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Abstract

Buildings represented by their 2D boundaries aegllin many applications such as cadastre, town
planning or transmitter placement in telecommumdcatThe reconstruction of 3D building models
also requires the use of 2D Building outlines.

Traditional method for creating building outlinesking use of photogrammetric workstations is time
consuming, cost intensive and requires trained skiled operators. Face to the high demand,
speeding up the process by automatic procedurelsdtasne a necessity.

Airborne Laser scanner data with its increasingnpdiensity offers the opportunity to determine
building outlines. Extracting 2D building outliné®m lidar data has been a research topic for many
years. These solutions, using various strategresingplemented with low point density datasets and
produce some results not accurate enough as eggldiy most of the researchers involved in this
topic. The present study proposes another algorfibmautomatic extraction of building outlines
using exclusively high-density point clouds. Insthesearch, a 2D outline stands for a roof's cantou
made of straight edges with regular angles in mbsases.

After segmentation of the point clouds into plarmasnts reflected by building roofs can be extrdcte
A modified version of the Convex Hull algorithm used to collect the outer points. Applying the
least squares adjustment technique, line segmeatditied within these outer points. The main
orientation of the building is computed by intetseg the most sloped roof face with a horizontal
plane or in case of flat roofs, by consideringdlzamuth of the longest edge. Three different stiiate
are considered while reconstructing buildings’ imgts. Because at least 75% of buildings’ outlines
have only right angles, a first attempt of the kdany will be created using only right angles. Is&a
of unsatisfactory results, a second option wilcbaesidered where the angles are multiple 8f #5t
happens that the resulted boundary is still ungebdg, in a last approximation, the building angles
will not be forced anymore to have predefined vallghe obtained edges will be displaced towards
the exterior of the roof such that the maximum oings fall inside the outline. Short segments are
then removed. Two criteria are used to automaicafipreciate the quality of the outline: The
percentage of laser points that fall inside thelimaitand the difference in surface between the
computed outline and the polygon made by outertpoin order to make this algorithm suitable for
any airborne laser point clouds, the differentshi@ds are computed automatically on the flow based
on the point spacing of the dataset. The lattabtsined from the triangulated irregular network of
the points.

The newly acquired laser scanner data for the tofMBnschede has been used to test the algorithm.
100 Buildings have been selected. Diversity in shaize and orientation were the main selection
criteria.

To evaluate the performance of this algorithm, ifirat step, the computed outlines have been
superposed with laser points, orthoimages, buildiogtprints obtained from photogrammetric
methods and reference data created manually. lecand step, a quantitative analysis has been




conducted where six parameters have been definetké&sure the quality of the computed outlines
with respect to the reference ones: The percemadaser points that fall inside the outline, the
difference in number of corners, the differenceh&f main orientations, the extra difference area, t
missing difference area and the average distantveeba outlines. The robustness of the algorithm
has been evaluated by measuring the influenceegbdimt density. A comparison with one previously
designed method was also achieved. Finally, thidtrans of the algorithm have been highlighted.

The outlines produced by the designed approacleatethe shape of the buildings with a high
precision. However, the analysis of these resegi®als some limitations that need to be fixed with

further work.

Keywords: Airborne laser scanner data, roof outline, Buitdknowledge, Performance analysis.
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OUTLINING BUILDINGS USING AIRBONE LASER SCANNER DATA

1. Introduction

1.1. Motivation and problem statement

Building representations are used in many appbtoatisuch as cadastre, town planning, architecture,
or transmitter placement in telecommunication. Otlp®tential applications are analysis of
propagation of noise and estimation of real edtates. Buildings are mostly represented by their 2D
boundaries or by their 3D models. The reconstractib3D building models also requires the use of
2D outlines. The determination of 2D building ondls is therefore a fundamental task to solve many
issues.

Building outlines delineation can be done throughlgtical or digital photogrammetry techniques.
But these manual and interactive modes are timswunimg and cost intensive. In addition, they
require trained and skilled operators. Face toitteeeasing demand of 2D digital map and 3D
building models, speeding up these processes loynatic procedures has become a necessity. Laser
scanner data offers such a possibility.

Laser scanner provides dense and geo-referenceds pdéscribing all possible reflective terrain
objects including bare ground and buildings. Ladata makes use of Global Positioning System
(GPS) to determine the position of the sensor, tisleNavigation System (INS) to determine the
attitude of the sensor and laser beams to detertimeange between the sensor and the target points
The increasing point density of airborne laser seardata triggers research in the extraction of
building outlines.

As prerequisites for building boundaries extractimmm laser scanner data, the point clouds have to
be classified into buildings and non-buildings sks Thus buildings can be identified and points
describing these buildings extracted.

2D Building boundaries reconstruction from lasearster data has been a research topic for many
years. Though several solutions have been proposkrature, they present some deficiencies as
shown by some researches below. Weidner and Forgt8e5) extract building extents from high-
resolution digital elevation models using rangegm#ut they suggest further work to improve the
results achieved. Haala and Brenner (1997) expaciar roof primitives from laser altimetry datat bu
the boundaries of buildings are derived from groptahs. They assume that optimal results can be
achieved only by the use of additional data. Morgad Habib (2002) considered difficult to extract
building outlines from aerial laser scanner datdhwa high degree of certainty and therefore
recommend the use of aerial photos. Alharthy anthéd8g2002) suggest a method for extracting
features from lidar data but the building edgesfareed to have only two directions. Clode et al
(2004) use the first pulse/last pulse return défifeies of an aerial laser scanner system to dedineat
buildings but further works are required to make afgorithm robust.
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Most of the researchers claim that building oulinelineation is not a straightforward task. They
conclude their papers by suggesting further woik lan asserting that a higher point spacing of laser
scanner data can lead to a better accuracy inetegrdination of building outlines. Thus, the acterra
determination of building outlines from airborneséa scanner data remains an on-going research
topic.

Taking into account that additional information sms such as ground plans and multispectral
imagery are not always available, this researchjvated by the above observations is intended to
derive automatically 2D building outlines from poalouds exclusively.

Section 2 of this chapter will identify the resdambjectives and the research questions. It wélb al
highlight the intended innovations. Section 3 idkkus on the approach to use in order to achiewe th
objectives. The last section will present the dtreeof this thesis.

1.2. Research identification

1.2.1. Research objective

The main objective of this research is to desigmlément and analyze an algorithm for automatic
extraction of 2D building outlines from point claudBut prior to that, a review of existing methods
will be made. The task is to derive a polygonalcdigsion of building outlines from the points that
reflected from the roof of buildings. The methodosll be preferably automatic without any
interaction. It should be successful for most typielsuildings. The performance of this algorithmlwi
be evaluated and compared to existing methodsaatig: tground truth.

The result of this algorithm is a set of pointshwtheir coordinates including the topology that
describes how these points are related to each iotloeder to reconstruct the outlines.

Upon completion of this study, researchers involire8D building models reconstruction can easily
achieve their goal with more automation and a betteuracy. Furthermore, it will be easier and
faster in production lines, using point clouds datderive accurate 2D building outlines for majgpin
purpose. Most often, building boundaries are crbsi@sed on wall corners. Considering the target
application, if the difference between wall cornamsl roof corners doesn’t matter, then laser sganne
data can be used to produce rapidly accurate 23.map

1.2.2. Research questions

This research intends to develop a data drivencagprfor the determination of 2D building outlines.
For this purpose, several questions have to beexesiv

- What are the different methods proposed in liteeato extract 2D building outlines using
airborne laser scanner data?

- Based on the knowledge gained from the informationtained in the laser data and the
weaknesses of the previously developed methods,daowa new algorithm be designed for
the extraction of 2D building outlines? How can thee of some constraints such as parallel
and perpendicular edges improve the determinati@utlines?
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- What is the performance of this algorithm in tehsobustness and accuracy with respect to
the ground truth and previously developed methods?

1.2.3. Innovation

The innovations intended are:

- the development of a fully automatic algorithm bleast an algorithm with a high degree of
automation where the different thresholds are aatmally computed and not typed by the
user;

- aprocedure suitable for most types of buildings mot only buildings with right angles;

- an accuracy better than the ones achieved so far;

- the use of a high point density data to test tgerghm;

- a meaningful quantitative accuracy assessment.

1.3. Method adopted

This research will be conducted in three diffeqgatts as shown by figure 1.1.

Methodology

Algorithm for determination of
2D building outline

Literature Review ~ ., Accuracy
Assessment

Outer Points

Approximate outline

Regularized outline I

Figure 1-1: Methodology of thesis

In the first part, a literature review will be acgplished on extraction of 2D building outlines from
point clouds. Existing semi-automatic and automatéthods will be described. After explaining the
methodology of the author, a comment will be predan the pertinence of this approach.

In the second part of this research, an algorithintife determination of 2D outlines of buildingsrfr
point clouds will be designed and implemented.
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The design of the new algorithm involves three step

- The detection of outer points;

- The determination of an approximate outline;

- The improvement of the outline: The determined gotyfrom the previous step will appear
very ragged. Regularization and adjustment teclasiqueed to be applied as most buildings
have regular geometric shapes with straight edgésragular angle corners. Unnecessary
points will be deleted and the others will be atfjdsif needed. Different options could be
considered. Among others, Minimum description lérgased polygon simplification,
Douglas-Peuker algorithm, vertex reduction pringjpleast square adjustment, maximum
likelihood estimation and Bayesian Maximum a Pdstegstimation. Within the process of
finding the best outline, it will also be considéréne possibility to automatically recognize
some constraints in the building outline like plaiehnd perpendicular lines.

The third part of this research will concentratetio@ analysis of the performance of this algorithm.
This evaluation will take into account the numbéredges, their position and their orientation. A
visual check as well as a quantitative analysi$lvélachieved. The results obtained will be compare
to the ground truth and to existing methods fountitérature. Knowing that building edges extracted
from aerial images represent building walls, th&éedénce between roof outlines and building
footprints will be considered in the analysis daf fierformance of the algorithm to be designed.

1.4. Structure of the thesis

Chapter 1 introduces this study and describes Hjectives, the research questions as well as the
method adopted. Chapter 2 reviews different teakescfound in literature for the extraction of 2D
building outlines. Chapter 3 proposes another agagrdor the determination of 2D building outlines.
The implementation of this approach as well asrdseilts obtained are described in chapter 4. An
accuracy assessment on the designed methodolqyggsented in chapter 5. Chapter 6 provides the
conclusion of this research and some recommendation
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2. Review of techniquesfor the deter mination of
2D building outlines

2.1. Introduction

The extraction of 2D building outlines is genergirformed in three different steps:

1. The identification and extraction of buildings witte removal of extraneous objects;

2. The selection of points or pixels of interest uséuthe determination of the boundary;

3. The refinement of the approximate outline using s@djustments techniques and constraints
relative to building knowledge.

Existing approaches for reconstructing 2D buildmglines can be classified into three different
groups.

The first category uses exclusively range imagedetermine the boundaries. The original irregular
points are resampled into a regular grid. The nitgjaf researchers reflect on this technique as
processing irregularly distributed points seemsamdifficult than considering regular grid points.
Some of these methods will be described in se@ian

The second category uses solely the raw point sladthout any transformation into image. The aim
is to avoid errors caused by interpolation durimg tesampling process. Section 2.3 focuses on some
of these techniques.

In the third group, researchers rely on other sssaf information such as ground plans, GIS data or
multi-spectral imagery. The main reason for thisthat lidar points are not selective. They are
randomly distributed and therefore do not matchessarily building boundaries. Thus, the

determination of outlines using lidar points is meitaightforward. See some examples of these
methods in section 2.4.

For each of the approaches described, first, thbadelogy will be highlighted. Next, attention will
be focused on the evaluation of that methodologyitbyauthor. Finally, our appreciation on the
quality of the results will be presented.

For most of the papers referenced in this chapiter,main objective is to reconstruct 3D building
models. But the determination of 2D building owtkris an important step in this process.

In section 2.5, some existing polygon reductiorhiegues will be described. The next section will
summarize the literature review and the last on&, ill justify the need to develop a new
methodology.




2.2. Technigues using range images exclusively

In the methods presented in this section, irreguldistributed laser scanning data are convertéal in
regular grid in order to facilitate the data praieg.

2.2.1. [Weidner and Forstner, 1995]

The approach of Weidner and Forstner, (1995) ctmefsthree steps: automatic generation of a high
resolution Digital Surface Model (DSM) using stereatching techniques, detection of buildings and
reconstruction of 2D building outlines for eachetéd building.

The software package MATCH-T is used to generateDBM. This technique may use different
sources of information including digital imageryAWICH-T makes use of feature pyramids. For each
pyramid layer, homologous features are detectedratdhed and their 3D coordinates are computed.
Starting with the lowest resolution pyramids, tlmlinates are refined successively with the higher
resolution pyramids.

The detection of building in the DSM is based oe fact that buildings are higher than their
surrounding surface. First, an approximate topdgrapurface is computed using a mathematical
morphology operation called opening whose basiecefs to remove some of the foreground pixels.
The structuring element size is chosen such asnibi entirely contained in the building outlindel
difference between the original DSM and the apprate topographic surface contains information
about buildings. A simple threshold, derived fromop generic knowledge is used to identify
buildings.

The next step is to isolate individual buildings.drder to identify the different segments, conedct
components are computed and each segment is lab&ldunding box is computed for each
segment. Using the size of the segment and théqosi its bounding box, a refined segmentation is
performed, rejecting incorrect building segmentshsass trees. In addition, segments whose bounding
box exceeds the margin of the dataset are rejestdtis likely that without the missing informatio

the building cannot be reconstructed.

To reconstruct geometrically the buildings, an objelated approach is applied. Two types of
models are considered, parametric models for sirpikelings describable with few parameters and
with ground planes being rectangles and prismatadets for complex buildings or blocks of
connected buildings.

For the parametric models, the bounding box ofgareat is used as 2D outline.

