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This document presents an overview on the developed methods to acquire 3D topographic information
by combining laser and map data. It covers the work performed at ITC in 2006 as part of the RGI
project 3D Topography. The document is written for project members, students and other researchers,
who are familiar with basic photogrammetric terms. In the appendix, two technical papers are
presented, who may require some more technical background.

Special thanks for Stefan Flos, who commented on the very draft version of the report.
We hope you will enjoy reading this report and that it may be useful for further activities in the 3D

Topography project.

Sander Oude Elberink
February 2007
Enschede, the Netherlands









ACQUISITION OF 3D TOPOGRAPHY BY FUSING LIDAR AND MAP DATA

Table of contents

Lo IEFOAUCHION ..ttt ettt ettt sttt st she e bt sbe e e bt emne st saeemnesreemnennens 3
1.1. BacK@IrOUNG ..ottt st st st 3
1.2. GOAL et ettt s h et b e e n e bt e sreeseenre 4
1.3. ASSUITIPLIONS ...ttt ettt ettt ettt et e e bt e sbeeshtesateeab e e bt e bt e bt e s bt e e beesaeesabeenbeebeesbeesbeesatesaneenee 4
14. STIUCTULE ...ttt ettt sttt ettt ettt st et sb et e bt seee et s bt ems e st e emeesnesheesae bt sanennenne 4

2. BACKEIOUNA. ...ttt sttt ettt e b e st e at e et e bt et esbeesaee st e 5
2.1. 3D tOPOZIAPIY -.enteentieiieeite ettt ettt ettt ettt ettt sttt et e b e b st e s b eaee 5
2.2. Acquisition Of 3D TOPOZIAPNY .......oiiiiiiiiiiiiieiie ettt st 5
2.3. TOPOZIAPNIC CLASSES ...cutientieiiiiiieete ettt st ettt et e sbe e s st et 5

TR B 1 1 o) (0] 0155 5 (SO OO OO OO PSPPI 9
3.1 TOPTONL.....otititeeee ettt ettt ettt sttt ettt et be bt et sa e eneenes 9
3.2. AHN Lottt ettt s a e ettt eas 9
3.3. FItering 1aser data ......cc.coiiiiiiiiiiieeee ettt ettt et e 10

4. Data fUSION. c.ceutiiieieiieiee ettt ettt ettt s h et sttt ettt sa e re bt et eee e 13
4.1. INEEOAUCTION ...ttt ettt e e be s nee e 13
4.2. Problems With fUSION ........cooiiiiiiiiiric et e e 13
4.3. Combined merging algorithm and laser data selection.............cccceeveeneerieniiiiieenieeneeneeee, 16

5. 3D RECONSIIUCHION PIOCESS ...uvveurerutiruieerteerteenttesiteeateesteenbeesteesseesatesateebeesbeesbeesaeesatesabesbeenbeenbeesaees 23
5.1. OVETVIBW ..ttt ettt ettt sttt ettt et e se e st e e sheema e bt sene et sneeanenees 23
5.2. 3D BOUNATIES ....cuveeveniiiieienieeiteie ettt ettt sttt ettt sr st st s a e sbeenenees 24
5.3. 3D SUITACES ..ottt sttt ettt sr st st st naes 24
5.4. QUALILY @SPECES -.enveeuteeteeitte ettt ettt ettt ettt ettt e bt e sbeesbeeshtesabe s bt e bt e bt enbeesaeesabeeateenbeenbeens 25

6. Results of 3D acquisition Method ..........ccceoiiiiiiiiiiiiiiee et 29
6.1. Interchange “Prins Clausplein™........cccoiieiiiiiiiiieeiieiteste ettt 29
6.2. Interchange “Waterberg™ ........cooueeriiirieiie ettt ettt st e e e 30

7. Conclusion and FULUIE WOTK ......c.cooceereriirieiiinieiiietettreete ettt st s 35
7.1. CONCIUSION .ttt ettt sttt ettt ettt et she et et eee et saeeanesreeme e nesneenee e 35
7.2. FULUIE WOTK ..ottt sttt st s s 35

8. LILETALUIE ..eeeeneiieiieii ettt sttt ettt sttt e b e s et a e s bt et ena e st enesreeanene 37







ACQUISITION OF 3D TOPOGRAPHY BY FUSING LIDAR AND MAP DATA

1. Introduction

1.1. Background

With the growing demand for 3D topographic data the need for automated 3D data acquisition also
grows. Over the past 10 years several researchers proposed methods to acquire 3D topographic data.
Many of them focussed on 3D reconstruction of man-made objects, (Haala et al., 1998; Rottensteiner
and Briese, 2002; Vosselman, 1999). Automated methods for reliable and accurate 3-D reconstruction
of man-made objects are essential to many users and providers of 3-D city data, including urban
planners, architects, and telecommunication and environmental engineers (Henricsson and Baltsavias,
1997).

Laser altimetry provides reliable and detailed 3D data, which to certain extent, can be processed
(semi-)automatically into 3D information. The use of an additional source of information, like 2D GIS
data, can improve the reconstruction process, especially in terms of time and reliability.

In 3D topographic databases it should be possible to store multiple topographic features on different
height levels at one and the same 2D location (e.g. tunnels and flyovers). In figure 1 it is shown that
this junction of two highways needs up to four height levels at one location.

Figure 1 Complex 3D infrastructural object “Prins Clausplein’’, The Hague. Source: BeeldbankVenW.nl




1.2. Goal

This report describes the methods to acquire 3D Topography by fusing laser scanner data and 2D
topographic map data. We describe the steps to acquire 3D topographic information, focussing on the

reconstruction of road objects, including complex situations as shown in figure 1.

The focus is on the method to combine laser data with map data. Input data and results have only been

presented to verify the method.

The report should be a source of information for:
- students doing research on fusing laser scanner data and maps
- interested persons from Survey and Mapping agencies
- project members of RGI project 011: 3D Topography

1.3. Assumptions

In this report the fusion of two specific data sources have been described: topographic map
TOP10NL (1:10.000) and the Dutch national height model AHN. The working of the algorithms has
been presented using these two data sources. However, the algorithms are produced to be flexible to
use other data sources. The most important input requirements for using the algorithms are:

- Topographic map consists of closed polygons;

- Polygons have been classified into topographic classes;

Laser data has been aligned in the same coordinate system as the map;

Laser data is preferable an unfiltered point cloud.

This makes the program to a certain extent independent to the input data source. In particular, we did
not use the semantic information from the topographic map TOP10NL, because it would narrow the
possibilities to use the program with other topographic map data.

1.4. Structure

In chapter 2 the background of 3D Topography and potential 3D object features and their
representations are discussed. Chapter 3 handles the pre-processing steps concerning both lidar and
map data. In chapter 4 we describe the approach to fuse lidar data with the map data. This is a crucial
step in the automatically 3D reconstruction process. The actual conversion from 2D to 3D has been
written in chapter 5. Results of the 3D reconstruction of two complex highway interchanges “Prins
Clausplein” and “Knooppunt Waterberg” are shown and discussed in chapter 6.
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2. Background

2.1. 3D topography

There are many definitions and interpretations on both the terms “3D” and “topography”. In this
section we shortly describe what is meant with 3D topography in this research.

2.1.1. The object space is 3D

When we speak of 3D topography, we mean topographic features which boundaries are defined by a
closed polygon through 3D (x,y,z) points. Each topographic feature has a 2.5D surface description,
but can additionally contain vertical walls. Multiple topographic features can cross each other on one

location at different height levels.

2.1.2. No 3D simplexes

3D objects are based on a combination of multiple 0D, 1D, and 2D simplexes. No volumetric
instances (like tetrahedrons) have been used at the moment. Each 2D polygon from the map will be
converted to a 3D triangulated surface description, containing planar triangles for visualisation.

2.2. Acquisition of 3D Topography

Conversion from 2D map data to 3D models has been performed by adding heights to the existing 2D
map. The underlying principle is to use the laser points inside each polygon. This can be done with a
point-in-polygon algorithm. Outliers like cars and small objects already have been removed in the
filtering step. Through these laser points a plane has been fitted to calculate the height of the
boundaries. Each boundary is connected to at least two polygons, so it will be 3D reconstructed at
least twice. Constraints will decide how to handle discrepancies between multiple 3D representations.
And then, depending on the class, laser points may be inserted to the surface, which will be

triangulated to visualise the 3D surface.

2.3. Topographic classes

In this chapter we discuss the main characteristics of four important topographic classes: terrain,
roads, water and buildings. For every class we describe the consequences of describing it in 3D.

2.3.1. Terrain

In this project we define terrain as the collection of ground features, like grasslands, agricultural
fields, etc. Here, water surfaces, buildings and roads do not belong to the class terrain. In general
terrain polygons can be described with a 2.5D representation, meaning that at a certain location there
is only one height value possible. To include the possibility for a real 3D representation, we also
allow terrain features to have more than one height value at the same location. This is the case when




there is a (vertical) step edge in the surface. Boundaries have been determined in 3D, and laser points
inside the polygon have been added to correctly capture the shape of the terrain.

Figure 2 The 3D shape of terrain features is valuable for dikes, which are important objects in (e.g.) water
management.

