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Abstract 
 

There are today many available datasets and methods that can be used to create 3D city models, 

which in turn can be used for numerous applications within the fields of visualization, 

communication and analysis. The purpose of this thesis is to perform a practical comparison 

between three methods for 3D city modeling using different combinations of datasets; one using 

LiDAR data combined with oriented aerial images, one using only oriented aerial images and one 

using non-oriented aerial images. In all three cases, geometry and textures are derived from the 

data and the models are imported into the game engine Unity. The three methods are evaluated in 

terms of the resulting model, the amount of manual work required and the time consumed as well 

as the cost of data and software licenses. An application example visualizing flooding scenarios in 

central Stockholm is featured in the thesis to give a simple demonstration of what can be done with 

3D city models in a game engine environment. The result of the study shows that combining LiDAR 

data with oriented images and using a more manual process to create the model gives a higher 

potential for the result, both in terms of visual appearance and semantic depth. Using only oriented 

images and commercial software is the easiest and most reliable way to create a usable 3D city 

model. Non-oriented images and open-source software can be used for 3D reconstruction but is not 

suited for larger areas or geographic applications. Finding reliable automatic or semi-automatic 

methods to create semantically rich 3D city models from remote sensed data would be hugely 

beneficial, as more sophisticated applications could be programmed with the 3D city model as a 

base. 

 

Sammanfattning 
 

Det finns idag många tillgängliga dataset och metoder som kan användas för att skapa 3D-

stadsmodeller, som i sin tur kan användas för många tillämpningar inom områdena visualisering, 

kommunikation och analys. Syftet med denna uppsats är att göra en praktisk jämförelse mellan tre 

metoder for 3-dimensionell stadsmodellering, som använder olika kombinationer av dataset. En 

metod utnyttjar LiDAR-data kombinerat med orienterade flygbilder, en utnyttjar enbart 

orienterade flygbilder och en använder icke-orienterade flygbilder. I alla tre fall är geometri och 

texturer skapade från dataseten och de färdiga modellerna importeras till spelmotorn Unity. De tre 

metoderna utvärderas med avseende på visuella och semantiska kvalitéer hos den färdiga 

modellen, mängden manuellt arbete och tid som krävs för att skapa modellen, samt kostnad för 

data och mjukvara. Ett scenario där översvämningar visualiseras i centrala Stockholm presenteras 

för att ge ett enkelt exempel på vad som kan göras med 3D-stadsmodeller i en konventionell 

spelmotor. Resultatet av studien visar att LiDAR-data kombinerat med orienterade flygbilder och 

en mer manuell modelleringsprocess ger en högre potential för resultatet, både vad gäller visuellt 

utseende och semantiskt innehåll. Att bara använda orienterade flygbilder och kommersiell 

mjukvara är det enklaste och mest pålitliga sättet att skapa en användbar 3D-stadsmodell. Icke-

orienterade flygbilder och programvara med öppen källkod kan användas för 3D-rekonstruktion, 

men lämpar sig inte för större områden eller geografiska tillämpningar. Mer forskning inom 

pålitliga metoder för att skapa 3D-stadsmodeller med större mängd semantisk information skulle 

vara väldigt användbart, då mer sofistikerade applikationer skulle kunna byggas med 3D-

stadsmodeller som bas. 
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1 Introduction 
1.1 Background 
The field of geographic information has in recent years experienced an increase in the 

availability of remote sensed data acquired by airborne platforms.  One application for which 

this type of data is suitable is the generation of digital terrain models and 3D city models. There 

are mainly two types of data used for these applications; point clouds from airborne laser 

scanning (ALS) and images from aerial photography. Geometry in the form of a point cloud is a 

first-hand product created by ALS while it has to be derived from aerial images by the means of 

photogrammetry. The methods used to produce 3D city models from remote sensed aerial data 

range from manual to automatic and can either based on object vectorization or surface 

reconstruction. Object vectorization creates a new set of 3D vectors which approximately fits the 

geometry derived from the input data, while surface reconstruction creates a continuous 2.5D 

surface. The generated 3D city models are currently used for a variety of purposes including 

analysis, citizen communication and decision support (Singh et al, 2013). Aerial photography 

can produce either oriented images, where the location and orientation of the camera is known, 

or non-oriented images where such information is not available. The production of non-oriented 

images is less demanding since no navigation instruments are needed. The drawback of non-

oriented images is that the camera location and orientation has to be estimated in order to 

derive geometrical information from the images. 

Laser scanning, or LiDAR (Light Detection and Ranging), became a mainstream technology circa 

1995 and was at the time both faster and more accurate than the methods used to derive 

geometrical information from photographs, a science called photogrammetry (Shan et al, 2008). 

Photogrammetry has been studied and practiced for as long as photography itself and was the 

main method for producing 3D terrain and city models before LiDAR (Gosh, 1988). Within 

recent years, circa 2010 and onward, there has however been a great increase in the use of 

photogrammetry. This increase is mainly due to the increased availability of small, cheap 

airborne platforms such as UAVs and a rapid development of image processing algorithms 

developed by the field of computer vision. These technological breakthroughs have caused 

photogrammetry to once again be a viable option for creating terrain models and 3D city 

models. 

Earlier comparisons between models produced from aerial laser scanning and aerial 

photogrammetry, such as Baltsavias, E. (1999), Gil et al. (2013) and Macay Moreira et al. (2013), 

do not feature textured models and are focused mainly on geometrical accuracy. The 

comparison featured in this thesis will include aspects such as cost, software- and data-

requirements and further usability of the finished model. 
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1.2 Objectives 
The aim of this thesis is to compare and evaluate different methods for creating 3D city models 

consisting of geometry and texture including both terrain and buildings using aerial laser 

scanning and aerial photogrammetry. In a case study, three different models will be created 

from different combinations of datasets and software; one from both LiDAR and oriented aerial 

images, one from oriented aerial images and one from non-oriented aerial images. The 

evaluation process will take both the resulting models as well as the process itself into 

consideration. At the end of the case study, a flooding scenario in central Stockholm will be 

featured to showcase the benefits and functionalities associated with having a 3D city model in a 

conventional game engine environment. The outcome of the thesis will, besides the models 

created, be a thorough and comprehensive comparison of existing methods for creating 3D city 

models.  
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2 Literature Review and Basic Concepts 
The purpose of the literature review is to review articles covering the production and use of city 

models to establish a common basis of knowledge. Concepts important to the case study and the 

evaluation of the result are also covered together with larger, non-geographic, ideas within the 

field of information technology. 

 

2.1 Components of a 3D City Model 
A 3D city model can consist of several different components such as geometry, texture and 

semantic information (CityGML, 2012). The two components that are focused on in this thesis 

are geometry, i.e. the shape, and texture, i.e. the color and illumination. Semantic information, 

which can be described as auxiliary information not contributing to the visualization of the 

model, is taken into consideration but it is not considered a core component within the scope of 

this thesis.  

Apart from geometry and texture, an important component of 3D city models is semantic 

information. Semantic information can be described as any information that is not visualized as 

geometry or texture, for example attributes of objects such as the use of a specific building. EU 

and INSPIRE are emphasizing the importance of the use of this type of semantic information and 

have classified building models into five different levels of detail (LoD), depending on the 

amount of semantic information available (INSPIRE, 2014). 

LoD0 is a surface model in 2.5D and is separated from LoD1-4 (figure 1) as it does not contain 

any separately modeled buildings. LoD1 is a volume that can be distinguished as a building 

where as in LoD2, building elements such as roofs etc. are modeled individually and can be 

distinguished from the rest of the model. In LoD3, windows are modeled separately and can be 

distinguished from the rest of the model and for LoD4, the same is true for the interiors of a 

building. 

 

 

 

FIGURE 1. LEVELS OF DETAIL ACCORDING TO INSPIRE (INSPIRE, 2014) 
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All the LODs described above are supported by the file-format CityGML, created by Thomas 

Kolbe. CityGML is a flavor of GML (Geography Markup Language) where not only geometry and 

topology are supported, but also semantic attributes for elements commonly found in a city 

landscape (CityGML, 2012). 

 

2.2 Methods for Creating 3D City Models 
The methods most commonly used today for acquiring data to produce 3D city models are aerial 

photography and airborne laser scanning. With aerial photography, the data created are digital 

images, usually accompanied by camera locations and orientations. 3D geometry is not a 

firsthand product created by aerial photography but there are ways to derive this information, 

see 2.2.1.1 Photogrammetry below. Laser scanning does not gather any information about the 

illumination or color of the scanned object, but will instead only produce a point cloud which 

stores the geometry of the object. Both these methods will be explained more in depth in their 

respective sections below.  

2.2.1 Overview of Methods 
According to an article by Singh et al. (2013), the different methods used to create 3D city 

models can be categorized in the following manner: 

Based on Automation 

 Automatic 

 Semi-automatic 

 Manual 

Based on Input Data 

 Photogrammetry based methods 

 Laser Scanning based methods 

Photogrammetry based methods 

 Aerial photogrammetry based methods 

 Terrestrial photogrammetry based methods 

 Satellite photogrammetry based methods 

Laser Scanning based methods 

 Aerial laser scanning based method 

 Terrestrial laser scanning based method 

Hybrid methods 

Some methods for creating 3D city models utilize different types of data or data from acquired 

from different platforms. These models are considered to be hybrid methods. 

