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Preface

This document presents an overview on the developed methods to acquire 3D topographiédanformat
by combining laser and map data. It covers the work performed at ITC in 2006 as part of the RG
project 3D Topography. The document is written for project members, students and otrehessge

who are familiar with basic photogrammetric terms. In the appendix, two techaais 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 furtheriastivithe 3D

Topography project.

Sander Oude Elberink
February 2007
Enschede, the Netherlands
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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 als
grows. Over the past 10 years several researchers proposed methods to acquirer@phtopiaga.
Many of them focussed on 3D reconstruction of man-made objects, (Haala et al., 1998; dRuttenst
and Briese, 2002; Vosselman, 1999). Automated methods for reliable and accurate 3-Ductmmstr
of man-made objects are essential to many users and providers of 3-D city diadeygnarban
planners, architects, and telecommunication and environmental engineersqg$tenand Baltsavias,
1997).

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

In 3D topographic databases it should be possible to store multiple topographic featurkesemt dif
height levels at one and the same 2D location (e.g. tunnels and flyovers). In figuweHoivn 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 scannadt dBa a
topographic map data. We describe the steps to acquire 3D topographic information, fasudsing
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 Heenonly
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 ma
TOPI10NL (1:10.000)and the Dutch national height modétiN. The working of the algorithms has
been presented using these two data sources. However, the algorithms are producesibbette fl
use other data sources. The most important input requirements for using the algedthms a

- 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 ulampavaalid
not use the semantic information from the topographic map TOP10NL, because it would harrow t
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 cootielidagand
map data. In chapter 4 we describe the approach to fuse lidar data with the map data. drbisas
step in the automatically 3D reconstruction process. The actual conversion fran3RIh&s been
written in chapter 5. Results of the 3D reconstruction of two complex highway intersH&mnes
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 “topographys. In thi
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 ces 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 fromwliebea
converted to a 3D triangulated surface description, containing planar triangkesugdisation.

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 befilane wit
point-in-polygon algorithm. Outliers like cars and small objects already haverbmoved in the

filtering step. Through these laser points a plane has been fitted to calculatighhefihe

boundaries. Each boundary is connected to at least two polygons, so it will be 3D recondtructed a
least twice. Constraints will decide how to handle discrepancies between enBiipépresentations.

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 topogrigssiesc terrain,
roads, water and buildings. For every class we describe the consequences of désicriBing

2.3.1. Terrain

In this project we define terrain as the collection of ground features, likdagrdssagricultural
fields, etc. Here, water surfaces, buildings and roads do not belong to the classltegeneral
terrain polygons can be described with a 2.5D representation, meaning that ahdamatiain there
is only one height value possible. To include the possibility for a real 3D representatialso
allow terrain features to have more than one height value at the same locatias tAdisase when
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there is a (vertical) step edge in the surface. Boundaries have been detanBiDednd 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 valudb for dikes, which are important objects in (e.g.ater
management.

2.3.2. Roads

In 3D topographic databases it should be possible to store multiple topographic featuresant dif
height levels at one and the same 2D location (e.g. tunnels and flyovers). In Figumptir(d) 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 defautavéthiekness of
1.0 meter. When visualising the 3D model in situations like in Figure 1, the “flyiragl’ 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 volufeatiure. The surface
can be generalised to a horizontal plane. In this research the volume underneatertherfaate has
not been modelled, because it can not be reconstructed by using laser altimetry and.map dat
Constrains to each of the water objects is that the boundary and its surface hag theigam
resulting in a horizontal polygon. Companies interested in the volumetric rejatésecan 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 lgaregttire 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 represenged in thi
report.

At the moment Top1ONL and AHN are not suitable for reconstructing buildings. There agavtoo f
laser points, and buildings in TOP10NL are too generalized. The shape of reconstructecamode
shown in Figure 4 is far from reality. Details cannot be reconstructed correctly

G s L %

Figure 4 Building polygons overlaid on image (left)blocks of buildings displayed with laser pointsr{ght).
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3. Data properties

This research is a part of a project to develop methods for acquiring, storing, and gderying
topographic data as a feasibility study for a future national 3D topographic datasage.it)
therefore made of the current national 2D topographic database TOP10vector and ila¢ natio
elevation model AHN.