The reconstruction of 2D outlines for prismatic ralsds performed in several steps. First, the inter

pixels of the segments are removed. After vecttidmathe outline points are determined and sorted
in a clockwise order. Points on straight lines kestw two neighboring points are eliminated. A
merging algorithm is then applied to eliminate di$ization noise meaning points that create with
neighboring points a triangle whose height is lottran a predefined threshold. This minimum height
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has been computed based on the resolution of the thata. The local minimum description length
(MDL) approach is now used to reshape the outliggon.

The purpose of statistical modeling is to discaegularities in observed data. The success inrfonpdi
such regularities can be measured by the length witich the data can be described. This is the
rationale behind the Minimum Description Length (MDprinciple introduced by Rissanen (1978). "
The MDL Principle is a relatively recent method fleductive inference. The fundamental idea behind
the MDL principle is that any regularity in a giveat of data can be used to compress the datt i.e.
describe it using fewer symbols than needed toritesthe data literally. " [Griinwald, 1998]

The theory of this second merging phase is to impestangle conditions at neighboring points. In
the present case, the MDL-based polygon simplificatnethod has been applied by locally analyzing
four consecutive points. The idea is to changetistion of the two middle points or to replacenthe
by another one, possibly introducing a right arwilh the constraint that the area of the polygos ha
to remain constant. It is an iterative process tigcperformed until the description length canmet
further reduced. A final adjustment is performedting into account some constraints such as
perpendicular or collinear edges. This estimatimtess fuses the boundary points obtained from the
discretization-noise cleaned data and the infeotgtine from the MDL step.

An example of the results obtained is providedgure 2-1.

The algorithm of Weidner and Forstner (1995) haanbapplied to different datasets. For parametric
buildings, a test data with a DSM resolution ofr@.5h x and in y-direction was considered. For
complex buildings, a dataset with 5m resolutioreach direction has been used. According to the
authors, the results are quite remarkable. Howtaasr suggest for further work the following:

- The global application of MDL instead of a loegplication;

- The investigation of symmetric and semantic c@ists about rows of buildings.

The use of image introduces some errors duringntieepolation step. The designed method is a semi-
automatic method as mathematic morphology and vieatn are not fully automatic. The first
requires structuring elements whose dimensionsrikpe the size and shape of buildings available in
the data while the second needs some extra opesatio finalize the vectorization. No accuracy
assessment has been done for this method.

Figure 2-1: Example of 2D outline (Image + outlin@yeidner and Forstner, 1995]




2.2.2. [Morgan and Habib, 2002]

Before dealing with 2D building outlines, the resdaconducted by Morgan and Habib (2002)
focuses on two items: the resampling of the las¢a dvhile converting raw point clouds into range
images and the detection and extraction of buiklifigm lidar data. The determination of accurate
2D outline which occurs during the process of ettoan of buildings requires appropriate preliminary
steps, among which the resampling of the raw ldata.

In order to achieve good results during the interfian while resampling laser data, Morgan and
Habib (2002) suggest the extraction of breaklires @rior step. During the resampling process, two
factors have to be considered. The former deals ihi¢ resample location related to the pixel size.
The latter is made of the resample values, thugtieepolation method. To avoid loss of information

as well as keeping redundancy as minimum as pessilis suggested the dimension of a pixel size of
1AIn with n being the number of points within a urdrizontal area. For the interpolation method, the
authors suggest a least squares local first demgrgaomial adjustment.

The proposed algorithm for building detection anttaction has the following steps: segmentation of
laser points, classification of laser segments,egion of building hypothesis, verification of
building hypothesis and extraction of building paeders.

Segmentation of laser data is the process at tlde oérwhich laser points that have common
characteristics are grouped. In this case, segt@mt@eans extraction of points that fit into arga

As prerequisites for the segmentation process,cad@y criteria and grouping criteria have to be
defined. To generate the adjacency informationwa or three dimensional triangulated irregular
network (TIN) of the laser points is computed. Kgugh Transform, one of the methods used for
grouping by switching from data space to paramspace does not consider adjacency between
points; region growing with the use of similaritf the orientation of the surface normal vectors as
grouping criteria has been preferred. In ordenvtmdiblunders, care has to be taken while consideri
threshold values for the deviation from the growirtane.

The next step is the classification of laser sedmerto building and non-building classes. This is
done with a morphological filter. The idea is tasdify the laser points based on height valuesiwith
a search window with appropriate size. The sizthefwindow has to be chosen such that it is larger
than the expected minimum building size known framor information.

The generation and verification of building hypatiseis performed once the terrain and non terrain
segments are identified. Connected component lapéi computed to group non-terrain segments.
Buildings that have size lower than a predefingdshold, a prior knowledge based on buildings’ size
and shape, are rejected.

To reconstruct buildings, Morgan and Habib (2008)edmine three dimensional internal building
break lines and the building boundary.

The estimation of 2D boundary is done by detecsingight lines that fit the centers of the bounding
triangles created with the points located insidd antside the building (Figure 2.2). The fitting
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process is carried out by means of Hough transfofime latter is used to detect straight lines based
on the 2D coordinates of the centers of the boundiimngles. Intersecting the detected lines will
delineate the building boundary.

Real laser data with a point density of 1.5 pojés square meter has been used to test the proposed
method. An example of the results obtained is plediin figure 2-3. A ground truth in the form of

2D GIS layer has been used to evaluate the restHis. experiments performed show successful
results. But the authors recommend the use of @n&t such as parallelism and perpendicularity or
the procurement of the building boundaries froneosources such as aerial photos. Due to the small
number of bounding triangle centers along the shottndary lines, the 2D outline has not been
correctly reconstructed. As claimed by the authtits,larger the laser point density, the higher the
success of extracting the boundaries in terms @iracy and certainty.

Figure 2-2: Estimation of Building Boundary, [Morgand Habib, 2002]

The use of normal vectors during the segmentatimcquure is not recommended by many
researchers as it introduces some errors. Indseg@ained by Alharthy and Bethel (2004), normal
vectors tend to be very noisy due to the variapilit the lidar points. As shown by figure 2-3, the
extracted boundary is too much generalized compartite ground thruth.
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Figure 2-3: Example of 2D outline, [Morgan and Hal#002]




2.2.3. [Alharthy and Bethel, 2002]

The objective of this research is to design a &ffigient and low cost algorithm for the extractiof

3D features in urban areas. To avoid the limitatbavailability of other sources of informationcéu

as ground plans, imagery and multispectral daty;, the raw lidar data has been used as a range
image.

The aim being to detect and reconstruct buildimgdense urban areas, the first step was to fitier t
data in order to identify candidate building poifitsm other urban features. To remove extraneous
objects such as trees and any other object abaveritund that does not belong to the building
category, two techniques have been applied susebgsiirst and last pulse return analysis and loca
statistical variation.

The laser pulse is not a single ray but a conegbf.l Therefore it has the ability to capture sabver
returns per each height point. By comparing thst fieturn height minus the last return height to a
given threshold, buildings are isolated and modheftree regions are removed. But some noises are
not cleaned.

A second filtering approach based on local statstanalysis and interpretation is introduced. The
principle applied is based on a moving square windehere a root mean square error of the
variations in height is used to classify the pamthe middle of the window. In this process, low

variation of height is an indication of smooth swes while high variation indicates the presence of
irregular surfaces, characteristic of tree registigh variability surfaces are detected and filtere

The result of the filtering process is a DSM whielpresents only terrain and buildings. Before the
delineation of building footprints, a normalized Ss created by subtracting the DEM from the
filtered DSM. To remove remaining undesired smdijeots like cars, a local minimum filter is
applied with a threshold based on minimum objebtght and size. This information is obtained
from prior knowledge on buildings.

The second step in the process is the reconstruofiduilding polygons using the extracted raster

building footprints. Buildings are constrained tavk two dominant directions perpendicular to each

other. To convert a building footprint into regulactor connected line segments, the procedure is
run as follows:

- Dominant directions are estimated using image etoslation. This is achieved by
computing the histogram of all line segments odgahs. The two angles perpendicular to
each other with the highest frequencies are usdomiant directions;

- building footprints are rotated to have horizontettical bearing;

- line segments are extracted with the constraihieefng one of the two dominant directions;

- extracted line segments are connected to each; other

- Histograms of the boundary points are used to gdimerline directions and positions. Indeed,
boundary points within a limited spacing are clustieat the maximum coordinate;

- Buildings polygons are rotated to their originakotation.

An example of the results obtained is providedgare 2-4.
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The approach has been tested on the data colleetedhe Perdue university campus in 2001 with an
approximate density of one point per square mdtee. performance of the filtering step is excellent
though it's the most time consuming step. The deftgation of building polygons shows satisfactory
results.

This paper lacks of a rigorous evaluation of itsufs. In addition to the use of range image which
involves interpolation and therefore introductidrearors, buildings are forced to have two dominant
directions which is not always the case in reality.

Figure 2-4: Example of 2D outline, [Alharthy andtBel, 2002]

2.2.4. [Alharthy and Bethel, 2004]

Alharthy and Bethel (2004) elaborate a methodologyhe reconstruction of buildings from airborne
laser data using a moving surface method. Firgilgmetric parameters for moving surfaces are
estimated. These parameters are then used to setimaditar data into planar roof facets. The next
step is the extraction of plane roof polygons.

To estimate the geometric parameters of roof féglepe in X, slope in y and height intercept), aste
squares moving surface analysis with variable windizes and shapes is determined. In other words,
a grid is overlaid on the irregular laser pointsl anleast square adjustment is performed withim eac
window to determine the parameters of the plantfitiad the best to these points. The RMSE of the
fitted data is computed as well. The RMSE indicdtew well the estimated plane fit to the Lidar
points.

Using the parameters estimated in the previous #tepoof planar segments are extracted based on a
region growing algorithm starting with a seed regi@hus neighboring pixels are examined and
added to the region if they have common charatiesgisAs a result of this step, roof facets are
segmented and labeled.

In this paragraph, the procedure of translatind facet regions into vectorized polygons is disedlss
To extract plane roof polygons, Alharthy and Bet{2£l04) propose two methods. The first, designed
for simple roof structures is based on the apprades$cribed in Alharthy and Bethel (2002). By
simple roof structures, the authors mean that tireekbetween roof segments are parallel to one of
the two dominant directions of the building footys. This algorithm maintains the squaring property
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of the extracted polygons and includes intermedi&teps such as line extraction, connecting,
trimming and polygon formation.

For the complex roof segments where the breakkmesupposed to take any direction, the approach
considered treats each region individually. Afterting the points in a clockwise mode, unnecessary
ones are eliminated using their altitude and adfitteeshold. To increase the probability of keeping
corner points, the altitude is divided by the bafsthe appropriate triangle.

An example of the results obtained is providedgare 2-5.

According to the authors, the developed methodsigeosatisfactory results with a dataset that is no
dense (one spot height per square meter). Moreeddai might improve the roof details. But the
segmentation procedure might fail for regions @mogé enough to contain an appropriate number of
points. Another example of segmentation failureussavhen adjacent trees cause an occlusion where
not all pulses can reach the building rodhe performance of the algorithm deteriorates i@ th
presence of objects close by the roof regions. alperithm designed for polygons extraction show a
good performance. However, some nodes might bdeshifrom their true position during the
adjustment procedure.

A quantitative performance analysis has not beedenia order to appreciate how good the results
are. But as said by the authors, the main godiisfwork is to test the suitability of lidar datar foof
reconstruction rather than reconstructing with gpeacision building outlines.

Mo % o MW B0 B0 M X
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Figure 2-5: Example of 2D outline, [Alharthy andtBel, 2004]

2.2.5. [Clode et al, 2004]

Clode et al (2004) develop a new method using thati4echoes property of the laser beam to
determine building outlines. The idea is to usepbiats that are identified as building edge potots
accurately delineate the building outlines.

They first step is to segment the aerial laser databuilding, terrain and building edge pointerF
this purpose, an initial classification is perfodngsing the normalized digital surface model. T |
pulse laser points are used to create a last [®&d. A mathematical morphological gray scale

12
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opening with various structural elements is therfggmed to create a coarse DTM from the DSM
previously obtained. From the difference of DSM d@itiM, a building mask is obtained. An edge
point mask around the perimeter of the buildingnsated by removing pixels inside buildings. To
avoid misclassifying neighboring trees and elinimgaimany edge points, an appropriate width of the
outline band has to be chosen. All last pulse gaimgide the mask are classified as buildings point
and those lying outside are terrain points. Polpisg precisely on building edges can then be
isolated.

The algorithm detects from the outer points thesahat are likely to belong to the building boundar
The idea is to position the outline at the requipéate. The points that lie on building edges can b
detected using the multi-pulse returns properttheflaser beam. Indeed, when a laser beam hits the
border of a building, some of the energy of thetaseam is reflected from the top of the building
(Figure 2.6). The remaining part of the energy @flected from the ground or objects at lower
altitude. Thus a first pulse return point amongtipléd pulse return points is a boundary point when
dealing with buildings. The remaining points frone touter points are near the building boundary but
they are not part of the border.

LASER BEAM

| FIRST PULSE
STRIKE

BUILDING

LAST PULSE

STRIKE F\I
S TERRAIN

Figure 2-6 : Multi-pulse property of the laser be&@lode et al, 2004]

To supplement airborne laser scanner points lyimdguwilding boundaries, interpolated edge points
are determined by performing a Delaunay triangoatbetween points classified as terrain and
building points.

A building consists of a series of straight-lingments. Each identified edge point is allocatedre

of these segments. A weighted least square adjansismeomputed to calculate position and direction
of each edge line segment. The extents of the s#gna@e determined by intersecting adjoining
segments.

To allocate points to line segments, the pointdiesearranged in a circumnavigated manner. Aleirc
of ‘construction points’ and centered on the cedtmaf the building is determined. This bounding
circle is used to detect provisional corners by potimg for every building the histogram of the
number of ‘construction points’ that are furthesevery boundary point. The highest three peaks are
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identified as provisional corners. From there, t@native process is then computed to find eventual
additional corners and to allocate building potetedges.

