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Abstract

Building detection from airborne laser scanner (ALS) data is a well-studied
problem. Most existing building detection techniques rely on the generation of a
digital terrain model (DTM) and a digital surface model (DSM) from last-pulse
laser scanner data. The two are compared to form a normalised DSM (nDSM),
from which the buildings are detected by use of a simple height threshold.
Detection rates using a normalised DSM are very good, however, the accuracy
of the building delineation is a function of ALS point spacing and system
accuracy. To compete with the accuracies of photogrammetric and terrestrial
measurement systems, the typical point spacing of 0.5m to 1.3m would need to
be increased ten fold before the systems could be compared.

Modern laser scanners can deliver either first- or last-pulse data collected in the
same flight. If it exists, the difference between the first-pulse height and last-
pulse height indicates that there is a height step somewhere in the laser spot.
In a typical urban environment, these steps correspond to trees, power lines
and building boundaries or edges.

In this paper, first- and last-pulse laser scanner data is combined to improve the
accuracy of the building outline delineation. Inclusion of the first-pulse data
allows some ALS points to be identified as lying precisely on the building edge
(outline) whilst interpolated edge points are used to supplement identified edge
points. The identified edge points are assigned to building edges which are
subsequently calculated from the points. The paper shows results from a real
test site and examines the data acquisition process in order to maximise the
benefit of using this method for building extent determination.

Introduction
Motivation and Goals

Building detection from ALS data has been performed for many years (Forstner
and Weidner, 1995, Rottensteiner and Briese, 2002). Detection rates are good,
but a commonly highlighted problem that requires improvement is the
delineation of building outlines. Many of the methods described for determining



building outlines suggest relying on other available data, in particular GIS data
and photogrammetric imagery for the sharper modelling of building edges.
Other methods make assumptions regarding geometric regularities such as
perpendicular walls (Maas and Vosselman 1999, Morgan and Habib 2002).
Unfortunately, additional data is not always available, or the geometric
assumptions on which an algorithm is based are not fulfilled. For instance, an
algorithm that assumes that all buildings have edges intersecting at 90°such as
the one described by Maas and Vosselman (1999) can clearly not succeed in
accurately delineating buildings where angles other than 90° occur. Other
methods use the Minimum Description Length principle to approximate
polygons (Rosin 2003). As the number of points used in these methods
increases these methods tend to slow down.

Modern laser scanners are capable of collecting both first- and last-pulse
information during one flight (Rottensteiner et. al 2004). The accuracy of current
building delineation methods can be improved by using more of the collected
laser information. The goals of this paper are to present a new method that will
allow the polygonal approximation of a building outline using only ALS data and
to use inherent information in the ALS data that is not considered by other
methods. This paper presents results of a new method of building outline
determination from ALS data. A background of building outline determination
and polygon approximation is initially given, followed by a description of our
new method for determining the building outline. Results from a sample data
set are discussed and conclusions and future work are presented.

Test Data

ALS data from Fairfield in Sydney, Australia, was initially collected with an
approximate point density of 1 point per 1.3 m?. Figure 1 gives an overview of
the area displaying an ortho photo for visual reference only (Figure 1a), the
generated digital surface model (DSM) (Figure 1b) and labelled building mask
obtained from the normalised digital surface model (nDSM) and surface texture
analysis in the way described in Rottensteiner et al. (2003) (Figure 1c).
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Figure 1 - The Fairfield Test Area.




Background

The results of building extraction from ALS data have been very promising in
recent years (Weidner and Forstner, 1995, Maas and Vosselman, 1999,
Morgan and Habib, 2002). Most methods of building extraction rely on the
comparison of terrain and non terrain models by the comparison of a digital
terrain model (DTM) with a DSM. Subtracting the DTM from the collected DSM
to produce an nDSM from which buildings can be identified is common practice.

Unfortunately, the accuracy of building outline determination is worse than the
detection methods used. Building outline determination techniques have
evolved steadily over the past decade but improvement is still required.

Weidner and Forstner (1995) extracted buildings from ALS data and calculated
the building outlines in several clearly defined steps. Initially a raster to vector
conversion was performed on the gridded nDSM. The pixels inside the building
were removed leaving a 1 pixel thick external building perimeter. Noise was
then eliminated from the perimeter. Minimum description length (MDL) polygon
simplification and ground plan optimisation was then performed yielding the
final building outlines. This method showed good results but was strongly
influenced by the poor resolution of the gridded DSM.