 

With an automatic approach, the construction of the entire 3D model is handled by software and 

hardware without active supervision from the operator. With a semi-automatic approach, the 

operator supervises the process of extracting 3D objects from the dataset. The operator may 

perform manual tasks but these are carried out with the support of automatic technology. With a 
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manual approach, the operator manually models each object individually, e.g. in a CAD-

environment (Singh et al, 2013). 

 

 
 

2.2.2 Photogrammetry Based Method 
Photogrammetry is a remote sensing technique that uses photographic images to examine the 

geometric properties of the objects visible in the image. By the means of photogrammetry one 

can determine the size, shape and position of an object by conducting measurements in one or 

several images. Measurements can be conducted in a single image, a pair of images or in a series 

of images, usually called a block (Boberg, 2013).  

The images can be either analog or digital and the measurements can be conducted by hand 

using physical images, manually using a computer or by the aid of automated algorithms.  

In photography, every real world 3-dimensional point that can be captured by a camera 

corresponds to exactly one 2-dimensional point in the image plane. On the other hand, every 2-

dimensional point in the image plane corresponds to an infinite number of real world 3-

dimensional points along a line. In order to determine the depth of a real world point by the 

means of photogrammetry, two images from different cameras with a known offset are needed 

(Boberg, 2013). 

Photogrammetry based methods have successfully been used to create 3D city models on very 

different scales. Singh et al. (2014) utilize a terrestrial platform to capture video from which 

images are extracted and used to create a highly detailed model of the Indian Institute of 

Technology campus. Using video as a data source gives a high overlap between images and as a 

result a very detailed and accurate model. Yalcin, G. and Selcuk, O. (2014) use a set of 42000 

oblique aerial images to create a 3D city model of the Turkish city Konya which covers 300 km2 

and include over 300000 buildings. The main advantage of aerial based methods 

compared to terrestrial methods is the ability to cover large geographic areas using 

fewer images and in shorter time. 

2.2.2.1 SIFT 
SIFT, or Semi-Invariant Feature Transform, is an algorithm used for feature recognition in 

images created by David G. Lowe (Lowe, 1999).  The algorithm works for static scenes where the 

recognizable features are at least partially invariant to changes in illumination and camera 

perspective. The features also have to be distinct enough in order to be distinguished as separate 

objects. 

SIFT transforms the features in an image to a set of vectors which all are invariant to 3D 

transformations. So called feature keys are identified using texture analysis and if three or more 

keys are in agreement with low residuals between two images, there is strong evidence for the 

existence of the object in question (Lowe, 1999). 

The result of the SIFT-algorithm is a camera location for each image in the dataset. This new 

information can be used for 3D-reconstruction of the scene. 
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2.2.2.2 Structure from Motion 
Structure from Motion (SfM) is a method used for reconstructing 3-dimensional scenes from a 

series of photographs. The method is based on the assumption that the scene is static and the 

only motion between the images is the motion of the camera (Jebara et al., 1999). 

 

The outline of the method is as following: 

 

 Identify key features in each image (e.g. by using SIFT) 

 Pairwise match features in images 

 Incrementally grow 3D-scene by minimizing the re-projection error from the image 
matching 

 

SfM have been used successfully for large scale city reconstruction, e.g. by Agarwal et al. who 

reconstructed historical city scenes from thousands of tourist images published on the image-

sharing site Flickr (Agarwal et al., 2009). SfM-technology is also currently being used by the 

Swedish company Spotscale in their production of high resolution photorealistic building 

models (figure 2). Spotscale use a UAV to capture a large number of images without information 

regarding camera location or orientation, which serve as the input data for creating both the 

geometry and the texture (Spotscale, 2015). 

 

 

FIGURE 2. ÖREBRO SLOTT CREATED FROM IMAGES WITHOUT ANY INFORAMTION REGARDING CAMERA 

LOCATION OR ORIENTATION 
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2.2.3 LiDAR Based Method 
The underlying technique used in all sorts of laser-based surveying such as profiling and 

scanning, is the measuring of distances, also known as laser ranging. In laser ranging, there are 

two different methods that can be used. The first of these relies on the accurate measurement of 

the time it takes for a laser pulse to return to the sensor while the second one measures the 

angular difference in phase between the emitted and received laser beam. 

 

In the first method, the distance is calculated using the following formula: 

 

𝑅 =
𝑣 ∙ 𝑡

2
 

 

Where R is the range (distance), v is the speed of light and t is the time it takes for the pulse to 

return. As the speed of light is very accurately known, the uncertainty in R is only dependent on 

the uncertainty in t. 

In the second method, a continuous laser beam is emitted and the distance is calculated using 

the following formula: 

 

𝑅 =  
𝑀𝜆 + ∆𝜆

2
 

 

Where R is the range, 𝜆 is the wavelength of the laser, ∆𝜆 is the fractional part of the wavelength 

and M is the integer number of complete wavelengths. ∆𝜆 is determined by measuring the 

angular difference in phase of the emitted and returned beam and M can be determined by 

varying the wavelength of the beam (Shan et al., 2008). 

 

2.2.3.1 Laser Profiling 
Several distance measurements conducted in a line creates a 2-dimensional section called 

profile. This can be done using a single instrument in a single location by changing the angle of 

the outgoing laser relative to the horizon of the instrument. If the range R and the angle 𝜃 

between the emitted laser beam and the horizon of the instrument are known, the horizontal 

distance of the measured point can be calculated using the following formula: 

 

𝐷𝐻 = 𝑅 ∙ 𝑐𝑜𝑠𝜃 

 

The accuracy in DH is dependent upon both the accuracy in R and the accuracy in 𝜃 (Shan et al., 

2008). 
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2.2.3.2 Laser Scanning 
The difference between a laser profiler and a laser scanner is the scanners ability to scan several 

parallel lines at high speed from a single location and thus also cover larger geographic areas 

instead of just sections. This was achieved by introducing rotating and oscillating mirrors, which 

deflect the laser beam or pulse in different directions.  

In terrestrial laser scanning, the instrument remains at a fixed location while the mirror deflects 

the emitted laser along the vertical axis. The azimuthal change in orientation is usually achieved 

by the use of a motor. Knowing the measured range of the laser as well as both the vertical and 

the azimuthal angles, it is possible to reconstruct a 3-dimensional scene from the data acquired. 

In airborne laser scanning, the scanner only scans a section perpendicular to the flight 

trajectory. The third dimension, which in the terrestrial application is caused by the motorized 

rotation of the instrument, is simply a product of the aircraft moving along its trajectory. In 

order to use airborne laser scanning for any practical applications, the position of the scanner at 

the time of every emitted pulse needs to be known. This information is acquired by the 

combined use of GNSS (Global Navigation Satellite System) and an IMU (Inertial Measurement 

Unit) (Shan et al., 2008). 

Lesparre, J. and Gorte, B.G.H (2012) uses point clouds generated from aerial laser scanning to 

reconstruct buildings. The method triangulates the network into a surface and replaces the 

triangles with planes based on the orientation and the adjacency of the triangles. The result is a 

rough generalization of the terrain and the building represented by planes. The method gives 

good results for simulated point clouds and gives decent results when used with real data. 

Sun, S. and Salvaggio, C. (2013) propose a method to reconstruct buildings in point clouds 

created from airborne laser scanning. The proposed method filters the point cloud for 

vegetation points based on point normal. The remaining points are segmented using region 

growing and 2.5D building volumes are constructed to fit the roof segments. 

2.2.4 Comparisons between LiDAR and Photogrammetry 
A comparison between LiDAR and photogrammetry was conducted by Baltsavias, E. (1999), at 

this time LiDAR was still a relatively new technology. LiDAR was found to be superior to 

photogrammetry in a number of points: 

 

 Mapping of long, narrow features such as alleys or forest corridors 

 DSM (Digital Surface Model) generation in urban areas 

 High density and high accuracy mapping 

 Mapping of small objects such as power lines 

 Fast response and real-time applications, as the geometry is a firsthand product 

compared to photogrammetry where the geometry has to be derived 

 

A more recent comparison between LiDAR and photogrammetry for generating digital terrain 

models in a forested area was performed in 2013. The authors create two terrain models over a 

dense forest in Tenerife and compared the geometric accuracy of the two models in the 95th 

percentile. The model created by LiDAR is vastly superior in terms of accuracy (Gil et al, 2013).  

Macay Moreira et al. (2013) have used three different DSM created from airborne LiDAR, aerial 

photogrammetry and satellite photogrammetry to reconstruct buildings in a 3D city model. A 
cadastral map is used to define the footprints of the buildings and the horizontal accuracy of the 
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buildings is therefore highly dependent on the accuracy of the cadastral map. The study shows 

similar results for all three DSM although the noise is slightly higher in the DSM created from 

satellite photogrammetry which results in less accurate building heights and significantly less 

accurate roof shapes. The aerial photogrammetry based performed significantly worse than the 

aerial laser scanning based method in areas of high occlusion in the images, e.g. in narrow 

streets. 

 

2.3 3D City Models: Data Format 
2.3.1 Open formats 
The topics of open data and open formats are heavily debated. Tim Berners-Lee, the creator of 

the internet and initiator of Linked Data, has developed a 5-star data ranking where increasing 

levels of openness and processability equals to a higher value (Berners-Lee, 2009). 