3.1. TOP1ONL

TOP10NL is a digital 2D topographic database for usage at a scale around 1:10.000. It hastbeen bui
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 depdift

m?2 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 ared dhiie

filtered dataset will normally be interpolated to a regular grid, and detivergrid sizes of 5, 25 and
100 meter. However, in this project the original, unfiltered irregular point cloud hasibeé in

order to use as much information from the point cloud as possible. As one can see in the Bfht part
Figure 5, there are some black parts in the area, meaning that there werectedrpilses from the
surface. This happens at water surfaces, and at large parts of some highwaypeTdfiasphalt

greatly absorbs the laser pulse. Our program should deal with varying laser paigt dens

A \\7a
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Figure 5 Topographic map (left) a

nd laser data (rigpt) of Prins Clausplein.




3.3.  Filtering laser data

We assume that the topographic objects can all be described by smooth surface getghapobe
of the point cloud segmentation is therefore to find piece-wise continuous surfacemtbatused to
infer the heights of the topographic objects. Traditional filter algorithms teatsed to produce
digital elevation models often completely or partially remove objectdlikiges and road crossings
(Sithole and Vosselman, 2004). By segmenting a scene into piece-wise continuous pattindbex
classifying the segments this problem can be avoided (Sithole and Vosselman, 20@4);&fid
Pfeifer, 2005).

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

For the segmentation of the point cloud a surface growing algorithm is used with soriieatois

that allow a fast processing of large datasets (Vosselman et al., 2004). The gw#ing method
consists of a seed surface detection followed by the actual growing of the seeel. $tofahe

detection of seed surfaces we employ the 3D Hough transform. This transform id spgie k

nearest points of some arbitrary point. If the Hough transform reveals that aumimumber of

points in this set is located in a plane, the parameters of this plane are improveddiysguares 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 R $lahe 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 |ticadiieds

plane is below some threshold. This threshold is set such that some amount of noisedd.aktept

the same time is also serves to allow for a small curvature in the sudaeetdster processing, the
normal vectors of points are not computed and checked. The distance of a point to the local plane i
the only criterion. If a point is accepted as an expansion of the surface, a local ptnt riese

assigned to this point. In case the distance computed for this point was very small, aoah@hahe

is estimated, but the plane parameters of the neighbouring surface point is copiedwopgbmne

This strategy again serves a faster processing of the point cloud. Once no moregpdir@sadded to

a surface, the seed detection is repeated. This process continues until no moream=iaserfound.

By requiring a minimum segment size, all points on small objects will be iidut a segment
number after the segmentation step and can be easily removed. After remoerpihes we have
got a filtered pointcloud, see Figure 6.
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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 laseingaiet
each polygon. This can be done with a points-in-polygon algorithm. This can be seen as a &ample da
fusion process. What if there are no or incorrect points in a polygon. This chapter exptdms tha
complex situations some more knowledge has to be added to the process. In this chaptensitilutions
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 poinisigditel
plane through these points. Actually one needs 3 points to fit a plane. To reduce the inflaence of
single laser point in the plane determination, we safely set the minimum number sfgoo8t

4.2. Problems with fusion

Fusing laser data with map data is more than co-registration of the datas#is s@me coordinate
reference system. A simple points-in-polygon operation can be used to connect pointapaaldtan

but operation will definitively cause problems at real 3D situations. In thi®seee 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 descobifigebef

the polygons. The filtered pointcloud is colour coded.