2.3.2. Roads

In 3D topographic databases it should be possible to store multiple topographic features on different
height levels at one and the same 2D location (e.g. tunnels and flyovers). In Figure 1 (chapter 1) it was
shown that a complex junction of two highways needs up to four height levels at one location.

For cartographic reasons, we add a certain thickness to the roads. The default value is a thickness of
1.0 meter. When visualising the 3D model in situations like in Figure 1, the “flying” road objects
looks more real with a certain thickness, than without.

2.3.3. Water

Water is a special kind of object in 3D. In reality the water object is volumetric feature. The surface
can be generalised to a horizontal plane. In this research the volume underneath the water surface has
not been modelled, because it can not be reconstructed by using laser altimetry and map data.
Constrains to each of the water objects is that the boundary and its surface has the same height,
resulting in a horizontal polygon. Companies interested in the volumetric representation can integrate
bathymetric information for the shape of the bottom of the water object.
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Figure 3 Water objects are generally flat.

2.3.4. Buildings

Reconstructing buildings is a challenging task in modern photogrammetry. To correctly capture the
3D shape of buildings, one has to reconstruct roofs, dormers, walls and details on or at the building.
This challenge will be part of the PhD research in 2007 and 2008, and will not be represented in this
report.

At the moment ToplONL and AHN are not suitable for reconstructing buildings. There are too few
laser points, and buildings in TOP10NL are too generalized. The shape of reconstructed models as
shown in Figure 4 is far from reality. Details cannot be reconstructed correctly.

“Google

[u. VAT

Figure 4 Building polygons overlaid on image (left), blocks of buildings displayed with laser points (right).
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3. Data properties

This research is a part of a project to develop methods for acquiring, storing, and querying 3D
topographic data as a feasibility study for a future national 3D topographic database. Usage is
therefore made of the current national 2D topographic database TOP10vector and the national
elevation model AHN.

3.1. TOP10NL

TOPI10ONL is a digital 2D topographic database for usage at a scale around 1:10.000. It has been built
up in a fully coded object structure. The database is acquired from photographs in a 1:18.000 scale
and has an accuracy of 1-2 m.

3.2. AHN

The national Height model of the Netherlands (AHN) has an average point density of 1 point per 16
m? or better and a height precision of about 15 cm standard deviation per point. In the standard
production process the laser data has been filtered, removing buildings, trees and outliers. This
filtered dataset will normally be interpolated to a regular grid, and delivered in grid sizes of 5, 25 and
100 meter. However, in this project the original, unfiltered irregular point cloud has been used in
order to use as much information from the point cloud as possible. As one can see in the right part of
Figure 5, there are some black parts in the area, meaning that there were no reflected pulses from the
surface. This happens at water surfaces, and at large parts of some highways. This type of asphalt
greatly absorbs the laser pulse. Our program should deal with varying laser point density.

Figure 5 Topographic map (left) and laser data (right) of Prins Clausplein.




3.3. Filtering laser data

We assume that the topographic objects can all be described by smooth surface patches. The purpose
of the point cloud segmentation is therefore to find piece-wise continuous surfaces that can be used to
infer the heights of the topographic objects. Traditional filter algorithms that are used to produce
digital elevation models often completely or partially remove objects like bridges and road crossings
(Sithole and Vosselman, 2004). By segmenting a scene into piece-wise continuous patches and further
classifying the segments this problem can be avoided (Sithole and Vosselman, 2005); (Tévéari and
Pfeifer, 2005).

In our case, we do not perform a classification of the segments, but just use the segmentation results
to eliminate laser points on small objects like cars, light poles, traffic signs, and trees. By requiring a
minimum segment size, all these points will be left without a segment number after the segmentation
step and can be easily removed.

For the segmentation of the point cloud a surface growing algorithm is used with some modifications
that allow a fast processing of large datasets (Vosselman et al., 2004). The surface growing method
consists of a seed surface detection followed by the actual growing of the seed surface. For the
detection of seed surfaces we employ the 3D Hough transform. This transform is applied to the k
nearest points of some arbitrary point. If the Hough transform reveals that a minimum number of
points in this set is located in a plane, the parameters of this plane are improved by a least squares fit
and the points in this plane constitute the seed surface. To speed up the seed detection, we do not
search for the optimal seed (with most points in a plane and the lowest residual RMS of the plane fit),
but start with the growing once an acceptable seed surface is found.

In the growing phase we add a point to the surface if the distance of the point to a locally estimated
plane is below some threshold. This threshold is set such that some amount of noise is accepted. At
the same time is also serves to allow for a small curvature in the surface. For a faster processing, the
normal vectors of points are not computed and checked. The distance of a point to the local plane is
the only criterion. If a point is accepted as an expansion of the surface, a local plane needs to be
assigned to this point. In case the distance computed for this point was very small, no new local plane
is estimated, but the plane parameters of the neighbouring surface point is copied to the new point.
This strategy again serves a faster processing of the point cloud. Once no more points can be added to
a surface, the seed detection is repeated. This process continues until no more seed surfaces are found.

By requiring a minimum segment size, all points on small objects will be left without a segment
number after the segmentation step and can be easily removed. After removing these points, we have
got a filtered pointcloud, see Figure 6.

10
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4. Data fusion

4.1. Introduction

As we have seen in 2.2 the underlying principle for 3D reconstruction is to use the laser points inside
each polygon. This can be done with a points-in-polygon algorithm. This can be seen as a simple data
fusion process. What if there are no or incorrect points in a polygon. This chapter explains that for
complex situations some more knowledge has to be added to the process. In this chapter solutions will
be given for situations like:

- “no-points-in-polygon”;

- “wrong-points-in-polygon”.
When there are less than 8 laser points in a polygon, it is regarded as too few points too reliably fit a
plane through these points. Actually one needs 3 points to fit a plane. To reduce the influence of a
single laser point in the plane determination, we safely set the minimum number of points on 8.

4.2, Problems with fusion

Fusing laser data with map data is more than co-registration of the datasets into the same coordinate
reference system. A simple points-in-polygon operation can be used to connect points with map data,
but operation will definitively cause problems at real 3D situations. In this section we discuss the
problems and the solutions to fuse lidar with map data. Figure 7 shows an orthogonal projection of
laser data on the map data. Map data has been represented by yellow lines describing the outlines of
olour coded.
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When looking at a complex infrastructural object, the following characteristic problems may occur:
P1. Road features at the top level show large horizontal distortions in the map. Roads are usually
mapped from orthophotos. In a complex situation like this, the DEM used for orthophoto

production neglects the height of the higher features, resulting in a horizontal displacement.
These displacements can easily rise up to 5 meter. This means that not all corresponding laser
data will be found by performing a points-in-polygon operation. Knowledge has to be added
to correctly fuse laser data with the topographic polygon representing the object. This
problem is a wrong-points-in-polygon situation.

P2. Laser points will be reflected on all road levels. Due to the large across track scanning angle it
is possible to acquire height data at different levels at the same horizontal location. Although
in the segmentation step these points will not be grouped into the same segment, large
segments can be found each at different height levels. This problem is a wrong-points-in-
polygon situation.

P3. Problems arise when handling polygons with only a few points, due to the size of the polygon

or due to the surface material of the object feature resulting in a low point density. This
problem is a no-points-in-polygon situation.
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Figure 8 Three sorts of problems mentioned above (P1, P2, P3) when fusing lidar and map data.

Our aim is to reconstruct all topographic road features in 3D. 3D roads can intersect or they can cross
each other at different height levels. This implies topological changes compared to the 2D case where
all crossing roads are connected to each other and thus intersect in 2D. Our knowledge is that the 3D
shape of roads should be an object with a smooth surface. There should be no height and slope
discontinuities between adjacent road polygons. But, looking at the problems in Figure 8, we will get
a long list of incorrect results if we do not add this knowledge to our program. For clarity reasons, we

14
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want to point out some problems that will occur when ignoring knowledge modelling in the road
reconstruction process.

Figure 9 Situation 1 (S1) This polygon should be modelled at three different heights, but only contains
laser points on the highest level, and one laser point on the intermediate level, and no one the lowest level.

Figure 10 Situation 2 (S2) This polygon only contains laser points on the highest level; but in reality it
should contain only points of the lowest level. This polygon will be wrongly placed at the highest level.

Figure 11 Situation 3 (S3) This polygon contains more points on the lowest level then on the highest level,
but in reality there is no road polygon on the lowest level. This road polygon will be wrongly placed at the
lowest level.

15



Figure 12 Wrong laser points in polygon causes incorrect 3D results.

For some polygons we could overcome the problems of having no laser data by connecting them to its
neighbour, but as we can see in Figure 12 situation 2 and 3 need more knowledge to reconstruct
correctly.

To overcome these problems we do not want to reconstruct small road parts individually. We choose
to first connect the small road parts to each other if they belong to the same road. Then corresponding
laser points are selected that belong to the road. By performing this step correctly, we are able to
connect road parts without laser points to other road parts which have laser points (S1 and S2). But
even more important is the removal of false laser points, like situations S2 and S3.

