmentation of locally higher regions 
on a grayscale image [26].  The segmentation is 
independent of the operator size when performed in a 
global manner.  The procedure is illustrated in Fig. 2.  
A mask image and a marker image of the same size are 
used.  The marker image is lower than the mask image 
by a height parameter h.  The reconstruction is 
performed in such a way that every pixel in the marker 
image is shifted to the same gray value as its highest 
neighbor but does not exceed the original value in the 
mask image.  When the value of a pixel is changed, its 
neighbors have to also be altered.  Thus, repeated 
processing is needed.  The iteration time is 
proportional to the parameter h.  Vincent [26] used a 
procedure including Sorting and First-In-First-Out 
Queuing to improve the computational efficiency. 

3.2.2  Slope-constraint 

During the morphological reconstruction, locally 
higher regions, such as buildings or hills, will all be 
segmented, as shown in Fig. 2.  Shao and Chen [4] 
used a control post to improve the mapping of ground 
areas.  Morphological reconstruction with control posts 
is illustrated in Fig. 3.  The locations of the marked 
control posts retain the same height as in the mask, 
thereby preventing this location from being segmented 
as an object.  However, for rugged or mountainous 
areas some manually input control posts may still be 
required to improve the ground areas.  A slope- 
constrained process is proposed here instead of the 
manual intervention. 

Two parameters are used for the slope constraint – 
slope increment dSincrement and maximum slope Smax.  
The slope increment can be regarded as a curvature that 
reaches the locally highest ground point in a continuous 
manner.  The maximum slope is used to judge the 
terrain’s continuity so as to prevent the inclusion of 
object points.  Figure 4 shows the operation window, 
which is essentially a ground point selection procedure, 
wherein eight neighbors P1 to P8 are processed.  
Equation (1) delineates this condition.  If the slope S0j 
between the known ground point P0 and the adjacent 
point Pj is less than the maximum slope Smax, and the 



Liang-Chien Chen and Yi-Chen Shao : Automatic Selection of Ground Points for Dem Generation from Airborne LiDAR Data 629 

 

 

Fig. 2  Profile illustrating the reconstruction process 

 

Fig. 3 Control post which retains its location as a 
ground area throughout the reconstruction 

P1 P2 P3 
P8 P0 P4 
P7 P6 P5 

Fig. 4 An operation window with a ground point P0 and 
the processed neighbors P1 to P8 

slope difference dSij along a profile is less than the slope 
increment dSincrement, then point Pj is identified as a 
ground point.  The dSincrement is always greater than zero.  
A negative dSij means that the slope decreases. 

0 max increment:    j j ijP G S S and dS dS∀ ∈ ≤ ≤  (1) 

where:  
 G : set of ground points; 
Pi, P0, Pj : three points along a profile, Pi and P0 

are ground points, Pj is a processed 

point, and 
4,   1 ~ 4
4,   5 ~ 8

i i
j

i i
+ =⎧

= ⎨ − =⎩
; 

 Si0, S0j : slopes from Pi to P0 and from P0 to Pj, 
respectively; 

   Smax : threshold of the maximum slope; 
dSij= S0j − Si0 : slope difference between Si0 and S0j; 
dSincrement : threshold of the slope increment. 

3.3  Bridge Detection 

Bridges are special geometric features, which may 
be suspended over a channel and connected to the 
ground surface only at the ends.  This makes it easy for 
them to be regarded as part of the ground.  In our 
approach a scanline-based method is used to detect 

bridges.  Three conditions are required for the 
detection, namely the height, width and slope of the 
bridge.  Algorithm 1 for bridge detection is based on 
these conditions.  In situations where the bridge is 
above the ground, if two adjacent points along a 
scanline have a large height difference, they are labeled 
as a candidate bridge edge pair.  This measure of 
discontinuity is formulated as in Eq. (2) and Step 1 in 
Algorithm 1.  Their distances with respect to the 
bridge width are then tested, as in Eq. (3) and Step 2 in 
Algorithm 1.  The third condition which is a measure 
of smoothness, formulated as in Eq. (4) and Step 3 in 
Algorithm 1.  It indicates whether the slopes of any 
two adjacent points between an edge pair fall within the 
slope threshold.  If points along a scanline of a 
reconstructed surface satisfy these three conditions, they 
are segmented as a bridge region.  The bridge regions 
are examined in different scanline directions. 