3 )H I i ‘,f i 7 -r'.ﬁ?;g 'Wﬂf IJE .,” Ilf"l/'
g et i il

jiih,
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iyl

Figure 7 Overview on lidar and map data at Prins Chusplein.
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When looking at a complex infrastructural object, the following characteristidgmms may occur:
P1.Road features at the top level show large horizontal distortions in the map. Roadsbye us
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 elispiec
These displacements can easily rise up to 5 meter. This means that not glboolirgslaser
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 ohject. T
problem is a wrong-points-in-polygon situation.
P2.Laser points will be reflected on all road levels. Due to the large acroksti@ming angle it
is possible to acquire height data at different levels at the same horizoatarioélthough
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 wrongrpoints-
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 deftsgy.
problem is a no-points-in-polygon situation.

....--rg.-j-‘
'R
l'.p.,-
smmpttnapt i

Tl

R

\

Figure 8 Three sorts of problems mentioned above (P P2, P3) when fusing lidar and map data.

Our aim is to reconstruct all topographic road features in 3D. 3D roads can inbertbest can cross
each other at different height levels. This implies topological changes cahtpdhe 2D case where
all crossing roads are connected to each other and thus intersect in 2D. Our knowletgbes3D
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 Figurei gee

a long list of incorrect results if we do not add this knowledge to our program. Foy dasbns, 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 naelled at three different heights, but only contais
laser points on the highest level, and one laser ipp on the intermediate level, and no one the lowetevel.

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

/.

Figure 11 Situation 3 (S3) This polygon contains mme points on the lowest level then on the highestvel,
but in reality there is no road polygon on the lowst level. This road polygon will be wrongly placedt the
lowest level.

15



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

For some polygons we could overcome the problems of having no laser data by connectingtthem to i
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 indivitheatlyoose
to first connect the small road parts to each other if they belong to the same road. fedsgooding
laser points are selected that belong to the road. By performing this step goweectte able to
connect road parts without laser points to other road parts which have laser points (S1 Bad S2)
even more important is the removal of false laser points, like situations S2 and S3.

4.3. Combined merging algorithm and laser data sele  ction

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 theagyrgipth of
all adjacent road polygons. Together with the growing of the polygon the correspondimplateet
also grows, starting from a seed segment. The largest laser segmentgdtpelggon is taken as
seed segment. In the following sections the combined merging algorithm will bébddsn 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 polggons ar
connected to the seed. These neighbouring polygons are candidates for merging with the see

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 ligsdwiting
direction of the seed. Once a seed has been grown, we speak of a growing polygon. In our ggogram w
take large polygons (more than 100 meter in length) as seed polygons. The assumptitimiss tha

road part covers enough laser points, and this road part has got enough length to givemtdirecti
search for.

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

Figure 14 Growing algorithm should find connectingroad 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 nodesiga fimethe
direction of the road. This label is taken as artificial z-value. To get morepomis for more
reliable direction estimation, points were inserted into the edges of the polygwesya8 meter.

17



Figure 15 For every map point its direction has bee calculated. Here, direction has been visualisedsa
colour.

Only points have been selected that are within a radius of 25 meter of the common ledige wit
candidate polygon. To eliminate false directions at corner points, only points whiclalgraight

line (180 +/- 10 degrees) with its two neighbours, are taken into account. These pseudo 3Depoints a
taken as input in the Hough transformation. A plane is fitted in Hough space, in order tatedtozil
direction of the road at any place, but specifically at the centre point of the carputtiagon. If a

line through this centre point with the calculated direction intersects with the@omap 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 pobtygibies f
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 showri
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 ta
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 se¢

polygon.

9%
(o

Figure 16 Visualisation of one seed polygon, growgnfrom 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 evenydtestep of the
map merging algorithm as described in the previous section. Laser points in tirgggrolygon are
added to the laser point set if they have the same segment number as availalgeinitigelaser
point set or if they are near the plane fitted through the nearest large lasensggthe polygon.
This step is important because it selects only laser points that belong to theggmmad. Doing so,
we can grow underneath several other highways, merging all small road polydumst Veiser 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. Lasesgi@shown,
superimposed on a 3D model of the road. This model actually is the final result of our texti@mstr
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 chosern
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 a
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.

