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Samenvatting 

Het gebruik van virtuele 3D-modellen is van essentieel belang voor een groot aantal toepassingen, 

waaronder ruimtelijke planning, het aansturen van stedelijke voorzieningen, kadastrale kartering 

in 3D, toerisme, cultureel erfgoed en het organiseren van openbare dienstverlening. Modellen van 

ons leefmilieu, maar in het bijzonder 3D-stadsmodellen1, ondersteunen de besluitvorming en 

worden gebruikt als communicatiekanaal tussen de overheid en het publiek. Er is een grote en 

groeiende vraag naar hoog-nauwkeurige 3D-stadsmodellen van complexe bebouwde gebieden, 

maar eveneens van grote landelijke gebieden. De mate waarin deze modellen op een 

geautomatiseerde wijze gemaakt worden is echter zeer laag. Daarnaast dient het productieproces 

van 3D-modellen het resultaat te zijn van een moeilijk evenwicht tussen enerzijds de gewenste 

graad van detail en anderzijds de performantie van het resulterende model. De beschikbaarheid 

van 3D-modellen wordt in grote mate gehinderd door deze kenmerken. Ten gevolge van deze 

kenmerken is het voor veel gebruikers van ruimtelijke data weliswaar mogelijk om zeer grote 3D-

datasets in te winnen. Het daadwerkelijke gebruik van deze data ten behoeve van 3D-

stadsmodellering blijft vaak buiten de mogelijkheden van de gebruikersgroep. Dit is zeker het 

geval wanneer meerdere datasets geïntegreerd dienen te worden voor de modellering in 3D. 

 

In dit proefschrift worden verschillende elementen behandeld betreffende de acquisitie, het 

verwerken, de analyse en het beheer van ruimtelijke data voor 3D-modellering. De doelstelling 

van dit proefschrift is onder meer het optimaliseren van deze verschillende aspecten voor de 

constructie van 3D-stadsmodellen. Bijzondere aandacht wordt hierbij besteed aan het beschrijven 

en het behouden van de datakwaliteit, alsook aan de uitwisselbaarheid van de 3D-modellen. De 

verschillende onderdelen van het proces worden uitvoerig besproken en geïllustreerd aan de hand 

van een aantal toepassingen. Deze toepassingen hebben uiteraard betrekking op stadsmodellering, 

maar behelzen eveneens voorbeelden uit het cultureel erfgoed en de archeologie. De lessen die uit 

deze projecten geleerd kunnen worden, bieden uiterst noodzakelijke kennis en ervaring voor 3D-

stadsmodellering. Daarnaast wordt de multidisciplinariteit van het gebruik van ruimtelijke 3D-

data en de daaruit afgeleide modellen aangetoond door deze toepassingen. 

 

In eerste instantie zullen meerdere 3D-data acquisitie sensoren en technieken besproken worden. 

Hierbij zal de nadruk worden gelegd op de theorie van de laserscanning en op gebruikelijke 

toepassingen van deze techniek. Ook fotogrammetrie en andere op fotoôs gebaseerde 3D-

reconstructietechnieken waarbij gebruik gemaakt wordt van Structure from Motion en MultiView 

Stereo (SfM-MVS), zullen behandeld worden. Tot slot wordt een korte analyse gemaakt van het 

gebruik van conventionele topografische technieken voor oppervaktemodellering. Enerzijds 

worden Airborne Laser Scanning (ALS, laserscanning vanaf een vliegend platform) en 

luchtfotografie op grote schaal gebruikt voor het modelleren van oppervlakken en het 

                                                      

1 Aangezien er geen ondubbelzinnige vertaling bestaat voor de term óenvironmental modelô, zal de term 

ó3D-stadsmodelô gebruikt worden ter verwijzing naar 3D-modellen van ons leefmilieu in een ruime 

context. 
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systematische aanmaken van digitale hoogtemodellen (Digital Elevation Model, DEM2 ). 

Anderzijds is SfM-MVS recentelijk geïntroduceerd als een techniek voor het 3D-modelleren, 

waarbij de afstand tussen de camera en het te modelleren object beperkt is. Ter illustratie van het 

gebruik van SfM-MVS voor de 3D-modellering van kleine en complexe objecten wordt een 

innovatieve methode beschreven, waarbij 3D-modellen zijn gemaakt van historische globes. In dit 

geval zijn een groot aantal fotoôs gebruikt voor het digitaal reconstrueren van twee globes van 

Gerardus Mercator uit de 16de eeuw. Deze reconstructie was een grote uitdaging, aangezien het 

modelleren van kleine bollen geen alledaagse toepassing is, en de precisie en de kwaliteit van de 

textuur zeer hoog moeten zijn. Op deze manier wordt de wetenschappelijke reikwijdte van dit 

type patrimonium aanzienlijk vergroot. Tijdens een vergelijkende studie zijn verschillende 

technieken gebruikt om de optimale 3D-reconstructietechniek te kunnen selecteren voor deze 

globes.  

 

Het resultaat van de 3D-reconstructie van de globes was duidelijk in het voordeel van SfM-MVS. 

De geometrische kwaliteit van deze modellen dient gekwantificeerd te worden vooraleer deze 

techniek daadwerkelijk aangewend kan worden voor het maken van 3D-stadsmodellen. Zodoende 

zijn verschillende DEMôs aangemaakt op basis van ALS data, luchtfotogrammetrie en SfM-MVS 

voor twee verschillende testzones. Een eerste zone betreft een gebied met dichte bebouwing in 

Gent, en een tweede zone betreft een landelijk gebied in Kooigem (België). Voor deze 

vergelijking wordt verondersteld dat het tijdsverschil van twee jaar tussen verschillende opnamen 

geen invloed heeft op de resultaten. De ALS data worden gebruikt als referentie en worden 

vergeleken met de op fotoôs gebaseerde 3D-modellen. Een geometrische punt-naar-punt 

vergelijking biedt hierbij afstanden die voor de analyse gebruikt worden. Om de invloed van 

ongelijke puntendichtheden tussen de verschillende datasets te minimaliseren wordt een tweede 

punt-naar-mesh vergelijking uitgevoerd tussen de op fotoôs gebaseerde modellen en de 

getrianguleerde referentiedataset. Uit deze analyse blijkt dat de geometrische kwaliteit van het 

stedelijke testgebied veel lager is dan die van het landelijke gebied (respectievelijk ongeveer drie 

keer de pixelgrootte en één tot twee keer de pixelgrootte). Zowel voor de fotogrammetrie als voor 

de SfM-MVS zijn deze geometrische afwijkingen per studiegebied redelijk gelijkaardig. Naast de 

analyse van de geometrische kwaliteit van de modellen, zijn de mogelijkheden om de op fotoôs 

gebaseerde modellen te gebruiken voor het maken van Digitale Terrein Modellen (DTM) 

onderzocht. Voor het extraheren van grondpunten uit de puntenwolken is een gestandaardiseerde 

filterprocedure gebruikt op zowel het fotogrammetrische DEM alsook op het SfM-MVS 

gebaseerde DEM. Een statistische vergelijking tussen de gefilterde DTMôs is uitgevoerd met 

behulp van een kruisvalidatie. De resultaten hiervan wijzen op een goede overeenkomst tussen de 

SfM-MVS en de op ALS gebaseerde puntenwolken voor het stedelijke gebied, en zelfs op een 

zeer goede overeenkomst voor het landelijke gebied. De correspondentie voor de 

fotogrammetrische puntenwolk is laag voor het stedelijke gebied en zelfs afwezig voor het 

landelijk gebied. Derhalve kan geconcludeerd worden dat SfM-MVS een betrouwbaar alternatief 

is voor conventionele oppervlak reconstructietechnieken, vooral wanneer een DTM nodig is. 