Maas and Vosselman (1999) assume that by using polyhedral models a better
building delineation will be achieved. ALS points were initially segmented and
triangulated if they belonged to the roof of the building. An approximation
algorithm was used to determine the outline which imposed constraints of
perpendicularity and parallelism. The main building orientation was initially
obtained from the directions of intersections between the roof faces. All outline
edges were forced to be parallel or perpendicular to the main building
orientation. A new edge was created when the perpendicular distance between
a point and the current edge exceeded a threshold. Points are then assigned to
an edge and an outlining polygon is created. Several assumptions made in this
method severely limit the accuracy of the outline determination. These include
the assumptions that all building walls are perpendicular, that the building has
gabled roofs and that the roof edges are parallel or perpendicular to the main
building orientation. The determination of the number (percentage) of points
that lie outside or inside of the actual building edge is arbitrary, and the choice
of a suitable distance threshold is also undefined.

Morgan and Habib (2002) state that laser points are not selective and as such
do not match the building boundary. From building detection techniques it is
known that some laser points are located on the building whilst others are
located on the terrain implying that essentially one has to make a guess about
the boundary if only ALS data is used. Considering this fact, it is difficult to
determine the building outline with a high degree of certainty. Ultimately, it was
concluded that the building boundaries were poorly detected and the use of
other data sources such as aerial photos was recommended in order to obtain
accurate building outlines.

There have been many other polygon approximation algorithms developed over
the years (Rosin, 2003). Unfortunately, these methods also ignore information
inherent in the laser scanner data. The presented paper demonstrates a



method for determining building outlines from ALS data by minimising the
interpolation effects that are encountered in previously published methods. This
is achieved by identifying points that actually capture the roof outline location.

The First Pulse Last Pulse Approach

In contrast to previous approaches mentioned, the model used in this paper is
based on finding ALS points that have struck the edge of the building (Figure
2a). Previous models have relied on finding only ALS points that are either
classified as building or non building. Steinle and Végtle (2000) recognised an
effect that occurs when using first- and last-pulse modes and a discontinuity in
the elevation structure is observed. A detected object or building may appear
larger or smaller than its actual dimensions depending on the scanning mode
used. By using the first-pulse return of building edge points and the last-pulse
return for other building points and the surrounding areas an improved building
outline should be obtained thus minimising any effects described in Steinle and
Vaogtle (2000).

Figure 2b displays all the ALS points in the surveyed region that have
registered a different first- and last-pulse return. A careful perusal of the image
reveals that there are many features present in the image. These features
include trees, powerlines, and buildings. Buildings can be discerned in the
image only because of one of the laser imperfections pointed out by Maas and
Vosselman (1999), the finite spot size of the laser beam. Figure 2c shows an
enlargement of Figure 2b clearly showing several buildings with one of them
highlighted for clarity.

The idea is to use the points that have been identified as building edge points
to accurately delineate the building outline. By identifying building edge points
the accuracy of the building delineation starts to become a function of the laser
divergence and the flying height, or ultimately the laser footprint uncertainty.
This is typically in the order of 0.25 metres for a flying height of 1200 metres
and divergence of 0.2 millirad. In contrast, an interpolated point’s uncertainty is
dependant on the point spacing and laser footprint uncertainty combined. This
would be typically anywhere from 1 to 2 metres for a survey with an average
point spacing of 1 point per 1.3m?. This is almost different by one order of
magnitude.

The first step in the process is to segment the actual ALS points into building,
terrain or building edge points based on an initial classification using the nDSM.
Initial classification is performed by methods similar to that of Rottensteiner et
al. (2003). The last-pulse ALS data is sampled into a regular grid with minimal
filtering to produce a last-pulse DSM. A coarse DTM is then created from the
DSM by hierarchical morphological grey scale opening using various structural
element sizes. After evaluating surface roughness and the normalised DSM, a
building mask is obtained.

In a manner similar to Weidner and Forstner (1995), a band of pixels containing
the building outline is created. The width of the band of outline pixels used in
the algorithm is dependant on the original pixel size used in the sampled DSM.
In the Fairfield data the original point spacing was 1 point per 1.3m? and the



DSM was sampled to a one metre grid. In this case an outline band of a width
of 2 pixels was chosen as it creates a corridor on either side of the existing
boundary that approximates the average point uncertainty. If the initial outline
band is wider, there is a possibility of misclassifying neighbouring trees that
could adversely affect the end result. Conversely, an outline band that was too
small could eliminate many edge points leaving a minimal number of classified
edge points. The result is an edge point mask around the perimeter of the

building as seen in Figure 3a.
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Figure 2 - First pulse and last pulse differences contain buildings

ALS points which lie inside the initial building outline band and have a large
first-pulse/last-pulse difference can be considered as being situated on the
building edge. In this case the first-pulse X and Y coordinates of these points
are used. All last-pulse ALS points that are contained inside the original building
mask pixels are then classified as building points. Similarly all last-pulse
positions not contained within the original building mask pixels are classified as
terrain points. The classification of ALS points can be seen in Figure 3b with
blue representing the ALS points classified as building, red as building edge
and yellow as terrain.