4.3. Combined merging algorithm and laser data selection

Our approach is to merge road polygons that belong to one and the same road and select the
accompanying laser points. We start with selecting seed polygons and then grow through the graph of
all adjacent road polygons. Together with the growing of the polygon the corresponding laser point set
also grows, starting from a seed segment. The largest laser segment in the seed polygon is taken as
seed segment. In the following sections the combined merging algorithm will be described in more
detail.

4.3.1. Map growing algorithm

The map growing algorithm is based on a Hough transformation technique to find the correct
direction of growing. Starting from a seed polygon we use the graph to see which polygons are
connected to the seed. These neighbouring polygons are candidates for merging with the seed

16
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polygon. If the candidate polygon fits into this direction the polygon has been added to the growing
polygon. To see if the candidate polygon can be merged, we check if the candidate lies in the growing
direction of the seed. Once a seed has been grown, we speak of a growing polygon. In our program we
take large polygons (more than 100 meter in length) as seed polygons. The assumption is that this
road part covers enough laser points, and this road part has got enough length to give a direction to
search for.

NN f

Figure 13 Map outlines (red lines) and adjecent graph representation (black lines).

Figure 14 Growing algorithm should find connecting road parts.
2D coordinates of the nodes of the road polygons are being labelled with the direction of line
segments between two consecutive nodes. The direction of two consecutive nodes is a measure for the
direction of the road. This label is taken as artificial z-value. To get more input points for more
reliable direction estimation, points were inserted into the edges of the polygons at every 3 meter.

17



Figure 15 For every map point its direction has been calculated. Here, direction has been visualised as
colour.

Only points have been selected that are within a radius of 25 meter of the common edge with the
candidate polygon. To eliminate false directions at corner points, only points which lie in a straight
line (180 +/- 10 degrees) with its two neighbours, are taken into account. These pseudo 3D points are
taken as input in the Hough transformation. A plane is fitted in Hough space, in order to calculate the
direction of the road at any place, but specifically at the centre point of the candidate polygon. If a
line through this centre point with the calculated direction intersects with the common map line
segment, the candidate polygon will be added to the growing polygon.

This algorithm continues for all seed polygons until there are no more candidate polygons for the
growing polygon, or the growing polygon has merged with another seed polygon. In the next figures,
the working of the map merging algorithm is described visually.

Large polygons will be taken
as seeds, here indicated with
the letter S. Black points are
laser points. Red points are
map points along the
boundary.

18
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Map points that do not lie in
a straight line with its
neighbours will be removed.
Points shown in yellow. The
direction of the other points
will be taken as pseudo Z-
value and taken as input for
the Hough transformation.

The best plane in Hough
space will fit to points with
similar direction, here shown
in red.

The reconstructed plane will
give us the local direction of
the road. Direction is
displayed by the red arrow. If
the line through the middle
point of the neighbouring
polygon (indicated with a
star) intersects with the
common boundary (shown in

blue), then this polygon will

be merged with the seed

polygon.
Laser points will be added to

the grown polygon. This step
will be described in 4.3.2.

19



The potential polygon will be
added to the seed polygon;
from now on called the
growing polygon.

The process repeats until
there is no more potential
polygon to merge with, or
when the growing polygon
has merged with another seed

polygon.

Figure 16 Visualisation of one seed polygon, growing from right to left.

4.3.2. Assigning laser points to merged road parts

Adding laser points to the road polygon is an activity that will be done in every iteration step of the
map merging algorithm as described in the previous section. Laser points in the growing polygon are
added to the laser point set if they have the same segment number as available in the growing laser
point set or if they are near the plane fitted through the nearest large laser segment in the polygon.
This step is important because it selects only laser points that belong to the growing road. Doing so,
we can grow underneath several other highways, merging all small road polygons without laser points,
and connect to the other side of the interchange where we have enough laser points on the road. To
visualise the working of this step, we will introduce the next figures. Laser points are shown,
superimposed on a 3D model of the road. This model actually is the final result of our reconstruction
method (and further explained in chapter 5 and 6); here we only use the model to visualise the
assigning of laser points to the growing map polygons.

20
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A seed polygon is chosen
automatically to grow and
merge with neighbouring

road polygons.

Laser points in adjacent
polygon are added if they
are in the same segment as
the biggest nearest laser
segment in the seed
polygon, here shown in
large green dots.

And laser points have
been added if they are
within a certain distance
(1.5 meter) from a fitted
plane through the largest
laser segment.

This process continues as
long as the map polygon
growing algorithm works.
Note that in this approach
we will discard laser
points on other height
levels. This is the solution
for problems as mentioned

in section 4.2.

Figure 17 Laser growing algorithm as part of the polygon growing algorithm.

Compared to a simple points in polygon our approach performs better with selecting the right laser
data. We can see this in Figure 19. Small polygons of a bicycle tunnel are merged together, and
correct laser points have successfully been found. Laser points on higher roads will be not assigned to
the lower roads, so during the reconstruction only the right laser points will be used. The
reconstruction process itself will be described in chapter 5.

21
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5. 3D Reconstruction process

5.1. Overview

The first step of adding the third dimension to the map is to assign heights to the boundaries of all
map objects. In many cases, two objects that are adjacent in 2D are also adjacent in 3D. In some
cases, however, there will be a clear height difference for (a part of) the boundary that the objects
share in 2D. Assigning the proper heights to the object outlines then requires the introduction of
additional lines in the database.

In this research we recognise and model height discontinuities between objects that are adjacent in a
2D topographic database.

Densifi

map po

Ad

Figure 20 Overview of process from 2D to 3D.




5.2. 3D Boundaries

As shown in Figure 20, edges that are straight in the 2D map do not need to be straight in the 3D
model. To correctly capture the shape of the boundaries, the edges therefore need to be described by
more points. For this purpose, points were inserted into the edges of the polygons at every 10 m. For
all these points and the original map points the height needs to be determined from the laser data.
Every map point belongs to two or more polygons. In each of the neighbouring polygons laser data is
selected to calculate the height at the map point. In chapter 4 it was shown which laser points belong
to the polygon. In the actual reconstruction step, only laser points are selected in a certain radius
around the object points, see Figure 21. By calculating multiple heights at every map point, height
discontinuities can be detected and modelled. Several constraints have been introduced to get a
topological correct model, see (Oude Elberink and Vosselman, 2006).

Figure 21 Calculation of map point height, from grass land (left) and road object (right).

5.3. 3D Surfaces

Adding height to a 2D object not only means giving height to the boundaries of this object, but also to
the surface of the object. Most of the terrain objects show some relief at its surface. Laser points lying
on the terrain (i.e. not on buildings, roads, trees, water) are used as nodes in the surface TIN model.
To get a smooth surface at road objects, map points at road boundaries have been used to generate a
constrained TIN model, without adding laser points lying on that road. Trees and buildings have not
been modelled in this part of the research project.

24
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5.4. Quality aspects

In this section we describe several quality aspects of the 3D model. The quality of the result depends
on the quality of the input, and the processing steps to come to the result. We will discuss issues like
geometric accuracy (both horizontal and vertical), reliability, and describe at which steps in the
process is space for quality improvement. Quality of the 3D reconstructed models has not been tested
in practice; this section handles the theoretical quality aspects.

5.4.1. Boundaries

Our algorithm does not change the horizontal position of the input topographic data. The horizontal
position of boundaries has been determined in the map production process, by means of operator
assisted photogrammetric measurements.

Height of boundary points has been determined by the height of a plane fitted through at least 8 laser
points near the boundary point. The plane has been fitted in a least-squares fitting algorithm. The
accuracy of this object point can therefore be divided in two groups: influence of quality of laser
points, and a contribution due to interpolation uncertainties'. We assume that the segment-based
filtering was performed correctly, and that all remaining laser points actually lie on the surface.

A practical manner to estimate the quality of laser altimetry data for a certain area has been described
in (Oude Elberink et al., 2003). The authors describe several sorts of error sources in the chain of data
acquisition and compute their influences when looking at a certain area. In this section we focus on
the laser point noise and the systematic error for a group of points. Knowing that the program at least

takes 8 laser points, the influence of laser point noise will be reduced by at least a factor V8 =3.

Assuming that the average airborne laser point noise is about 10 cm, the contribution due to laser
point noise is in the order of 3.5 cm. Systematic errors of this group of laser points consist mainly of
GPS/INS errors and strip adjustment errors. Looking at the experiences described by (Oude Elberink

"It even can be called an extrapolation error because the object point generally lies on the outside of the group of
laser points.
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et al., 2003) we can roughly take an estimation of 7 cm for our situation. More precise value can be
computed after performing a strip adjustment to the laser data. Preferably, quality descriptions will be
delivered together with the laser data.

Interpolation errors are harder to predict, because they depend on whether the local situation between
the laser points and the object point can be represented by a planar surface. Looking at the
construction of road objects, the assumption that the laser points and the 3D boundary lie on a planar
surface is quite correct. But, as we have seen in chapter 3, situations exist with large areas with no
laser data. In that cases a plane has been fitted through points that might lie 15-25 meters from the
object point. If there are less than 8 points in a radius of 25 meter, then the height of the object point
will be interpolated through its neighbouring object points. Doing so, we showed that we can bridge
gaps of more than 70 meter without laser points. In these cases interpolation errors are closer to 1
meter than 10 cm.