 

 1-star: Available on the web (whatever format) but with an open license, to be Open Data 

 2-star: Available as machine-readable structured data (e.g. excel instead of image scan of 

a table) 

 3- star: As (2) plus non-proprietary format (e.g. CSV instead of excel 

 4-star: All the above plus, Use open standards from W3C (RDF and SPARQL) to identify 
things, so that people can point at your stuff 

 5-star: All the above, plus: Link your data to other people’s data to provide context 

 

The 5-star ranking system is not directly applicable on the production of 3D city models, but the 

ideas of how information should be structured is of great value when trying to enrich a model 

with semantic information. 

The ideas of openness is however relevant in the field geographic information and 3D modeling 

where e.g. a model in Wavefront Object (.obj) or COLLADA (.dae) allows for greater flexibility 

than a model in proprietary formats. Wavefront is an open ASCII-format used for storing mesh 

geometries and textures, developed by Wavefront Technologies. The simplest form of an Object-

file is a list of vertices and a list of faces. The geometry is stored in the vertices and the faces 

reference the ID of a vertex. One benefit of having geometry stored in only one place, the 

vertices, and having the rest of the information as topological, is that the files are easier to 
manipulate. This is utilized in the case study featured in this thesis where the absolute location 

of vertices are altered using a constant offset, and since the faces only reference the index of the 

vertices and not their coordinates, the geometrical integrity of the model remains intact 

(Wavefront, 1995a). 

Wavefront Object also supports the use of textures. The geometry of the model is stored in the 

OBJ-file which is accompanied by Material Library-file (.mtl) as well as an image-file. The OBJ-file 

is assigned UV-coordinates and the MTL-file describes which part of the image-file should be 

mapped onto which UV-coordinates (Wavefront, 1995b). 

COLLADA, COLLAborative Design Activity, is another open exchange format commonly used for 

3D models. It is developed and maintained by the non-profit technology consortium the Khronos 

Group. COLLADA is defined as an XML-based schema for handling 3D geometries and textures. 

COLLADA-files are similar to OBJ-files in the way that they are both ASCII-files, i.e. readable by 

text editors and therefore also humans, which allows for easier manipulation and debugging. 
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COLLADA also supports the use of textures but instead of using a separate material-file as in 

Wavefront Object, the image mapping is embedded in the XML-tree together with the geometry 

itself (Khronos, 2008). 

2.3.2 OGC and Interoperability 
The Open Geospatial Consortium (OGC) consists of more than 500 government agencies, 

academic institutions and private sector companies and the main task of the OGC is to develop 

and maintain standards and exchange formats within the field of geographic information (OGC, 

2015a). 

OGC emphasizes the importance of interoperability and openness regarding standardized 

formats. OGC states its mission in the following way: 

 

“To advance the development and use of international standards and supporting services that 

promote geospatial interoperability. To accomplish this mission, OGC serves as the global forum for 

the collaboration of geospatial data / solution providers and users.” 

(OGC, 2015b) 

 

There are several benefits associated with using open exchange formats as standards for 

handling geographic information. The commercial software industry largely consists of licensed 

software where all processing takes place in so called “black boxes”.  The user of the software 

has no insight into the process and can only see what goes in and what comes out. If the input 

data as well as the output data are in open formats the user can evaluate the result, compare the 

software from different vendors and decide which software is the most suitable for their specific 

needs (OGC, 2015c).  

If only non-open proprietary formats are used there is less insight into the result and there are 

less alternatives for available software. As the use of geographic information is rapidly growing 

there are many unorthodox uses where no single software environment will provide all the 

functionalities needed. Interoperability between different environments allows the user to tailor 

their processing pipelines to suit their specific needs, and the success of different software 
vendors is only dependent upon the performance of their software and not which formats the 

datasets of the customers are stored in. 

Open-source software removes the black box effect of proprietary software from the processing 

pipeline. The definition of open-source software licenses requires a freely available source code 

but not that the software itself is free. In most cases however, the software is free and anyone is 

allowed to make changes or further develop the code. Open-source software together with open 

exchange formats allows for total transparency through all stages of the processing pipeline. 

This makes it easier for individual users and independent developers to realize and implement 

their ideas resulting in more rapid growth of the field of the geographic information (Open 

Source Initiative, 2015). 

2.4 Current Use of 3D City Models 
As of today, 3D city models are being used by municipalities for applications such as urban 

planning and citizen communication. Citizen communication includes the use of city models to 

visualize elements such as planned buildings and traffic information, but can also be used in 

two-way communication where citizens can edit the model and submit suggestions (Stockholms 

stad, 2015). 
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Urban planners use 3D city models for visualization, simulation and communication. There are 

examples of this where 3D city models have been used to improve sustainability in urban areas 

by improved information sharing, analysis and communication of ideas. 3D city models can be 

used in the field of disaster management, where fire departments and emergency medical 

services can use 3D city models to manage local transportation infrastructure and locate 

equipment. 3D city models are also used for public affairs, e.g. land use entitlement, taxation and 

marketing for tourism. In Singapore, taxes are partly determined by the availability of sunlight 

which makes 3D city models a great tool to aid in the calculations (Mao, 2011). 

Most city models today are created by data acquired using airborne methods, such as airborne 

laser scanning or aerial images, which causes them to be better looking from a top-down or 

oblique perspective. City planners are requesting city models which are more suited for street 

level applications (Stockholms stad, 2015). There have been attempts to create city models 

where the buildings are textured with street view images, as well as attempts to create entire 

models where both the geometry and the textures are derived from streetview images (Ivarsson, 

2014). There are also attempts at combining textures created from both oblique images with 

street view images. The most suitable texture is rendered depending on location and orientation 

of the viewer (Acute3D, 2015). 

There are projects where game engines are used to allow citizens to communicate their ideas 

regarding the development of their city or neighborhood to a larger public or to an institution 

such as a planning office. One such example is Blockholm, where the geography of Stockholm 

without its buildings has been recreated within the Minecraft engine. Anyone is free to 

participate in the creative environment and visualize their ideas for the city. The main benefits 

of using a game engine for this type of application are the comprehensive visual aspect and the 

many interactive functionalities that are natively supported by the game engine (Blockholm, 

2015). 
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3 Study Area and Data Description 
A case study has been carried out in order to get firsthand experience with some of the available 

methods for creating 3D city models. The different processes as well as the different results will 

be presented in this chapter. 

The case study featured in this thesis is performed with the intention to evaluate three different 

methods for creating 3D city models from LiDAR point clouds and aerial images. The different 

methods all use different software and utilize different combinations of data. For each method a 

3D city model with both geometry and texture will be created from the datasets and imported in 

to the game engine Unity. The evaluation of each method will be based on the quality of the 

result as well as the process of creating the model. Aspects such as cost, time consumed and 

restrictions due to software licenses will be taken into account. 

At the end of the case study, an application scenario will be included to showcase some of the 

functionalities and benefits associated with having a 3D city model in a game engine 

environment. 

The models created in this case study will only consist of geometry and texture and there will 

therefore be no semantic information in any of the models. 

 

3.1 Study Area 
The geographic area used in this case study is the municipality of Sundbyberg, which is a 

municipality in the Stockholm region located northwest of central Stockholm. The municipality 

is circa 9 km2 which makes it the smallest in Sweden and has circa 40000 inhabitants 

(Sundbyberg, 2015). Sundbyberg features built-up areas of varying density, green areas, water 

bodies and is in the physical aspect a diverse municipality, which makes it suitable for this case 

study. 

 

3.2 Data 
There are two datasets, both in the reference frame SWEREF99 1800 RH2000, used to create the 

three different models featured in this case study. The datasets belong to Sundbybergs stad and 

are used with their permission. The first dataset is a point cloud created by Blom Sweden AB in 

April 2014. The point cloud was created using airborne laser scanning with a point density of 

circa 60 points/m2.  

The second dataset is a set of circa 1900 oblique aerial images created by Blom Sweden AB in 

July 2013. The images were captured at an altitude of circa 800 m using a 5-camera system, 

which captures images directly below the aircraft (nadir), to the right, to the left, in front of and 

behind the aircraft. The images are 5616 x 3744 pixels, which gives a spatial resolution of circa 

10 cm/pixel. The images have a 24-bit radiometric resolution. Along with the images themselves 

the system also creates a list of all images, which records the position and orientation of each 

camera for each given image. 
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Besides the two datasets used to create the 3D city models featured in this case study, there is an 

already existing 3D model of central Stockholm provided by Stockholms stad. This model is 

created using the method described in 4.2 Image-Matching with Known Camera Locations 

below. 

4 Methodology 
 

4.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial 
Images 

The first model featured in this case study, from now on Model 1, is created using both the point 

cloud and the oriented oblique aerial images described in 3.2 Data above. The different software 

used are Microstation, TerraScan, TerraPhoto, LAStools, FME, GIMP, MeshLab and Unity (figure 

3). Since all walls are vertical and the roof polygons are extruded directly to the ground points, 

Model 1 is considered to be a 2.5D model, even though the terrain and the buildings are modeled 

separately. 

 

FIGURE 3. FLOWCHART DISPLAYING THE METHODOLOGY USED TO CREATE MODEL 1 

4.1.1 Geometry 
The geometry in this model is all created from the LiDAR point cloud. The point cloud is opened 

in TerraScan, which is a plugin in Microstation. TerraScan features different built-in functions 
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for classifying points, which are used to filter out ground points and roof points. Other classes 

are not of interest in this approach. 

From the classified roof points, TerraScan can approximate roof shapes according to a set of 

user-defined parameters (figure 4). 