 

                                                      

2 De verschillende modellen worden afgekort vanuit het Engels. Vrije vertalingen voor het DEM en DSM 

zijn respectievelijk DHM (Digitaal Hoogtemodel) en DOM (Digitaal Oppervlaktemodel) 
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In een tweede vergelijking tussen ALS gegevens en fotogrammetrische digital 

oppervlaktemodellen (Digital Surface Model, DSM) worden eveneens verticale verschillen 

geanalyseerd voor de stad Gent (België). In tegenstelling tot het eerste onderzoek wordt bij deze 

vergelijking aangenomen dat geometrische verschillen tussen de modellen veroorzaakt worden 

door het tijdverschil van negen jaar tussen de beide opnamen. Een verschilmodel wordt hierbij 

aangemaakt door beide DSMôs van elkaar af te trekken. Vervolgens worden de waarden in dit 

model geëvalueerd om een onderscheid te maken tussen verschillen veroorzaakt door fouten in 

het model en verschillen veroorzaakt door een gewijzigde topografie. De verschillen veroorzaakt 

door fouten in het model kunnen worden geëlimineerd door gebruik te maken van 

beeldverbeteringprocedures. Hierdoor ontstaat een nieuw model dat enkel (stedelijke) 

veranderingen weergeeft. Zodoende bevat dit model gebouwen, of delen van gebouwen, die 

gesloopt of opgetrokken zijn in de tijdspanne van negen jaar. Uit dit onderzoek blijkt duidelijk het 

potentieel van zowel ALS-gegevens als van luchtfotoôs voor de (geautomatiseerde) detectie van 

veranderingen in stedelijke gebieden. Het detecteren en modelleren van stedelijke verandering is 

zeer belangrijk voor de handhaving van de bouwreglementering en voor de opsporing van 

overtredingen van deze regels. 

 

Een classificatie of filteringprocedure is noodzakelijk om DEMôs converteren naar DTMôs en 

DSMôs. Helaas is het met de meest gangbare classificatiealgoritmen slechts mogelijk om enkele 

duidelijk omschreven klassen (grond, gebouwen, vegetatie) toe te wijzen. Voor wat betreft de 

semantische beschrijving van objecten belemmert deze beperking de flexibiliteit van 

geautomatiseerde procedures voor stadmodellering. Om die reden is er een innovatieve 

classificatieprocedure ontwikkeld op basis van Binomiale Logistische Regressie (BLR) analyse. 

Op basis van de evaluatie van een berekende probabiliteit wordt een punt toegewezen aan een 

door de gebruiker gedefinieerde klasse. De kans dat een punt tot een zekere klasse behoort, wordt 

geschat door het opstellen van een binaire logit functie, waarin een aantal parameters uit een 

ófeature spaceô verwerkt zijn. Hoewel de ófeature spaceô bepaald wordt voor elk punt in functie 

van een groot aantal geometrische kenmerken van de lokale puntenwolk, wordt er voor iedere 

klasse een afzonderlijke BLR-analyse uitgevoerd. Hierbij wordt gebruik gemaakt van een 

manueel samengestelde training set. De resultaten van deze gecontroleerde classificatieprocedure 

voor zowel een stedelijk gebied (Gent, Belgi± ) als voor een landelijk gebied (CtinŊves, Tsjechi±) 

zijn zeer goed, met type-I fouten variërend van 0.4% tot 7.7% en type-II fouten van 0.5% tot 6.4%. 

Deze resultaten tonen de mogelijkheden van deze methode aan voor geautomatiseerde 

semantische 3D-modellering. 

 

De mogelijkheden om snel en accuraat virtuele representaties te genereren met behulp van 

efficiënte 3D-modelleringsprocedures is noodzakelijk voor de documentatie van snel 

veranderende omgevingen of objecten. Steden zijn dynamische omgevingen op een macroschaal, 

maar archeologische opgravingen zijn dit des te meer op een microschaal. Voor het opstellen van 

tijdreeksen wordt het gebruik van 3D-modellering op basis van fotoôs onderzocht voor een 

archeologische site. De site van Thorikos (Griekenland) is hierbij gebruikt als test-case, waarbij 

dagelijks een aantal fotorealistische 3D-modellen zijn gemaakt ter ondersteuning van het toezicht 

en documenteren van een lopende opgraving. De interactie tussen de 3D-modellen wordt 

mogelijk gemaakt door een beheersysteem op basis van een Harris matrix. Deze matrix 
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functioneert als een intermediair tussen een grafische gebruikersinterface en het databanksysteem, 

ten behoeve van de visualisatie en analyse van de 3D-modellen. Bovendien worden twee 

toepassingen voor deze 3D-modellen uiteengezet, gericht op volumeberekeningen of in-situ 

kartering van relicten van stenen muren. Het gepresenteerde management systeem, het koppelen 

van 3D-modellen aan gegevens van de opgraving, alsook het gebruik van 3D-modellen als een 

wetenschappelijk onderzoeksinstrument, tonen de veelzijdige mogelijkheden van 3D-data voor 

tijd-ruimtelijk onderzoek aan. De gepresenteerde applicaties kunnen met behulp van deze 

methode worden geïmplementeerd om historisch-geografische toepassingen mogelijk te maken, 

zoals het karteren van stadsontwikkeling in 3D op basis van gescand historisch beeldmateriaal. 

 

Op basis van voorgaande conclusies wordt een innovatieve methode voor het opstellen van 

digitale 3D-stadsmodellen gepresenteerd. ALS-puntwolken, luchtfotoôs en gegevens uit een 

digitaal 2D-kadaster worden gebruikt in een geïntegreerde aanpak voor 3D-stadsmodellering. De 

procedure wordt gevalideerd aan de hand van ruimtelijke gegevens van de steden Gent en 

Geraardsbergen (België). De datasets hebben een hoge dichtheid en een hoge nauwkeurigheid. De 

procedure steunt op het gebruik van gekende geografische en fotogrammetrische software. 

Bovendien wordt een grote mate van automatisering mogelijk gemaakt door scripts uit te voeren. 

De voorgestelde workflow start met de verwerking van de puntenwolk en met de detectie van 

gebouwen en van grond uit deze puntenwolk. Daarna wordt de geometrie van de gedetecteerde 

gebouwen beschreven door een vereenvoudigd triangulair model en wordt een afbeelding 

gemaakt voor het correct visualiseren van ieder object. Nadat het model aan de kadastrale 

databank is gekoppeld, beschikt ieder object in het model over de nodige semantiek. De resultaten 

van de voorgestelde procedure kunnen worden beheerd en geanalyseerd in een CityGML-

database, waarna verschillende afgeleide modellen en visualisaties kunnen worden gegenereerd. 

Dit verhoogt het bereik en uitwisselbaarheid van deze 3D-stadsmodellen aanzienlijk. 