The boundary of terrain objects can show larger distortions because the terrain near the boundary
might not be correctly represented by a plane. If the terrain object connects to a road object, then the
common boundary will be taken from the laser points on the road object’, resulting in a better
determination of the boundary.

Geometric and topologic constraints have been introduced to narrow the possibilities for 3D
reconstruction. These constraints improve the reliability of the model, because it integrates object
knowledge with data driven approach and therefore introduce data-independent information.
Improvement of the vertical accuracy of boundaries can be made by increasing the point density of the
laser data. This will decrease the size of gaps with no laser points, and it can decrease the radius
around an object point for selecting laser data to fit a plane through. The latter will reduce the
interpolation error in rough areas.

5.4.2. Surfaces

Quality of average heights of surface patches mainly depends on the systematic errors in the laser data
for that area. For large areas this means that only the block error is of major influence. If the
acquisition has been done under normal conditions, the systematic height error for large areas is in the
order of 5 cm.

Locally the height variation is larger, because of the influence of a single laser point uncertainty, and
the local terrain variations that could not be covered in the laser data.

Local height accuracy can be improved by using higher laser point density data. Then, the triangulated
surface will represent the shape of the terrain with more detail, resulting in a more realistic model.

2 This constraint holds if the difference is less than 1.5 meter. If the difference is more, it is expected that the road
object and terrain object are on different height levels, and do not connect in 3D.
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6. Results of 3D acquisition method

6.1. Interchange “Prins Clausplein”

Interchange “Prins Clausplein” is a challenging infrastructural object to reconstruct. The presence of
four height levels of highways causes many obstructed views, and many small road polygons. This
results in several gaps in the laser data. Additionally, due to the weak reflectance of some (low) parts
of highways (asphalt absorbs laser pulses) point density decreases to 1 point per 100 m?, and in
extreme cases 1 point per 400 m*. These are the main reasons why this interchange is a challenging
object.

In the following we show several screenshots of the 3D reconstructed model. The model has been
reconstructed automatically, without manual intervention or editing. The operator only has to tune
some parameters, e.g. concerning the size of small objects to be filtered, the size of the seed growing
polygon as explained in 4.3.

Figure 23 Simple interchange with lake objects.
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Figure 25 A closer look at four height levels.

6.2. Interchange “Waterberg”

In Figure 26 topographic map data and laser data are shown for interchange “Waterberg”, situated just
a few kilometres north of Arnhem.
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i

Figure 26 Input data sources of interchange ''Waterberg''; topographic map TOP10NL (left) and AHN

point cloud (right).

Remarkable in the laser data is the lack of laser points at interchanges, see Figure 27. These were
filtered out by the flying company, on behalf of the Survey Department, who used the laser data for
production of the AHN model. When processing the topographic map data, several sliver polygons
caused problems by destructing the topologic relations. These sliver polygons were not visible at first
hand, because they covered not more than 2 cm. These sliver polygons can easily be removed in
software packages like ArcGIS.

Figure 27 Lack of points on interchanges: some of the gaps cover more than 2000 m’.
In the following several screenshots are shown for interchange “Waterberg”.
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Figure 29 3D model of '"Waterberg'', looking southward.
At some locations in the terrain, gaps are visible in the 3D model. Most of these gaps are vertical gaps

between two terrain polygons, as shown in Figure 30 and Figure 31. This happens when the height
difference between the calculated heights from both sides of the boundary is larger than 1.5 meter. By
default, this is the minimum value for recognising multiple height levels on topographic boundaries.
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Figure 31 Oblique view on vertical gaps (left) and top view (right) on 3D model.

These kinds of failures can be avoided when removing these terrain-terrain boundaries by merging
terrain polygons. One has to be sure that these polygons are on the same height level; this can easily
be checked by the operator. Another solution is to adjust the constraints for these terrain-terrain
boundaries. In Figure 32 the constraint of gluing two terrain boundaries together is set on 2.5 meter.
For other topographic features it is still set on 1.5 meter.




Figure 32 Boundaries between two terrain object are merged if the height difference is below 2.5 meter,
instead of (default) 1.5 meter.
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7. Conclusion and Future work

7.1. Conclusion

We have presented a method that recognises and models height discontinuities between objects that
are adjacent in a 2D topographic database. A segmentation algorithm has successfully been used to
connect laser points on smooth surfaces and remove small segments. A combined map and laser
growing algorithm has been developed to merge road polygons that are connected in 3D, and the
accompanying laser points are assigned to that polygon. Occluded road parts are created automatically
when two roads cross in 3D. First, the 3D boundaries have been determined by fitting planes to
neighbouring dominant laser segments. Several connection rules have been applied to get a tight
model at object boundaries. Several conditions have been applied to get horizontal lakes and smooth
roads. At interchanges and flyovers additional boundaries have automatically been reconstructed to
allow the reconstruction of 3D objects.

7.2. Future work

Next, focus will be on the detailed reconstruction of buildings, by fusing higher point density laser
data with large scale topographic maps. Reconstructing buildings is a challenging task in modern
photogrammetry. To correctly capture the 3D shape of buildings, one has to reconstruct roofs,
dormers, walls and details on or at the building. This challenge will be part of the PhD research in
2007 and 2008.
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topographic database using airborne laser scanner
data’.
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ABSTRACT:

Lasar altimetry provides reliasble and detailad 3D data, which te cartain extent, can be pocessad (semi- mutomatically into 30
infermation. The use of an additional source of information, Like 2D GIS data, can improve the moonstruction process, espacially in
erme of time and reliability. This paper describes the reconstruction of 3D topographic objects by fusing medium scale map data
with the national beight modal, acquired by airthbome lasar altimetry. We assume that the topographic objects can all be described by
smonth surface patches. We therfor first process the lasar data o extract the larger smooth surfaces. Discontinuities ame, however,
presaved. The mesulting set of lass 1 poinis is usd o first assign beights to the lines of the 2D GIS data and later on b0 moonstoruct the
surfaces of the objects. A sat of processing mles is usad in the first siep to obtain the most likely beights of the ohijpct outlines. A
constraint Delaunay wiangulation of combined 30 owtline points and lsser points iz vsed for the surface meconstruction. The

devalopad method is demonsiraed with a 3D recenstruction of a complex metorw ay interchangs .

L INTRODUCTION

With the growing demand for 30 topographic data the nead for
automated 3D data scquisition also grows. Cwer the past 10
vears several msearchers propossd methods o acquire 3D
topographic data. Many of them focussed on 3D moonsmaction
of man-made chjects, (Haala et al, 1998; Rottensteiner and
Brigs, 2002; Vosalman, 19990 Automated methods for
reliable and accurate 3D moonstruction of man-made objects
ane essential o many vsrs and providars of 3-D¢ city data,
including vrban plannems, archilects, and telscomumunication
and ervirenmental engineers (Henricsson and  Baltsavias,
1997

Lasar altimetry provides mliable and detailed 300 data, which to
certain extent, can be processad (semi-jautornatically into 3D
information. The vse of an additicnal source of information,
like I GIS data, can improve the moonstuction process,
agpacially in tarms of time and reliability.

This paper describes the mconstuction of 3D topographic
abjects by fusing medinm scale map data with the national
height model, acquined by airborme laser altimety. This topic is
part of a larger esearch project handling the data modalling,
acquisition and analysis of national 30 topographic databases

In saction 2 we first describe related work on 30 meonsmaction
from laser scanner data. The datasats, advantages of merging
information and the properties of an exension of a topographic
dambase o 3D ae discused in sction 3 In saction 4 we
describe the approach to derive the A0 tapographic information.
Adding beight to a 2D topographic database not only mquimes
amigning heights to the ohject boundaries, but alse neads the
introduction of surface  descriptions.  Resalts of the 3D
reconstruction of a complex highway inerchange are shown
and discussad in saction 5.

L RELATEDWORK

Crver the past ten years airborme lasr scanning hae broadened
itz application fields frorm a suitsble technique for the
acquisition of digital &rmin models o moe  deilked
meconstruction tasks like the acquisition and modelling of 3D
{topographic) objects (Maaz, 20010 When used for the 3D
reconstruction of buildings the increasing amounts of points
contain mom and more information about the shaps of
buildings. Therefore metheds for 30 mconstruction can ke
more data driven and peed lesa specific object models
{Vossalman, 1599

Ther are several papers concerning the mcoonstruction of
abjects from laser data without vzing additional information
sourcas like 21 maps or serial images Most of them discuss the
meometric moonstmiction of bayidfdings in dense laser scan data,
(Vosselman, 19093,  (Mam and Vosslman, 1999}
{Rottensteiner and Brisse, 2002 ), (Elaksher and Bathel, 2002}
{Maas and Wosslman, 1999) suggest when using laser
altimetry data with a point density of 01 point / m® or less, the
usa of GIS data is pecessary to sucoessfully meonstruct building
mofs. (Rotenstainer and Briess, 2002) also sogpest b0 usa
imaga adges for matching roof adges, o improve their building
extraction mesulis. In (Rottensteiner and Briesa, 2003 they
presant the use of image segments to find planar egions and
use image adgas to fit wine frames.