[*2}

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

Compared to a simple points in polygon our approach performs better with selectingthesag
data. We can see this in Figure 19. Small polygons of a bicycle tunnel are mergeek @t
correct laser points have successfully been found. Laser points on higher roads wikh$émgmed 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



Figure 18 Results after merging algorithm. Laser pmts have been colored by polygon number.

Figure 19 Polygons of small tunnel merged togetheAccompanying laser points are shown in white.

22
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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 boundsiries of
map objects. In many cases, two objects that are adjacent in 2D are also adjaceht goBie
cases, however, there will be a clear height difference for (a part of) the bpthratahe objects
share in 2D. Assigning the proper heights to the object outlines then requires the irdroducti
additional lines in the database.

In this research we recognise and model height discontinuities between objeate Hdjacent in a
2D topographic database.

Densifi
map p

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 tiobd tgscr

more points. For this purpose, points were inserted into the edges of the polygons at evergrl0 m. F
all these points and the original map points the height needs to be determined froer tiiatéas

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 whigloilatsebelong

to the polygon. In the actual reconstruction step, only laser points are selectedamaaeius

around the object points, see Figure 21. By calculating multiple heights at eyepomg height
discontinuities can be detected and modelled. Several constraints have been intmdatad t
topological correct model, see (Oude Elberink and Vosselman, 2006).

Figure 21 Calculation of map point height, from gras 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 t
the surface of the object. Most of the terrain objects show some relief afatseslaser points lying

on the terrain (i.e. not on buildings, roads, trees, water) are used as nodes in the dunfsoeell

To get a smooth surface at road objects, map points at road boundaries have been useceta generat
constrained TIN model, without adding laser points lying on that road. Trees and buildiagohav
been modelled in this part of the research project.

24
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Figure 22 Constrained TIN model with roads and gras land.

5.4. Quality aspects

In this section we describe several quality aspects of the 3D model. The qudlgyresult depends
on the quality of the input, and the processing steps to come to the result. We will daeeséike
geometric accuracy (both horizontal and vertical), reliability, and desdribeich steps in the
process is space for quality improvement. Quality of the 3D reconstructed modetd baen tested
in practice; this section handles the theoretical quality aspects.

5.4.1. Boundaries

Our algorithm does not change the haorizontal 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 atkssrst 8 |
points near the boundary point. The plane has been fitted in a least-squares fittitignalgarée
accuracy of this object point can therefore be divided in two groups: influence of quédisgof
points, and a contribution due to interpolation uncertaihti%¥/e assume that the segment-based
filtering was performed correctly, and that all remaining laser pointslclieson the surface.

A practical manner to estimate the quality of laser altimetry data fentairc area has been described
in (Oude Elberink et al., 2003). The authors describe several sorts of error sourcehairttod data
acquisition and compute their influences when looking at a certain area. In thig sexfiocus on

the laser point noise and the systematic error for a group of points. Knowing that thenpblgrast

takes 8 laser points, the influence of laser point noise will be reduced by at kctst#f» 3.

Assuming that the average airborne laser point noise is about 10 cm, the contributioradee to |
point noise is in the order of 3.5 cm. Systematic errors of this group of laser points$ waisig of
GPSI/INS errors and strip adjustment errors. Looking at the experiences dakbgr{de Elberink

! It even can be called an extrapolation error beedlue object point generally lies on the outsidéae® group of
laser points.
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et al., 2003) we can roughly take an estimation of 7 cm for our situation. More precisearahg
computed after performing a strip adjustment to the laser data. Preferablty, desdiriptions will be
delivered together with the laser data.

Interpolation errors are harder to predict, because they depend on whether the |dical bittieeen

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 existgeitréas with no

laser data. In that cases a plane has been fitted through points that might lie 16r25%roratthe

object point. If there are less than 8 points in a radius of 25 meter, then the height of theoitject

will be interpolated through its neighbouring object points. Doing so, we showed that wedggn bri

gaps of more than 70 meter without laser points. In these cases interpolation erctwsearto 1

meter than 10 cm.