 

Tot slot wordt een overzicht gegeven van de conclusies uit dit proefschrift. Deze conclusies 

situeren zich rond de hierboven besproken onderwerpen, en geven een concreet antwoord op een 

aantal belangrijke onderzoeksvragen: 

 

- Welke data acquisitie methoden en platformen zijn in staat om ruimtelijke data aan te 

maken voor het opstellen van 3D modellen? 

- Welke geometrische nauwkeurigheden kunnen worden behaald dankzij deze 

verschillende technieken, en wat is de performatie van de dataverwerking? 

- Er van uitgaande dat puntenwolken gebruikt worden voor 3D-stadsmodellering, hoe kan 

dan informatie uit deze puntenwolk geëxtraheerd worden? 

- Hoe kunnen ruimtelijke data worden beheer, met de nadruk op het gebruik van ruimtelijk-

temporele databanken met verschillende datasets, en overeenkomstig een gegeven data 

model? 

- Hoe kunnen ruimtelijke data worden gebruikt voor het opstellen van 3D stadsmodellen 

waarbij gebruik gemaakt wordt van een geïntegreerde en semi-automatische procedure? 

- Wat is het doel van het modelleren van het leefmilieu, steden of andere modellen in 3D, 

en hoe kunnen deze modellen bijdragen tot multidisciplinair onderzoek? 
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Ter ondersteuning worden de belangrijkste bevindingen in een brede context geplaats, om de 

praktische reikwijdte van dit werk te benadrukken. Ook worden mogelijkheden en kansen 

besproken voor toekomstig onderzoek. Hoewel er dus nog werk aan de winkel is, kan wel worden 

gesteld dat dit werk een significante bijdrage levert aan het onderzoek rond data acquisitie, 

processing, management en analyses ten behoeve van 3D-modellering.  

 

Summary 

The use of virtual 3D models has gained a significant importance for a wide range of applications, 

like spatial planning, urban facility management, 3D cadastre mapping, tourism or the 

organization of public services. Environmental models and 3D city models facilitate decision 

making processes and they are used as communication channel between the government and the 

public. In spite of the growing demand for high quality 3D city models of complex urban areas, 

but also for large rural areas, the degree of automation for generating these models is rather low. 

Moreover, the construction process is the result of a difficult equilibrium between the desired 

level of detail on the one hand and model performance on the other hand. These properties are 

substantial bottle necks for the availability of the models. As a result, spatial data users are able to 

obtain very large 3D data sets, but the use of 3D city models derived from these data is frequently 

out of range. This is especially the case when multiple data sources are used to obtain these 3D 

models.  

 

This dissertation covers different elements of the acquisition, processing, analysis and 

management of spatial data for 3D modelling. The aim of this research is the optimization of the 

various aspects of the workflow for 3D city model generation. A special focus is also given to the 

assessment and preservation of the quality of the data, but also on exchangeability. The different 

phases of the workflow are elaborated and illustrated with applications that are also beyond 3D 

city modelling, like 3D reconstruction for cultural heritage management and archaeology. The 

lessons learnt from these projects result in indispensable knowledge for environmental mapping 

and 3D city modelling. Furthermore, these extended applications demonstrate the 

multidisciplinary of the use of 3D spatial data and their derived models. 

 

At first, multiple 3D data acquisition sensors and techniques are elaborated, focussing on the 

theory of laser scanning and applications of this technique. Photogrammetry and image based 3D 

reconstruction techniques using Structure from Motion and Multi-View Stereo (SfM-MVS) are 

also discussed, next to the use of conventional topographic techniques. On the one hand, Airborne 

Laser Scanning (ALS) and airborne photogrammetry are traditionally used for the systematic 

construction of Digital Elevation Models (DEM). On the other hand, SfM-MVS is recently 

introduced for (close range) 3D modelling applications, where the appearance of a 3D model is of 

great importance. As an example of the use of SfM-MVS for 3D reconstructions of small and 

complex objects, the technique is applied for the 3D modelling of historical globes. In this case, a 

large number of images are used for the digital representation of two 16th century globes, made by 

Gerardus Mercator. This reconstruction project is a great challenge, since the modelling of small 
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spheres is not a common application, where both the precision and the quality of the texture 

mapping have to be high. If the texture maps of these models correspond with the real appearance 

of the globes, it is possible to perform historical and cartographic research on these objects 

without actually possessing the globes. This significantly increases the scientific range of this 

patrimony. A feasibility study is performed for the 3D reconstruction, using different image based 

techniques and laser scanning.  

 

The results of the globe reconstruction project are very satisfactory in favour of SfM-MVS. 

However, in order to use this technique for environmental modelling, the geometric quality has to 

be assessed. Hence, DEMs based on ALS data, airborne photogrammetry and SfM-MVS are 

generated for two test sites, covering a heavily built-up area in Ghent and a rural area in Kooigem 

(Belgium). For this comparison, it is assumed that the temporal difference of two years between 

the data sets does not have an influence on the results. The ALS-based models are used as 

reference data and geometrically compared with the image based 3D models. A point-to-point 

comparison is performed for this analysis. In order to minimize the influence of unequal point 

densities of the different data sets, the reference point cloud is triangulated and another 

comparison is performed using a point-to-mesh comparison. The analysis made clear that the 

geometric quality of the urban area is much lower (two or three times the pixel size, ~0.30-0.45 

m) than of the rural area (around one time the pixel size, ~0.20-0.40m). However, for both the 

image based reconstruction techniques, these geometric deviations are very similar per study area. 

Next to the analysis of the geometric quality of the models, the ability to use the image based 

point clouds for the construction of Digital Terrain Models (DTM) is explored. For the extraction 

of ground points, a standard point cloud filtering procedure is executed on both the 

photogrammetric DEM and the SfM-MVS-based DEM. The statistical comparison between the 

filtered image based point cloud and the ALS-based point cloud is determined using cross 

validation, indicating a good correspondence between the SfM-MVS and ALS-based point clouds 

for the urban test site and very good correspondence for the rural test site. For the 

photogrammetric point clouds, this correspondence is low for the urban test site and even absent 

for the rural area. Therefore, it can be concluded that SfM-MVS is a reliable alternative for 

conventional surface reconstruction techniques, especially when DTMs are required.  

 

An additional comparison between ALS data and photogrammetrically derived Digital Surface 

Model (DSM) is also presented for the city of Ghent (Belgium). The vertical differences between 

the models are mainly caused by the temporal shift of nine years between the two acquisition 

campaigns, in contrast with the previous research. Thus, a pixel-wise difference model is 

generated by subtracting the two DSMs. Thereafter, the magnitude of the differences is evaluated 

in order to distinct erroneous differences in the model and differences caused by changed 

topography. Pixels that represent unchanged areas indicate the same errors as described in the 

previous comparison. After performing a series of image enhancement procedures, like 

morphologic filtering, change models can be generated. These models contain all constructed and 

destroyed structures in the study area for the time frame between the two acquisition models. 

Hence, this research clearly demonstrates the potential of both ALS data and airborne imagery for 

the (automated) detection of changes in urban areas. Urban change modelling is a very important 
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tool for the enforcement of the building regulations and for the detection of violations of these 

regulations.  

 

A classification or filtering procedure is required to convert DEMs to DTMs and DSMs. 