At this point we have identified the ALS points that are situated at the building
outline. In order to supplement the quantity of detected edge points,
interpolated edge points can also be introduced into the algorithm.
Supplementary points may be required on some edges of a building as edge
points may be poorly defined due to the last pulse terrain occlusions caused by
poor grazing angles on the building by the laser or because too few laser
beams actually hit a certain building edge. The interpolated edge points are
obtained by performing a Delaunay triangulation over an enlarged building
area. Sides of triangles that connect an ALS point classified as building point




with an ALS point classified as terrain point are bisected and this position is
recorded as the position of the interpolated edge point. All identified edge
points (interpolated and actual) for the selected area are shown in Figure 3c.

The building outline model consists of a series of straight line segments that
delineate the building in question. Having instantiated these straight line
segments in the way discussed below, each identified edge point will be
allocated to one of these segments. A weighted least squares solution is used
to calculate the position and direction of each line segment, whilst its extents
are determined by the intersections with the adjoining line segments. Weighting

is based on the horizontal uncertainty of any particular edge point.
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Figure 3 - The edge point determination process

Allocating ALS points to a building edge

A building is considered to consist of a set of straight line segments, hence
called (building) edges. Once the edge points of the building have been
determined, they must be allocated to a building edge. The first step of this
process is to order the points so that the building can be circumnavigated by
progressing through the list of points. The position of an edge point in the list is
called its index. A bounding circle of “construction points” is then created
around the building centred on the buildings centroid as per Figure 4a. A
spacing of one point per degree was used for the data presented in the results,
whilst the radius was five metres greater than the maximum distance between
all of the building edge points and the building centroid. For each building, one
histogram is made by recording the index of the furthest building edge point
from each “construction point” in the bounding circle. The highest three peaks
in the histogram (Figure 4b) are identified and represent the closest points to
three of the major corners on the extremities of the building. This provides a
starting representation of the building by three provisional edges (Figure 4a)
where a provisional edge is considered a straight line between the edge points
corresponding to the three peaks in the histogram. Points that have an index
between any two “provisional corners” are considered to belong to the edge
identified by the points lying between the “provisional corners”. The distance of
each point is then checked against the provisional edge. If the point with the
maximum distance off the provisional line is further off of the line than its




uncertainty (determined as described in the next section), this point becomes
another provisional corner point. The point is thus inserted into the provisional
corner list, and the process is repeated until no building edge has to be divided
any further. To reduce the effect of any outliers, a low pass filter can be applied
to the building edge points during the “provisional corner” creation process if
required. At this time weighted best fit straight lines are computed depending on
their edge allocation. The best fit line is considered to pass through the
weighted mean of all allocated points and maximum likelihood estimation is
used to compute the edges orientation. Final corner locations are calculated
from the intersections of the computed lines. The ordered list of corner points
gives the resultant building outline polygon.
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Figure 4 - Initialising the building edges

Uncertainty of Points and Weighting

A weighting strategy can be applied to all points allowing the building outline to
be determined accurately. In normal circumstances, weighting is pointless as
the weights are very similar. In this case, interpolated and actual points are
being combined. As such the variation in the uncertainty and thus the weights
can differ by up to a factor of 10, thus making weighting very important. If
information such as range and scan angle is available, the uncertainty of each
individual ALS point can be calculated from the different measurements and
error sources that affect the accuracy of the final 3D coordinates (Baltsavias,
1999). As this data is not always readily available, the horizontal uncertainty of
an ALS point, measured by the a priori standard deviation of its co-ordinates
Sa, Is approximated from the flying height and the divergence of the laser
(Figure 5a; equation 1). The uncertainty of an interpolated point, measured by
the a priori standard deviation of its co-ordinates s, is approximated by adding
the distance between the original ALS points that fathered the new point and
the 2 radii of uncertainty as described in Figure 5b and equation 2.

SA»2X =2 nan(%) (1)

S =d+2x =d+s, (2)




r Terrain

Sa Si

(a) ALS points (b) Interpolated point

Figure 5 - Modelling the uncertainty of ALS and interpolated points

The weights of the ALS and the interpolated points are proportional to the
inverse of the squared standard deviations s, and s, respectively. Typical
values for sa and s, for the data presented in the results would be 0.25 and
1.55 metres respectively. These values correspond to a flying height of 1200
metres, a divergence of 0.2 millirad and a point spacing of 1 point per 1.3mA.