 

 

FIGURE 4. USER-DEFINED PARAMETERS USED TO VECTORIZE BUILDINGS IN TERRASCAN 

 

Walls are extruded from the edges of each roof to the lowest classified ground point beneath the 

roof. This results in a building model intersecting the ground which eliminates the issue of 

floating buildings.  

Each building has to be manually approved and before doing so, the operator can recompute the 

building using a new set of user-defined parameters. The operator can also choose to manually 

alter the roof polygons using a set of CAD-tools. This causes the result of this method to be 

dependent upon both the skill of the operator and the time spent on each building. In this case 

study there were circa 2200 buildings initially identified in the point cloud and the time spent on 

adjusting each building was on average 1 minute. In a commercial setting more time would 

usually be spent adjusting each building and the operator would typically be more experienced. 

These aspects need to be taken into account when evaluating the result of this reconstruction. 

There are several issues associated with this semi-automatic approach which all will affect the 

outcome of the process. The impact of the chosen computation parameters can alter the shape of 

buildings significantly, see figures 5 and 6, and this will not only affect the geometrical accuracy 

of the finished model but also how well the texture will fit the geometry. Other issues are that 

buildings have not generated enough LiDAR returns for the software or operator to accurately 

approximate the shape of the building, or that the building has been obstructed by something, 

e.g. a construction crane. There are also cases where non-building points have been classified 
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incorrectly and the software is trying to create buildings from objects such as trees or trains, see 

figure 7. These objects can simply be deleted by the operator. 

 

 

FIGURE 5. BUILDING VECTORIZED WITH THE PARAMETER “MINIMUM DETAIL” SET TO 8 M 
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FIGURE 6. SAME BUILDING AS IN FIGURE 5  VECTORIZED WITH “MINIMUM DETAIL” SET TO 1 M 

 

 

 

FIGURE 7. TREE POINTS CLASSIFIED AS BUILDING, ROOF POLYGON APPROXIMATED TO MATCH THE POINTS 
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The ground points are exported from TerraScan to an ASCII-file where each line contains three 

segments, representing the X-, Y- and Z-coordinates of each ground point. The ASCII-file is 

converted to a LAS-file using the LAStools-executable txt2las. The LAS-file is triangulated using 

the LAStools-executable las2tin. It is in this step possible to divide the terrain model into tiles by 

triangulating points in batches identified by their geographic coordinates. It is possible to 

manually execute each triangulation, which can be suitable if a lower number of tiles is used, but 

this process can also be automated. Since all LAStools executables can be run from the command 

prompt, it is possible to embed the string arguments in e.g. a Java-program. The number of tiles 

desired can depend on a variety of reasons such as point density, size of geographic area and 

hardware performance. In this case study, four tiles were used as it suited the performance of 

System 1. The resulting files are Wavefront OBJ-files where each vertex is described using 

geographic coordinates. 

 

4.1.2 Texture 
The textures in this model are created from the oblique aerial images described in 3.2 Data 

above. Two separate methods are used to texture the buildings and the terrain model.  

The buildings are textured using the software TerraPhoto. The images are loaded into 

TerraPhoto together with the list with camera locations and orientations. Since the initial point 

cloud, and therefore also the buildings, have known geographic locations, it would be possible to 

directly texture the buildings at this point. A few steps are however taken in order to improve 

the result. 

The first step is to calculate so called depth-maps, which are maps describing the obstruction of 

vision in the scene. Since there are several overlapping images covering each building, the 

depth-maps are used to identify the image that is the least obstructed. The second step is to 

identify tie points between overlapping images. If the positioning of the cameras would be 

perfect this step would be unnecessary, but due to the errors of the positioning systems, 

identifying tie points will improve the result. Tie points are created by identifying a clearly 

visible unique feature, such as the corner of a pedestrian crossing, in several overlapping 

images. This is done at several locations spread over the study area and this allows for the 

camera locations to be recalculated. 

When the camera locations are recalculated and the depth-maps calculated, the buildings are 

textured with the least obstructed images. The user can manually check each building and try 

different images for every polygon to improve the result, this was however not done in this case 

study. 

The terrain models are textured using an orthophoto produced in TerraPhoto. TerraPhoto uses 

the images captured in nadir together with the ground points in order create an orthophoto. The 

orthophoto is exported as tiles in the format GeoTIFF. GeoTIFF is a format with normal TIFF-

images accompanied by a small ASCII-file containing information about the image’s position and 

resolution. The image tiles are combined into four larger tiles using GIMP. The image tiles are 

created to match the coordinates of the terrain tiles.  
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The texturing of the terrain tiles is done manually using the software MeshLab. The camera 

location relative to the model is matched by altering the scale, position and rotation of the model 

relative to the image. Since both the model and the image were created in top-down perspective 

the camera location can be found by simply adjusting the scale and the position of the model 

until the edges of the model and the image are aligned. When the camera position is defined, 

MeshLab creates UV-coordinates for the model and projects the image onto the model. 

 

4.1.3 Exporting and Importing 
TerraPhoto supports export in the COLLADA-format. The buildings are exported individually 

which results in a set of circa 2200 building-files, each building file is accompanied by several 

image files. The COLLADA-files are grouped into batches of 100, given a constant offset in the 

position of each vertex and then exported as OBJ-files using FME. All buildings are now stored in 

22 OBJ-files and each OBJ-file is accompanied by one MTL-file and one image-file. 

The textured terrain tiles are exported from MeshLab as OBJ-files, each of them accompanied by 

one MTL-file and on image-file. Each OBJ-file is given a constant offset by using a small Java-
program. The Java-program reads every line of the OBJ-file, identifies vertices, subtracts a user-

defined number from the X- and Y-coordinates respectively and rewrites the file with the new 

vertices. Z-coordinates are left unchanged. 

The combination of OBJ-, MTL- and image-files can be directly imported into Unity resulting in a 

textured 3D-model with the location described by their vertex-coordinates. 
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4.2 Image-Matching with Known Camera Locations 
The second model featured in this case study, from now on Model 2, is created from the image 

set described in 3.2 Data above. Model 2 is created using the software Smart3DCapture 

developed by Acute3D which offers a fully automatic approach for both geometry and texture 

(Figure 8). Model 2 is created as one continuous surface and is therefore 2.5D. Model 2 should be 

considered to be a LoD0 model as no objects are modeled individually. 

 

 

FIGURE 8. FLOWCHART DISPLAYING THE METHODOLOGY USED TO CREATE MODEL 2 

As this methodology is fully automatic and only uses one closed-source software, this section 

will be somewhat limited in terms of details and figures. System 2 was used to create this model 

which consists of 386 200 x 200 m tiles. The time consumed to create the model was circa 6755 

minutes or 112 hours. 

4.2.1 Geometry 
The geometry is calculated from the input images by the means of photogrammetry. Matching 

features are identified and since the geographic camera locations and orientations are known 

and used as auxiliary input data, 3D geographic coordinates can be calculated.  

4.2.2 Texture 
The calculated geographic coordinates of all identifiable features form a point cloud. The point 

cloud is split into tiles and each tiles is from now on processed separately. The points are 

triangulated into a surface and since all the camera locations and orientations are known, the 

surface can be textured using the original images. 

 

4.2.3 Exporting and Importing 
The textured tiles can be exported in various 3D exchange formats, either with their geographic 

coordinates or with a user specified offset. In this case study the tiles were exported as OBJ-files 

accompanied by MTL-files and image-files which can be directly imported into Unity. The 

geometric relation between tiles is not affected by the coordinate offset and the tiles match 

seamlessly within the Unity engine. 
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4.3  Image-Matching without Known Camera Locations 
The third model featured in this case study, from now on Model 3, is created from the image set 

described in 3.2 Data above. The difference between Model 3 and Model 2, besides the different 

software used, is that this method does not utilize the known camera locations and orientations 

(Figure 9). Model 2 is created as one continuous surface and is therefore 2.5D. Model 2 should be 

considered to be a LoD0 model as no objects are modeled individually. 

 

FIGURE 9. FLOWCHART DISPLAYING THE METHODOLOGY USED TO CREATE MODEL 3 

4.3.1 Geometry 
The geometry used in this model is constructed in three different steps. The set of circa 1900 

images is imported into VisualSfM. SiftGPU identifies distinguishable features in each image, 

which required 50 hours of computation using System 1. The images are matched pairwise and a 

scene is grown using SfM-technology, which in this case required roughly 45 minutes of 

computation using System 1. The result of the SfM-algorithm is a sparse point cloud together 

with a list of estimated camera locations and orientation for each individual image (figure 10).  

From the images together with their now estimated locations and orientations, a dense point 
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cloud is constructed using CMVS. The dense reconstruction required roughly 24 hours of 

computations using System 1. 

 

FIGURE 10. SPARSE POINT CLOUD COVERING THE ENTIRE STUDY AREA, COMPUTED FROM CIRCA 1900 

NON-ORIENTED AERIAL IMAGES. TRIANGLES REPRESENT CAMERA LOCATIONS. 

 

 

4.3.2 Texture 
The dense point cloud is imported into MeshLab together with the images and their estimated 

camera locations and orientations. In MeshLab it is possible to triangulate the point cloud into a 

mesh, and since each raster image is now associated with a camera location and orientation 

relative to the mesh, it is also possible to project the images onto the mesh giving it a texture.  