Unfortunately, most available classification algorithms only allow the assignment of clearly 

defined point classes (ground, buildings, vegetation). This hampers the flexibility of automated 

city modelling procedures in terms of semantic description of features in these models. To 

overcome this limitation, an innovative classification procedure is presented based on Binomial 

Logistic Regression (BLR) analysis. A point is assigned to a user-defined class, based on 

probability evaluation. The probability that a point belongs to a class is estimated by the 

construction of a binary logit function, containing a series of parameters derived from a feature 

space. Whereas the feature space is calculated for each point as a function of a large number of 

neighbourhood variables, the BLR analysis makes use of a manually generated training point 

cloud for each class. The results of this supervised classification procedure are very good for both 

an urban study area (Ghent, Belgium) and a rural test site (CtinŊves, Czech Republic), with type-I 

errors ranging from 0.4% to 7.7 % and type-II errors ranging from 0.5% to 6.4%. Thus, the great 

potential of the proposed classification methodology for automated semantic 3D modelling is 

obvious. 

 

The ability to generate fast and accurate virtual representations using efficient 3D modelling 

procedures is required for the documentation of rapidly changing environments. Cities are 

dynamic environments, but archaeological excavations all the more on a micro scale. The 

possibility of using image-based 3D modelling for the construction of time series is explored for 

the archaeological site of Thorikos (Greece). In order to monitor the on-going of the excavation 

and to document the findings on the site, photorealistic 3D models are generated on a daily base. 

The interaction with the 3D models is enabled by a management system. This system is 

implemented as a consultation and analysis application using a Harris matrix. The matrix 

functions as an intermediate between a graphical user interface and the database system. 

Additionally, two applications of these 3D models are presented, focussing on capacity 

calculations and in-situ mapping (orthophoto mapping) of stone wall relicts. The presented 

management system, the linking of 3D models with excavation data, and the use of 3D models as 

a scientific tool, demonstrate the huge potential of 3D data for spatio-temporal research. The 

presented applications can easily be implemented to historical-geographical applications, like 

retrospectively urban development modelling using scanned historical imagery. 

 

Based on a compilation of previous research results, a new approach for the construction of 3D 

city models is presented in the last part of this dissertation. ALS point clouds, airborne imagery 

and digital 2D cadastre data are used in an integrated modelling approach, and validated with high 

density and high accurate spatial data of the city of Ghent and Geraardsbergen (Belgium). The 

procedure is supported by widely used geographic and photogrammetric software. Furthermore, a 

large degree of automation is enabled by the use of scripting tools. The proposed workflow starts 

with the point cloud processing and the feature detection, where building points and ground points 

are separated from other points. Thereafter, the detected building features are described by a 

simplified triangular model and a texture map is generated for the each feature. Each geometric 
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feature in the models also contains semantics after linking the features with the cadastre data. The 

results of the presented procedure can be managed and analysed in a CityGML database, and 

different visualisations can be generated for standard 3D viewers, significantly increasing the 

range and exchangeability of these 3D city models.  

 

Finally, an overview of the conclusions of this dissertation is recapitulated. These conclusions 

focus on the different topics mentioned earlier in this summary, and aim to give specific answers 

to the following research questions:  

 

- Which data acquisition platforms and methods are able to acquire spatial data for the 

construction of 3D models? 

- What geometric accuracies and precisions can be reached using the different data 

acquisition methods and what are the performances of these methods in view of further 

data processing? 

- Under the assumption that point clouds are used for 3D city modelling, how can 

information be extracted from these point clouds? 

- How can 3D data be managed, more specifically in a spatio-temporal database with 

multiple data sources and in accordance with a certain data model? 

- How can spatial data be used for the construction of 3D city models, using an integrated 

and semi-automatic procedure? 

- What are the potential applications of the modelling of environments, cities or other 

objects in 3D, and how can these models contribute to multidisciplinary research? 

 

In order to emphasize the wide range of this work, the most important findings are put in a broad 

context. Moreover, the strengths and opportunities for further research are elaborated. Although 

the different topics in this dissertation still offer many opportunities for further research, it can be 

concluded that this work significantly contributes to the research on data acquisition, processing, 

management and analysis for 3D modelling.  
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1. General introduction  

1.1. Research context 

During the last century, our environment has changed dramatically. The booming population, 

increasing prosperity and improving mobility are just a few reasons for the significant growth of 

cities and for the urbanization of open spaces in Europe. Social dynamics and technological 

developments have increased the number of activities in both urban and rural spaces (Vos and 

Meekes, 1999). Moreover, the number of functions assigned to space has improved significantly. 

Especially in urban spaces, the environment itself is becoming more and more complex and 

activities in these areas are intensified. Moreover, the pressure on rural areas as urban spheres of 

influence and as intermediate between urban areas is enormous (Antrop, 2000). The growth of 

urban areas does not seem to temper in the near future and the pressure on rural and open spaces 

will increase even more. Without smart policy and governing, these developments have a negative 

influence on the environment as a whole. Hence, the need for sustainable management of space 

emerges (Naess, 2001). Various aspects were discussed in literature, like the relation between 

spatial planning and the conservation (or the improvement) of biodiversity (Sandström et al., 

2006) and the link with water management (Niemczynowicz, 1999).  

 

A thorough understanding of these phenomena in a geographical context is required to facilitate 

spatial development, environmental management and protective planning. Thus, planning and 

management of the environment are based on conceptual models and high quality spatial data 

(Antrop, 2004). Spatial data are defined as data that identify the location, geometry and semantic 

attributes of any object or feature in space. The spatial component is supplied with a coordinate 

reference system and, optionally, with topology or with appearance rules. Geographic Information 

Systems (GIS) play an important role in acquiring, analysing, manipulating, managing, presenting 

and storing spatial data. Crisis management (Vakalis et al., 2004), cadastre mapping (BartonŊk et 

al., 2011) or pollution modelling (Merbitz et al., 2012) are just a few examples of issues that find 

a solution or at least a support in the use of GIS. Unfortunately, the ability to perform 

environmental analysis and to support various discussion making processes is limited by the 

dimension of the data, where a single attribute is assigned to a planimetric shape (point, line, 

polygon or raster cell). 

 

Most spatial data, as well as the analysis, data formats, processing platforms, et cetera are 

traditionally in 2D. If the elevation of a terrain or surface is assigned to a planimetric feature as an 

attribute, one will speak of a Digital Elevation Model (DEM). In this case, one and only one 

elevation is assigned to a geometric feature, which is mostly either a (raster) cell in a grid or a 

point in a Triangular Irregular Network (TIN) (De Wulf et al., 2012). A transitional dimension of 

2.5D is assigned to these features (Axelsson, 2000). This means that a planimetric point has only 

one elevation value assigned to it, so f(x,y) = h (ellipsoidal height) or H (orthometric height) 

(Gruen and Akca, 2005). In this context, a measured point cloud in 3D may be converted to a 

2.5D grid, describing elevations as a series of bivariate functions within a horizontal plane 

(Pfeifer, 2002). The resulting DEM may consist of features covering the Earthôs ground surface 

and objects on this surface, like vegetation, buildings ... In this case, the model is called a Digital 
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Surface Model (DSM). When a ground point filtering or feature classifier has been applied on the 

DEM, a Digital Terrain Model (DTM) can be constructed, representing the earth topography 

(Pfeifer and Mandlburger, 2008). It is essential to use appropriate filters or classifiers, taking 

specific data properties into account like the point density, terrain roughness or the covered 

environment. If an object can be modelled as a closed and bounded geometry, Constructive Solid 

Geometries (CSG) (Over et al., 2010), boundary representations (B-REP) or Tetrahedonized 

Irregular Network (TEN) (Penninga et al., 2006) can be used. These types of geometries enable to 

define a feature as a volume, possibly combined with attributes or appearance properties. All 

these 2.5D geometric models can be extended to full 3D, but the data storage and analytical 

complexity increases considerably. However, for most spatial applications and environmental 

applications in particular, 2.5D DEMs are used, (Tack et al., 2012a; Werbrouck et al., 2011).  