After points are assigned to line segments, maxirikefihood estimation is used to compute edges’

orientation. The position of the edge is determibgdh weighted mean of all allocated points. The
weights are proportional to the inverse of the sgdistandard deviations which are computed using
the flying height, the divergence of the laser datd interpolated distance between points clasisifie

as terrain and building. The final outline is mafean ordered list of locations computed from the

intersection of estimated lines.

An example of the results obtained is providedgare 2-7.

In most cases according to the authors, the algorjierforms as expected but the research isstill i
progress. Improvements of the results are expesidd the increase of the point density. Other
problems encountered by the authors are the shadafiect and the dead time of the laser scanner
system which both cause some lack of data.

Based on the illustrations provided in the paparthier effort are indeed required to make this
algorithm robust. The boundaries are not delineatadirately and furthermore, no prior knowledge
related to buildings shape has been used. Constygjaemers likely to have right angle do not.

¥

Figure 2-7: Example of 2D outlines, [Clode et &02]

2.2.6. [Wang, 2006]

To extract building boundaries, Wang (2006) desmmslgorithm with a series of steps that together
form a semi-automatic process. The acquired las¢a & classified segmented and finally the
footprints are extracted.

The automatic classification of data points hastmsried out with the software AdaBoost. For sake
of simplicity, the original point cloud is resamgleonto a regular grid using nearest neighbor
interpolation method. The dataset is classified thtee different classes, naming buildings, teees

grass. For this purpose, four parameters have beasidered: height, height variation, normal
variation and Lidar return intensity. A manuallyeated training sample is used by the AdaBoost
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algorithm to perform the classification on the whdhtaset pixel by pixel. The set of points clasgif
as buildings is used as input for the followingpste

Building segmentation is performed in three diffdreteps: grouping building regions, removal of
small buildings and removal of tree regions or eegimisclassified as buildings. The principle used
is a region growing algorithm starting with a seedion. The grouping criterion is based on a 2D
Euclidian distance. To reduce systematic errorsifpwevious step, a post processing step is carried
out. Thus a cluster is discarded if its size is lmn the minimum specified by the user. Treeoregi
are removed when the ratio of points with multipgeurns to single returns is high.

To extract building footprints, the first step sdetect the boundary points. This is done by uaing
local neighborhood search. The idea is that a pminthe boundary should have a large region in a
direction where no other point exits. When a ga@@®fis found, the point is considered to lie on the
boundary. This algorithm could miss some boundasintg, which is not a problem as this step
intends only to find a rough outline.

A first approximation of the footprint is performég ordering the candidate points and tracing &a pat
between neighboring nodes until the starting pdnteached. This approximated outline could
contain non-desired right angles. In order to pnévecal level noise from affecting the convergence
of the minimization problem during the regularipati process, the principle of shortest path is
applied. To achieve this objective, the algoritrwh®ahl and Realfsen and the one of Floy-Warhall
are used. The idea is to replace a sequence ofduga single edge with an error less than a
predefined threshold. The result obtained from t#tisp is an approximated outline that has a
minimum number of sides.

In this final step, the previous outline is regidad. Prior knowledge related to buildings such as
straight edges and right angles are consideredif®murpose, a Bayesian Maximum a Posterior
estimation is computed. The idea is to determihpaasible outlines and calculate their probabitity
being the best to fit to the data with building staints applied. The probability function combines
the goodness of fit to the data measured by thardie from the boundary point to the polygon with a
prior on footprint shapes which is function of thaygon’s angles that encourages straight line$, 90
and to a lesser extent 4&nd 135 The required outline is the one with the highestbability.
During the optimization process, simulated anngaifnused to help avoid local minima. Simulated
annealing is an algorithm applied to locate thégl@ptimum of a given function.

In this methodology designed by Wang, (2006), setretegic boundary points could be missed when
looking for the outer points. The principle of Ibcgighborhood search used to determine the first
approximation of the outline is inadequate. Seerges of the results in figure 2-8. From these
examples, it can be noticed that only simple bogdiare considered.
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Figure 2-8: Example of 2D outlines, [Wang, 2006]

2.3. Techniques using raw point clouds exclusively

The techniques presented here work on the orid@salr scanner data without the requirement of an
interpolation to a regular grid.

2.3.1. [Vosselman, 1999]

Vosselman (1999) proposes a new method for buildéegnstruction using planar faces in very high
density height data. The process starts with thieroénation of planar faces, which is followed by
the model reconstruction.

In this algorithm, the author assumes that buildingdels can be described by planar faces. In
addition, assumption is made that the outlinegpatghedral objects and their edges are either fghral
or perpendicular to the main building orientatidiis latter is obtained from the direction of the
horizontal intersection lines between the roof face

The determination of planar faces is based onealing points into planes.

The first approximation of the 2D building outline made of the outer edges of the irregular
triangulation network obtained after the conneatedhponent analysis of the segmented planes. The
contour is then regularized with straight linestbg means of a sequential algorithm making use of
least squares adjustment. The first two pointsuaetl to define a line that is updated based on the
following points in such a way that the distanceagfoint to a line doesn't exceed a given threshold
The next line starts from the last point of thevimas line in a perpendicular direction. After all
points are processed, their assignments to lineeetg are reconsidered in order to reduce the squar
sum of the distances of the points to the lines @ttline is further improved by the elimination of
very short edges (An example of the results obthis@rovided in figure 2-9).

This algorithm provides good results. The increggint density and the avoidance of height
interpolation clearly improve the determinationbeiilding outlines. The accuracy assessment of this
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algorithm has been analyzed by superposing thenstaacted outlines on existing aerial photographs.
From this evaluation, different conclusions are\dst:

- The different errors noticed are directly linkedthe low point density. Higher point spacing
will provide better results.

- The use of least squares adjustment with the ainstthat 80% of the contour points must
fall within the building outline causes an underaation of the size of the buildings.

- Vegetation next to buildings cause some errorhéndetermination of the building outline

In order to improve the designed algorithm, sonoememendations have been made:

- the incorporation of the laser beam width and teec@ntage of the energy reflected by the
roof surface;

- The use of constraints such as collinearity andnsgtry. Enforcing such constraints will
provide more regular shapes.

It is also suggested the use of ground plans whey ére available and when the objective is not to
determine roof edges but the building footprintdsof to reduce the large number of thresholds
needed, statistical reasoning such as minimum ikhiecr length is recommended. Another
suggestion of the author is the manual editingotoect for the different errors observed.

In addition to the low point density, this algorittsuffers from the fact that all angles of a buiggi
outline are made right, which is not always theedageal situation.

L - Loal o=

Figure 2-9: Example of 2D outlines, [Maas and Vbssa, 1999]

2.3.2. [Cho, Chang and Lee, 2004]

Cho, Chang and Lee (2004) propose a practical rdefivobuilding detection and extraction using
airborne laser scanning data. The particularitythié approach is the introduction of concept of
Pseudo-Grid Based Building Extraction. Three mamsons that justify this new concept are to avoid
loss of information and accuracy due to interpolatito define adjacency of neighboring laser points
and to speed up processing time. The process wiashbeen divided into low-level and high-level
steps is made of pseudo-grid generation, noise vaimsegmentation, grouping for building
detection, linearization and simplification of kiifig boundary. Each of these procedures changes the
domain of input data such as point and pseudo-agbrdingly in order to provide efficient data
processing.

In the low-level process, a pseudo-grid is gendrating the average point density. Lidar points are
then assigned to each of the grid’s voxels. Byasissical method, irregular random errors contained
in the raw laser point data and generated fronrungnt malfunction are removed. The following
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step is the application of local maxima filter tegment the data and then to extract boundary
candidate points.

The high-level process is made of grouping laseéntpptree removal and extraction of building
boundary. Grouping points per building is perforniethe pseudo-grid domain. To remove trees, the
concepts of minimum building area and circularitye aussed. However some trees couldn’t be
eliminated. Building boundary extraction is perfedanin both point and pseudo-grid domain. For
each group, the boundary is computed and lineariZexlly, it is simplified by extracting interest
points corresponding to building corners (An exaenpi the results obtained is provided in figure 2-
10).

The proposed approach has been tested on lidaadatired for the city of Chungjoo in Korea.

In addition to the fact that no accuracy assessiastbeen performed, this paper suffers from the
lack of detailed explanation on the different tdgmles applied. Instead of focusing on the

improvement of the outline accuracy, this papeends to improve the processing time. Also, as
explained by the authors, some errors found irréelts are generated from the misclassification of
some trees into buildings. Thus, the methodologiag for classification requires further work.

Figure 2-10: Example of 2D outlines, [Cho, Chand hee, 2004]

2.3.3. [Sampath and Shan, 2007]

Sampath and Shan (2007) design a new proceduteatong and regularizing building boundary from
airborne lidar points. The algorithm is performedfour different steps: separation of building and
non-building lidar points, segmentation of lidariie that belong to the same building, tracing of
building boundary and regularization of the bougdar

As a prerequisite for building segmentation, the taar points have to be classified into building
and non-buildings points. This objective is achéfg using the filter proposed by Sampath and Shan
(2005). It is a slope based one-dimension andrectonal algorithm. The idea is to create a lidar
profile and to classify points between a large {pasislope and a large negative slope as non ground
points.

18



OUTLINING BUILDINGS USING AIRBONE LASER SCANNER DATA

The task in the segmentation process is to findtpdhat belong to an individual building. This is
achieved by a region-growing approach. The maipenty used is the uniformity in the distribution
of points within a cluster. It is an iterative pess which uses a moving window oriented along and
perpendicular to the scan directions. The proceds &ith the removal of small segments likely to
represent trees or cars not rejected from theifilgeprocess.

Boundary tracing is then performed with the use ehodified version of the convex hull algorithm
proposed by Jarvis (1977). The convex hull or canesvelope for a set of points is the minimal
convex set containing all points. In other word® tonvex hull is the smallest convex boundary
containing all the points. In the modified versmiithe convex hull formation algorithm, the seaoth
the next point is made in a rectangular neighbadhobthe current point. The algorithm starts by
determining the left most point and ends when @&rd@hed boundary point happens to be the left
most point. A boundary point is found, when aftaving selected neighboring points of the previous
boundary point, the clockwise angles between preyicurrent and candidate points are computed
and the point corresponding to the least anglbdsen.

Finally, the boundary is regularized by a hierazahileast squares adjustment. Indeed, due to the
irregular distribution of lidar points, the tracbdundary appears ragged. To carry out the boundary
refinement, the first step in the regularizatiogpsts the classification of points lying on londjees
segments based on the difference in slope of twesemitive edges. These segments modelled by a
line equation, are sorted in two groups based eir glope. The next step is to determine a least
square adjustment where these lines are eithellgdamaperpendicular to each other. In the firaips

a global least square adjustment is performed datuall line segments. The previously determined
values are considered as weighted approximatioths:iarexplicit constraint is enforced at this level.

Some examples of the results obtained are providédure 2-11.

The designed approach has been tested on threerediff sites with different point spacings.
Orthoimages of the target cities have been usétbapendent reference data. From the superposition
of the reconstructed outlines with the orthoimagesne appreciations have been made. In addition,
numerical quality-assessment of the least squgustatents has been performed. It can be concluded
that almost all building edges are well determirigat due to the limited resolution of the lidar alat
some details are missed and artefacts are intrddi&y low places of building may be identified as
ground, which cause missing parts in the reguldrimglding. The evaluation reveals that right asgle
formed by short edges may not appear in the reigethbuildings. It has also been found out that the
maximum distance between a lidar point and itsesponding line segment is proportional to the
point spacing. Further effort are required to edtéme presented approach to handle buildings with
multiple and non-perpendicular dominant directions.

The method of Sampath and Shan, (2007) provided gpproximated outlines. But, as said by the
authors, further effort is required to improve thgerarchical adjustment proposed in the
regularization step by considering buildings witht necessarily right angles.
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(@
Figure 2-11: Example of 2D outlines, [Sampath ahdr§ 2007]

2.4, Techniques using other information sources

2.4.1. [Gerke et al , 2001]

Gerke et al (2001) extracts 2D roof outlines ofldings from aerial imagery using Invariant
Geometric Moments. The advantage of using momerttsait they directly lead to the five parameters
(width, length, orientation and position in x anddgscribing a rectangle around the region. The use
of invariant moments to extract building outlinesisvalso experienced by Maas and Vosselman
(1999). The whole process subdivided into deteabbhuilding areas and reconstruction of outlines
is embedded into a generic scene model.

To detect building areas, a hierarchical scene isdesed to classify the image with the help of
context-dependant knowledge. The authors also makeof normalized DSM. Thus, domains that
have a low NDVI and contain 3D object are considexrs building areas.

Buildings are then detected in building areas amtividual building outlines are reconstructed. For

building areas containing shadow regions, a histogis computed where the left main peak

representing the shadow information is used to vemmdesired regions. To reconstruct the outlines
assumed to be orthogonal closed polygons, the appraised is based on invariant geometric
moments which provide rectangle outlines. As compbeildings cannot be described by single

rectangles, a process called decomposition isethmout where undesired areas are modelled by
rectangles and subtracted from initial outline.

Two problems observed with this methodology arénligipted by the authors: the reconstruction of
nearly quadratic building which fails with the pees process and the miss-orientation of the initial
rectangle. For the latter, a solution has beenddorrotate the initial rectangle until the areaared

by this rectangle and the building region becomemaimum.
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To test the method, an image having a ground samplistance of 10cm has been used together with
a DSM whose resolution is 20cm. While some intémgstresults have been obtained, some
shortcomings are observed due to the miss orientadf initial buildings, the non-robust shadow
removal process and the fact that not all buildihgse orthogonal outlines. Some examples of the
results obtained are provided in figure 2-12.