The boundary of terrain objects can show larger distortions because the terraive teamdary
might not be correctly represented by a plane. If the terrain object connects to a eschdlodn the
common boundary will be taken from the laser points on the road Qpeailting in a better
determination of the boundary.

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

5.4.2. Surfaces

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

Locally the height variation is larger, because of the influence of a singteplaisit 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. Thesmdiodated
surface will represent the shape of the terrain with more detail, resultingonearealistic model.

2 This constraint holds if the difference is lesartii.5 meter. If the difference is more, it is eotpd that the road
object and terrain object are on different heighrels, 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 objecttmsgruct. The presence of
four height levels of highways causes many obstructed views, and many small rggohpolhis
results in several gaps in the laser data. Additionally, due to the weakaetieof some (low) parts

of highways (asphalt absorbs laser pulses) point density decreases to 1 point perab@dm
extreme cases 1 point per 408 ifhese are the main reasons why this interchange is a challenging
object.

In the following we show several screenshots of the 3D reconstructed model. The maesrhas
reconstructed automatically, without manual intervention or editing. The operagdraanio tune

some parameters, e.g. concerning the size of small objects to be filterede thietlsezseed growing
polygon as explained in 4.3.

Figure 23 Simple interchange with lake objects.
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Figure 24 Laser points superimposed on 3D roads.

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 “Watsitetg'tl just
a few kilometres north of Arnhem.
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Figure 26 Input data sources of interchange "Waterbey"; topographic map TOP10NL (left) and AHN
point cloud (right).

Remarkable in the laser data is the lack of laser points at interchangegjusee27. These were
filtered out by the flying company, on behalf of the Survey Department, who used the tader da
production of the AHN model. When processing the topographic map data, several slivenpolyg
caused problems by destructing the topologic relations. These sliver polygons wésétett first
hand, because they covered not more than 2 cm. These sliver polygons can easily be nemoved i
software packages like ArcGIS.

Figure 27 Lack of points on interchanges: some ohe gaps cover more than 2000 m
In the following several screenshots are shown for interchange “Waterberg”.
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Figure 28 3D model of "Waterberg", looking northward.

Figure 29 3D model of "Waterberg", looking southward
At some locations in the terrain, gaps are visible in the 3D model. Most of theseayapdiaal 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 ishangkrst meter. By
default, this is the minimum value for recognising multiple height levels on tguugriaoundaries.
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Figure 30 Terrain boundary within hilly terrain.

Figure 31 Oblique view on vertical gaps (left) andop view (right) on 3D model.

These kinds of failures can be avoided when removing these terrain-terrain besibglarierging
terrain polygons. One has to be sure that these polygons are on the same heightleael gésily
be checked by the operator. Another solution is to adjust the constraints for thesddemaai

boundaries. In Figure 32 the constraint of gluing two terrain boundaries together is set oe2.5 me
For other topographic features it is still set on 1.5 meter.
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Figure 32 Boundaries between two terrain object arenerged 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 betgéeethab)

are adjacent in a 2D topographic database. A segmentation algorithm has sugtessiulsed to
connect laser points on smooth surfaces and remove small segments. A combined nsa&p and la
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 edleacteatatically
when two roads cross in 3D. First, the 3D boundaries have been determined by fittinggplanes t
neighbouring dominant laser segments. Several connection rules have been appliadighget
model at object boundaries. Several conditions have been applied to get horizontaddadmesath
roads. At interchanges and flyovers additional boundaries have automatically destrieted 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 dessity
data with large scale topographic maps. Reconstructing buildings is a challesiing 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 $¥d&bctein
2007 and 2008.
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Appendix A: Adding the third dimension to a
topographic database using airborne laser scanner
data”’.

® Presented at ISPRS symposium Commission I1l, BBarmany, 20-22 Sep 2006
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Appendix B: 3D Modelling of topographic objects by
fusing 2d maps and lidar data “.

* Presented at ISPRS Symposium Commission 1V, Gulia,| Sep. 25-30, 2006.
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