 

4.3.3 Adjustments due to Hardware Limitations 
Due to the hardware limitations of System 1, it was not possible to import the dense point cloud 

and the list of oriented images into MeshLab. Since it is not possible to open a subset of the 

project and maintain camera orientations, a subset of the input data consisting of 32 images 

covering the same area was identified. The process was repeated using the subset as input data 

(figures 11 & 12). The SIFT-algorithm required roughly 92 seconds, the sparse reconstruction 

required 13 seconds and the dense reconstruction required 822 seconds, all of this using System 

1. 
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FIGURE 11. SPARSE POINT CLOUD CREATED FROM A SUBSET OF 32 NON-ORIENTED IMAGES. TRIANGLES 

REPRESENT CAMERA LOCATIONS. 

 

FIGURE 12. DENSE POINT CLOUD CREATED FROM A SUBSET OF 32 IMAGES AND THEIR APPROXIMATED 

CAMERA LOCATIONS 

4.3.4 Importing into unity 
The textured mesh can be exported from MeshLab as an OBJ-file accompanied by an MTL-file 

and an image-file.  

4.4 Hardware 
There have been several different computers used in this case study but only two of them have 

been used for operations where performance have been a limiting factor. The limiting factors of 

those computers are the following: 
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System 1 

 8 core CPU running at 4.0 GHz 

 1664 core GPU running at 1050 MHz, 4 GB memory 

 16GB RAM 

 

System 2 

 8 core CPU running at 3.1 GHz 

 2688 core GPU running at 837 MHz, 6 GB memory 

 64 GB RAM 

4.5 Software 
In this section, all software used in the case study will be presented and described. This section 

will also cover what each software is used for in this specific case study. 

4.5.1 Licenses 
A common license used for open-source software is the GNU General Public License. The GNU 

GPL does not require software to be distributed free of charge, but it does require that all 

software delivered under this license to have an open source-code (GNU, 2007). 

4.5.2 Acute3D Smart3DCapture 
Smart3DCapture is a software used for creating photo-realistic 3D models from images, 

developed by the company Acute3D. The required input data is at a minimum a set of 

overlapping image-files together with resolution and focal length stored as EXIF-information. 

Additional information such as position and orientation of the cameras will give a better result 

but is not necessary in order for the software to produce a model. In general, Acute3D 

recommends each object to be photographed from minimum three different angles less than 15 

degrees apart, and with two thirds overlap. A longitudinal overlap of 80% and a lateral overlap 
of 50% or more are recommended if aerial images are used. Smart3DCapture supports grid 

computing which means that a single processing queue, i.e. a single project, can be divided onto 

several completely separate CPUs in order reduce computation time (Acute3D, 2015). In this 

case study, Smart3DCapture is used to produce both geometry and texture when creating a 

model from oriented aerial images (4.2 Image-Matching with Known Camera Locations). 

4.5.3 Bentley MicroStation 
MicroStation is a conventional CAD-software used for a wide range of different applications 

(Bentley, 2015). In this case study it is used as a surrounding environment for TerraScan and 

TerraPhoto, see sections 3.4.8 and 3.4.9 below. 

4.5.4 FME 
FME (Feature Manipulation Engine) is a widely used software with support for numerous data 

formats and is commonly used to process or convert data (Safe, 2015). In this case study, FME is 

used to group buildings into bundles as well as giving the vertex coordinates a fixed offset in 

order to facilitate for easier use in Unity. 

4.5.5 GIMP 
GIMP (GNU Image Manipulation Program) is an open-source software used for image 

retouching, manipulation and enhancement. The software is available for free under the GNU 

General Public License (GIMP, 2015). In this case study, GIMP is used to combine GeoTIFF-tiles 
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into larger segments (4.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial 

Images). 

4.5.6 LAStools 
LAStools is a software suite for processing LiDAR data. It is developed and maintained by Martin 

Isenburg and consists of two libraries, one open-source library and one closed-source library. 

Both libraries are available online and are free for anyone to use for non-profit purposes. 

Commercial and governmental use requires a license for the closed-source library (Rapidlasso, 

2015).  Licenses for individual tools are sold at a price ranging from €1000 to €2000 and a 

license for the entire suite costs €4000. The closed-source library has an upper limit in terms of 

the amount of data the tools will process without a loss of quality. If the limit is breached, a small 

amount of white noise is added to the data. This is done in order to discourage illegal use by 

companies and governments (Isenburg, 2014). 

The following tools are used in this case study:  

 txt2las – Converting ASCII-files to LAS-files  

 las2tin – Triangulating ground points into meshes  

See 4.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial Images. 

 

4.5.7 MeshLab 
MeshLab is a free open-source software for creating and editing 3D meshes. It was mostly 

developed by students at the University of Pisa and is licensed under the GNU General Public 

License (MeshLab, 2014). It is allowed to use MeshLab for commercial use as long as it is 

explicitly stated that MeshLab has been used. 

In this case study, MeshLab is used to texture the terrain model tiles created from LiDAR data 

(4.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial Images), and to 
triangulate and texture a mesh from the point cloud created from non-oriented aerial images 

(4.3 Image-matching without Known Camera Locatations). 

 

4.5.8 TerraSolid TerraPhoto 
TerraPhoto is a MicroStation plugin developed by the company TerraSolid. TerraPhoto is 

developed to be used in combination with TerraScan, and combine images and point clouds from 

the same survey mission. This is however not a necessity and TerraPhoto can be used with any 

set of images. TerraPhoto can export the textured 3D model in the COLLADA-format (TerraSolid, 

2015a). 

 

In this case study, TerraPhoto is used to texture the building models created from LiDAR data 

(4.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial Images). 

 

4.5.9 TerraSolid TerraScan 
TerraScan is, just like TerraPhoto, a plugin for MicroStation. It is the main component of the 

TerraSolid software suite and it is designed as a bridge from LiDAR point clouds to the CAD-

http://en.wikipedia.org/wiki/Euro_sign
http://en.wikipedia.org/wiki/Euro_sign
http://en.wikipedia.org/wiki/Euro_sign
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environment of MicroStation. TerraScan offers functionalities such as classification of point 

clouds and vectorization of points into e.g. buildings (TerraSolid, 2015b). 

In this case study, TerraSolid is used to classify the initial LiDAR point cloud and to vectorize 

buildings from the classified roof points (4.1 Reconstruction from LiDAR Data and Texture from 

Oblique Aerial Images). 

 

4.5.10  Unity3D 
Unity3D is a game engine used by independent game developers and hobbyists alike. It is the 

largest game engine of its kind with a 45% market share and the games created are exportable 

to wide variety of platforms such as Windows, OS X, iOS and Android (unity3D, 2015).  

Unity3D features a hierarchy for controlling the interaction between 3D models, cameras and 

lights and the behavior of each component can be manipulated via the use of JavaScript or C#. 

The game scene is a 3D coordinate system with its origin located in (0,0,0), which causes issues 

with the use of geographic coordinates (for solutions to this problem, see 4.1 Reconstruction 

from LiDAR Data and Texture from Oblique Aerial Images). 

In this case study, Unity3D is the environment in which all the models are assembled  

 

4.5.11   VisualSFM 
VisualSFM is an open-source software developed by Changchang Wu, currently a Google 

developer and formerly a postdoc at the University of Washington. The software is used for 

creating point clouds from blocks of images by the means of SfM. VisualSFM utilizes several 

components and algorithms, which are describe in the paragraphs below (Wu, 2011). VisualSFM 

is free to use for personal and academic use but it is not allowed to use for commercial purposes 

(Wu, 2012). 

SiftGPU is an implementation of the SIFT-algorithm (Scale-Invariant Feature Transform), which 

was published by David Lowe in 1999. The SIFT-algorithm identifies key features in images; this 

recognition is not affected by the scale, orientation or translation of the image and is therefore 

suitable for finding matching objects in images from different camera locations (Lowe, 1999). 

The implementation SiftGPU utilizes both the CPU and the GPU in order to achieve high 

performance and lower the processing times (Wu, 2015). 

The Multicore Bundle Adjustment (Wu et al., 2011) is a set of algorithms designed to optimize 

the use of multi-core CPUs and GPUs. It is used in VisualSFM to greatly reduce computation 

times (Wu et al, 2011). 

By utilizing the components described above, Wu has managed to create a SfM-algorithm with 

the complexity O(n) where n corresponds to the number of images. The output from the SfM-

implementation of the components described above is a sparse point cloud with known camera 

locations. In order to create a dense point cloud, a software called Clustering Many Multi-View 

Stereo (CMVS) is used. CMVS was created by Yasutaka Furakawa and creates a dense point cloud 

from a sparse set of key points and known camera locations (Furakawa et al., 2010).  

In this case study, VisualSFM is used to create a dense point cloud together with a list of camera 

locations for each individual image (4.3 Image-matching without Known Camera Locatations). 
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4.6 Visualization of Application Example 
The scenario chosen to showcase some of the simpler functionalities associated with having a 

3D city model in a game engine environment is an interactive flooding scenario where the user 

can move through the scene and alter the water level of the scene. The elevation of the water 

level is displayed in the user interface which allows the user to set the water level of the scene to 

a theoretical elevation and visually assess the impact. 

4.6.1 Study Area and Data 
The area chosen for this application scenario is the area around Slussen and Gamla stan in 

central Stockholm. This area is of great importance for all sorts of transport through the city 

center, and is due to its low elevation and direct proximity to the lake Mälaren very vulnerable 

to floods. Slussen, the main lock in Stockholm, and its reconstruction has been the subject of long 

going debate in Sweden. The outlet capacity of the current lock is not enough and if the water 

level in the fall of year 2000 would have been 5 cm higher, the metro system would have been 

flooded (SMHI, 2008). In this scenario, the outlet capacity of today will be referred to as Current 

Slussen, and the outlet capacity of the planned replacement will be referred to as New Slussen. 