 

Since a few years, full 3D spatial data play an essential role in environmental research and even in 

society as a whole. It was only since recently that 2.5D and 3D spatial data were acquired and 

used by a limited number of companies and institutions. The larger availability of data acquisition 

sensors, the increasing capacities of PCs and improved methods to exchange data between users 

have caused an immense need for more spatial data and applications (Horne et al., 2007). On the 

data supply side, recent developments in airborne and terrestrial laser scanning, conventional and 

close-range photogrammetry, satellite remote sensing or Global Navigation Satellite Systems 

(GNSS) have resulted in new methods for fast and accurate data acquisition (Molina et al., 2014). 

On the data demand side, óopenô initiatives like community based mapping (OpenStreetMap) and 

3D modelling (Google Earth and Google/Trimble SketchUp, Figure 1-1) have seeded a public 

conscience on the need for spatial data and for 3D spatial data in particular. The absence of a 

quality control system for these open data (the community controls its own data) is one of the 

reasons that the use of open spatial data is limited to virtual tourism or some experimental 

scientific projects (Jacob et al., 2009; Schilling et al., 2009). Although the open initiatives lack 

legal responsibility on the data quality, the projects were probably a motivation for governmental 

institutions to make their data available for the public. New óofficialô data sources are now made 

available with various levels of accessibility (EC, 2007; US, 1994). In most cases, professionally 

acquired data are preferred, in correspondence with predefined and well-documented protocols. 

Governmental organizations unambiguously define these quality criteria in public tenders (Swart, 

2010).  
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Figure 1-1: Screenshot from Google Earth, containing 3D buildings in the Damrak area in Amsterdam (the Netherlands) 

 

On the hardware and software side, it is obvious that recent developments in Graphics Processing 

Units (GPU) and powerful 3D renderers have increased the accessibility of 3D city models for a 

large non-expert public. Whereas widely used software packages like Google Earth are frequently 

used for visualization only, computer games allow sweeping interaction between the user (gamer) 

and the 3D model (game). In order to illustrate the popularity of these games, two examples can 

be given: Assassinôs Creed III, with 12 million distributed units sold in 2012 (Figure 1-2, left, 

www.ubisoftgroup.com) or Grand Theft Auto V, with even 29 million units sold in 2013, after the 

release in September 2013 (Figure 1-2, right, www.rockstargames.com). Among others, these two 

examples are well known for their pleasant graphics, generated by powerful graphic engines. 

Mentioning computer games may sound casual in this context, but game development is very 

interesting for 3D environmental modelling in applied sciences (Anderson et al., 2010). Many 

topics that are covered in this domain also have great relevance in city modelling, like the 

concepts of optimized geometric modelling, Levels of Detail (LoD) or texture mapping (Ahearn, 

2008). Moreover, the design process of 3D games highly corresponds with the city modelling 

process (Fritsch and Kada, 2004). However, real-world structures of cities are not accurately 

modelled in 3D games and much repetition of geometrical shapes is performed. Accurate 3D 

models with a high LoD representing real-world objects require a lot of manual processing (Tack 

et al., 2012b). Moreover, the local accuracy of the models in 3D games does not mean that a 

geographic framework is defined and that coordinate systems are absent. 

 

http://www.ubisoftgroup.com/
http://www.rockstargames.com/


Chapter 1 

34 

 

Figure 1-2: Computer games as interface between 3D models and non-expert users in Assassinôs Creed III (Venice, left, Ubisoft ®) 

and Grant Theft Auto V (Los Angeles, right, Rockstar ®) 

 

The developments of environmental models, of 3D city models but also of 3D models of small 

objects are driven by various scientific disciplines, like computer sciences, geographic 

information sciences or remote sensing. The construction and use of 3D models implies some 

important facets in these disciplines: data acquisition using different sensors and techniques 

(Baltsavias, 1999; Beccari et al., 2010), data processing and feature modelling using various 

algorithms (Benner et al., 2005; Sampath and Shan, 2010), the management and exchange of the 

models (Kolbe et al., 2005; Pauwels et al., 2011), but also the visualization and analysis of the 

city models (Manferdini and Remondino, 2010; Mendes et al., 2012). Most of these aspects are 

covered individually in literature. The fragmentation of the various acquisition, processing and 

finalization approaches hampers the development of an integrated solution for the construction of 

3D city models. Such an integrated procedure would facilitate the integration of various concepts 

and methods in the different steps of the modelling process. Data fusion plays an important role in 

this process and can be defined as the framework in which the means and tools are expressed for 

the conflation of different data sources or sensors into one single data set (Wald, 1999). Much 

research has already been done on the fusion of spatial data, focusing on raw data, processed data 

or analysed data. In a virtual model, 3D spatial data should be structured in accordance with a 

predefined conceptual data model. This conceptual data model describes the requirements of the 

data and the formal rules of these data. CityGML is such a model and enables to describe urban 

features by a predefined ontology in terms of geometry, semantics, appearance and topology 

(Gröger et al., 2008; Kolbe, 2009). The question now arises how to process, reformulate or 

transform the large amount of different data sets towards these sets of rules, in order to generate 

city models and to facilitate the management and planning of urban and rural spaces. 

 

1.2. Research questions 

As discussed above, city modelling covers a long chain of various steps. The entire process 

contains an interconnected chain of steps, where the results of one phase have an explicit 
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influence on the quality of the following phases. Moreover, different aspects of the city modelling 

process suffer from various difficulties that have to be identified. Döllner et al. (2006) focus on 

the lack of automation in the production process and the weak integration of data sets. These 

bottlenecks are related to the following aspects of 3D modelling: 

 

- The data acquisition using different sensors and techniques; 

- The data processing and feature modelling using various algorithms; 

- The data management; 

- The data exchange of the final city models. 

 

Thus, a thorough knowledge of the different spatial data acquisition, data processing and data 

conceptualization steps is indispensable. Gathering and compiling this knowledge in the broad 

context of city modelling and substantiated by some interesting applications are the main 

objectives of this dissertation. This objective can be re-formulated with the following central 

research question: 

 

ñWhich aspects have to be taken into account for 3D feature modelling, when dealing with 

the acquisition, processing, management and analysis of spatial data?ò 

 

An exploration of this central research question is represented in our cognitive model in Figure 

1-3, covering different aspects of 3D modelling. Based on this schema, six more specific research 

questions are formulated: 

 

RQ1: Which data acquisition platforms and methods are able to acquire spatial data for 

the construction of 3D models? 

 

RQ2:  What geometric accuracies and precisions can be reached using the different data 

acquisition methods and what are the performances of these methods in view of 

further data  processing? 

 

RQ3: Under the assumption that point clouds are used for 3D city modelling, how can 

information be extracted from these point clouds? 