Results

Figure 6 shows the results achieved by applying our algorithm to buildings of
differing size and complexity. The red line represents the result from the
described algorithm. These results have been visually compared to an
orthophoto of the area. Although these results in general look very promising,
several problems have been encountered. The most important problem was
that there were not enough ALS points identifying the building edge in all cases
to use only these points. This can be explained by any of three main reasons.
Firstly, the point spacing of one point per every 1.3 x 1.3 m?® is too low,
considering the approximate footprint size of 0.25 metres, to generate enough
points on the edges on buildings, particularly small residential houses.
Secondly, a shadowing effect similar to that discussed by Mass and Vosselman
(1999) was encountered. Where building edges were surveyed on the lee side
of the aircraft it would be impossible for the laser to actually reach the terrain.
The third reason was actually caused by a limitation found in the laser itself.
The laser scanner used to collect the ALS data had a dead time which occurred
when the laser was required to reset itself before a second return could be
recorded. In this particular case a dual return was only being recorded if the
returns were more than 4.6 metres apart. This is a problem if buildings of less
than 4.6 metres in height are being delineated as the required information in
this instance is not obtained. This is illustrated by Figure 7. Figure 7a displays a
histogram of first- and last-pulse height differences. There is a clear absence of
numbers in the 0 metre to 4.6 metre bins. After investigation the absence was
attributed to laser limitations. The limitation can also be clearly seen in Figure
7b where first-pulse height values are plotted against the corresponding last-
pulse height values.




Figure 6 - Building outline results

Conclusions and future work

The idea of considering the first-pulse/last-pulse differences of an ALS system
to delineate a building is new, and it has shown good potential. A visual check
of the results reveals that they are encouraging, but no formal quantitative
analysis has yet been performed. In most cases the algorithm performed as
expected considering the initial segmentation of the building edge points.

The work is presented in this paper is still in progress. Improvements to the
results could be achieved partially by planning data acquisition parameters
such as point spacing, swath overlap and maximum scan angle to maximise the
possibility of obtaining valid edge point data. Ensuring that the data has been
captured by flying in opposing directions would help to minimise the lee
problem. Increasing the laser divergence should also be considered although
this will have a double edge sword effect. By increasing the divergence more
edge points are likely to be encountered, but the accuracy of the point itself is
decreased. An increase in the average point density is deemed necessary for
marked improvements. It is anticipated that a significant increase in the point
density will provide a big improvement in the final building outlines.

Future work will involve testing the algorithm on a data set of higher point
density, collected in a manner as to maximise the collection of valid edge data.
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Figure 7 - Dead time between first and last pulses.

References

Baltsavias, E.P., 1999. Airborne laser scanning: basic relations and formulas,
ISPRS Journal of Photogrammetry and Remote Sensing, 54 199-214.

Mass, H-G., 1999, The potential of height texture measures for the
segmentation of airborne laserscanner data. Proceedings of the Fourth
International Airborne Remote Sensing, 154-161.

Mass, H-G., and Vosselman, G., 1999, Two algorithms for extracting building
models from raw laser altimetry data. ISPRS Journal of Photogrammetry &
Remote Sensing, 54:153-163.

Morgan, M., and Habib, A., 2002, Interpolation of LIDAR data and automatic
building extraction. ACSM-ASPRS Annual conference proceedings.

Rosin, P., 2003, Assessing the behaviour of polygonal approximation
algorithms. Pattern Recognition, 36:505-518.

Rottensteiner, F., Trinder, J., Clode, S., and Kubik, K., 2004, Using the
Dempster—Shafer method for the fusion of LIDAR data and multi-spectral
images for building detection. Article in press, Corrected Proof. Available online
28 July 2004

Rottensteiner, F., Trinder, J., Clode, S., and Kubik, K., 2003, Building detection
using LIDAR and multispectral images. Digital Image Computing — Techniques
and Applications (DICTA), 2:673-682.

Rottensteiner, F., and Briese, Ch., 2002, A new method for building extraction
in urban areas from high-resolution LIDAR data. International Archives of
Photogrammetry and Remote Sensing data, XXXIV/3A:295-301.

Steinle, E. and Vogtle, T., Effects of different laser scanning modes on the
results of building recognition and reconstruction, International Archives of
Photogrammetry and Remote Sensing data, XXXIII-B3 (2000), 858-865.

Weidner, U., 1996, An approach to building extraction from digital surface
models. Proceedings of 18th ISPRS Congress, Vienna, IAPRS, Vol.31, Part
B3:924-929.

Weidner, U., and Foérstner, W., 1995, Towards Automatic Building Extraction
from High Resolution Digital Elevation Models. ISPRS Journal, 50(4):38-49.

10