The model used in this scenario is a model belonging to Stockholms stad, created by Blom 

Sweden AB using the same method as the one described above under 4.2 Image-matching with 

Known Camera Locations. The heights in the model are given in the reference frame RH2000. 

The four water levels displayed in this scenario are calculated by SMHI (2009). They correspond 

to the theoretical water level of Mälaren after a 30-year rainfall and a 100-year rainfall, and the 
outlet capacity of the current lock compared to the outlet capacity of the planned replacement. 

All heights are rounded to whole centimeters.  

 

TABLE 1. WATER LEVELS IN RH00, CALCULATED BY SMHI 

Water levels (RH00) Current Slussen New Slussen 

30-year rainfall 1.57 1.34 

100-year rainfall 1.96 1.38 

 

According to Stockholms stad (2014), the relation between RH00 and RH2000 in the Stockholm 

area can be described by the following formula: 

 

𝑅𝐻00 + 0.525 = 𝑅𝐻2000 

 

This relation gives us the following water levels in the reference system RH200: 

TABLE 2. WATER LEVELS FROM TABLE 1, CONVERTED TO RH2000 

Water levels (RH2000) Current Slussen New Slussen 

30-year rainfall 2.10 1.87 

100-year rainfall 2.49 1.91 
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The model used in this scenario is created from images taken in August 2013. For reference and 

accuracy assessment, the water level of Mälaren throughout 2013 is shown in figure 13 below. 

 

FIGURE 13. WATER LEVEL (RH00) OF MÄLAREN THROUGHOUT 2013 (SMHI, 2013) 

In figure 13 we can see that the water level in August 2013 is roughly 0.25 m, which equals 0.78 

m in RH2000.  

4.6.2 Visualization Methodology 
Unity offers a hierarchy for handling objects featured in a scene. All objects present, including 

the cameras which determine what the user will see, are considered Game Objects. Game objects 

all share common attributes such as position and rotation which determine the objects location 

in the 3D-grid which is the basis of the scene. Game objects can be attached to one another as so 

called children, the child object will inherit certain attributes from the parent and it is possible 
to manipulate the objects as a bundle. All game objects have the possibility to have behavioral 

scripts attached to them. A behavioral script has two sections by default, one section that runs 

when the scene is started and one that runs every frame update. 

The model is imported as 22 separate tiles together with their associated texture files. It is 

possible to treat the 22 tiles as different objects, giving them different behavior, but it is not 

possible to distinguish between real world objects in the model as each tile consists of just one 

surface with no semantic information. In order to simulate the water surface, a new game object 

is added in the form of a plane. The plane is placed in the center of the model and the scaled is 

changed so that the plane extends far out. The end clipping plane of the camera is set to a value 

lower than the distance to the outer edge of the water plane, effectively creating a horizon. The 

plane is textured using one of the pre-fabricated water textures featured in Unity. The pre-

fabricated water texture includes wave-movements as well as reflection and refraction. Two 

more game objects are needed for this scene, a canvas and a text-object. The canvas is attached 

to the camera as a child and the text-object is in turn attached to the canvas. The position of the 

canvas changes with the position of the camera and the text position is fixed on the canvas. 

Three behavioral scripts are needed to create this scene, one controlling the camera, one 

controlling the water and one controlling the text. In the Unity API, there are standard input axes 

corresponding to common keyboard- and mouse-actions. In the script attached to the camera, 

3D-vectors are created to correspond to the input axes and for each frame update, position and 

rotation of the camera are updated with vectors. This allows the user to navigate the scene using 

mouse and keyboard. In the same manner, a script is attached to the water plane where the 
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vertical position of the water plane is changed according to input axes. In the third script which 

is attached to the text, a reference to the water plane is created and on each frame update, the 

text displayed to the user is changed to the current vertical coordinate of the water plane. 

The result of all this is a scene where the user freely can move around and change the water 

level. Since the scale of the model is in meters, and its vertical coordinates are in RH2000, the 

text displayed to the user is in RH2000 as well.  

 

4.6.2.1 Accuracy assessment and adjustments 
Knowing that the water in the model is supposed to be at roughly 0.78 m in RH2000, it is 

possible to assess the accuracy of the elevation in the model. By aligning the newly created 

water plane with the actual water surface of the model, it can be seen that the water level of the 

model is at roughly -1.7 m, see figure 14. 

 

FIGURE 14. INTERSECTION BETWEEN WATER PLANE AND WATER LEVEL OF THE MODEL 

 

 Since it is known that the water level in the model should be roughly 0.78 m, there is an error of 

roughly 2.48 m. The reason behind this error is unknown, but since the height integrity of the 

model does not contain errors of such magnitude, the error is considered to be a gross error. By 

adjusting the heights in table 2 to this error, we get the following water levels: 

TABLE 3. WATER LEVELS ADJUSTED TO ACTUAL HEIGHTS OF THE MODEL 

Water levels (adjusted to 

model) 

Current Slussen New Slussen 

30-year rainfall -0.38 -0.61 

100-year rainfall 0.01 -0.57 

 

These water levels are also included in the result for comparison, see section 4.4. 
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5 Results and Discussion 
In this chapter, all models will be presented in both images and text. The results will be 

discussed and compared to each other. 

5.1 Reconstruction from LiDAR Data and Texture from Oblique Aerial 
Images 

In this section, Model 1 will be presented in images and text together with a brief discussion 

about the results. 

The building models created for Model 1 are all highly detailed (figure 15), though not all of 

them are accurate due to the limitations of the building reconstruction described in section 

3.6.1. The vectorization process described under section 4.1 results in the buildings only 

consisting of planar surfaces. The mathematical planes do not change in shape regardless of 

viewing distance or angle which makes this type of model suitable for street view applications or 

similar (figure 16). 

 
 

 

FIGURE 15. MODEL 1 VISUALIZED IN UNITY – AERIAL VIEW 
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FIGURE 16. MODEL 1 VISUALIZED IN UNITY – GROUND VIEW 

 

There are problems associated with creating a model from different datasets captured at 

different points in time. As visible in figure 17-19 below, the geometries and textures do not 

always match. If there has been any physical change between the two points in time where the 

datasets were created, there is going to be a mismatch between geometry and texture. In this 

case, the images were taken in July 2013 and laser scanning was performed in April 2014. 

Between those two dates several new buildings were raised in Sundbyberg, see figures 15-17. 
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FIGURE 17. MODEL 1 – MISMATCH BETWEEN DATASETS 

 

 

FIGURE 18. MODEL 1 – MISMATCH BETWEEN DATASETS 
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FIGURE 19. MODEL 1 – MISMATCH BETWEEN DATASETS 

 

In some cases, obvious non-building points were classified as building points, see figure 7. There 

are also cases of this occurring that is not obvious to the human eye, just from visually 

examining the point cloud. One such case is visible in figure 20 below where a bridge has been 

modeled as a building. 

 

 

FIGURE 20. MODEL 1 – BRIDGE MODELED AS BUILDING 

Due to the semi-automatic methodology used, the resulting model is highly dependent upon the 

operator conducting the production of the model. This can be seen in figure 21, where the 
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geometries are accurate and the textures match, compared to figure 22, where the yellow house 

is modeled accurately but the larger surrounding building has a deformed façade facing the 

inner yard. The images used to texture the buildings are sometimes obstructed by trees or other 

buildings, see figures 15 and 22. 

 

 

FIGURE 21. MODEL 1 – BUILDINGS ACCURATELY MODELED 
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FIGURE 22. MODEL 1 – ACCURATE BUILDINGS AND DEFORMED BUILDINGS 

The terrain in Model 1 is fairly detailed and manages to capture both sharper contoures, see the 

road and the cliff in figure 23, and smoother shapes, see gravel piles in figure 24. The texture of 

the terrain is less detailed than the texture of the buildings. Due to hardware limitations of 
System 1, the resolution of the orthophoto had to be lowered in order to texture the terrain. 

Using a more powerful computer would allow for the terrain to have the same texture quality as 

the buildings, given that the same datasets were used. 

 

FIGURE 23. MODEL 1 – TEXTURED TERRAIN, SHARP FEATURES ACCURATELY MODELED 
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FIGURE 24. MODEL 1 – TEXTURED TERRAIN, SMOOTH FEATURES ACCURATELY MODELED 

 

There are issues related to the methodology used to texture the terrain model. Due to hardware 

limitations in System 1, the terrain model was created in four tiles and each of them were 

textured individually by manually projecting a portion of the orthophoto onto the terrain model. 

This has caused visible dark areas in the direct proximity of the intersecting edges as the model 

and the photo do not match perfectly. The dark areas get wider with elevation and goes from 

barely visible (low ground) to several meters wide (high ground). This phenomenom can be 

seen clearly in figure 25. Since the four tiles were all textured individually and manually, the 

textures do not fit seamlessly and there can be up to several metres of difference between the 

tiles. This makes it impossible to fit the buildings onto the terrain in such a way that the 

buildings completely cover their own footprint on all four tiles at the same time. Both of these 

problems are however an effect caused by the hardware limitations of the system used in this 

case study, and they are not a product of the methodology itself. 