1

1

( , ) :  ( )
 and ( )

i j Pi Pi

B Pj Pj B

P P CP H H
dH H H dH

−

+

∀ ∈ −
≥ − ≥  (2) 

ij BD W≤   (3) 

1 , 1( , ) :| |n n n n BP P B S S+ +∀ ∈ ≤  (4) 

where:  

 CP : set of candidate pairs of bridge edges 
along a scanline; 

 Pi, Pn, Pj : points along a scanline, Pi and Pj are a 
candidate pair of bridge edges and Pn is 
located between Pi and Pj; 

 dHB : threshold of bridge height above the 
ground; 

 Dij : distance between Pi and Pj; 

 WB : threshold of bridge width; 

 B : set of bridge points; 

 Sn,n+1 : slope from Pn to Pn+1; 

 SB : threshold of bridge slope. 

3.4  Back Selection of Ground Points 

Since the initial surface model is generated from 
some representative points, i.e. the lowest points in the 
grids, many ground points may be excluded.  In order 
to retain more terrain features, a back selection is 
included to search for more ground points.  Since the 
searched ground points in the previous reconstruction 
will be still dense enough to form a well approximated 
DEM, one process is enough to reselect ground points from 
the original data.  A general approach is to judge 



630 Journal of the Chinese Institute of Civil and Hydraulic Engineering, Vol. 19, No. 4, 2007 

 

Algorithm 1. Bridge detection 

 
 
 
whether the normal distance from a processed point is 
close enough to the facet of the terrain TIN model [9].  
However, this result is still sensitive to the normal 
distance threshold.  For instance, in Fig. 5, points A, B 
and C are ground points searched from the previous 
procedures.  Ground points P1 and P2, close to the 
break line, were missed in the initial surface and should 
be included.  To extract points P2 and P2, a larger 
normal distance should be applied.  However, it is still 
also easy to mistake low vegetation on flat terrain as 
part of ground. 

In this step, we reapply the assumption that a locally 
lower point has a higher possibility of being a ground 
point.  If the elevation of a processed point is lower than 
the highest vertex of a TIN facet, it will be regarded as a 
ground point.  If a point is lower than the lowest vertex, 
it is regarded as a low outlier.  In this way, no additional 
parameters need be used and more points along the break 
lines will be retained. 

Since it is too time consuming to determine the 
corresponding TIN facets for a processed point, a fast 
search of the grid space is proposed.  As the TIN 
model is constructed from the searched ground points, 
the facet indices of the triangles are transferred to the 
grid.  The Point-In-Polygon test can now be performed 
for each unidentified point using the indices in the 
searching window to determine its TIN facet.  This 
operation is illustrated in Fig. 6. 

4.  EXPERIMENTAL RESULTS 

Two data sets are selected for testing the validity of 
the method.  The first set was released by the 
International Society for Photogrammetry and Remote 
Sensing (ISPRS) Working Group III / 3 [27]. 

 

Fig. 5 Profile illustration of points close to the break 
line with longer normal distances to the TIN 
facet 

 

Fig. 6 Fast search for the TIN facets in grid space:   
(a) TIN facets with index; (b) search window 
employed in grid space 

The results are quantitatively compared with recognized 
counterparts in the literature.  In order to extend the 
validation testing, a second data set is located in 
southern Taiwan, which includes various features such 
as dense buildings, low vegetation, river banks, 
mountainous areas and break lines.  Both data sets are 
all acquired more than two airborne LiDAR strips.  In 
the experiment, these two data sets are tested under the 
assumption of free of systematic errors.  At the end, 
the accuracy is assessed by computing the DEM 
generation error and the presentation of the terrain 
features is also analyzed. 