The use of an additicnal source of information can improve the
meonstruction  procesa, especially in terms of time and
reliability. Sevaral papers describe the advantage of using both
laser data and 2D maps. 2D maps provide outlines, classified
polyzons and topologic and 2D ssmantic information. Although
mast of the papers in this field discuss the econstction of
Buildings, (Haala et al, 1598), (Brenner, 2000, (Vosselman
and Dijkmar, 20013, (Cwerby et al, 2004), (Hofmann, 2004)
and { Schwalbs et al, 2005 ), there are some authors handling the

3 Presented at ISPRS symposium Commission III, Bonn Germany, 20-22 Sep 2006
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moeonstruction of arker sopographic oljeas, like roads in
{Vossalman, 200%) and (Hatger and Brenner, 2003), roads and
lakes in (Kech, 20043 or unclassifised break lines (Briess,
2004y The purposes for inegrating map data and lasar data
vary from improving the filkering process for DTM generation
by emplicitly modelling 3D breaklines (Briesa, 2004) to mpid
acquizition of 3D city medels for virtwal reality applications
i Hemla at al, 1998).

In this esearch we recognise and modal height discontinuities
b twrzen objects that are adjacent in a 2D wopographic databass .
For modelling the surfaces of the 3D topographic ohject a point
clond segmentation algorithm is vsed. This algorithm presarves
height discontinuities, but & liminates small ohiects like cars and
traffic signs that should not be included in the 3D topographic
databasa. Filtering algorithms are also usad to salect the cormect
laser points for modalling the object surfaces.

i DATA PROPERTIES
31 Datasouroes

This research is a part of a project to develop methods for
acquiring, storing and querying 3D wopographic data &8 a
feasibility stady for a futare national 3D topographic databass
Daage is therefor made of the cument natonal 2D topographic
databasa TOP1Ovactor and the national alevation modal AHN.

TOP1tvector is a digital 2D topographic database for usage at a
scale amund 1:100003 It has been built up in a fully coded
abject stucture. The database is acquired from photographs in a
1:18000 scale and has an accuracy of 1-2 m. Small buildings
like houses, are stored in a different layer and are net shown in
figure 1.

1 x“}'f} e oA s
Figure 1: The shady area in the TOP1Ovector databasa.
The naticnal Height model of the Metherlands (AHM) has an
average point density of 1 point per 16 m? or batier and a baight
pracision of about 15 cm standard deviation per point. In the
standard production process the laser data has been fillered,
removing buildings, mees and outliers. This filkered dataset will
nomnally ke interpolated to a mgular grid, and delivered in grid
aimes of 5, 25 and 100 meter. However, in thiz project the
ariginal, unfilterad iree gular point cloud hes been used in order
to use as much information from the point cloud as possible
(Figure 2}

:.- % s " 1 4 e
Figure 2: Colour codad AHM elevation data of the study ama.

31 Data fasion

The existing topographic data delivers a large amount of
topological and samantical information. Ohjects in topographic
meps have been claszified by human inerpretation of serial
images. In this step the outlines, classification and samantics of
topographical features are baing stored for every object We
describe four different examples, showing how 20 map data
can be usad to batter process the laser data:

L Outlines. Although there might be small planimetric
discrepancies between map data and laser altimetry data,
the map data dalivers information at chject adges where
there might b a changs of class, resulting in break lines in
the height data. Oullines can also be wsed as input for
partiicning the 2D ebject {Haala et al, 1998), {V osselman
and Dijkman, 2001 ).

2 Classification in relaion o individual laser points:
Becausa the ground struchare at the earth surface has
influance on the characteristica of the mturped lasar pulse
(Juizi and Stilla, 206063), (Pheifer et al, 2004), this class
information will be vsed a8 input knowledge to further
prescoss the lasar data

3 Classification in relaticn to groups of laser points Where
the prewious step focussed on the behaviour of individual
laser pulses, the class information can be extended to
groups of lasr pointe. Lakes should be horizantal, mads
should be smooth, and vegetaled areas can show varying
hieights. Ulzing the information that roads should be smooth
in 3D, belps to determine filter parameters for road
potygons, filtkering out laser peoint: mflected on small
objects like cars, containers, raffic lights atc.

4. Semantics. Ome step further is the implementation of
knowladge about an object in mlaticn o its neighbouring
objects. A goed example is given in [Koch, 2004] where
the ohjzct “lake’ has not only to fulfil inemal constraints
(the lake should be herizontal ), but it also has o e balow
ite neighbouring objecta To give another example,
moonstructing o interscting reads should msult in a
smocth surface at the junction.

3.5 Featwres & representation

In the 2} map used in this project, road sepments are
represntad by clossd polygons. Ils geometry has been defined
by the coordinates of vertices and the wpology. In the map
implicit height information can be stored by adding *hidden®
objects classifications to polygons covering locations with
multipla land vsa. Figura 3a shows that the middle polygon has
two classification atribules: ‘visible road 1' and *hidden road
2. Figure 3b clarifies that adding height to 2D vertices is not
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anough to gat a 30 model. At a certain point the tamain will
connect the upper mad with the lower road; part of the adges
between terrain and road, which wer conpectad in 20 do nat
connect b each other in 300 This means that additional 30
adges have to be ceakd for overlapping objects. Our task is to
derive a method which automatically delermines the lecation
and shape of the inkerchangs by adding laser data to map data.
In the mext chapter we describe a method, which integrakes
abject knowladge into the mconstmaction of 3D infrastruchiral
ohjecis.

aj by
Fignm 3: Fhy-cverin a 20 (a) and 3D representation (b
4 APPROACH
4.1 Pre-processing 21} map

As shown in figure 3b, edges that am straight in the 2D map do
not peed b be straight in e 30 model. To comectly capture the
shape of the infrastmuctural objects, the edges therefome nead to
b dascribed by more points. For this purposa, points were
inseried into the edges of the polygons at every 10 m. For all
these paints and the criginal map points the height neads o be
deermined from the laser data.

4.2 Sezmentation

Wi assume that the pographic objacts can all be describad by
smocth  sirface patches The purpose of the paint cloud
sagmentation is themfore o find piece-wise continuous surfaces
that can be usad to infer the heights of the topographic objects.
Traditicnal filter algorithms that ame vsad to produce digital
alkevation models often compleiely or partially remeve objects
like bridges and road crossings (Sithole and Vosselman, 2004}
By segmenting a scens into piece-wise continuous patches and
further classifying the ssgments this poblem can ke avoidad
(Sithole and Vossalman, 2005 ( Tdwiri and Pheifer, 2005

In our casa, we do not parform a classification of the segments,
bt just uss the segmentation meulis o aliminate lasar points on
amall objects like cars, light poles, traffic signs, and mees By
equiring a minimum segment size, all thess points will be ki
without a sagment number after the sagmentation sep and can
b @asily rermoved.

For the segmentation of the point cloud a surface growing
algorithm iz vsad with some modifications that allow a fest
processing of large datasats (Vosselman et al, 2004 The
surface growing method consists of a seed surface detection
followed by the actual growing of the seed surface. For the
detection of sed surfaces we amploy the 3D Hough transform.
This transform is applied to the k nearest points of some
arbitrary point If the Hough transfomm meveals that a minimum
number of points in this sat is located in a plane, the parameters
of this plane are improved by a Jeast squapes fit and the points
in this plana constiiote the sed surface. To spaad up the seed

detaction, we do not search for the optimal ssed (with most
points in a plane and the lowest msidual RMS of the plane fit),
but start with the growing once an accepiable ssed surface is
found.

In the growing phase we add a point W the surface if the
distance of the point to a locally estimated plane is below some
threshol. This threshold is sat such that some amount of noiss
is acceptad. At the same time is also srves to allow for a small
curvature in the surface. For a faser processing, the normal
vectors of points ae not compuied and checked The distance
of a point to the kocal plane is the only criterion. If a point is
accapted a8 an expansion of the surface, a local plane needs to
b assigned to this point In case the distance compuied for this
point was very small no new local plane is estimaked, but the
plane parametars of the neighbouring surface point is copiad to
the new paint This strategy again sarves a faster processing of
the point cloud. Onee o more points can be added to a surface,
the seed delection is mpeaied. This process continues until no
meore szed surfaces am found.

4.3 3 mconstruction method

The first sep of adding the third dimension to the map is to
mmaign heights to the boundares of all map objects. In many
cass, two objects that ame adjacent in 2D are also adjacent in
0. In some cases, however, there will be a clear height
differnce for (a part of) the boundary that the objects sham in
2D Assigning the proper heights to the object outlines then
mequires the introduction of additional lines in the databesa (cf
saction 3.3

For each point in the map lines afier the densification (section
4.1}, the objects with boundaries containing this point are
salacted. For each of the ohjects around a point the height is
derived from the laser points inside the object outline. For this
purposa the sagmentation msulis are usad. First the k laser
points that are nearest o the map podint ae salected. Meaxt it is
detarmined which sagment number is most frequent among the
salactad laser points. A plane is fited through the lasar paints
of the most frequent sagment number and the beight of this
plane at the lecation of the map point is taken as the boundary
height. The usage of the most frequent segment number has
proven usaful in cemes of a slight mismegistration between the
map and the laser data In this casa points of a high object may
be locakd inside the boundaries of an adjacent low object or
vice versa A straightforward fitting of a surface o all laser
points near the map point would ten lead to armors. The
slaction of the points of with the most frequent segment
number makes the height assignment moe obust.