 



36 
 

 

FIGURE 25. MODEL 1 – ISSUES RELATED TO TEXTURING THE TERRAIN MODEL 

 

The geographic coordinates of vertices are maintained in model 1 and the scale is in meters. This 

makes it possible to use Model 1 as a basis for applications requiring geographical “in-game” 

positioning, e.g. the application scenario featured in the previous chapter. 

 

5.2 Image-Matching with Known Camera Locations 
In this section, Model 2 will be presented in images and text together with together with a brief 

discussion of the results. 

The most notable benefit of Model 2 is the vast content of the model. All objects that are caught 

in the images are also represented in the model, including trees, cars, boats in the water etc. 

(figures 26-28). This gives the model a high degree of realism.  
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FIGURE 26. MODEL 2 – AERIAL VIEW 

 

FIGURE 27. MODEL 2 – AERIAL VIEW 
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FIGURE 28. MODEL 2 – AERIAL VIEW 

 

 

The geometric accuracy of Model 2 looks decent when viewed from an altitude of circa 100 m 
above the ground or higher but the quality decreases the closer the camera gets to the model. 

This due to two different reasons. The first is that the geometry consists of a large number of 

triangles created from a point cloud, and surfaces that therefore should appear as planar, such as 

walls, roofs and streets, are not. This gives buildings a smooth and “blobby” appearance at closer 

viewing distances (figure 29). The second reason that this model does not look very good at 

lower viewing altitudes is that there is no information in areas that were not captured in the 

oblique aerial images. This means that objects such as trees and narrow alleys might look decent 

from a top-down perspective, but when viewed from the side the inaccurate geometry becomes 

apparent (figures 30 and 31). 
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FIGURE 29. MODEL 2 – LOW-ALTITUDE AERIAL VIEW, FEATURES APPEAR SMOOTH 

 

 

FIGURE 30.  MODEL 2 – GROUND VIEW, FEATURES APPEAR BLOBBY AND DISTORTED 
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FIGURE 31. MODEL 2 – GROUND VIEW, FEATURES APPEAR BLOBBY AND DISTORTED 

 

This problem is also present in direct proximity to large infrastructure such as bridges (figure 

32). As there is no information directly below the bridge and limited overlap right next to it, the 

geometry is not very accurate and the bridge appear to bevel out of the ground. 
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FIGURE 32. MODEL 2 – LIMITED INFORMATION CLOSE TO BRIDGES CAUSES DISTORTION IN FEATURES 

 

 

Model 2 is very consistent throughout the entire area. The tiling performed by Smart3DCapture 

is truly seamless and since the geometry and textures are produced from the same dataset, there 

are no mismatches between them (figures 33 and 34). 
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FIGURE 33. MODEL 2 – HIGH-ALTITUDE AERIAL VIEW 

 

 

FIGURE 34. MODEL 2 – CONSTRUCTION SITE 

 

The terrain in Model 2 is fairly detailed and seem to be able to represent rather sophisticated 

shapes. This is true for both sharper features such as the rocks in figure 35 and smoother shapes 

as the gravel piles in figure 36. 
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FIGURE 35. MODEL 2 – SHARP TERRAIN FEATURES ACCURATELY MODELED 

 

FIGURE 36. MODEL 2 – SMOOTH TERRAIN FEATURES ACCURATELY MODELED 
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The geographic coordinates of vertices are maintained in Model 2 and the scale is in meters. This 

makes it possible to use Model 2 as a basis for applications requiring geographical “in-game” 

positioning, e.g. the application scenario featured in the previous chapter. 

 

5.3 Image-Matching without Known Camera Locations  
This section will provide images and descriptions of the resulting model from methodology 

presented in 4.3, as well as discussion regarding its quality compared to the other models 

created in the case study. 

The resulting Model 3 is similar to Model 2 in terms of content. Everything that is captured in 

the images will also be reconstructed to some extent. The quality of the reconstruction is 

however rather poor. The buildings and trees that are modelled correctly appear very blobby 

and there are several buildings that are collapsed or hollow, see figures 37 and 38. The 

reconstruction of the only sharper terrain feature in the scene is decently accurate, see figure 39. 

 

 

FIGURE 37. MODEL 3 – BLOBBY FEATURES AND HOLLOW BUILDINGS 
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FIGURE 38. MODEL 3 – BLOBBY FEATURES AND HOLLOW BUILDINGS 

 

 

 

FIGURE 39. MODEL 3 – SHARP TERRAIN FEATURES DECENTLY MODELED 
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In Model 3, the scale of the model is unknown and there is no geographic information available. 

This makes the model unsuitable for applications requiring such information. 

5.4 Visualization of Application Example 
The section below will present images and text describing the final result of the application 

scenario. Images corresponding to all four water levels, both in RH2000 and in-game adjusted 

heights are included. Figures 40-47 cover Södermälarstrand and Centralbron, figures 48-55 

cover Stadshuset, Tegelbacken and Riddarholmen and figures 56-63 cover Riddarholmen and 

Gamla stan, including the entrance to the Gamla stan metro station. 

 

FIGURE 40. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (RH2000) 

 

 

FIGURE 41. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (RH2000) 
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FIGURE 42. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (RH2000) 

 

 

 

 

FIGURE 43. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (RH2000) 
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FIGURE 44. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS) 

 

 

 

 

FIGURE 45. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS) 
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FIGURE 46. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (IN-GAME HEIGHTS) 

 

 

 

 

FIGURE 47. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS) 
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FIGURE 48. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (RH2000) 

 

 

 

 

FIGURE 49. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (RH2000) 
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FIGURE 50. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (RH2000) 

 

 

 

 

FIGURE 51. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND NEW SLUSSEN (RH2000) 
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FIGURE 52. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS) 

 

 

 

 

FIGURE 53. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS) 
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FIGURE 54. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (IN-GAME HEIGHTS) 

 

 

 

 

FIGURE 55. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND NEW SLUSSEN (IN-GAME HEIGHTS) 
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FIGURE 56. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (RH2000), 
METRO ENTRANCE MARKED IN RED 

 

 

 

 

FIGURE 57. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (RH2000), 
METRO ENTRANCE MARKED IN RED 
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FIGURE 58. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (RH2000), METRO 

ENTRANCE MARKED IN RED 

 

 

 

 

FIGURE 59. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND NEW SLUSSEN (RH2000), METRO 

ENTRANCE MARKED IN RED 
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FIGURE 60. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS), METRO ENTRANCE MARKED IN RED 

 

 

 

 

FIGURE 61. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND CURRENT SLUSSEN (IN-GAME 

HEIGHTS), METRO ENTRANCE MARKED IN RED  
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FIGURE 62. WATER LEVEL CORRESPONDING TO A 30-YEAR RAIN AND NEW SLUSSEN (IN-GAME HEIGHTS), 
METRO ENTRANCE MARKED IN RED  

 

 

 

 

FIGURE 63. WATER LEVEL CORRESPONDING TO A 100-YEAR RAIN AND NEW SLUSSEN (IN-GAME HEIGHTS), 
METRO ENTRANCE MARKED IN RED 
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The purpose of this scenario is not to analyze the impact of an eventual flood in central 

Stockholm, but rather to showcase what can be done with 3D city models in a game engine 

environment. Therefore, there will be no analysis as to what the consequences of the scenarios 

visualized may be. Given that the internal height differences between the objects in the model 

are correct and that model is correctly referenced in an existing height system, it is possible to 

use a scenario like this. 

Given the difference between the heights in RH2000 compared to the in-game adjusted heights 

(2.48 m), models created using the methodology described in 4.2 Image-Matching with Known 

Camera Locations is not recommended for this type of application. The accuracy in terms of 

height in the model used is dependent on the methodology used to create the model but also the 

accuracy of the recorded camera locations. For an application of this kind, where accurate 

heights along the vertical axis is of great importance, it is likely better to use a model derived 

from LiDAR data as such models are superior in this aspect (Lorenzo et al., 2013) or find a way 

to accurately reference the model to an existing height system in game. Judging from figures 56-

63 above and how close the water levels are to the entrance of Gamla stan metro station, which 

was close to being flooded according to SMHI (2008), the in-game adjusted heights seem 

decently accurate. 

There are some drawbacks and limitations associated with the simplified methodology used in 

this scenario. The water representation in this scenario is a simple plane rendered as water, it 

does not have any of the physical properties of water. This means that there are no barriers 

holding the water back and that any cavity below the height of the water level will be filled 

whether there is a realistic water source or not. In the area around Gamla stan and Slussen, this 

is not a major issue as most of the terrain is slanted towards the natural water bodies and the 

model will therefore fill in a realistic manner. 

There are also some cosmetic issues due the model being created as a single piece without any 

possibility to distinguish between objects, e.g. the boats in the scene are sinking when the water 

is rising. If more objects were distinguishable from each other, they could be imported into the 

scene as different game objects and therefore be given more individual behavior. If all boats in 

the scene where modeled in their own layer, it would be possible to change their position along 

the vertical axis in accordance with the water plane, effectively causing the boats to float. 

 

5.5 Comparison of Models 
In this section, the results from the different models presented above will be compared to each 

other. There will also be a comparison between the different processes used to create the 

models and also the costs associated with them. 

5.5.1 Results 
In terms of both visual appearance and usability, the resulting Model 1 and 2 are strictly better 

than Model 3. Model 2 has the same content in terms of the number of real-world objects 

included in the model as Model 3, but looks better and also maintains geographic information. 

This causes Model 2 to completely eclipse any benefits or qualities Model 3 might have had 

compared to Model 1. 