 

RQ4: How can 3D data be managed, more specifically in a spatio-temporal database with 

multiple data sources and in accordance with a certain data model? 

 

RQ5: How can spatial data be used for the construction of 3D city models, using an 

integrated and semi-automatic procedure? 

 

RQ6: What are the potential applications of the modelling of environments, cities or other 

objects in 3D, and how can these models contribute to multidisciplinary research? 

 

The core of the schema in Figure 1-3 deals with aspects of spatial data acquisition, data 

conceptualization and data processing. Spatial data acquisition is subdivided in different platforms 
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and acquisition methods and is covered by research question 1 and 2, aiming at the theoretical 

elaboration of 3D data acquisition sensors and methods, as well as on the quality assessment of 

the resulting models. Among others, data processing for 3D modelling consists of point cloud 

classification, which is covered by research question 3. This processing aspect also regards 

feature reconstruction and appearance reconstruction, which is a part of research question 5. This 

question, together with research question 4, is part of the discussion on data conceptualization. 

The geometrical representation is described by this element, focussing on the dimensional 

complexity of the data, the LoD, the conceptual data model and the physical data model. The last 

element of this schema, dealing with 3D modelling applications, is purposefully positioned in the 

centre. Different applications are presented when discussing research question 6. The modelling 

applications are heavily related with other elements (acquisition, processing and 

conceptualization) and vice versa. In the rest of this section, the different research questions will 

be discussed in more detail, making links between the questions and different chapters of this 

dissertation. 

 

 

Figure 1-3: Cognitive model of the different aspects of the research questions 

 

RQ1: Which data acquisition platforms and methods are able to acquire spatial data for the 

construction of 3D models? 

The data acquisition platforms and methods are important for a full comprehension of the spatial 

data itself as well as for the selection of appropriate methods for the data processing. Moreover, 

the evaluation of platforms and sensors enable to perform an a-priori data quality assessment and 

also allows the evaluation of the project feasibility. A theoretical elaboration of the different data 

acquisition platforms and methods is therefore presented in chapter 2. For 3D modelling using 

airborne and spaceborne platforms, the use of Airborne Laser Scanning (ALS) (Doneus et al., 

2008; Oude Elberink and Vosselman, 2011), Interferometric Synthetic Aperture Radar (InSAR) 

(Simarda et al., 2008) and image based modelling (Frankl et al., 2008; Tack et al., 2012a) are 
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well-known in literature. Besides, conventional photogrammetry and Structure from Motion and 

MultiView Stereo (SfM-MVS) are frequently used as image based techniques for environmental 

modelling. Furthermore, combinations of different systems (Haala and Kada, 2010; Rottensteiner 

et al., 2007) are well-known for airborne applications. For terrestrial application, mobile (or 

kinematic) and static platforms can be distinct. Both Mobile Terrestrial Laser Scanning (MTLS) 

and Static Terrestrial Laser Scanning (STLS) (Jaboyedoff et al., 2009), image based modelling 

(Tack et al., 2005) and integrated systems are currently in use (Briese et al., 2012; Remondino, 

2011) and can be seen in similarity with airborne techniques. Notwithstanding the correspondence 

between airborne and terrestrial techniques, a theoretical research is required to support further 

qualitative studies on the geometric accuracy and feasibility of the techniques for environmental 

modelling and city modelling.  

 

RQ2: What geometric accuracies and precisions can be reached using the different data 

acquisition methods and what are the performances of these methods in view of further data 

processing? 

In this dissertation, the following definition for accuracy and precision are respected (OGC, 

2013): ñThe degree to which information on a map or in a digital database matches true or 

accepted values. Accuracy pertains to the quality of data and the number of errors contained in a 

dataset or map. In discussing a GIS database, it is possible to consider horizontal and vertical 

accuracy with respect to geographic position, as well as attribute, conceptual, and logical 

accuracy. The effect of inaccuracy and error on a GIS solution is the subject of sensitivity 

analysis. Accuracy, or error, is distinguished from precision, which concerns the level of 

measurement or detail of data in a database.ò Describing geometric accuracy is thus a matter of 

comparing a spatial data set with a ground truth or reference data set (Hyyppä et al., 2005). From 

a more statistical point of view, accuracy can be defined as the ócorrectnessô of data, frequently 

measured by the mean deviation from a ground truth (Stal et al., 2011). In this context, precision 

is defined by the noise of the data, measured by the standard deviation and designated by the LoD. 

In many cases, spatial data and the resulting 3D models have to be in conformity with predefined 

geometric accuracy requirements or directives. These definitions are formalized in international 

standards for environmental modelling using CityGML (Fan and Meng, 2009) and for laser 

scanning in general (APSRS, 2004), but also for bathymetric applications (Mills, 1998). The 

discussions about the formulation of standards for bathymetric modelling and quality assessment 

of the resulting data even date back to 1957 (IHO, 2008). For CityGML, the classes of accuracy 

are constrained for each of the five LoDs (Gröger et al., 2008). Qualifying the geometric accuracy 

of spatial data sets enables to evaluate the correspondence of the modelling results with the 

requirements and directives. Clear procedures for accuracy assessments are therefore 

indispensable. The data quality of terrestrial 3D models and modelling performance are discussed 

in chapter 3. For airborne applications, accuracy and performance are the main topics of the 

comparative studies presented in chapter 4 and 5. In chapter 4, the analysis will result in the 

selection of the most optimal airborne 3D data acquisition methodology, whereas in chapter 5, the 

models from two techniques are used for automated change detection.  
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RQ3: Under the assumption that point clouds are used for 3D city modelling, how can 

information be extracted from these point clouds? 

Frequently, ALS point clouds are just a large series of points with (x,y,z)-coordinates, possibly 

accompanied with other measured parameters like the colour or intensity value. When using the 

standardized LAS-format, these values are stored in accordance with a specific record format 

(ASPRS, 2013). A point classification value is also allowed, but the possibility to define real-time 

classes to points during the data acquisition is very limited. Therefore, point cloud classification 

or filtering is required within an information extraction process using post-processing software 

(Chen, 2007). On the one hand, classification is the process where points are assigned to a 

specific class based on certain properties (Xu et al., 2012). On the other hand, filtering will also 

use these properties, but will remove points that do not meet these similar properties. Thus, point 

cloud filtering is mainly used for the derivation of DTMs after separating ground-points and non-

ground-points (Li, 2013; Podobnikar and Vrecko, 2012). Different ground extraction algorithms 

and classification procedures are discussed and compared by Sithole and Vosselman (2004), 

distinguishing different methods by the way these classifiers make assumptions about a point and 

its neighbourhood. Some techniques are based on mathematical morphology (Chen et al., 2007; 

Mongus and Ģalik, 2012), surface roughness analysis (Höfle et al., 2009), local slope analysis 

using distance thresholds (Meng et al., 2009) or surface based robust interpolation (Briese et al., 

2002). Another possibility for the classification of point clouds is the use of geometrical 

clustering analysis using feature spaces. This classification technique evaluates the 

correspondence of the feature space of a point with its neighbourhood properties (Bartels and Wei, 

2010) or with a best fitting plane (Dorninger and Pfeifer, 2008). A variant of such a 

neighbourhood-based classification procedure is presented in chapter 6.  

 

RQ4: How can 3D data be managed, more specifically in a spatio-temporal database with 

multiple data sources and in accordance with a certain data model? 