As proposed by the authors, further work is reglit@ make this algorithm robust. It should be
considered another alternative than the invariamiments for the determination of the main
orientation of the roof outline. Also, cases wheudlines are not right shaped should be investibate

! i =t G T ‘% 5 A

2.4.2. [Sohn and Dowman, 2003]

Sohn and Dowman (2003) design an automated methexttact building outlines using lidar DEMs
and Ikonos images. Although a lot of photogrammetisearch has focused on the reconstruction of
building boundaries, the design of this new techeigan be justified by two main reasons. First the
low contrast, occlusion and shadow effects on irmagéhigh density urban areas make it difficult to
extract features. On the other hand, accordindgpe¢oauthors, lidar data solely used, even with high
density of points, cannot delineate accuratelyding boundaries.

The fist step of this process is to localize indiaal buildings with a rectangle polygon by means of
hierarchical segmentation of lidar DEM and lkonosltirspectral information. The algorithm used
here is the one developed by Sohn and Dowman (200@) lidar DEM is fragmented into a set of
homogeneous sub-regions where the underlying teisatharacterized by a single slope. Thus it is
easier to distinguish between on-terrain and affia points. An individual elementary terrain name
planar terrain surface (PTS) is classified as plée@ain if the heights of point inside this trgadar
area are within a given threshold; otherwise fragmented into pieces by a Delaunay triangulation
until the latter are verified as PTS. Reliable teffrain points belonging to buildings and trees are
obtained by removing outliers based on a simplestiwld. The differentiation between building
objects and trees is made by the use of lkonosi-spdttral bands. Finally, a connected component
labeling process is applied creating blobs represelny rectangle polygons.
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The second step in which buildings are extractemhasle of three different sub-processings naming
intensity line cue generation and filtering, vidtline cue generation and polygon cue generati@h an

grouping.

Intensity lines meaning lines based on color infation are extracted from Ikonos imagery by the
Burns algorithm [Burns,1986]. Extraneous line segtsare filtered by a length criterion.

In order to compensate the insufficient densitynbénsity line cues, virtual line cues are extrecte
from lidar data. The main assumption considerec lierthe fact that building shapes are made in
some degree of geometric regularity. But this mduss a weak constraint as polyhedral buildings may
not have symmetric property. The use of virtuat loues in boundary representation is subject to the
degree of complexity of individual buildings.

From the intersection of intensity and virtual dunes, convex polygons are generated. The boundary
representation is reconstructed by a collectiorbwifding polygons. For that purpose, the Binary
Space Partitioning (BSP) method developed by Fu&esiem and Naylor (1980) is modified
considering the contribution of lidar data. Thisltes used for a recursive partitioning of regidins
hyperlines in 2D image space. Some examples akthdts obtained are provided in figure 2-13.

The building extraction method described in thistise has been tested over a site of Greenwich
industrial area in London. An lkonos Pan sharpeinge with one meter resolution was used. In
addition, lidar points were acquired over the tasia by OPTEC airborne laser scanner with a point
density of 0.09 points/m2. From the results obtdjriecan be noticed that most buildings shapes are
properly reconstructed by linear features. Howgetlee technique suffers from several difficulties.
Most residential houses failed to be localized doelow density of lidar data and its uneven
distribution. In addition, the algorithm makes ase relatively high number of parameters.

Figure 2-13: Examples of 2D outiines, [Sohn and Dan, 2003]

2.4.3. [Lafarge et al, 2006]

Lafarge et al (2006) design a fully automatic bimigd footprints extraction method from Digital
Elevation Models. It is an object-oriented procedwhere building footprints are extracted from the
DEMs based on marked point processes. The methmwsalhe use of a priori knowledge and doesn’t
need localization maps.
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The first step consists in generating DEMs whiclthis altimetric description of urban areas from 3
view-images. The images have a sub-metric resalutith a high stereoscopy. The method applied to
achieve this objective solves the surface recoatitnu problem by formalizing it as a minimizatioh o
energy.

In the second step of the process, the extracfidmitding footprints is made using the marked poin
processes. It consists of generating simple gednebjects (rectangles) as building outlines. A
marked point process is a set of points represdntehleir 2D coordinates associated with a recengl
determined by its orientation, length and widthdénsity function is defined which integrated three
different energies, naming external energy, inteen&rgy and exclusion energy. The external energy
measures the quality of the rectangle given the DEM idea is to extract some points and to check
the coherence between these points and the retdastpape of the object. The internal energy allows
giving a spatial structure to the configuration.eTéxclusion energy avoids redundant objects by
penalizing the intersection of parallel rectangl€se global minimum of this energy is found by
applying a Reversible Jump Monte Carlo Markov Clempler embedded in a simulated annealing
scheme.

In the last step of the determination of 2D ousinboundaries are regularized towards structured
footprints. In other words, neighbouring rectangdes connected to create a structured polygon. An
exhaustive description of all the fusion configioas will be very heavy. Therefore, only most
realistic cases have been considered. In ordezléztsthe most adapted configuration, a cost foncti
has been defined. The latter is composed of thewast the DEM cost, the recovering cost and the
contour cost. The first cost defined by the ratgigkls inside the proposed footprint is supposed t
define the quality of the proposed configuratioweg the DEM. The recovering cost is computed by
using the surface of the proposed configuratiomhie surface of the two initial rectangles. Indtea
of surfaces, the contour cost considers the lengthshe features. The most adapted fusion
configuration is the one with the least value for tost function.

The methodology has been applied in the determnanadf 3D-city modelling using PLEIADES
simulations from the future PLEIADES satellites. eThesults are satisfactory. However, two
drawbacks have been encountered. Low flat buildimgge not been identified as they present low
DEM discontinuities. Secondly, some trees have ligected as buildings but this can be corrected
by introducing a vegetation mask.

In the final outcome of this method (See examptesigure 2-14), intermediate line between two
neighbouring rectangles glue together are stiliblés No quantitative analysis of the accuracy
assessment has been made in order to appreciatprhoise is the final product.
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Figure 2-14: Example of 2D outlines, [Lafarge ¢t24l06]

2.4.4. [Dutter, 2007]

Dutter (2007) develops a method for generalizatanbuilding footprints derived from high
resolution remote sensing data. The idea is taeraple polygons with right angles whose degree
of details is function of parameters provided by tisers.

This algorithm requires some prerequisites, onw/fdth is that the Euclidian distance between two
successive points in the outline should be similae first step in the process is to check whettisr
criterion is met. If it is not the case, additionarners are added. The following step is the
computation of the main orientation of the buildimgtline which is taken from the orientation of the
longest edge of the minimal bounding rectangle (NIDR determine the MDR, a built-in function in
ArcMap is used to calculate the convex Hull of fhaygon. The MDR is the rectangle with the
smallest area having one side collinear with areexfghe convex hull.

Different levels are then considered in the deteatidn of the outline. At level one, the process
approximates the building outline with a simpletamgle. If the rectangular model doesn't fit well

enough the dataset, additional corners, the seetalew split-points are computed. This leads to
Level 2 where buildings are expected to have L,rTZcshape or level 3 where the U-model is
considered. The points are then assigned to ewgry and the position of the edge is calculated with
respect to the corresponding MDR-edge. Finally,ristealges are removed. In case the outline
obtained is not satisfactory enough, tools have leweloped for manual editing.

To implement this process, a generalization tod been built in ARCGIS. The data used for the
practical demonstration contains 315 buildings. Sexamples of the results obtained are provided in
figure 2-15.

Three parameters have been defined to measuraidieyopf the outlines:

- The orthogonal distances between points alorgirai polygon and the generalized polygon.

- The Hausdorff distance which is a measure ofidgree of mismatch between two sets. It is defined
as the maximum distance between the two sets.

- The area of symmetric difference which is the sofrareas that are whether in the original or

generalized outline but not in both. The greater sigmmetric difference, the worse is the result
obtained.
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After having evaluated the presented algorithnturibs out that the concept of split points to fand
suitable model for an arbitrary building polygoroyides good results. 88.3% of buildings have been
automatically generalized. From all polygons 3.2%veéh a bad generalization quality, but remain
undetected by the built-in quality check. Due te toarse orientation error, 5% of the buildings are
generalized inaccurately.

Some limitations have been noticed. These inclhéelimited geometry of the generalized polygon
(only right angles) and the determination of thamwientation based on the MDR which fails in
some cases and lead to a wrong outline.

Flgure 2 15: Example of 2D outlmes [Dutter, 2007]

2.5. Some polygon reduction techniques

The purpose of polygon reduction techniques iseuce the number of points of the polygon,
without changing the main characteristics of thiygan.

2.5.1. Vertex reduction algorithm

In vertex reduction algorithm, successive vertites are clustered too closely are reduced toglesin
vertex. For this algorithm, a polyline vertex ischirded when its distance from a prior initial ggris
less than some minimum tolerance. Specificallyerdfitking an initial vertex VO, successive vertices
Vi are tested and rejected if they are less thaway from VO. But, when a vertex is found that is
further away tham, then it is accepted as part of the new simplifietyline, and it also becomes the
new initial vertex for further simplification of éhpolyline. This procedure is easily visualized in
figure 2.16.
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& - Keep Vertex o«—» - Origina Polyline

o - Discard Vertex & ———- - Reduced Polvline
Figure 2-16 : Vertex reduction principle,

[http://geometryalgorithms.com/Archive/algorithm 0%2], (Accessed in November 2007)

2.5.2. Douglas-Peucker Algorithm

Whereas vertex reduction uses closeness of veréisea rejection criterion, the Douglas-Peucker
algorithm uses the closeness of a vertex to an selgment. This algorithm starts by considering the
single edge joining the first and last verticesta polyline. Then the remaining vertices ar¢eis
for closeness to that edge. If there are verfiegber than a specified tolerance, away from tihgee
then the vertex furthest from it is added to thapified polygon. This creates a new guess for the
simplified polyline.

This procedure is repeated recursively. If at ame, all of the intermediate distances are less th
the threshold, then all the intermediate pointsdiminated. Successive stages of this process are
shown in (figure 2.17).

26



OUTLINING BUILDINGS USING AIRBONE LASER SCANNER DATA

Atagp 4 - Done

Atparhstage: ———  =nriginal anl¥line
— =ititial apprneiteation
] = ferthest vert:c2s = ¢ from approzitmati cn
— —8— —» =pnedappooEmaion

Figure 2-17 : Douglas-Peucker Principle

[http://geometryalgorithms.com/Archive/algorithm 0%2], (Accessed in November 2007)

2.5.3. Discussion

These generalization methods are not adapted fob@ling outline reconstruction. Indeed, the
output of these techniques is a set of points etedafrom the initial dataset which do not necabsar
represent building corners that sometimes havestodmputed. In addition, joining these points will
not necessarily provide the squaring property @fimgs.

2.6. Summary
A summary of the above survey is provided in thdas 2-1, 2-2 and 2-3.

Table 2-1: Summary of techniques for reconstructib®D building outlines (Techniques
using range images exclusively)

Identification and
Order Research Extraction of building
segments

Determination of Regularization of
initial outline outline

Normalized DSM + Vectorization of

[Weidner and Minimum Description

1 Forstner, 1995] connected compqnents +building §egmem Length
removal of noise outline
TIN + Region growing Bounding Hough transform for
2 [Morgan and Habib,| with the use of surface| triangles created the detection of
2002] normal vectors + with points straight lines +

morphological filter + located inside intersection of these
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Connected component

D

and outside the
building’s
domain

lines.

[Alharthy and Bethel

First and last pulse

Vectorization of

Image cross-correlatio
to detect two dominant

=)

return analysis + local

3 - e building segment directions
2002] statistical variation + oug'lflineg erpendicular to each
Normalized DSM Perp
other
Vectorization of Sort points and
[Alharthy and Bethel . - . P
4 2004] Normalized DSM building segment eliminate unnecessary
outline ones
Weighted least square
. adjustment +
multi-echoes . -
Maximum likelihood
property of the L
estimation to compute
. laser beam + . .
5 [Clode et al, 2004] Normalized DSM edges’ orientation+
Delaunay
. . Least squares
triangulation .
adjustment to compute
position
AdaBoost algorithm ) )
using nearest neighbo local Bayesian Maximum a
6 [Wang, 2006] ) g ) g neighborhood | Posterior estimation +
interpolation method . .
search simulated annealing

+ segmentation

Table 2-2: Summary of techniques for reconstructib®D building outlines (Techniques
using raw point clouds exclusively)

Identification and

Determination of

Regularization of

Order Research Extraction of building _ . .
initial outline outline
segments
Detection of planar faces
2D Delauna Least squares
7 [Vosselman, 1999]| + Connected component . . Y . a
. triangulation adjustment
analysis
[Cho, Chang and . . . o TP
8 Local maxima filter Linearization Simplification
Lee, 2004] P
One-dimension and bi- . . . .
[Sampath and Shan, ;. . . .| Modified version Hierarchical least
9 directional height profile

2007]

+ region-growing

of Convex Hull

squares adjustment
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Table 2-3: Summary of techniques for reconstructib®D building outlines (Techniques
using other information sources)

Identification and Determination of Regqularization of
Order Research Extraction of building _ . g .
initial outline outline
segments
Process of
. decomposition where
Invariant undesired areas
10 [Gerke et al , 2001] Normalized DSM Geometric
modelled by rectangles
Moments
are subtracted from
initial outline.
Hierarchical
Segmentation + rectangle polygon +
[Sohn and Dowman . ) . . . -g P _yg .
11 2003] Delaunay triangulation + intersection of intensity and virtual cue
Connected lines
Component Labeling
. Marked point Bayesian Maximum a
12 [Lafarge et al, 2006] Normalized DSM P y . N
processes Posterior estimation
Multi-level algorithm
with a built-in quality
check running from
13 [Dutter, 2007] i Convex Hull | < g
simple rectangle to
more complicated
shape
2.7. Is there a need to develop another algorithm?

All the approaches listed in this survey providsutes with shortcomings (intrusions, extrusions and
edges not properly delineated, non right anglestaian into account...). The 2D outlines obtained
are not satisfactory enough according to the aathdro suggest further research on the topic. Two
main reasons justify the problems encountered §gaiechers: the data used and the methodology.