Onoe a height has been estimated for all ehjects around a point,
it meads o be delermined whether cbjects with similar heights
should shae the same 30 boundary point. A series of
proveszing mles is used o make this decision:

- If a water and a meadeow ohjact are adjacent, the haight of
the meadow boundary point is sat to the height of the water
kvl This ensures that the shores of water areas ar hori-
zomtal (Koch, 20041

- If there iz a small height difference be ween two objects of
the same type, a common 30 boundary point is usad with
the average height of the two chjects

- Ifthere iz a srall height difference be tween a road object
and amather object, the height estimaied for the wad cbject
is taken as the height of a common 30 boundary point This
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mule is usad becans the heights on (the very smocth ) road
surfaces can be astimated more accurataly.

Figure 4 shows an example of a Bw oad and meadow objecis
of a road junction. At the locations where the road surface is
above the ground level additional objact lines ae introduced o
mi=de ] the height difference.

Figure 41 2D map lines of a Ew road and meadow objcis
{keft) and perspactive view on the reconstrucied 30
object boundaries (righty

4.4 Surface modelling

In the previous section laser data has been wsed o assign
heights o the dense map poinis, which are situated on the
object koundaries. Adding height to a 2D object not cnly means
fiving height to the boundaries of this object, but also to the
surface of the object Most of the objects show some mlie f at its
surface, like stnktures on the roof of a building and heighe
differences in grasslands.

To obtin a malisic surface model, a Delsunay riangulation
was performed with the sat of dense 3D map points combined
with the sat of laser points. However, road and watar objects ane
wiangulated without uzing the lsser points. The motivation is
that the msulting 3 road will be smoother, which can be ssen
as a generalization choice in 300 Implicitly the laser points on
the moad segments almady gave their beight informaticn to the
map points, s described in saction 4.3, In all triangulations the
abject boundaries have hean added a8 constraints.

Morphological fillering has bean applied to prevent umwanted
spikes near adges be ween roads and meadew. Thess spikes ane
causad by misregisrations batween the laser and map data, & g
when lmser pointz are locaked within meadow polygons but
actually lie on upper roads of the inerchangs. Thess mistakes
did not influence the height dete rmination of the map points {in
saction 43), because a plane was fitted through a dominant
segment of laser points. However, when adding individual laser
points to the surface thess errors show up as steep triangles in
the TIM, and have to be removed. This filtering is performed for
aach ohjact separataly.

In 3D, road objects can b modellad as volume objects, instead
of surface objects. At this moment we have added a fixed,
predefined thickness of 1 meter, undermeath the road sorface to
improve the visualisation at inkerchangss and flyovers In the
future tarmstrial lasar data will be integrated to be able o madal
the object parts which can not be ssen from serial lasar and
image data. For visualisation purpossz  the  boundary
represntation has been converied to VEML 2.0 format.

5 RESULTS

Figure 5 show s the result of an important preprocessing step on
the laser data: rerneving small s gmeniz from the point cloud. Tt
can be ssen that meny small Eaties like cars and bushes are
heing removed in this step.

Bprs E o
igure 5 Laser scanner data before (eft) and after (right) the
remnoval of amall sagments. Black areas contain no
lasar points.

Mot that on some parts of the roads even in the unfiliered data
sat only a Bw leser points eharn from the surface. This type of
ssphalt partly absarbs the laser pulse, resulting in lower point
density on mad cbjects. Only for small 2D road objects the low
point dengity results in wneliable 30 meonstniction (cf figune
101

Figure &1 Aaerial photograph of the m;:nt-:nrwnf.l inerchangs (&
Pictue archive of the Ministry of Transport, Water
Management and Public Works) and meconstructad
msderl.

Figure & illustrates the motorway interchangs on an oblique
photograph (left) and s reconstructed model irighty. As the
picture is taken in 1983, a few objects have changed aver time.
In figura 7 the reconstrucied medal of the test mgion is shown.
All ohjects have kept their classification type of the 2D map (cf.
figure 13 For simplicity masons, we choos to assign all objects
te four classes ad (geyl, meadow (green), water (blue) and
building (light grey) The focus is on the reconstruction of
infrasructural objects and the cormections to the terrain. In the
upper keft part of the scere two large spikes show up The
salection of suitable laser points for plane fitting for the height
determination of the map points has failed there. The easen is
that the laser data ends a few meters behind those map points.
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Fignre T Cwerview of meconstrucied sceme with complex
infrastmactural ohjects

In the next figures we will discuss this msult in detail. Figure &
& G show results for our reconstniction method. Water objects
are horizental and the neightouring meadow objects connect o
the water boundaries. The uvpper road in figure 8 s
reconsirucied above the water and the cther mad and connects
to terrain at the corect position Mate that the black objects
undarmeath the flyovers am still holes in the medel Thes holks
will be filled up in a later stags, aither in an inke gration process
with termstrial laser scanner data or by adding other
information to the model This information can be in the form
of ohjgct knowladge: most of the holkes can be filled up by
interpolation batwean the two neighbouring objects.

Figure & Reconstructad inerchange, together with watar and
meadaw objects.

Figure % Result for the reconstmiction of the body of the
flyaver, and the flying roads.

Figure 10 Holes due to hiddan object parts and lack of suitabla
laser paints. The whik circles show the locations of
thres holes.

Figure 10 shows that some road object parts are missing on the
lower mgion of the flyover. For some parts the reason is that
ther iz a moonstmictad road object on an upper kvel of the
flyover, resulting in gaps at all lower kvels. Another reason for
missing parts is that the number of laser points may bacome too
amall to reliably fit a plane through these lasar points, @ we
aleady have sen in figure 5. This means that the boundaries of
thesa chject parts cannot be dete rmined in A0 We decided not
to add thoss unmliable parts in the model Additional
kmowledge has to be put into the econstruction process to
constrain the connectivity betwean object parts, which represant
the sarme real world objpct

6. CONCLUSION & OUTLOMK

Wa have pressnted a methed that ecognises and models height
discontinuities betwean ohjects that ae adjacent in a 2D
topographic  database. A sgmentation  algorithm  has
sucoessfully been uvsed o conpect laser points on smooth
surfaces and remnove small segments. First, the 3D boundaries
have been determined by fitting planes o npeighbouring
dominant laser sapments Several conpection rules have been
applied o gat a tight model at object boundaries. Seweral
conditions have bean applied to gat horizontal lakes and smeath
mada. At interchanges and flyovers additional boundaries have
automatically been meonstuctad to allow the meonsiruction of
3D objecta.

In the pear futue we will focus on how o add missing
polygons to hidden objects. Knowledge about semantics and
topalogy will be inke grated with reconstroction me thod in onder
to overcome the lack of laser points on hidden chjects Togather
with other essarch partners we ae working on the modelling of
volumne ohjects in a TEMW data structupe. This gives the
oppornity o meconstruct 3D models with 30 primdtives
instead of with 20 surfaces. Mext, focus will ke on the detailed
reconstruction of buildings, by fusing higher point density laser
data with largs scals topographic maps
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Appendix B: 3D Modelling of topographic objects by
fusing 2d maps and lidar data®.

3D MODELLING OF TOPOGRAPHIC ORJECTS BY FUSING 2D MAPS AND LIDAR
DATA
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ABSTRACT:

In the past Bw yaars the number of applications that vse 3D information of topographical objects incmazed rapidly. With the
srowing demand for 3D topographic data the meed for autematad 3D data scquisition also grows. Height information can be
extractad from aitbore or teresirial acquisition methods, but can alzo be modalled as implicit samantic information. Adding beight
information to existing features iz insuffickent; addiicnal features have to be acquired and existing features might get an exira
dimensicn (surfaces can be converied to volumes, atc). The challengs is to produce samantical, geemetrical and topological eormct
3D topography. In this paper we describe the steps to acquie 3D topographic information. Special attention lies on the vsar
mquiements of 30 modala. Thess requiements have been accomplizhed by information analy zsis at four major geo-information
arganizations in The Metherlands. The four ceses describe the wishes and requirements for 30 data and medelling. The most
important acquisition task is the modelling of 30 infrastroctue and 3D building models In this paper we will focus on the medelling
af A0 infrastucturs in general, and specially the eoongruction of hidden infrastuctural chject parts. The developed method will be
demanstrakd with a 20 meonstuction of the camplax motcrway interchangs ‘Pring Clans Plein’ nesr The Hagoe, The Mathe rlands
with mltiple infrastnictural objects croaging each other at different height kvela. Although the focus in this paper will li: on the
midelling of 20 infrastruchom, the presentad 30 map includezs the medelling of topographic faatums compktely covering the tarrain.

L INTRODUCTHMN The vse of laser altimetwy as data sowce for the (semi-)

automatic reconstruction has been described by several authors

In tha past few years the number of applications that vsa the 30
information  of topographical objects  increassd  rapidly.
Examplss can ke found in location based services virhaal
reality tasks, visualisation for city planning, etcetera Thess
applications mequire A0 topographic input data. Acquiring 3D
topographic information i even more complicated than 20
data

With the growing damand for 2D topographic data the nead for
automiatsd 300 data acquizition also grows. 3D data acquigition
and ehjct moonsmiction i2 corventionally performed using
atamo imags pairs. Photogrammetry is a classic, accumile and
operational approach for 3D data acquisition (Tao, 2005
However, the autematad reconstruction of buildings vsing onby
gerial images as data source has been proven to be a very
difficult problem { Suve g and V ossalman, 2004).