A solid data management is indispensable for the proper use of large spatial data sets. The rules 

that define all aspects of spatial data in a project are embodied in a Spatial Data Infrastructure 

(SDI), dealing with the geographical data, but also with standards, metadata, tools, technical 

aspects of the data and different systems, as well as the policy and legal context (Steiniger and 

Hunter, 2011). Besides the knowledge of origin of different data sources for spatial data, data 

fusion and data standardization are also very important and need to be elaborated. This becomes 

clear with the research in chapter 5, 7 and 8, where different data sources are used in an integrated 

way for the construction of one final model or series of models. Wald (1999) defines data fusion 

as the framework on which the means and tools are expressed for the conflation of different data 

sources or sensors into one single data set. Much research has already been done on the fusion of 

spatial data, focusing at the acquisition level (sensor fusion), the processing level or the level of 

the final results (Becker, 2009; Vaaja et al., 2011; Würländer and Wenger-Oehn, 2007). These 

levels of data fusion are related to the information content and the degree of complexity of the 

different described features or phenomena in the data (Zhang, 2010). A data model is an 

abstraction of the real world, functioning as an intermediate between real world objects and 

phenomena on the one hand and the data structure (logic model) and file structure (physical 

model) on the other hand (Peuquet, 1984). The data structure defines how spatial data are stored 

in a database (TIN, point cloud, BREP), whereas the file structure is defined by file definition 
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standards, like the Geographic Markup Language (GML, extended by the previously mentioned 

CityGML), Web Mapping Service (WMS) or Keyhole Markup Language (KML) (Chen and Xie, 

2008).  

 

RQ5: How can spatial data be used for the construction of 3D city models, using an 

integrated and semi-automatic procedure? 

When it is known how to prepare spatial data in accordance with a SDI, the final question is how 

to generate 3D city models out of these data. Referring to the concept of LoDs, buildings in 3D 

city models may be represented as flat surfaces in a DEM (LoD0), vertical extruded bodies 

(LoD1), generalized geometries (LoD2) or exact geometries (LoD3 and LoD4) (Löwner et al., 

2013). LoD3 and LoD4 cover fully 3D building modelling, including façade modelling and 

indoor modelling respectively (Isikdag and Zlatanova, 2009). The concept of LoD is illustrated in 

Figure 1-4. In this dissertation, procedures for the (semi-) automated construction of 3D city 

models with LoD1 and LoD2 are elaborated, and presented in chapter 8. CityGML has already 

been implemented in different 3D cadastres in Europe (Over et al., 2010; van den Brink et al., 

2013). The interoperability of Belgian spatial data and 3D city modelling using CityGML is 

intensively discussed by De Cubber and Van Orshoven (2012). These authors mainly focus on the 

different approaches for defining relations between features and on the rather diverging ontology 

of the standard. 

 

 

Figure 1-4: Different Levels of Detail (LoD) in CityGML (Gröger et al., 2008) 

 

RQ6: What are the potential applications of the modelling of environments, cities or other 

objects in 3D, and how can these models contribute to multidisciplinary research? 

The necessity of acquiring, processing and analysing high quality 2.5D and 3D spatial data has 

already been discussed above. Indeed, these spatial data are essential for a various range of 

scientific disciplines and even more applications. DEMs or 3D city models play an indisputable 

role in environmental research (Dubovyk et al., 2011; Hape and Purps, 1999), spatial planning 

and management (Kolbe et al., 2005; Smart et al., 2011; Stoter et al., 2008), as well as 

architectural design (Becker, 2009) or archaeology and cultural heritage (Hendrickx et al., 2011; 

Koller et al., 2009; Remondino, 2011) to mention a few. Giving a full list of applications for 3D 
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spatial data would be an impossible task, but a short overview of some projects is presented in this 

section. The author of this dissertation contributed significantly to all projects presented here. One 

or two references at each topic can be used for further readings, but many of the topics are also 

integrated in the different chapters of this dissertation.  

 

RQ6-1: Physical geography 

A rapid and detailed approach to quantifying gully morphology by using image-based 3D 

modelling (Stal et al., 2014): the modelling and monitoring of gully erosion is very important to 

comprehend the morphological processes that occur at gullies. Understanding these processes 

enable to master the resulting issues and to minimize the difficulties and cost that are entailed. 

Gully erosion occurs on a large scale in both developed and less-developed countries. Especially 

the latter are very vulnerable for this environmental problem. In both situations, the need for a fast, 

cheap and flexible 3D modelling technique emerges. In this study, the image based 3D modelling 

technique was applied to quantify the morphology of some gullies in Belgium and Ethiopia. 

Images were taken and GNSS measurements were performed during field campaigns. These data 

are processed in a SfM-MVS workflow, resulting in highly detailed and highly accurate 3D 

models (Figure 1-5). Moreover, derivative products, like DEMs and cross-sections, are generated 

using these models. When consecutive models are placed in a time series, volume changes and 

differences on shape and pipe inlets are modelled. 

 

 

Figure 1-5: DEM with contour lines and cross section situation (upper-left), top view on the 3D model (upper-right) and the actual 

cross section (below) 

 

RQ6-2: Bathymetric mapping 

Accuracy aspects of processing and filtering of multibeam data: grid modelling versus TIN based 

modelling (De Wulf et al., 2012): in this study, the accuracy of volume computations in a TIN and 
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in a grid are mathematically derived on a statistical basis. Both modelling techniques (TIN and 

grid) yield their own advantages and drawbacks. In many bathymetric applications, multibeam 

echosounder measurements serve to make DEMs of underwater surfaces. The results of this study 

are used by the author of this dissertation for the 3D modelling of an artificial lake in France 

(Lake of Vassivière, Figure 1-6). The Delaunay triangulation is a widely appreciated and 

investigated mathematical model to represent the seabottom topography and is highly efficient for 

building TINs (Triangular Irregular Networks) out of non-homogeneous data such as raw 

multibeam data. Obtaining an accurate model of underwater surfaces is a major concern in 

dredging works, offshore mining or reservoir management. Contemporary hydrographical 

surveying tools, especially the multibeam echosounder, yield a very dense point sampling of the 

underwater surface. Subsequently, this immense amount of data needs to be processed in order to 

generate an accurate terrain model. Modelling can be carried out in post-processing or in real-time. 

Performing a real-time accountability keeps track of the cut- or fill volume changes realized at 

that moment. Most multibeam systems deliver equidistant interpolated data, allowing faster 

processing to be achieved using equidistant grid-based modelling. It goes without saying that 

these concepts can easily be applied for topographic applications. 