4.1  Testing of the ISPRS Data 

The ISPRS data were acquired with an Optech 
ALTM scanner over the Vaihingen / Enz test field and 
the Stuttgart city centre.  The data include 8 separate 
sites with different types of terrain, 4 urban areas and 4 
rural areas, as well as 15 reference samples of sub-areas 
[5].  The terrain features of the 15 samples are 
described in Table 2.  (Note: there is no sample for 
Site 8.) The processing results of Site 1 are presented in 
Fig 7.  In Fig 7, the maps are generated with a grid size 
of 4 m.  Figure 7(a) is its DSM, which is generated by 
highest points in the pseudo grids,.  Notice that the five 
white cloud-like areas are data gaps.  Figure 7(b) is the 
initial surface model, which is generated by lowest 
points in pseudo grids after noise removal by opening 
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Table 2 Reference Samples of the ISPRS Filter Test 
[5] 

site 
No. 

point 
spacing 

sample 
No. terrain features ground range (m) 

(dx × dy × dz) 

11 
vegetation and 

buildings on a steep 
slope 

133.9 × 302.7 × 104.6
1 1-1.5 m 

12 small objects (cars) 204.4 × 264.2 × 21.5

21 narrow bridge 123.8×115.2× 3.7

22 buildings, crossover 
bridge and gangway 187.9 × 181.2 × 15.2

23 
complex buildings, 

large buildings, 
break lines 

146.2 × 205.9 × 29.1
2 1-1.5 m 

24 ramp 121.9 × 72.4 × 20.9

3 1-1.5 m 31 courtyard 174.2 × 161.9 × 4.8

41 clump of low points 167.2 × 104.7 × 10.4
4 1-1.5 m 

42 railway station with 
trains 227.1 × 202.0 × 8.5

51 vegetation on a 
slope 236.0 × 436.0 × 40.4

52 low vegetation on a 
sharp ridge 450.0 × 301.1 × 96.5

53 break lines 432.0 × 476.0 × 79.1
5 2-3.5 m 

54 low resolution 
buildings 185.8 × 267.5 × 26.4

6 2-3.5 m 61 sharp ridge and 
ditches 508.0 × 448.0 × 37.9

7 2-3.5 m 71 land bridge 396.0 × 224.0 × 13.9

 

 
and closing described in Section 3.1.  Figure 7(c) is the 
DEM generated by the extracted ground points through 
TIN interpolation. 

Quantitative assessment of the ISPRS filter test [5] 
is carried out to validate the proposed scheme.  A 
TIN-based DEM is generated from our filtered ground 
points for each site.  The ISPRS reference samples, 
including separated ground and non-ground points, are 
then compared point-wise to the generated DEM to 
enable error computation.  The errors are measured 
using a threshold of 0.2 m, as defined in the literature.  
Three types of errors are computed for evaluation, 
namely, type I errors, type II errors, and total errors.  
The type I errors, i.e. omission errors, occur due to the 
misclassification as non-ground points.  The type II 
errors, i.e. commission errors, occur when some portion 
of an object is misclassified as ground parts.  These 
two error types are defined in Fig. 8.  The total error 
category is computed from these two types of errors.  
The percentage of type I, type II and total errors can be 
computed by Eqs. (5), (6), and (7), respectively. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Shaded relief maps of processing results for site 
1: (a) DSM, (b) initial surface model with noise 
removal, (c) generated DEM 

Filtered
Reference ground non-ground 

Ground a 
b 

(type I error) 
(omission error) 

non-ground 
c 

(type II error) 
( commission error) 

d 

Fig. 8  Error definition 
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percentage of type I errors : /( + )b a b  (5) 

percentage of type II errors: /( + )c c d  (6) 

percentage of total errors:  ( + )/( + + + )b c a b c d  (7) 

where: a, b, c, d: are defined in Fig. 8. 
The proposed scheme includes four parameters, i.e. 