Figure 1 Exampk of a 3D modalling
application.

{Brenner, 2000; Elaksher and Bethel, 2002; Maas, X301;
Wozslman and Dijkran, 2001) and shows great potantial to
meliable 30 surface modelling. Some of them wse additional
information, like 20 GIS data, in one or more seps of their
mithiods.

Corectly combining height information with existing 2D maps
has @ great podential for a fast, accurate and highly automated
acquisition of A0 maps Several papers describe the advantags
of using both lasar data and 20 maps (Brenner, 2000; Haala at
al., 1998, Hatger and Brenner, 2003, Hofmann, 2004, Koch
2004; Rotenseinar and Briss, 2002; Vossalman and Dijkman,
2001 ). Topographic maps provide cutlines, clasifisd polygonsz
and topologic and 20 samantic information. The purposes for
integrating map data and lazer data ranges from improving the
filering process for DTM gereration by explicitly medelling
3D beaklines (Briess, 2004) to rapid acquisition of 300 city
midals for viroal rality applications (Haala et al, 1998

In 3D mapa it should be possible b0 scquie multpls
topographic feaies at one and the ame 2D location jeg
nnnels, flyovers, etch. Height information can be extractad from
aithorme or temestrial acquizition methods, but can alzo be
modelled as implicit sermantic information.  Adding height
information W existing features iz insufficient; additional
feamims have to be acquirsd and existing featues might gat an
extra dimansion (surfaces can ba convertad to volumes, abc).

* Presented at ISPRS Symposium Commission IV, Goa, India, Sep. 25-30, 2006.
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When aiming for fully 3D models, the velume below and on op
of the object suface has t© b modelled. Mot only does this
mean that acquisition of multipke cartographic ohiject types at
ong kocation s possible or necessary at interchanges, brid ges
atc, but it alse means that vertical object planes have o be
acquired. Existing 20 objects that indicate height information
have to ba revisad. In [Penninga, 2005] a summary is given of
some mpEsntations of height information: height contours,
shadowing, hatches to indicate height differences at banks and
dikes If the user really can explore the third dimensicn some of
these ohjacts will become suparflucus.

This reszarch is a part of a project to develop methods for
acquiring, storing, and querying 3D wpographic data @ a
feasibility stady for a futae national 3D topographic databeass
Usags is therfore made of the curment national 2D topographic
databasa TOP1Ovactor and the national alevation modal AHMN.

The topic of this papar is twofold. Special atention Lies on the
usar ceses of 300 medels. These casss have bean accomplished
by information analysiz et four major  gec-information
organizations in The Metherlands. The cases describe the wish
and requiremenis for 30 data and modelling, addad with a list
of scientific activides to fill the gap between the wishes and
reality. Thesa user casas have been highlightad in chapier 2.
Sacond issue is describing one of the first research activities:
the medelling of 30 infrastructure. In this paper, chapter 4, we
will focus on the modelling of 30 infrastruchae in general, and
specially the recomstrucion of hidden infrastmoctural object
paris.

1. USER CASES

In cur mesarch project we dafined and analyzed four user cases.
Each user case mpesents the 3D modal requirments of one
spacific organization to perform their 3D modelling and
visualization tmks.

L1 Survey department of Rijksw aterstaat

Rijkawaterstaat is msponsible for the mainenance of national
highways and waterways, including bridges, dikes and the
navigability of canals. Geo-information of these infrastrucharal
objects has been acquired at several scales, using several
spaceborne,  airborne,  termstrial  and  hydrographical
measuement chniques. Rijkswaterstaat focuses on improving
the acquizition, storage and distribution of their geo-
information data. To swccessfully offer their web basad geo
information  sarvices  and  applications, Rijkswatarstaat s
locking for the optimal production of 2, 25 and 3D geo-
information. Their focus is on the large scale topography of
infrasructural objects and the medivm scak  landscaps
mizdelling and visualization.

L2 Mumicipality Den Bosch

Den Bosch aims for the pmoduction of a large scale 3D GEO
database to inform citiens and to suppert other depariments for
real astata taxes, city planning noise medelling etcetera. Their
main mtive for scquiring 3D data is to modal and visualiss the
“as-ig” situation. Den Bosch has many situations with multipla
land use, like shown in Figure 2. At the moment they have o
stone these multiple classifications in multipla 2D layers, which
makes it hard to perform 30 modelling and visualisation tasks.

[FRie=h i
Figura 2 Multipla land uss at one location: buildings
on top of a canal.
Their list with 30 mode] equirements starts with the modalling
of shapes of buildings, followed by the possibility to store and
analysa multipk echjects on Wwp of each other. Ressarch
activitisa have bean detarmined in the fiald of sami-automatic
reconstruction of buildings, using high point density airbore
and ermesrial lasr scanner data together with a large scale basa
map (scale 1:1000). Thes activities will be carried in 2007 and
2008,

L3 Water boards

For the inspacticn and mainenance of egional dikes, bridges
and walerways, the waker board needs up-to-date and reliabla
seo-information. For several applications, @.g. when combining
twpography with hydrological, geclogical and geotechnical
information, it is pecessary o use full 3D topographic
information. At the moment most of the water boards use large
scale 2D base maps and high point density lasar data separately
from each other. Intagration has been done visually by the usar
information from one source can be used to batier interpret the
ather. Raquirements for a 3D modal is that beaklines, &g on
top and at the bottom of a dike, ae modellad with high
pecizsion. Breaklines are important features for the condition
{shape and sirength) of dikes The recenstruction of beallines
from laser scanper data hes previously been described in
(Brigs, 2004} Our esearch activities ae planned for 2007 and
will focus on the inegration of existing X0 maps and high point
density laser scanmer data, using a full 3D model data stmcture
{e.g. a TEM structue j, as described in (Penninga, 2005}

L4 Topographic Mapping Agency

The Topographic Mapping Agency of the Dutch Cadastre
produces national 2D wpographic databases from  scale
11000 £ 1:250:000. Users can ba found in several public and
privake sactors in the Matherlands. To come to mest the growing
3D desires of the vusers, the Mapping Agency would like to
implement the third dimension to their products. They
participate in this mssarch project by providing dat and by
helping to translate user require ments into Esearch activities

In the remaining part of the paper we will focus on the user casa
of the Tepographic Mapping A gency as described in 2.4

i DATA PROPERTIES

The Topographic Mapping Agency aims to integrate the third
dimenzien into teir mediom scale (1:10.000) wpogmaphic map,
called the TOP1Ovector. In this chapter a description is given of
the TOP10vector and the laser data set usad in this project.
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3.1 Topographic map

TOP1vector is a digital 2D topographic database for usage at a
scale amund 1010033 It has been built up in a fully coded
object siructure. The databases has been built from photographs
in a 1:18.000 scale and has an accuracy of 1-2 m. Small
buildings like houses, are stored in a different layer and are not
shown in Figura 3

&
2 b ’ r
: j}f/)ﬁ? Al &4 AR
Figume 3 The shady area in the TOP10vector database.
One property of the TOP10Vector is that a polygon can have
mne than one classification, including the information whether

this class is visible from abeve or not

3.2 Laser data

The naticnal elevation model of the Matherlands (AHM ) has an
average point density of 1 paint per 16 m? or betier and a height
pracision of about 15 cr standard deviation per point. In the
standard production process the laser data has been fillered,
removing builings, wees and outliers. This fillered datasat will
normally be interpolated to a e gular grid, and delivered in grid
sipes of 5, 25 and 100 meter. However, in thizs project the
ariginal, unfilterad ime gular point cloud hes been used in crder
to vsa as much information from the point clowd as possible.

In the fimst sep of data fazion it will be decided which parts of
the lasar data will b usmd o provide height information bo
which part of the 2D map. This is one of the most cnacial seps
in the automation of the reconstruction process. The essiest way
to select the laser data is just to parform a peints-in-polygon
function, where the cutlines of the grouped 2D objects act as
polygons. In the ideal case this is encugh to salact the right
points. Howewver, in many cases not all laser points repressnt
height information of the topographic object, but may indicate
height of details of this object, @ g a laser paint can lie on a
chimrey instead of the roeof or on a carinstead of the streat. An
important sep of the salection is ssgmenting the point clowd,
acconding to the rules and conditions of the ohjeact (group)

As describad in mome detail in (Oude Elberink and Vossalmean,
2006}, lssar data has been filtered in a segment basad approach
to eliminate laser points on small objects like cars, light poles,
traffic signs, and meas.