 

 

Figure 1-6: Birds-eye view (left) and vertical view (right) of the bottom of the Lake of Vassivière (France), generated using 

bathymetric sensors for the volume calculation of the lake (unscaled, unreferenced) 

 

RQ6-3: Coastal mapping 

Feasibility study of the use of bathymetric surface modelling techniques for intertidal zones of 

beaches (De Wulf et al., 2014): this study elaborates on the use of different 3D data acquisition 

techniques for the construction of DSMs of intertidal zones of beaches and for the detection of 

archaeological relicts (Figure 1-7). DSMs are an indispensable tool for the development and 

sustainable management of cultural heritage and archaeological relicts. In many applications, 

these models are used for the analysis of known archaeological features or for the detection of 

new features. This is also the case in the presented project on archaeological research in the 

Belgian North Sea (SeARCH). Obtaining a sufficient resolution and accuracy for these models is 

a challenging task, especially for intertidal zones of beaches. Specific difficulties in these 

transitional areas require a thorough study of available spatial data acquisition techniques, 

focussing on the various system properties and measurement methods. In general, bathymetric 

techniques make use of different approaches compared with topographic techniques, like the use 

of acoustic versus electromagnetic signals for distance measurements. The limited draft in 



Chapter 1 

42 

intertidal zones, as well as the turbidity and tempestuous weather conditions are additional 

limiting factors for the Belgian North Sea coast. Based on a field survey, the use of MTLS 

appears to be very useful for the construction of the required DSMs. This study is performed by 

the author of this dissertation in collaboration with scientists of the École Nationale Supérieure de 

Techniques Avancées Bretagne (Brest, France).  

 

 

Figure 1-7: DEM of a small part of an intertidal beach (left) and the same area with return intensity values (right) 

 

RQ6-4: Historical geography 

A 3D model and orthophoto of the Ethiopian Highlands in 1935 (Frankl et al., 2014) and 

Kemmelberg (Belgium) case study - comparison of DTM analysis methods for the detection of 

relicts from the First World War (Stal et al., 2010): both projects concern the use of modern 3D 

reconstruction techniques for historical geography. On the one hand, ancient airborne images, like 

Italian war images of Ethiopia (1930s) or German and English images of WWI (1914-1918) can 

be very suitable for 3D modelling (Figure 1-8, left). The Kemmelberg (Belgium) was heavily 

bombed and photographed during the First World War. Italian images are the oldest data source 

for the documentation of land use, land cover and geomorphology of Ethiopia. In both cases, 

unique airborne imagery allows the construction of 3D models of the past. These models enable to 

describe environmental changes in land use and coverage, geomorphology or land degradation. 

On the other hand, DTMs based on ALS data can be used for the detection of small relicts in the 

landscape, like trenches, artillery emplacements ... (Figure 1-8, right). A common method to 

detect these large scale and small scale changes in the environment is the use of historical aerial 

photographs. The interpretation of historical photographs requires thorough and specialized 

knowledge of the elements on these pictures. Moreover, analogue stereoscopic analysis of 

randomly taken airborne imagery is very time consuming. Thus, these research projects focus on 

different filter techniques to enhance the detection of these objects, using SfM-MVS for the image 

series and convolution matrices for the ALS-based DTMs. For both the Belgian and Ethiopian 

case study, the author of this dissertation has contributed by organizing the actual 3D 

reconstruction. For the Kemmelberg study, image enhancement techniques have also been applied 

on the models by the author. The resulting data are important research tools for historical 

geographic research, archaeology and landscape analysis. 
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Figure 1-8: Birds-eye view of the Kemmelberg (Belgium) using airborne images of 1913 (left) and elevation enhancement for the 

detection of WWI relicts (right) 

 

RQ6-5: Landscape research 

Digital elevation model generation for historical landscape analysis based on LiDAR data: a case 

study in Flanders (Belgium) (Werbrouck et al., 2011): This project is part of a larger project 

entitled: ñPrehistoric settlement and land-use systems in Sandy Flanders (NW Belgium)ò. The 

main objective is to create a detailed topographical surface free of artificial features and 

topographical artefacts, in the form of a DEM based on high density ALS. This model should 

allow the visualization of natural and current topography through the sole implementation of true 

ground points, which can be used for a landscape-archaeological study. Based on topographical 

vector data, visual interpretations and slope analysis, a semi-automatically removal of the 

artificial features and topographical artefacts is aimed at. The first resulting model is a TIN, 

whereby the inherent large file format restricts the usability for a large spatial extend. The second 

model is an equidistant grid model which can be used for small-, medium- and large-scale 

applications. Both data sets were generated and processed by the author of this dissertation and 

were used as an image which could be interpreted using ancillary data from historical sources. 

Starting from this DEM, the approach of a landscape historical study is mainly retrogressive, i.e. 

starting from the landscape structures and elements that are still present in the contemporary 

landscape and moving into the past.  

 

RQ6-6: Civil engineering 

Methodology for the ovalisation monitoring of newly built circular train tunnels based on laser 

scan measurements: Liefkenshoek Rail Link (Belgium) (Nuttens et al., 2014) and Automatic 

filtering of terrestrial laser scanner data from cylindrical tunnels (Stal et al., 2012b): two tunnel 

monitoring projects on which this research is based are the first projects in Belgium in which 

STLS is used to systematically monitor the ovalisation of multiple tunnel sections under 

construction. The methodology focuses on a clear processing workflow and easily interpretable 

deliverables, minimizing the use of high-end 3D processing or visualization software. Moreover, 

simultaneous data sets of both laser scanning and strain gauge measurements open important 

opportunities to improve the knowledge of tunnel behaviour in in-situ conditions. The extensive 

and systematic monitoring coverage from the time of assembly of a circular tunnel structure until 

several months after placement delivers an important contribution to the understanding of the 
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behaviour of the tunnel constructions between the construction phase and the final stabilized 

shape. Conventional monitoring techniques result in a limited number of measurements to 

evaluate the performance and accuracy of the tunnelling process in comparison with design-

models at an early stage. The results of such the presented systematic monitoring program allow 

the contractors or engineers involved to validate the theoretical models and to compare with the 

actual behaviour of large diameter shield tunnelling in soft soil. Therefore, this study focuses on 

optimized data acquisition, data processing and point filtering, as well as on quality assessment. 

The author of this dissertation has significantly contributed to the automation of the data 

processing, by developing various on-demand workflows and point cloud filtering procedures. 

 

RQ6-7: Cultural heritage and architecture 

Evaluation of the accuracy of 3D data acquisition techniques for the documentation of cultural 

heritage (Stal et al., 2012a): different cultural heritage sites in the city of Ghent (Belgium, Figure 

1-9), but also at various sites in the rest of Belgium, Greece, Mexico, France, é are used as test 

cases for the development and accuracy assessment of 3D data acquisition techniques. These 

projects mainly involve the use of terrestrial techniques, like STLS and terrestrial close range 

photogrammetry for façade modelling in LoD3. Since recently, Unmanned Aerial Vehicles 

(UAV) are also deployed in image based modelling reconstruction workflow for the full 3D 

modelling of cultural heritage. In most cases, the resulting 3D models are used by local cultural 

heritage directors for the management and preservation of the patrimony. The deployment of 

these sensors and platforms, as well as the 3D data acquisition and processing lay within the 

expertise of the author of this dissertation. The author already has been able to participate in very 

interesting projects. 

 

 

Figure 1-9: 3D representation of the northern part of the cloister of the Sint-Baafs abbey (Ghent, Belgium) 

 

1.3. Dissertation outline 

This dissertation is structured as follows:  

 

In chapter 2 (3D data acquisition), different 3D data acquisition techniques, which can be used for 

the construction of DEMs or environmental models and 3D city models are elaborated. The 

presented list is a sample of the large number of available sensors and techniques, but a selection 

was made based on prevalence in literature, giving an insight on RQ1. Different types of laser 

scanning, image based modelling and conventional topographic measurement techniques are 

covered and analysed. The research is mainly focussed on the first technique, covering some 

fundamental topics on the theory of laser scanning, as well as different types of airborne and 










































































































































































































































































































































































































