Indeed, one of the common difficulties highlightadmost of the researchers is the low point density
The datasets used for the implementation of thehmdlst runs from 0.1 point per square meter
[Sampath and Shan, 2007] to 7 points per squarerrfiédsselman, 1999]. There is a need to use a
data with a higher point density in order to gdtdreresults.

The second problem faced by most of the researéhéine methodology used in the regularization of
the building boundary. The processes for the ehltiim of unnecessary corners and the
determination of the final directions of the builgiedges are partly responsible of the shortcomings
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noticed in the results. The different algorithmsideed for the determination of the main orientatio
of the outline are not robust. An improvement iguieed for all these approaches.

Another weakness of most of these papers is the dha quantitative analysis of the accuracy

assessment. To which extent the determined 2Dnegtlare accurate is not clearly explained in most
of the papers. Those who try to analyze quantigtithe results obtained didn’t use some reference
data but rather they rely on parameters defineagusie raw point clouds and the computed outlines.
These indicators are not enough to evaluate thigyofthe outlines.

Knowing the advantages of automating the generatfo8D building outlines, there is a need to
improve existing methods or to design a new onéaking advantages from what has already been
done. In the new approach, a data with a highentptensity and a better process of reshaping the
approximated outline have to be found. This isahjective of the following chapter.
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3. Proposed approach for the deter mination of 2D
building outlines

This chapter starts with the definition of an aquliwhich is followed by the strategy that is used t
determine it.

3.1. What is a 2D building outline?

In this research, 2D outline means the 2D boundaeybuilding’s roof. In most of cases, it is maide
straight edges with regular angles. In order tangefvhat a regular angle is, a survey has been made
on the most frequent values of angles that appearreference map. This map contains 2301 angles
representing Building wall corners. To compute pleecentage of right angles, angles multiple of 45
degrees and angles non multiple of 45 degrees withé dataset, several ranges have been
considered. For example, considering a rangé€,daflllangles between 8and 9% are supposed to be
90” angles. Let us also assume that angles made frath edges (length lower than 2m) are errors
coming from the digitization process and make agfagnsame experiments with the remaining angles
(1366).

The results of this survey are presented in figute table 3.1 and table 3.2. More than 75% ofesgl
are multiple of 45 degrees. If we assume the raterenap used to be a good representative and that
wall corners have the same characteristics as mmfers when dealing with 2D building outlines, a
regular angle can be defined as an angle whose Vsla multiple of 45 But a robust algorithm for

the determination of building outlines has to take account angles that are non multiple ot 45

Frequencies of Angles in a Reference Map
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Figure 3-1: Frequencies of angles in a referentz (fisterval=1 degree)
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Table 3-1: Survey of angles in the reference dalieagigles)

Range Right Angles Angles multiple of 45| Angles non multiple of
(degrees) (%) degrees 45 degrees
(%) (%)
1 73.5 74.6 25.4
2 76.8 78.4 21.6
3 78.0 80.6 19.4
4 78.7 81.9 18.1
5 79.4 83.9 16.1

Table 3-2: Survey of angles in the reference datagles whose both edges have a length
lower than 1m are excluded)

Range Right Angles Angles multiple of 45| Angles non multiple of
(degrees) (%) degrees 45 degrees
(%) (%)
1 83.9 85.0 15.0
2 87.9 89.0 11.0
3 88.8 90.4 9.6
4 89.3 91.0 9.0
5 89.8 92.0 8.0

Geometrically speaking, a building outline is a ge2D coordinates of points arranged in a certain
order. Joining successively these points will pradthe outline needed.

A good outline has a minimum number of points. Ombgessary corners have to be represented. In
addition, the outline is correctly determined whée polygon contains all points reflected by the
buildings’ roofs with the lowest possible surfacel gerimeter.

The above definition of a 2D building outline aslivess the results of the survey will guide the dasi
of the strategy for the determination of a buildomundary.

3.2. How to determine 2D building outlines?

The proposed method for the determination of 2Dirmitof a building is a coarse-to-fine process.
The idea is firstly to determine the outer point®ag the points reflected by the building’s rooflan
then reduce progressively the number of outlinengsoby creating straight edges without damaging
the general shape of the outline. Because at ®#%t of outlines angles are right, a first attemipt o
the boundary will be created using only right asgle case of unsatisfactory results, a seconaopti
will be considered where the outline angles aretipial of 45. If it happens that the resulted
boundary is still unacceptable, in a last approgioma the building angles will not be forced anymor
to have pre-defined values. The obtained edgesheitlisplaced towards the exterior of the roof such
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that the maximum of points fall inside the outlifghe methodology divided into several steps as
shown by the figure 3.2 is explained in the follog/sections.

3.3. Pre-processing

In order to extract points reflected by buildingsbfs, a segmentation process is performed. In this
work, segmentation stands for the process to de@laciar roof faces in laser scanner point clouds.
The main assumption is that building roofs are mafdplanar faces. Once the points reflected by
each of the faces are grouped into one segmentifiddrby a number or a colour, it makes easier to
recognize and extract building roof points whicé #re input data for the algorithm to be designed.

3.3.1. Point cloud Segmentation

The segmentation method used in this researchidedan [Vosselman, 1999] is the plane growing
of points based on 3D Hough transform seed selectio

The idea is to detect planar faces by an iteraearch, starting with a seed and then growing the
latter when a point in the neighbourhood satisfieplanarity criteria.

To determine the parameters of the seed plane, difigt version of Hough Transform technique
[Hough, 1962] is applied. In its original form,ist used to detect 2D objects such as lines in aigém

In this case, the underlying principle is to deteenthe plane equation that fit most closely to
selected points. The plane equation is in the fofnd = xcos@)cos)+ ycos@)sin(A) )+ zsing)
where d is the distance from the plane to the wridithe coordinate system (®)the angle between
the Z-axis and the line joining O to the curreninb@gM) andX represents the angle between the X-
axis and the projection of line (OM) onto the pld@&eX,Y). While applying 3D Hough Transform,
instead of working in the object space, bins affindd in the parameter space. This means that some
range of discrete values are set for the parameteds A, and each time a point satisfies to the
equation, the corresponding bin counter is incréeteby one. The seed corresponds to the bin with
the highest count.

Joining a point to a growing segment is mainly base distance thresholds. First a threshold i®set
the proximity distance meaning the distance betwbercandidate point to the neighbouring point in
the segment. A second threshold is set on the gotiad distance between the candidate point and the
plane defined by points already belonging to thggrsnt.

3.3.2. Identification of buildings

The identification of buildings is done visuallychis facilitated by the segmented dataset and Ehe 3
visualization mode.
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Figure 3-2 : Methodology for determination of 2Dtlme
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Instead of selecting and extracting manually theirdd points, some methods exist for the
classification of laser points into building andnrouilding classes. Afterwards, a segmentation
process will be carried out where points are grduper building. But in this research, attention is
focused only on the determination of the 2D outliffdis is the reason why no filtering or

classification program has been designed or imph@akin this work.

3.3.3. Selection and Extraction of roof points

During the selection of points, a problem may raike roof segments resulting from the
segmentation process may not contain only poinfieated by roofs but also points in the
neighbourhood of the buildings that satisfy theptamarity conditions. Integrating such points the
not part of the roof can lead to some errors dutirgdetermination of building outline. Therefore,
after selecting the required segments, availabt¥staevithin PCM have to be used to remove
undesirable points.

Before moving to the following step, the data isaried by removing duplicate points. Also, if severa
points have same horizontal position and diffe@titudes, only one is kept as the objective is to
determine 2D outline.

3.4. Extraction of outer points of the building

This step takes as input all points reflected bijding roofs and produces as output the outer goint
sorted in the clockwise order starting from onetltd corners of the dataset. The objective is to
generate a first approximation of the outline vtk maximum number of corners which contains at
least 99% of points reflected by the roofs.

To achieve this goal, the method of a modified ieerof the convex hull has been adopted. This
technique proposed by Jarvis (1977) was used byp&dwmand Shan (2007). The convex hull is the
smallest convex boundary containing all the poifitse use of a modified version of Convex Hull
instead of the original version is justified by taet that the original Convex Hull doesn’t provide
boundary with all necessary corners. Some concanecs are missing in the outline.

The process starts with the determination of onth@fcorners. The following corners are determined
successively. A moving window centred on the curcmner is used to collect neighbouring points.
The second outline corner is the point that fornith whe first corner the least azimuth. For the
remaining corners, the exterior topographic angevben the previous corner, the current corner and
each of the selected points is computed. The raxiec of the outline is chosen in such a way that t
computed angle is the least and the current segmerdoesn’t cross over any previously determined
segment. The principle is made clear by the figige
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Figure 3-3: Principle of the modified version ofr@ex Hull
[Sampath and Shan, 2007]

In the modified version of the convex hull formatialgorithm, the search window is a rectangular
neighborhood centred on the current point. Thenitedh of the size of the search window is critical
Indeed, a too small window will not provide enoygints and therefore the determination of outline
can be stopped for not finding the following poiAttoo large search window may contain several
corners such that some important corners may bgenhis the outline. This is illustrated in the figu
3.4. Empirically, it has been found out that 3 tnke point spacing of the dataset is an appr@priat
size for half the length and the width of the sharindow. The point spacing can be defined as the
average distance between the points of the datdasetompute the point spacing, the irregular
triangulated network (TIN) based on Delaunay trlaags created. The point spacing is taken as the
median value of the lengths of all triangle eddé®e median value has been chosen because it is the
closest value to the majority of the lengths ddirigles edges. In order to make this process wark fo
any laser dataset, the size of the search windalxcansequently the point spacing are computed on
the flow and not entered as pre-defined values.
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Figure 3-4: Appropriate size for a moving windowtle determination of Convex Hull

For a homogeneous dataset, a fixed window sizééylto produce good results. Indeed, it will
always be possible to collect enough points ansktect the appropriate following point. In case the
data is irregularly distributed (clusters of poia&parated by empty space), the size of the wirltsv
to vary locally. In an irregular area, the sizetlwé moving window will be multiplied by two or a
higher number. Taking into account the homogeneitythe dataset in the determination of the

concave hull was not part of the approach desidpyelbampath and Shan, 2007]. This research has
improved the methodology in that direction.

The polygon of outer points can also be obtaineddnsidering the alpha shapes. éishape of a
finite set of points is a polytope (generalizatimh2D polygon to any dimension) that is uniquely
determined by a point set and a real number is equal to inverse of a radius of a circle whicts

on its boundary two points from the point set. Tdishape is neither necessarily convex nor
connected. Fou=0, a-shape is identical to the convex hull. Aslecreases, the-shape shrinks by
gradually developing cavities. More information this method can be found on [Belair, 2008]. The
2D o-shape has also been implemented in the softwatiaiMa

3.5. Determination of line segments

As buildings are made of straight edges, the qubarts obtained from the previous step are grouped
to form line segments. A line segment has only psots and is described by its orientation and its
position. Determining line segments means replaairsgt of points that fall within some conditions
by a regression line segment that fits the beshese points. The orientation of the line segment i

computed by a least squares adjustment while &gipo is determined by the average coordinates of
the points.

The selection of points used to compute the lingrsats is made by an iterative search. Firstly, the
first two points are selected and the equationhef line joining those points is computed. If the
orthogonal distance of the following point to tlvelis less than a given threshold and the azirofith
the line segment made by the second and the cyroémitis within a given range, the current pogt i
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joined to the list of points and the equation & tlew line that best fits the three points is dakeadl.

The equation is updated until the orthogonal dstdmetween a point to the line exceeds the distance
threshold or the azimuth of the current segmeputsof range. As shown by figure 3.5, the selection
of points using distance to line and azimuth previgtter results than considering only the distance
to line.

The value of the distance threshold has been é&sttaldl by considering the point spacing of the laser
scanner data. It is assumed that during the ddiiection, the laser points do not follow a specliie
direction. They are rather distributed randomlytheg right or at the left of any given line with a
maximum orthogonal distance represented by thet gpiacing. To be sure to select enough points,
the threshold has been set to one and half timegpdint spacing. Both the point spacing and the
threshold have to be computed in this algorithnthenflow. No previously defined value is used.

To determine the range within which the azimuttse§ment made by previously selected point and
current point is acceptable, first the azimuthtleé first two points are computed. For any point
selected, the difference between the azimuthsrsif éind last segment should not exceed®2Z s
choice can be justified by the main assumption gleaerally, two consecutive building edges form an
angle higher than 225

Selection of points Selection of points
using distance to line and azimuth: using only distance to line:
Appropriate Inappropriate

Figure 3-5: Fitting line segments to outer poinithwlistance to line and azimuth or with only
distance to line.

This step takes as input data the outer pointsymexd in the previous step and generates line
segments. The main difference with the previous st&n outline better regularized with a noticeabl
reduction of the number of outline points.

3.6. Removal of unecessary corners

When dealing with building outlines, some situasiceppear abnormal and have to be corrected.
These situations may appear after the previous atdater in the process. The objective is to use
prior knowledge on buildings to remove unnecessamyers without affecting the precision of the
outline.

In case two segments are crossing each otherntbeséction point is computed and inserted in the
outline. All other unnecessary points around thigrsection point are removed as shown by figure
3.6.
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Figure 3-6: Removal of unnecessary corners whersegment lines are crossing each other

When three successive points lie on the same {lme,middle one is removed from the outline.
Furthermore, if three consecutive vertices formeatremely large angle, the center vertex can be
deleted without severely distorting the polygorg(Fe 3.7). The condition used to apply this rula is
difference of up to 10while computing the azimuths of the two segments.

*— —— —e g °
Pl P2 P3 P1 P3
Before... After...

Figure 3-7: Removal of unnecessary corners whempdthat create with the previous and
following point form the same line segment or atr&xely large angle

Two successive line segments that are in oppogietibn shouldn’'t occur in a normal outline. To
solve this problem, the intermediate point is reewbvT he difference between two opposite directions
is 180. If this difference is between 178nd 196, the intermediate point is removed from the list.
the example provided in figure 3-8, initial poirg B removed.