the grid size of the initial surface model, parameter h for 
morphological reconstruction, the slope increment 
dSincrement and the maximum slope Smax for the 
slope-constrained conditions.  To examine the 
sensitivity of the parameters to the filtering results, 
many different threshold sets are tested for error 
comparisons.  Our test cover the parameter range of 2 
to 8 m, 4 to 12 m, 5 to 15%, and 30 to 80% for grid size, 
h, dSincrement and Smax, respectively.  We observe that 
some certain values are suitable for most terrain types.  
We summarize four representative threshold sets shown 
in Table 3 to concisely present the comparisons.  Since 
the unwanted points assumed as noise gather in small 
areas, the operating window for noise removal is fixed 
to 3 × 3.  The error assessment is shown in Fig. 9.  In 
comparison to the total errors of the three representative 
methods, as shown later in Fig. 11, the parameter 
thresholds in Fig. 9(c) are less sensitive to the results.  
For practical applications, since no automatic filtering 
method can separate ground and non-ground points 
completely, visual inspection and manual editing are 
necessary to produce the final product.  Considering 
that type I errors (omission errors) consist of ground 
points being misclassified as objects and removed, they 
are difficult to detect through visual inspection and 
should be minimized by a filtering strategy [5].  Fewer 
type I than type II errors are exhibited in our results.   

After employing the bridge detection, the bridge in 
sample 71 is removed.  Figure 10 shows the processing 
results.  By defining a bridge as an unwanted object, 
its removal decreases type II errors.  By employing 
parameter set 1 (in Table 3), actual type II errors can be 
reduced from 21.10%, as shown in Fig. 9(b), to 14.03%.  
Similarly, the total error is also reduced from 3.88%, as 
shown in Fig. 9(c), to 2.84%. 

We compare the results of all reference samples 
obtained using parameter set 1 (in Table 3) with other 
methods.  Figure 11 shows a comparison of total errors 
between our proposed method and three representative 
methods discussed in the literature [5].  The first one is 
the proposed method.  The second method is the one 
suggested by Axelsson [9].  It is based on surface 
concept and utilizes progressive TIN densification of 
ground points (it has been developed into the TerraScan 
software).  The third method was introduced by Kraus 
and Pfeifer [6].  It relies on the surface concept and 
uses the classical least squares method for ground 
surface fitting (it has been developed into the SCOP++ 

Table 3  Four different threshold sets 

No. grid size 
(m) 

h 
(m) 

dSincrement 
(%) 

Smax 
(%) 

1 4 5 5 40 
2 4 10 10 60 
3 6 5 5 40 
4 6 10 10 60 
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Total Error

0%

5%

10%

15%

11 12 21 22 23 24 31 41 42 51 52 53 54 61 71

Sample No.

1

2

3

4

 
(c) 

Fig. 9 Error comparison of 4 threshold sets for the 
ISPRS samples: (a) type I errors; (b) type II 
errors; (c) total errors 

software).  The last method was proposed by Roggero 
[23].  It is a modified slope-based method.  The total 
error comparison indicates that the proposed method is 
superior to the other methods for samples 31 (courtyard), 
41 (low points), 52 (sharp ridge), 53 (break lines), and 54 
(buildings).  The results of the remaining samples have 
fewer total errors.   

Although the proposed method performs well in 
general, sample 11 is worthy of further discussion.  
Figure 12 shows the processing results for sample 11, 
which contains terrain break lines, buildings, and dense 
vegetation on a steep slope.  Through a visual 
inspection, most objects are removed.  However, there 
still exist large errors, which can be explained as 
occurring due to two aspects.  First, because the edge 
of a building on a steep slope has similar features to 
terrain break lines, portions of some buildings will not 
be eliminated completely.  Second, there may be 
insufficient ground points in densely vegetated areas, 
due to poor LiDAR penetration.  If the initial surface 
model is a poor approximation of the terrain surface, the 
results may contain even more modeling errors. 
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(a) 

 
(b) 

 
(c) 

Fig. 10 Shaded relief maps of processing results for 
sample 71: (a) initial surface model; (b) 
generated DEM before bridge removal; (c) 
generated DEM without the bridge 

 

Fig. 11 Total error comparison between the proposed 
method and three representative methods 

4.2  Testing the Taiwan Data 
To further validate the performance of the proposed 

method, a Taiwan data set including urban area in 
northern Pingtung City and mountainous areas in 
northern Jenwu Township, Kaohsiung County is studied.  
The data was scanned with a Leica ALS50 system in 
October 2004.  The aircraft flew at a speed of 120 
knots and at a height of 1450 m, giving a foot print of 
0.3 m.  The scanning filed of view (FOV) was 42° ~ 
45°, scanning frequency was 34 Hz and the pulse rate 
was 65.3 kHz, giving a point density of 1.7 points/m2. 