For the segmentation of the point cloud a surface growing
algorithm is vusad with some medifications that allow a fast
processing of large datassts (Wosselman et al, 2004) The
surface growing method consists of a seed surface detection
fallowad by the actual growing of the sed sirface

4 APPROACH
41 Surface modelling

Some aspects of the 3D reconstruction are independent of the
data source. Important examples ame the type of surface
repres ntations and object medelling. One way 1o epresant the
ermain given by a set of surface poinis is o construct a
Delavnay Triangular I gular Network {TIN). In (Verbres and
Oosierom, 2003) a surface mconstmiction method has bean
described, basad on the Delaunay Tewabedronised Lmegular
Metwark (TEM) which tessellales the AD-space with non-
avarlapping adjacent, &rabedrons. In this part of the es=ach
the surface is mpesantad in a TIMN smcture; at a later stage a
TEN stacture will be usad to be able to moda]l volume objects.

42 Data fusion

Laser data and 2D map data are integraied and processad in an
object-basad approach. For groups of objects mules for 3D
reconstruction are being set-up. These males have to ensum the
peometrical, opological and samantical corectness of the 3D
map. Adding height information o existing 2D} ®ahares is not
sufficient; additioral features have o be acquired and existing
feahums might get an extra dimension. Examples are given
showing the automatad gene ration of additional polygons at real
3D objects like viaducts and flyovers Road objcts at thoss
lecations will be converted antomatically from surfaces to
volumes, in arder to get malistic 30 data.

In this messarch we meognise and model height discontinuities
hatween objects that are adjacent in a 2D wopographic databesa.
For modalling the surfaces of the 3D topographic objact a point
clond segmentation algorithm is vsad. This algorithm presarves
height discontinuities, but eliminates small objacts lke cars and
raffic signs that should net be included in the 3D topographic
database. Filtering algorithms are also used to salect the cormact
laser points for modelling the object surfaces.

(di

Figure 4 Creating new objects: interchange in 2D {a); height
given to 2D featurs (by cormecting lower road
parts icy; filling gaps (d).

Figure 4 illusraies four stages in the mconstruction process,
starting with the 2D situation in (a) and ending with the 3D
sitnation in {djp In (b} heights have been calculaied at
boundaries of wvisible objects  followed by the height
determination of *invisible® objects in (cl In the next part of
this chapter we will describe the 3D modelling of existing
abject boundaries in O, creating new parts that did not exist in
2D, but am pecessary in 3D to get a tight surface model (4.4
and 4.5}
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4.3 Modelling SI¥ bonndaries

As shown in Figure 4a-b, edges that are siraight in the 2D map
do not pead o be straight in the 3D model. To corectly capture
the shape of the boundaries, the edges themfom nead o be
described by mome pointe. For this purposs, points wers insartad
inta the edges of the polygons at every 10 m. For all thess
points and the original map points the height neads o be
deemined from the lasr data. Every map point belongs o two
ar more polygons. In each of the neighbouring polygons laser
data iz selecled to calculate the height at the map point, see
Figure 5. Laser data has been fillersd to remove small objects
like cars and traffic signs. By calculating multipls heighis at
every map point, beight discontinuities can be detectsd and
msdelled Several constraints have been inteduced to get a
topological comect modal, sse (Oude Elbenink and Vossalmean,
20065

Figure 5 Calculation of map point height, from grass land (lft)
and road object (righty.

In figue 6 mesulls am shown for the meodelling of 3D
boundaries of a simple crogsing. The 30 map points have been
visualisad as small red dets. Mode that the density of map points
iz much higher in the 30 modal than in the 2D map.

Figure & Ohlique view on boundaries of crosing mads in 20
{Jefi) and the 30 bowndaries (right).

4.4 Conpecting road paris

As we can see in Figure 4b gaps will ocour when only
miedelling visible map features. Additional featumes have to be
created under bridges and inkerchanges. The first step in filling
the road gaps is the mconstruction of polygons marked as
‘imvisible’, like in Figure 4o Although it iz likely that no laser
points may be available, consiraints in the model can fill the
gap and conpect two parts of the modal in 300 The mode lling of
the invisible polygons is accepted if the nodes successfully fit to
potential naighbouring polygons. Successfully means that the
meconstrucied polygon is smosth and connect o neighbouring
road parts. Planes have been fitted through laser poinis and 30
map peints on thosa neighbouring rad parts. At the centre
point of the missing polygon, the height of each plane has been
deemined. If the heighis of the planes at the cenire point

coincide within a certain threshold, the reconstnicted poly gon
will be accepiad. With this method also slanied “invisible' mads
will be reconstruced cormectly.

Figure 7 Polygon connecting two lower road parts, shown as
bold polygon.

45 Completing surface madel

After the previous siep mary other gaps emain at both sides of
the ‘invisible' polygons a8 can be seen in Figue 4o These can
be filled by creating new polygons, which have the 2D shape
iand topology)y of the road polygons lying above them. The
heights of the new nodes are datermined by ssarching for map
points at neighbouring polygons that lie on the ground surface.
Dwing 8o, these pew polygpons are comnecied to lower
neighbouring polygons, like in Figure 4d.

Adding height to a 2D object not only means giving height to
the boundaries of this cbject, but also to the surface of the
abject. Most of the temain objeciz show some relief at i
surface. Lesar points lying on the Errain (i not on buildings,
mads, trees, wakr) are usad as nodes in the surface TIN modal
To get a smooth surface at road objects map poinis at road
houndaries have been usad to generate a constrained TIN
moda], without adding laser points ying on that road. Trees and
buildings have not been modelled in this part of the resesach
project.

5. RESULTS
51 Project resulis

In Figura 9 and in Figure 10 msults ae shown for the fusion of
a medium scak topographic map (TOP1OWector) with laser
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data with a point density of cne point per five m° (original
datasat of part of the AHM). The developad method is
demonstraed with a 3D reconstruction of the complex
motorway  inkerchangs “Prins Claus Plein’, with multipls
infrastructural objects crossing each other at different height
kevals

= P

Figure 9 Reconstrucied moda] of Prins Claus Plein

Figure 10 3D Modelling of existing polygens (lkfiy, with
additional featums irighti.

The major disadvantage of the proposed method is the stong
dependency on the quality of the 2D} map. In Figure 11 five of
many missing pohygon edges are highlighied. Due to the lack of
2D adges, it is impossible o antomatically econsiruct the
accompanying 30 edges. In a later stage of the project a sarmi-
automated approach will be introduced te be able to intervens
in the meonsmuction process

Figuare 11 Several poly gonedgas missing in 2D map at complex
inerchangs.

Another disadvantage is the possible time difierence between
the acquisition of the map data and in the lasardata, maulting in
two different recorded situations.

5.1 Applicaticns

Dwring the medalling of the scene the usar can choose o derive
several supplementary products. Ome side preduct can ke a
Digital Terrain Model (DTM), insiead of a Digital Surface
Medel (M) Ohjects kocaied above or on top of the surface
can @asily be left cut when dariving a DTM from the laser point

clond. Dizing s, this DTM excludes 3D objects like buildings,
ees and inerchangas but includes samantically correct break
lines at twopographic fames; Figure 13 shows the DM in
which 3D ohjects have been fillersd from the lasar point cloud
(Figure 12}

st

Figure 12 TIN of laser points at Prins Claus Plein.
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Figure 13 DM af Prins Clans Plin, derived by filtering 30
objects.

Several producers of 2D topographic maps struggl with the
implementation of the third dimension, as we have sen in vsar
cas 4 (chapter 24). One barrier is the increasing amount of
data when adding laser points &8 nodes on the 30 surface, the
other iz the change of the products’ topologic smacture. The
first sep to implementation could be the determination of the
height of map nodes, which can be derived from the 3D
boundaries. By doing so, the topalogy of the map dozs not have
to changa, and the laser poinis have only been vsd to
detarmning the height, but are not part of the end product. This
3D boundary product gives the user height information at nodas
of the 2D} map. However, when visvalising 3D maps the 3D
surfaces have to be triangulaed. This implies a changs of the
topological struchue of the product

Several softwame packages can be usad to further process 3D
topographic objects. To give an eye-caiching example, reoently
Geoglke Sketchup became available for free, allowing basic
handling and editing of 3D data for a large group of users
When exporting to Google Earth this 3D data can easily be
visalisad and distributed, as shown in Figue 14

Figure 14 Road objects importad in Google Earth.
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ACQUISITION OF 3D TOPOGRAPHY BY FUSING LIDAR AND MAP DATA

6. CONCLUSION & OUTLOOK

Wi have presnted a methed that ecognises and models height
discontinuities betwean objects that ame adjacent in a 2D
topographic  database. A sgmentabion  algorithm  has
sucoessfully been wsed o conpect lsser points on smooth
surfaces and emove small sagments. First, the 3D boundaries
have been determnined by fitting planes to neighbouring
dominant laser sagments. Several conpection miles have bean
applied o gt a tight model at object boundaries. Several
conditions have bean appliad to get horizontal lakes and smooth
wads. At interchanges and flyovers addidonal boundaries have
automatically been moonstuctad to allow the econstruction of
3D ohjects. Wa've added miszsing polygons to hiddan objects o
et a tight surface model

Together with other mssarch partmers we are working on the
mdelling of volume objects ina TEN data strcture . This gives
the opportunity to econstruct 30 medals with 3D primitives
insead of with 2D surfaces. Mext, focus will ba on the datailed
reconstruction of buildings, by fusing higher point density laser
data with large scale opographic maps.
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