® ———— ® o—— o
P1 P3 P2 P1 P3
Before... After...

Figure 3-8: Removal of unnecessary corners wherstwoessive line segments are in
opposite direction

3.7. Outline reconstruction strategy one

3.7.1. Determination of main orientation

After fitting line segments to outer points and oetng unnecessary corners, the main direction of
buildings have to be determined before proceediitly the next step which is the regularization of
angles. Indeed, the main direction of the buildimgised to compute the regular angles (See next
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section). The main direction is computed in twdati#nt ways and the one that produces the better
outline is considered in the following steps.

The first computation is made by intersecting thestrsloped roof face with a horizontal

plane and computing the direction of the resulied.|After performing segmentation into

planes, segments to which belong the outer posdstibn 3.4) are extracted. The least
squares adjustment technique is used to computedghation of each of these planes. The
slope of each segment is then calculated. The s#gwith the highest slope is intersected
with a horizontal plane. The direction of the ob& line is considered to be the main
direction of the building (Figure 3.9). This oriatibn can also be derived from the outer
product of the normal vector of the most sloped face and the Zenith axis.

[ ] Horizontal Plane
[ ] Building’s roof Planes

______ Intersected Line

Figure 3-9: Determination of main orientation btersection

The main orientation of building is also computeg using a second method. After fitting line
segments to the outer points and before the renmadville unnecessary points, the main direction of
the building is considered to be the azimuth ofltimgest segment line.

Both of these values are used to reconstruct théneuThe one that provides an outline whose
surface is closest to the one of the polygon madauker points is considered to be the best one.

3.7.2. Regularization of angles

In this section, regularization means the changangfle values into right angles such that the final
roof outline has a regular geometric shape. Thenrdaection computed in the previous section as
well as the orthogonal projection are used to aghtbis objective. Every point is perpendicularly
projected onto the two possible directions drawrth@nprevious point. From the two new positions
obtained, the selected one is closest to the lipitimt, P2” in this case. (Figure 3-10)
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Figure 3-10: Regularization of Angles (Strategy 1)

After making angles regular, unnecessary cornegsr@amoved by applying the cases discussed in
section 3.6.

3.7.3. Displacement of edges

After making angles right using the principle désed in previous section, the following step intend
to move the segment lines such that most of thatpoeflected by the building roof fall within the
outline. The objective of the displacement of tlegreent lines is to determine an outline which
contains the maximum number of points. The shiftagade towards the outside of the building. For
this purpose, the eventual points lying outsiderygwegment are selected and their distance to the
corresponding line is computed. The segment lirghiied parallel to itself to the most outsidentpi
meaning to the point that has the maximum distaNoedisplacement of an edge is made when there
is no point exterior to this edge. Figure 3.11 sh@wdisplacement where the dark edges (original
outline) are replaced by the dashed ones.

pEmm—— pmemsssssse= n
(] . | ] r . R
R . 1 1
| P2 P3| ®» :I P2 P3 |: II. P2 P3 l:
I pedessse= 1 o —
s 8 . ! THL u 1 . L
- 1
P4 ps| ® 1 P4 S H 1 P4 gl
1 1 % H Ps| B}
1 1
—> i - = ;
1 1 1 1
1 1 1 1
. P1 P6| A Ps| o 'n P1 Pe| o
. . L, I J N S ._J
® QOutline Corner
8 Roof Point outside outline —— Previous Outiine edge —— Previous Outline edge
——— Outline edge === New Outline edge === New Outline edge

Figure 3-11: Displacement of edges

Once all displacements have been achieved, thesauigons of consecutive line segments are
computed. These newly obtained points constitigentbw outline.
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3.7.4. Removal of unecessary corners

After the displacements, again the algorithm ofaeah of unecessary corners is applied.

The last step of this reconstruction strategy fnégle of the removal of short segments. If two line
segments are separated by a short segment whdaacaiss lower than a threshold, they are glue
together. When gluing two parallel segments, the pesition is the most exterior to the roof. In the

examples shown on the figure 3.12, the outline tgoame arranged in clockwise mode and thus the
displacement is made towards the left.

The threshold is set to 50 cm because in generdt af building edges are longer than this value.
Distance P2-P3

lower than a
threshold
P4 P4 P4 P4
® o |
|
|
\
l
P3 P2 -1 P2 P3 -
|
|
\
|
|
|
o o
P1 P1 P1 P1
Before... After... Before... After...

Figure 3-12: Removal of small segments

3.7.5. Estimation of Outline’s Quality

At this level, depending on the quality of the cartgal outline, either the outline is accepted or the
process continues with the next reconstruction otktihe quality is measured by comparing the
outline obtained with the polygon of outer poinfsvo parameters are computed: the percentage of
points inside the determined outline and the diffiee in surface between the computed outline and
the polygon of outer points. As shown by figure33.this difference should be as lower as possible.
The idea behind the definition of these two crées to fit the outline to the dataset without Imayvi
roof points outside. Thus, if less than 98% of plénts fall inside the outline or the difference in
surface exceeds 8% of the surface of the polygautdr points, a second attempt to draw the outline
will be made, considering not only right angles angles multiple of 45 This is the objective of the
reconstruction strategy 2.

These two thresholds, (98% and 8%) have been dke&mpirically by observing the different results
obtained.
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Figure 3-13: Difference in Surface (Black aredmsen computed outline and Polygon of
outer points

3.8. Outline reconstruction strategy two

This step is executed if and only if parallel amdgendicular line segments to the main directian ar
not sufficient to describe accurately the buildmgline. The only difference between reconstruction
strategies 1 and 2 is during the regularizatiorc@se where for strategy 2 angles are multiple 6f 45
and for strategy 1 angles are supposed to be right.

For the regularization of angles, the same priecgsd applied for strategy 1 holds. Thus, the s i
compute a new position for every point such thathatend, every angle is a multiple of®’45All
possible directions that a segment line can takecamputed by adding 259¢°, and 138 to the
azimuth of the main direction. For every possiblection, the new position of a point is computed
by perpendicularly projecting the previous positiorthe new direction. Let's consider the segment
line P1-P2 (figure 3.14) and assume that the obds to compute the new coordinates of P2, the
new position of P1 already being determined. P@rtiogonally projected onto each of the new
possible directions. Thus four new possible pos#tiare created. The chosen one is the one that is
closest in distance to the previous position ofIRZhe case of the figure below, the encirclechpa

the new position of P2. This process is appliecefary corner of the outline.
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Figure 3-14: Regularization of Angles (Strategy 2)

From the results obtained after the regularizatibangles, lines segments are displaced as exglaine
previously. Eventual unnecessary corners are rethdvegment lines whose lengths are lower than
50 cm are discarded. Again, the quality estima@omputed. The two conditions that are required to
validate the outline are the same as already st&@&¥% of points are inside the outline and the
difference in surface with the polygon of outerrisidoes not exceed 8%. In case at least one s the
conditions is not satisfied, a final attempt of thetline is made by not forcing angles to take
predefined values. The last strategy has beenatkfor this purpose.

3.9. Outline reconstruction strategy three

This third strategy is carried out by taking thgeslobtained after fitting segment lines to outgn{s
(section 3.5) and by making them as straight asipleswhile removing small ones. In this strategy,
no main direction is computed and no regularizatibangles is performed.

The process of removal of unnecessary cornersraeadgl explained is applied. In addition, the two
following situations are executed if needed.

When two successive line segments are likely tpdrallel and the distance between them is lower
than 50 cm, the intermediate points are removedaanyl the two extremities are remained (Figure
3.15). Two parallel edges have the same azimute.cbindition used to apply this rule is a difference
of up to 1@ while computing the azimuths of the two segments.

P4 P1
Pl P2
Before... After...

Figure 3-15: Removal of unnecessary corners wherstvecessive line segments are likely to
be parallel and the distance between them is Itiwegr 50cm
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For two successive line segments that are notylit®be parallel and the distance between them is
lower than 50 cm (Figure 3.16), the intermediatmtsoare removed and replaced by the intersection
of the two line segments.

P3
@

®-
P1 P2 P

P2

After...
Before...

P4 P3

Figure 3-16: Removal of unnecessary corners wherstwecessive line segments are likely to
be perpendicular and the distance between theowes lthan 50cm.

The process continues with the displacement of satgnFinally, the generalisation is carried out by
removing eventual remaining short edges (shorear 80cm).

3.10. Why is this strategy different from existing approaches?

The strategy developed in this research takes saiwantages from existing approaches and also
introduces some additional concepts.

Indeed, the outer points are determined basedeom#thod used by [Sampath and Shan, 2007]. But
this strategy has been improved by consideringgdns when the points are irregularly distribuied
the dataset. This is achieved by using a localliate size window.

To replace a series of points likely to be posiidron a same line, a modified version of the least
squares adjustment proposed by [Vosselman, 1998pjdied to determine the orientation of the
segment lines. The difference appears in the sefeaif candidate points where not only an
orthogonal distance to line is used as criteriat diso a range on the azimuth of edges.

To determine the main direction of the buildingyéts been considered one aspect that has not
been addressed in literature so far which is thierqaroduct of the normal of the most sloped
roof plane with the zenith axis.

Another particularity of this algorithm is that affers three different configurations of the
outline and selects the best one based on soreearit
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4. Implementation and Results

This chapter will focus on the implementation o thtrategy designed in the previous chapter.
Section 1 will describe the study areas and thectieh of sample buildings used to test the

algorithm. In section 2, the intermediate resuttsr&sponding to each step of the strategy and the
final ones will be presented. In the last sectibe,quality of the outlines will be discussed.

4.1. Study areas and input data

On March 14 2007, Fugro-Inpark B.V. surveys a part of Enschétitherlands with FLI-MAP 400
system. Fugro-Inpark B.V. is an independent engingeand consultancy company that offers
expertise and project support in the areas of ggdge information system technology and their
applications, laser altimetry, photogrammetry, sufainean infrastructure, telecommunications, and
civil engineering. FLI-MAP 400 system consists of @rborne laser scanner, a digital aerial camera
and two video cameras. As illustrated by figure, 4kt data is collected with a helicopter which
contains a laser scanning sensor and some GPYaexerhe flying height was 275 meter above
ground.

The datasets produced includes point clouds armbionges. The point density depends on whether
the objects considered have been recorded inpaastérlapping area or in an area that is coverea by
single strip. It also depends on how many retuerspulse were recorded. For the buildings used in
this study, the point density varies from 8.5 tog5oints per square meter.

To test the proposed algorithm, three differenaarbave been selected. Figure 4.2 illustrates the
survey area as well as the selected study areas.

100 buildings have been selected over the thrderdift areas. In order to measure the robustness of
the strategy, the criteria used in the selectiohuilidings is the variety in shape, size and ogganh.
Another criteria used for the selection of somddigs is the fact that part of the roof points are
missing due to the presence of water.

4.2. Results

In this section, the idea is to present the resflthree buildings that have been computed witthea
of the three reconstruction strategies. Figure sh8ws the points reflected by the roofs of these
buildings coloured by segment which is the inputadfor the algorithm. Figure 4.4 presents the
results of the first step of the process whereotlter points are extracted. The next figure (4w

the line segments that are created to fit the qubérts. The angles of the outlines obtained aea th
regularized; which is followed by the displacemefhiedges and the removal of unecessary corners.
The final results obtained after elimination of gHme segments are shown in Figure 4.6.

The results for all buildings are presented in appe A. First the outlines are superposed to the
segmented point clouds. Afterwards, the outlines saperposed with the orthoimages of the same
area.
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Figure 4-2: Survey area and Study Areas (in red)
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Figure 4-3: Roof points colored by segment

" ee® g age® b atay 8"

Figure 4-6: Input data and Outlines after anglell@gzation, displacement and removal of

unnecessary corners
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4.3. Visual check

88% of outlines have been reconstructed with giyaie 3% with strategy 2 and 9% with strategy 3.
This first observation is realistic as most of Hirigs have only right angles (section 3.1).

4.3.1. Superposition with lidar points

At a first glance, it can be noticed that the o fit to the lidar points (Appendix A). Most afges

are straight and it has not been noticed neithgegdhat are crossing each other nor several points
that are lying on the same line segment. Howewaw, ifrelevant and missing corners have been
noticed in some outlines.

4.3.2. Superposition with orthoimages

In general, the outlines reflect the buildings’ phasize and orientation (Appendix A). It can be
noticed in some areas a systematic shift betweerotitlines and the orthoimages. This is probably
caused by the inaccurate geo-referencing of thgesa

4.3.3. Superposition with building footprints

A digital map containing 2D outlines of the studsea has been provided. This map shows the
building footprints. In others words, the positiaesorded are those of the corners of the walls and
not the ones of the roofs. Therefore, this map oabe used as a ground truth for this study. But as
the outlines determined represent the roof outjitieis data should be contained in the determined
outlines; which is the case as shown by the figure Another observation that can be made from this
superposition is the correct orientation of theed®ined outlines (same as the footprint outlines).

Building A3 Building A42 Building A43
. \\“\_, - :/\‘\ .'r--q-hx"‘-q-h_q_h
// “—H\_L ~ *Lf
; J‘ s J/ ;/ T /
/ );’/ Vi /- ."II ‘
L VOO ~/
Building A45 Building A54 Building A83

Figure 4-7: Superposition of roof outlines (gragildootprint outlines (black)
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4.3.4. Superposition with reference data

The reference data created manually are comparddetoutlines computed manually. Figure 4.8
shows that the two sets of polygons are matchirth wach other even if there are some minor
differences.
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Figure 4-8: Reference outlines computed manualgck) and computed outlines (gray)

4.3.5. Comparison with the method implemented in PC M

The outlines of the 100 sample buildings have alsen computed using the software Point Cloud
Mapper. The method implemented in this softwamasle of four steps as follows:

1. Segmentation of the point clouds;

2. Determination of dominant directions by intersegtatdjacent planar segments, by taking the
outer product of the normal vector to the surfaug #he zenith axis or in case of flat roofs by
using the 2D Hough transform;

3. Approximation of contour pieces by straight lineshwdominant directions;

4. Closing of gaps between contour pieces. Dependmthe size of the gaps and the angles
made by neighboring pieces, gaps are filled byrseeting edges, gluing edges or by
connecting end points.