         
     (a)                          (b) 

Fig. 12 Shaded relief maps of processing results for 
sample 11: (a) initial surface model; 
(b) generated DEM including portions of some 
buildings 

Five representative samples are selected.  Squares 
I to V in Figs. 13, 14, and 15 depict the terrain 
characteristics.  Table 4 gives a quantitative 
description of the terrain features and the data range of 
ground points.  The results represent the terrain 
features rather well.  For example, the road edges in 
Fig. 13, and the edges of the river bank and the ridges 
and valleys in Fig. 14 are clearly displayed.  The 
terrain break lines in Fig. 15 are also successfully 
reconstructed. 

The processing results are evaluated by comparison 
with a reference DEM.  The reference DEM is 
generated via automatic filtering with the TerraScan 
software, which was developed from Axelsson’s method 
[9].  Then the DEM is edited through manual visual 
inspection, as well as with the aid of interpretation from 
stereo aerial images.  The computational error is based 
on grid data with a spacing of 2 m interpolated by the 
Kriging method. Table 4 shows the filtering error 
assessment of the five samples.  Because samples III 
and IV contain densely spaced trees with heights of 10 ~ 
20 m on the slope, they show larger errors than others.  
In other words, the dense vegetation in the mountainous 
areas affects the quality of the initial surface model, 
leading to larger errors.   

5.  CONCLUSIONS 

In this paper, we develop a scheme for the selection 
of ground points from airborne LiDAR data.  An initial 
surface model is generated to reduce the volume of the 
LiDAR data from 3D space to 2D pseudo-grid.  During 
the object segmentation, the morphological 
reconstruction segments locally higher regions, and then 
the slope constraint identifies the object points.  An 
additional process is also included to remove bridges.  
In the final reselection process, which relies on the 
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(a) 

 
(b) 

Fig. 13 Shaded relief maps of processing result of 
Samples I and II: (a) initial surface model;  
(b) generated DEM 

 
(a) 

 
(b) 

Fig. 14 Shaded relief maps of processing result of 
Samples III and IV: (a) initial surface model; 
(b) generated DEM 

 
(a) 

 
(b) 

Fig. 15 Shaded relief maps of processing result of 
Sample V: (a) initial surface model; 
(b) generated DEM 

Table 4 Filtering Error of Five Taiwan Samples 
(unit: meters) 

sample features ground range 
(dx × dy × dz) 

mean 
error RMSE min

error
max
error

I plain with low 
vegetation 350 × 260 × 3.4 0.01 0.09 −1.15 0.97

II plain with 
dense buildings 330 × 230 × 3.2 0.01 0.12 −0.95 1.71

III river banks 
with a bridge

390 × 190 × 
40.0 0.09 0.54 −5.62 11.32

IV hills with 
dense trees

260 × 200 × 
60.8 0.80 1.95 −7.61 11.76

V break lines 
with vegetation

260 × 270 × 
38.2 0.01 0.27 −2.02 4.41

 
 
surface concept, a TIN model is used to extract more 
ground points from the original LiDAR data.   

The ISPRS test data and the data set in southern 
Taiwan are employed to test our method.  The 
sensitivity of parameter thresholds is also tested using 
the ISPRS test data.  A comparison with three 
representative methods shows that although our 
thresholds are not optimized, the results are still 
favorable for a number of terrain types.  The 
experiments with Taiwan test data also show that many 
terrain features can be reconstructed well.  The 
proposed method can be applied to different terrain 
types and holds much promise for future practical 
applications.   
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