A comparison of both sets of results is achieveddayputing a four-grade classification (Appendix
B), which is summarized in table 4-1. The four sksdefined are:

1. Correct general shape with required number of asrne

2. Correct general shape with fewer or higher numibeomers
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3. Incorrect shape
4. Failed to be computed

From the results of this classification, it candoscluded that the designed approach providesrbette
results as for every class, the percentage of gesdts obtained for the designed approach isthette

But the current algorithm is slow. This is mainlyedto the implementation into the interpreted

version of Python which reads the program and rulise by line. The same approach implemented
with the programming language C++ using a compilstead of an interpreter will be much quicker.

Also, by creating a kd-tree, access to points béliquicker.

Table 4-1:.Comparison of method implemented in Point Cloud pamnd Current Approach

Correct general | Correct general
shape with shape with fewer Failed to be
. . Incorrect shape
required number | or higher number (%) computed
of corners of corners ° (%)
(%) (%)
Approach implemented
i P 27 55 16 2
in Point Cloud Mapper
Current Approach 57 43 0 0

4.3.6. Conclusion of the visual check

From these general observations made during thelveheck which are valid not only for outlines
with right angles but also for buildings that dohave regular geometric shape, it can be concluded
that the outlines appear as faithful boundariedpwfding roofs even for complex buildings (A5,
A6...). In the next chapter, a deeper evaluatiormefdutlines’ quality will be achieved.
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2. Accuracy Assessment

The objective of this chapter is to discuss howueate are the outlines computed and to emphasize
on the algorithm’s limitations. In the first steg,quantitative analysis will be completed where the
difference between the reference and the obtaingitines will be measured using different
parameters. The second section will highlight othmitations of the algorithm. In the third stepgt
robustness of the algorithm with respect to thepaénsity will be measured.

5.1. Quantitative Analysis

The use of several parameters in this analysisegnostified by the need to bring to light mosttod
weak points of the algorithm and find the cause®riger to improve the algorithm. Appendix C
shows the results of all estimated parameters.nlingbering of buildings is the same as in Appendix
A.

5.1.1. Percentage of points inside outline

As the points are reflected by the roofs, they &hbe contained in the outline. Therefore, the high
this percentage of points inside the computed maitlthe better is the outline. The percentage of
points inside the outlines varies from 96.86 t®99The interpretation is that all outlines contiie
majority of roof points. However, it is expectedti00% of points must fall within the outlines for
all buildings. Hence, the process of displacemeatikl be improved to achieve this result.

5.1.2. Difference in number of corners

More corners than required indicate the delineatibnon significant extrusions and/or intrusiomns. |
case, the number of corners is less than expetieadutline has been more generalised than it dhoul
Thus, some parts of the outline have not been etiad.

Only 36% of outlines have the same number of cer@erthe reference outlines. 34% have fewer
corners than required and 30% have more corners réguired (Figure 5-1). Some examples are
provided in Figure 5-2. In case of building A8,hias been reconstructed by the strategy 1 which
considers only right angles. Thus, the idea beinfit tas closely as possible to the lidar pointsme
additional corners were created. The same exptandtolds for building A76. For building A29
where some corners are missing, the removal ot guges is the main reason. The polygon of outer
points for building A85 doesn’t present enough ewick for the automatic detection of the missing
corners.

In order to solve most of the cases, the solutimp@sed is to first generalise the outline by reimgv
some corners and then use the difference betweewdimputed outline and the polygon of outer
points to delineate the intrusions and extrusionssimg. However, a higher or lower number of
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corners doesn’'t mean systematically a wrong resihown by the examples on figure 5-2. Indeed,
the general shape of outlines is still reflecting tontour of buildings.

15

10

(Computed - Reference)
=

Difference in number of corners

0 1 H A85 |

-15

Building Number

Figure 5-1: Histogram of difference in number ofreers

Computed Outlines

Building A8 Building A29 Building A76 Building A85

Reference Outlines

Figure 5-2: Outlines with higher or lower numbécorners than required
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5.1.3. Difference in main orientation

Determining the main direction is a crucial stephia determination of outlines. Indeed, a wrongmmai
orientation in most of the cases leads to an irobmoutline. Thus, the lower the difference, thadre

is the outline. The main direction is taken frdm tongest side of the outlines. Knowing that there
no main orientation for outlines determined witrattgy 3 and therefore by considering only results
from strategy 1 and strategy 2, for 96% of the dinds, the absolute value of the difference of the
main orientation is less tharf, 2vhich means that most of buildings have beenectlyr oriented.
Critical cases with highest difference in main otaion are discussed using figures 5-3 and 5-4. As
building A16 has been reconstructed by stratedghel pottom edge has not been properly delineated.
The main orientation is taken from this side ais ithe longest. By designing a robust strategy that
will consider right and non-right angles in the saautline, this problem will be solved. As can be
seen on figure 5-4, the difference in orientation huilding A73 is acceptable. In conclusion, the
process for the determination of main orientatendrrect.

3

A73
I 85 91 97

2
0 | T
;H" ;
1
-4
Al6 ]
_5 _

Figure 5-3: Histogram of difference in main origin

Difference in main orientation in
degree (Computed-Reference)

Building Number

Computed Outline Reference Outline Computed Outline Reference Outline

Building A16 Building A16 Building A73 Building A73

Figure 5-4: Outlines with highest difference ofimdirection
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5.1.4. Extra difference area and missing difference  area

These parameters indicate in relative value thiaserwhere there is no correspondence between both
representations. The first indicator representspéreentage of the surface of the computed outline
which doesn’t match with the reference outline. sThialue is called extra difference area as it
represents an area that should not been deline@tedsecond indicator is the percentage of the
surface of the reference outline that doesn’t matth the computed outline. The latter is called
missing difference area and it is indicating pdrttitee roofs that have not been covered by the
computed outline. Figure 5.5 shows an example egetindicators. The lower these values, the better
are the computed outlines.

To compute these differences, the intersectiontpdietween reference and computed outlines are
determined. These intersection points added topthiats of both outlines are used to create a
triangulated irregular network. Triangles whoseteeof gravity belongs to computed outline but not
to the reference outline are used to compute tha elifference area. On the other hand, the sum of
the surfaces of triangles whose centre of gravétyiyy to the reference map but not to the computed
outline determines the missing difference area.

=

Computed outline Reference outline created manually

||

Extra Difference Area

Missing Difference Area

Figure 5-5: Extra difference area and missinged#hce area

12% of outlines have an extra difference area higfen 4% of their surface; which means that part
of the area outlined should not be. Thus, some ctedpoutlines are slightly bigger than they should.
Having a look at the most extreme cases (Figur@sbd 5-8), the high value of building A67, results
from its long edges. Thus a small distance betwmemputed and reference outlines creates a high
value in surface. The problem of building A73 ie fact it has been reconstructed with strategydl an
thus with using two perpendicular directions. Thislding should have been reconstructed by a
strategy that considers various directions withtrend non-right angles.
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95% of outlines have a missing difference area tavan 2% of the surface of the reference outline
(Figure 5-6). The interpretation of this result tsat most of the computed outlines cover the
maximum area of the roofs. From the figures 5-7 &8] it can be inferred that outlines with high
missing difference (A33 and A47) refer to buildinglsere part of the roof points are missing.

14
12 A67

" A
v

4 [l ; " n

Extra difference area (%)

0
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97

Building Number

Figure 5-6: Histogram of extra difference area
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©

g: 1.5 A ‘

8 17

- i Lk b
o O L Tl Aotk L

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97
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Figure 5-7: Histogram of missing difference area
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Computed Outlines

Building A33 Building A47 Building A67 Building A73

Reference Outlines

Figure 5-8: Outlines with highest extra and migdgifference area

5.1.5. Average distance between reference outline a nd computed outline

This distance is computed by dividing the symmetiiféerence area (Sum of extra difference area
and missing difference area) by the perimeter efridference outline. The symmetric difference area
representing the total error in surface is thuedity distributed along the perimeter of the owtlin

96% of the average distances are less than 20cinf@m% of buildings that the average distance is
up to 35cm.

5.1.6. Conclusion of quantitative analysis

The computed outlines cover the maximum part of nbafs and the average distances between
computed and reference outlines are low. In theudision above, the critical cases have been
analysed and it has been noticed that even foe tt@&ses, the general shape of outlines still retfhec
buildings’ boundaries. From this analysis, it cancbncluded that the methodology designed to create
the 2D outlines gives acceptable results. But therghm is not robust enough because the number of
corners is not always the appropriate one. Thergéshape of outlines is correct but the delingatio
of small details requires additional work.
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5.2. Others Limitations of the Algorithm

5.2.1. Limitations of the strategy 3

In addition to generating more or less corners tlegquired, another problem of strategy 3 is about
regularization of some angles. This strategy has leesigned for building with non regular angles.
However, it happens that some of these angles ghmailmultiple of 4% Thus buildings whose
outlines have a mixture of regular angles and rgular angles are not correctly delineated (Figure
5-9 Buildings A7 and A97). The algorithm doesnteahis consideration into account. This situation
can be solved by considering the results of eadhethree strategies, by taking the best part from
each of them and by assembling them. But how toraatically detect the best parts remains the
problem to be solved.

Building A7 Building A97

Figure 5-9: Some incorrect outlines

5.2.2. Influence of thresholds

The first threshold is used in the determinatiomhef outer points. It is the size of the searchdain.

It is calculated as three times the point spaciihgan be noticed on figure 5.10 that by tuningsthi
parameter, the number of outline corners is noagénthe same. Indeed, by changing the size of the
search window, the number of outer points colleatedes and consequently, the outline computed
changes. The final result is slightly sensitiveatwariation of this threshold but it still reflectse
shape of the building.

Point Spacing =20cm
Multiplication factor = 3
(Original values computed automatically|

Point Spacing set as 20cm Point Spacing set as 40ci
Multiplication factor = 1.5 | Multiplication factor = 3

>

Figure 5-10influence of search window size on the final reBitilding A45)
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The second and third thresholds (orthogonal digtaca line and minimum angle between two
consecutive line segments) are used in the sedepd§the algorithm where line segments are fitted
to the outer points. A small variation of theseueal doesn’t affect significantly the final results
(Figure 5.11) but again, it changes the numberoohers. Indeed, by varying these thresholds, the
segment lines computed to fit to outer points arethe same and consequently the edges obtained

after regularization are different.

Distance Parameter= 1.5 X Point Spaci
Angle threshold = 22%

—

(Original values computed automatically)

Distance Parameter= 3 X Poi
%pacing
Angle threshold = 22%

nDistance Parameter= 3 X Poi
Spacing
Angle threshold = 45

Figure 5-11influence of distance parameter and angle pararmatére final result (Building

A29)

Other thresholds used in the algorithm are theesabonsidered to estimate automatically the quality
of the computed outlines. 98% and 8% are respdgtigensidered as the minimum allowed
percentage of points inside the outline and theimam allowed percentage of difference in surface
between the computed outline and the polygon céropints. These thresholds are used to select the
appropriate strategy. Selecting the appropriatetesjy is the same as obtaining the best possible
outline with the designed approach. By varying ¢hgsarameters, the number of outlines
reconstructed by strategies 1, 2 or 3 varies. dt heen noticed that whatever are the values set for
these parameters; they do not select for 100% itdibgs the appropriate outline strategy. Therefore
the possibility has been offered to the user tected given strategy or to let the algorithm mdie t
selection automatically. Some simulations have beerfiormed in order to find out the optimum
values used for these thresholds (Table 5-1).

Table 5-1: Simulations for determining the optimthresholds for automatic selection of

appropriate strategy

points inside the outline (%)

Minimum allowed percentage qf

Maximum allowed

percentage of differenc

in surface (%)

Percentage of automatic|
selection of appropriate

strategy (%)

98

8

86
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98 10 86
98.5 8 85
98.5 10 85

99 8 83

99 10 82

The last threshold considered is the value of 5@epnesenting the minimum length of edges. Again,
this parameter has an influence on the final oeliin some cases, edges with length lower than 50
cm are necessary to properly delineate buildingras.

5.2.3. Problem of Missing data

In the example on Figure 5.12, the lower left af thput data is missing. The reason is the presence
of water on top of the roof which causes the ldsmm to be absorbed instead of being reflected. The
algorithm didn’t manage to recognize this gap & data and draw the outline accordingly. The same
algorithm which has to fit closely the lidar poiitsgeneral, has to outline the empty space in oése
missing data. These two tasks are contradictory eaade building knowledge is required to
automatically recognize and correct for missingaddto solve this problem, once the outline is
computed, a systematic search of empty and adjaeégiiborhood areas will be performed. Close by
areas with a surface higher than a threshold datedrbased on the dataset point spacing, where no
ground point or no tree point is found is suppdsele part of the building. The main assumption tha
supports this assertion is that in general, no swirg pool or water area is adjacent to buildings It
also assumed that the gap in the data is not dtieteemote sensor. The outline can then be adjuste
by integrating these areas. This suggestion habe®t implemented in this work.

oL

Computed outline Reference outline
Figure 5-12: Problem of Missing data (Building A33)

Another type of missing data occurs when treesadjacent to buildings (Building A47). In this case,
the segments representing the roof planes are amplete because the presence of trees does not
enable this part of the roof to reflect the lasesulh. Manual editing is the solution proposed toezir

for this error.
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5.3. Robustness of the Algorithm in terms of Point Density

In this section, the idea is to figure out whethdnigh point density is required to get a corredtioe.
The experience below is made using the same thHsshio vary the point density, every nth point of
the dataset is kept depending on the reduction(nxtepecified by the user.

PD=Point Density (Number of points per square meter

PD=17.8 PD =12.0 PD =9.0

Figure 5-13: Outlines with various point densitiBsilding A45)

PD =15.8 PD =8.0 PD=54 PD=41 PD=3.3

Figure 5-14: Outlines with various point densit{Bsilding A24)

i
PD =23.1 PD=11.6 PD=7.8 PD =47 PD =34
Figure 5-15: Outlines with various point densit{Bsilding A74)

From the figures 5-13, 5-14 and 5-15, it can bechated that even with low point density, the
strategy used provides outlines that correcthemfthe shape of buildings.
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6. Conclusion and Recommendations

6.1. Conclusion

Three research questions were supposed to be atsimahis study.

The first one is: What are the different methodsppsed in literature to extract 2D building outéne
using airborne laser scanner data? Among the pajealng with this topic, thirteen have been
chosen and the methodology used has been desaridegppreciated.

The second research question involves the desiganother approach that will automatically
reconstruct 2D building outlines based on lidarnsi The proposed approach is made of several
tasks: Segmentation of lidar points, extraction robf points, determination of outer points,
determination of the main direction of buildinggutarization of angles and implementation of three
reconstruction strategies corresponding to diffetgpes of buildings.

The analysis of the designed approach was the tbigecf the third research question. It has been
performed by considering many aspects: superpasitith lidar points, orthoimages, building
footprints and reference data created manuallyrenside. On the other side, quantitative analysis,
influence of thresholds, robustness, limitationslgorithm and comparison with an existing method
were carried out.

Most of outlines reconstructed are correct repregiems of the buildings’ roof boundaries everhif t
analysis of the approach has shown its limitatidrieese outlines can be used on maps at a scale of
1:2000 or lower. Indeed the precision of map fesguran be estimated as 0.1 mm x Scale factor
which is equal to 20 cm for 1:2000 maps. 96% of élverage distances between computed and
reference outlines are less than 20cm; which jastithat the outlines are correct enough for 1:2000
maps. But, depending on the applications and thke sonsidered, all the details of the outlines may
not be needed. In these circumstances, generaliza¢tichniques can be applied to reduce the
complexity of the outlines. Different building geaézation techniques have been developed. The
Douglas-Peucker-algorithm has been adapted fodibgilpolygons, which is described in [Kanani,
2000]. The Environmental Systems Research Inst{&&RI) designs a tool for simplifying building
outlines in ARCGIS. Sester (2000) presents a hujdjeneralization method that uses the least
squares adjustment.

In case the objective is to use the outlines fdrigher scale maps or to reconstruct 3D building
models with the correct delineation of small featyrsome improvement is required. Indeed, it
appears that in several cases, the number of sismbigher or lower than expected which means that
small intrusions and extrusions are not always @rgpdelineated. In addition, the algorithm is data
driven and couldn't manage to detect some missiatp dand draw outlines consequently.
Furthermore, the results obtained are sensibléaauning of the thresholds and the automatically
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computed thresholds are not necessarily the optimoes. Hence, further effort is required to
enhance the methodology.

6.2. Recommendations

For further improvement of the designed methodaldgsan be recommended the following:

- Delineate the intrusions and extrusions missiggcbmparing the obtained outlines with the
polygons of outer points obtained using the modifiersion of the convex hull and by using the extra
difference surfaces and the missing differenceasad as described earlier in this work. The code
written for this purpose detects the empty spaedwden the polygons and tries to locally improve
the computed outline. It solves the problem in soames (Figure 6-1), but introduces additionalaois
in others. This idea requires a deeper analysis.

Figure 6-1: Computed outline (Gray) and polygomuter points (Black)

Left: Results obtained - Right: Improved results

-Group strategy 1, 2 and 3 as another alternapaetdrom strategy 1, by computing each of them and
taking the best part from each one. This propasiti@l solve several limitations of the algorithm:
outlines containing more or less corners than reedigtlines computed with strategy 3 that should
have some of the angles multiple of 45 degreeséfded. Another reason that justifies this grouping
is the limited number of buildings delineated bgattgies 2 and 3. For example, to have a correct
representation of Building A35, the left side ofetlmain roof can be taken from the outline
reconstructed with strategy 3 (Figure 6-2) while thmaining part can be extracted from strategy 1
outline.

To achieve this objective, the following tasks eblé considered:
1. intersect the three polygons
2. Add to these points the corners of both polygons
3. create an irregular triangulated network
4. remove triangles that do not contain any lidar pan very few lidar points taking into
account their surface
collect the outer edges of the network
6. Improve outline by comparing it with polygon of eupoints.

o
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To determine the appropriate corners of outlinemtteer aspect that can also be used is the
intersection of sloped roof faces adjacent to lngedges with an horizontal plane.

Building A35 - Strategy 1| Building A35 - Strategy|3
Figure 6-2: Combination of strategies

- Detect and correct for missing data by looking émnpty area adjacent to buildings that do not
contain any ground or tree point.

- Implement the strategy in C++ with the use obapiler instead of an interpreter in order to mike
guicker. Meanwhile, design a k-d tree to make easieess to points.

- Offer to the user a possibility of semi-automatiethod in addition to the automatic procedure
because the results obtained are sensitive toutfing of thresholds used in the algorithm. Thus, it
can be created an interface where tuning the paeasnavill be possible in case the user is not
satisfied with the automatic results. Also thiseifdce should offer the possibility to choose among
the outlines computed with the different strategieto manually edit the obtained outlines.
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Appendix A: Computed outlines super posed with
point clouds coloured by segment and with
orthoimages
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Appendix B: Visual Comparison between designed
approach and method implemented in the software
Point Cloud M apper

A= Building Number

B= Correct general shape with required number ofies

C= Correct general shape with fewer or higher nurolbeorners
D= Incorrect shape

E= Fail to be computed

[Vosselman, 1999] Approach Current Approach

A B C D E B C D E
Al
A2
A3
Ad
A5
A6
A7
A8
A9
A10
All
Al12
Al13
Al4
A15
Al6
A17
A18
Al19
A20
A21
A22
A23
A24
A25
A26
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A49

A50

A51

A52

A53

A54

A55

A56

A57

A58

A59

A60

A61

A62

A63

Ab4

AB5

A66

A67

AG68

A69

7



A70

A71

A72

A73

A74

A75

A76

A77

A78

A79

A80

A81

A82

A83

A84

A85

AB6

A87

A88

A89

A90

A91

A92

A93

A94

A95

A96

A97

A98

A99

A100
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Appendix C: Quantitative Perfor mance analysis
results

A= Building Number

B= Outline reconstruction strategy

C= Percentage of points inside outline (%)

D= Difference in Number of corners between compuated reference outlines
E= Difference in Main Orientation (degrees)

F= Extra Difference Area (%)

G= Missing Difference Area (%)

H= Average distance between outlines (Precisiooutiine) (cm)

(A positive value in this table for parameters D timdicates that it is higher than it should be)

A B C D E F G H
Al 3| 99.17 2 252 | 095 | 8.98
A2 3| 99.711 2 091 | 0.44 54
A3 1| 99.42 -1 -1.35 5.07 | 1.56 | 19.06
A4 1 99.8 0 -0.16 0.62 | 0.61| 3.37
A5 3| 99.84 3 11| 0.26| 8.15
A6 3| 99.48 -3 171 06| 9.85
A7 3| 99.54 -7 1.3 0.8 8.8
A8 1] 99.19 4 -0.11 256 | 092| 8.25
A9 1] 99.44 -1 0.65 3.25| 0.33]11.32
Al10 1| 99.72 0 -1.32 2.66 | 047 7.9
All 1] 99.83 0 0.63 0.86 | 122 | 6.02
Al2 1| 99.77 0 -1.1 2.37 0.3 | 7.08
Al3 1| 99.46 0 -0.25 1.75| 133 | 7.41
Al4 1| 99.86 -1 0.01 142 | 0.86 | 14.73
Al5 1 99.4 0 -0.15 038 | 121 | 434
Al6 1| 99.44 4 -4.07 3.56 | 0.97 | 12.39
Al7 1] 99.63 1 -0.31 1.87 | 098 | 9.04
Al8 1| 99.44 -1 -1.83 27| 095| 9.05
Al9 3| 99.86 -2 2.63| 0.08| 7.98
A20 1| 99.65 -1 0.33 159 | 0.29| 6.53
A21 1| 99.77 0 -0.47 22| 0.14 7
A22 1] 99.49 -8 0.41 3.53 0.3 | 10.99
A23 1| 99.41 1 0.12 128 | 1.31 7.3
A24 1| 99.38 2 -1.23 3.25| 143)| 117
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A25 1| 99.44 4 0.13 117 | 051| 5.13
A26 1| 99.32 0 0.03 162 | 036 | 5.77
A27 2| 98.95 -2.68 3.53| 1.67 | 10.97
A28 1] 99.48 -6 1.22 459 | 1.63 | 16.73
A29 1] 99.21 -4 0.74 26| 119, 861
A30 1] 98.82 -8 0.95 462 | 1.16 | 14.64
A31 1| 96.86 -8 0.56 7.21 | 0.42 | 20.96
A32 1] 98.99 -8 0.91 3.4 | 0.64 | 10.29
A33 2| 99.23 8 1.04 0.8 | 4.45 | 13.86
A34 1| 99.05 0.94 191 | 182 10.11
A35 3| 9853 181 | 177 | 9.08
A36 1| 98.88 -0.92 273 | 022 | 7.69
A37 1| 98.06 -2 1.49 3.85| 0.47 | 10.58
A38 1| 98.91 -6 1.2 3.28 13 ] 1121
A39 1] 9941 -2 0.21 147 | 0.08| 451
A40 1] 99.13 -4 0.33 243 | 057 | 7.98
A4l 1| 98.93 0 0.16 547 | 161 | 12.8
A42 1] 99.05 0 -0.45 3.41 | 0.48 | 11.03
A43 1| 99.86 -4 -0.96 336 | 031| 9.84
Ad4 1| 99.44 -2 0.98 183 | 136 | 7.38
A45 1| 99.73 2 0.19 048 | 1.31| 547
A46 1| 99.76 0 -0.69 1.09| 119 | 8.06
A47 1| 98.89 4 1.93 5.47 | 3.05 | 18.07
A48 1| 99.74 0 -0.18 0.76 | 0.48 | 3.78
A49 1| 99.54 0 -0.44 09| 216 | 8.44
AS50 1] 9955 -4 0.23 335| 094 | 9.84
A51 1] 99.59 -4 -1.18 265 | 1.03 | 10.68
A52 1| 98.67 2 -1.72 0.72| 242 | 8.73
A53 1] 9955 0 -0.18 01| 158 | 4.35
A54 1] 99.69 0 -0.08 195 | 042 | 6.65
A55 1| 99.08 6 2.36 441 | 1.91]| 1145
A56 1| 99.65 6 -0.07 1.72 1| 6.84
A57 1| 99.81 0 0.13 1.9 0.6 | 5.79
A58 3| 99.49 0 123 | 045 4.7
A59 1| 99.73 -2 -0.67 186 | 1.14| 6.83
AG0 1| 99.76 0 -0.93 156 | 0.12 4.5
A61 1] 99.88 0.34 149 | 151 | 8.39
A62 1] 99.24 1.45 0.73| 1.78 | 551
AG3 1 99.8 -2 0.66 18| 124 | 9.03
A64 1] 99.21 0 -0.2 054 | 199 | 7.84
A65 1| 99.81 2 1.08 1.77 | 1.03| 24.41
A66 2 99.5 1 -0.07 083 | 1.71| 6.38
A67 1| 9881 0 0.33 125| 127 | 33.9
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A68 1| 99.47 0 1.68 2.88 05| 821
AG9 1| 99.75 0 -1.16 214 | 036 | 6.13
A70 1| 99.77 0 0.03 224 | 0.03| 7.23
A71 1] 99.53 2 0.35 406 | 1.17 | 14.62
A72 1| 99.64 0 0.01 3| 1.04| 7.37
A73 1] 9941 3 2.62 7.68 | 0.48 | 20.96
A74 1] 99.79 0 -0.73 118 | 0.23| 7.64
A75 1| 99.43 2 1.97 126 | 208 | 7.77
A76 1| 99.56 10 0.19 3.55 1.2 | 15.62
AT7 1| 99.86 0 0.57 2.88 | 057 | 8.12
A78 1| 99.72 -2 0.2 281 | 039 | 9.36
A79 1| 99.36 -4 -0.51 3.67| 0.75| 8.01
A80 1 99.4 0 0.52 13| 152| 643
A81 1 99.5 0 -0.46 127 | 043 | 4.79
A82 1| 99.56 4 -0.07 235 | 0.25| 7.96
A83 1] 99.48 -2 0.07 0.91 09| 4.84
A84 1] 99.19 -6 0.11 542 | 0.67 | 10.66
A85 1] 99.44 12 2.04 3.08 | 0.89 | 12.03
A86 1| 99.11 1 0.57 1.03| 099 | 5.19
A87 1] 98.99 0 -0.32 252 | 0.03]| 7.52
A88 1| 99.88 0 0.03 192 | 0.27| 954
A89 3 99.8 0 431 | 0.34]| 11.82
A90 1 99.8 -2 0.15 19| 042| 745
A9l 1| 99.71 0 -0.02 134 | 0.78| 6.94
A92 1| 99.49 -1 -0.29 154 | 0.11 5.5
A93 1 99.9 0 -0.31 1.38 0.3 | 5.59
A94 1] 99.64 0 1.05 093 | 0.88| 5.43
A95 1] 99.83 -2 0.65 233 | 052 | 9.06
A96 1| 99.79 -0.18 137 | 1.26 | 9.56
A97 3 99.3 3 0.33| 128 | 6.02
A98 1| 9951 -6 0.03 161| 071 | 591
A99 1 98.8 -8 0.89 354 | 2011|1534
A100 1| 99.57 2 -0.44 334 | 073 | 11.8
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