Between Model 1 and Model 2, both of them have their strong points and weak points, which 

model is best is dependent upon the planned use. The buildings in Model 1 do generally look 

better than the buildings in Model 2 due to their planar surfaces and sharp features (figures 15 



59 
 

and 29). There is also more potential in the buildings in Model 1 as very little time was spent on 

each individual building throughout this case study.  

The content in Model 2 is richer as the model contain all elements and objects present in the 

originals images. This gives a more realistic look to the model, especially when viewed from far 

and from above (figures 15, 27 and 33). This added realism is however lost at a certain camera 

elevation or zoom level as the geometric deformations become too apparent. In general, Model 2 

is best viewed in the same manner as the original images were taken.  

It is possible to increase the amount of content in models where the geometry is derived from 

LiDAR data, such as Model 1, but it would require more intricate classification, e.g. identifying 

and recreating trees, or the operator could manually place prefabricated tree models in the 

scene, see figure 64 below. Both of these approaches would increase the amount of manual work 
required and the result would be dependent upon the skill of the operator.  

 

FIGURE 64. MODEL 1 – PRE-FABRICATED TREES ADDED TO THE SCENE IN UNITY 

 

 

Even though the buildings generally look better in Model 1 than in Model 2, there are several 

exceptions to this due to the different issues associated with the method used when creating 

Model 1. There are mismatches between geometry and textures, both due to the gap in time 

between the two datasets and due to buildings being modelled incorrectly (figures 19 and 22). 

Another possible cause to this is that the camera locations and orientations are not completely 

accurate, causing some misalignment of the textures. 



60 
 

Both Model 1 and Model 2 maintain geographic coordinates, both in the horizontal plane and 

vertical, and are therefore suitable to use in applications where such information is needed, e.g. 

the flooding scenario presented in the previous chapter. 

The poor result in Model 3 is most likely due to the original images not being of high enough 

resolution. Non-oriented images have been successfully used to recreate buildings and parts of 

cities before, e.g. by Spotscale (2015) and Agarwal et al. (2009), see figures 1 and 65.  

 

 

FIGURE 65. SFM-TECHNOLOGY AND NON-ORIENTED TOURIST IMAGES USED TO RECREATE HISTORICAL 

CITY SCENES (AGARWAL ET AL., 2009) 
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A small test was performed using System 1 and the exact methodology used to create Model 3 

(figure 66). This test features a 3D model of a small table lamp created from 42 cellphone 

images. VisualSFM was able to accurately reconstruct the rather delicate geometry of the lamp. 

 

FIGURE 66. 3D MODEL OF A TABLE LAMP CREATED FROM 42 NON-ORIENTED CELLPHONE IMAGES USING 

THE SAME METHODOLOGY AS IN MODEL 3 

 

5.5.2 Process 
There are several components that need evaluation when discussing the process of creating a 3D 

city model. The ones that will be addressed in this thesis are time, manual work, hardware and 

software. 

5.5.2.1 Time 
The time spent creating a 3D city model is an aspect that needs to be factored in when deciding 

which methodology to use. Model 1 includes circa 2200 buildings and it took approximately a 

full week (40 hours) to model all of them. This gives an average of slightly more than 1 minute 

per building. Creating the terrain and texturing both the terrain and buildings can be done in 

approximately a full working day (8-10 hours). 

The time needed to create models such as Model 2 is a linear function of the geographical area, 

given that the number of images and their resolution is constant. System 2 requires circa 15-20 

minutes to create and export a 200 x 200 m tile where the limiting factors are the GPU and the 

RAM. The GPU calculates the model and the processing speed of a tile is therefore dependent 

upon the performance of the GPU. The maximum tile size the system can handle depend upon 

the amount of RAM. In this case study, Model 2 consists of 386 200 x 200 m tiles and the time 

required to compute such a model using System 2 is roughly 6755 minutes or 112 hours. 

It took System 1 roughly 75 hours to go from the initial set of images to a dense point cloud of 

the entire Sundbyberg municipality using the methodology used in Model 3. Due to hardware 

limitations of System 1, it was not possible to triangulate and texture the model from the dense 

point cloud and these computation times are therefore unknown, but likely the total time would 

exceed the time needed to create Model 2. Creating a model from the subset of images featured 

as the resulting Model 3 in the case study could be done in a matter of minutes using System 1. 
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5.5.2.2 Manual Work 
The model that requires the most manual work is Model 1. Although TerraScan approximates 

buildings from the classified roof points, all of them have to be manually approved and many of 

them have to be altered. The triangulation of the terrain is automatic using LAStools but the 

texturing is manual. If one needs to divide the terrain into tiles as in this case study, the tiling 

can either be done manually by typing the desired coordinates for each tile, or automatic by 

writing for example a short Java-program which sends arguments to LAStools. Both approaches 

were successfully used while working on the terrain for Model 1.  

There is little to no manual work associated with creating Model 2 and Model 3. This means that 

a computer can be left over night or over weekends to work on creating the model and does not 

require the active supervision of an operator. 

 

5.5.2.3 Hardware 
It is not possible to state any minimum requirements regarding hardware, but for the 

methodologies used in Model 2 and model 3, GPU and RAM are the limiting factors. 

Compromises were made throughout this case study due to limitations of System 1 and the size 

of the study area. A higher performing system would offer faster computation times and 

smoother work flow.  

When working with the finished models in Unity, the GPU and RAM of System 1 were not fully 

able to handle all the data satisfactory. Loading the textured buildings of Model 1 into the scene 

significantly reduced the performance of Unity, this did not happen when the same geometries 

were loaded without their textures. The rendering of the scene having all textured buildings 

loaded was slow and the camera movements became choppy to a level where it was not possible 

to properly navigate the scene. The former issue is most likely a result of having high-resolution 

textures and not enough RAM while the latter is the result of the GPU not being able to render 

frames quickly enough. The second issue could probably be solved by implementing more 

advanced rendering techniques such as occlusion clipping. 

 

5.5.2.4 Software 
Besides the cost, see next section, there are no real limitations imposed by the choice of 

software, the exception being VisualSFM. VisualSFM prohibits any non-personal or non-

academic use which means that the software can’t be used by municipalities, government 

agencies or private companies.  
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5.5.3 Costs 
In this section, approximate production costs for the different models will be presented and 

discussed. All prizes are converted to SEK according to exchange rates as of 2015-05-12, where 

€1 equals to 9.31 SEK. 

5.5.3.1 Data Costs 
Standard prizes for acquiring the datasets that are used in this case study are as following: 

 Production of 20 points/m2 point cloud via ALS – 70000 SEK + 10 SEK/hectare 

 Production of 60 points/m2 point cloud via ALS – 70000 SEK + 13 SEK/hectare 

 Production of oriental aerial images, 8 cm/pixel, - 50000 SEK + 7 SEK/hectare 

Models produced with the same methodology as Model 2 in the case study can be acquired for 

the following prizes: 

 If there are existing images – 50000 SEK + 15 SEK/hectare 

 If images have to be produced – 100000 SEK + 10 SEK/hectare 

(Blom Sweden AB, 2015) 

 

5.5.3.2 Software Licensing Fees 
In this section, licensing fees for all non-free the software used in this case study will be 

presented. 

 

5.5.3.2.1 ACUTE3D SMART3DCAPTURE 

Smart3DCapture is available in different licenses with slightly different functionalities and 

capabilities regarding handling higher resolution datasets. The cheapest one which handles 

datasets up to 10 gigapixels is available at €2500 (23275 SEK)/year or €6000 (55860 SEK) for a 

perpetual license (Acute3D, 2015b). 

 

5.5.3.2.2 BENTLEY MICROSTATION 

There is very limited information regarding the pricing of Bentley MicroStation and for purpose 

of this thesis, the price of their main competitor, Autodesk AutoCAD, will be used. A perpetual 

license of AutoCAD is available at €5000 (46550 SEK). This number will be used as an 

approximate cost for Bentely MicroStation (Autodesk, 2015). 

 

5.5.3.2.3 LASTOOLS 

Individual LAStools components are available at prizes between €1000 (9310 SEK) and €2000 

(18620 SEK), the entire suite is available at €4000 (32740 SEK). Since several LAStools 

components are used in this case study, the prize for the full suite is what will be taken into 

account when evaluating the costs (Isenburg, 2014). 

 

5.5.3.2.4 TERRASOLID TERRAPHOTO AND TERRASCAN 

Both TerraScan and TerraPhoto are available with perpetual licenses at €5100 (47481 SEK) 

each. Both can be acquired as a bundle for €9180 (85466 SEK). Since both TerraPhoto and 



64 
 

TerraScan are used to create the same model, the prize for the bundle will be used when 

evaluating the costs (TerraSolid, 2015c).  

5.5.3.3 Costs for Individual Models 
This section will present the costs for each individual model produced in this case study. It is 

assumed that all data is acquired at the prizes listed above and it is also assumed that all 

software are paid for, not taking into consideration whether evaluation licenses or demo 

licenses are available. Costs for hardware and hours spent are not taken into account. All costs 

are calculated assuming that the model will cover an area of 9 km2 and costs will vary with the 

size of the area. Due to the uncertainties regarding costs for software and data, the numbers 

presented below should be seen as rough approximations. 

 

5.5.3.3.1 MODEL 1 

The cost for acquiring aerial images for an area of 900 hectares is according to the prizes listed 

above 56300 SEK. The cost of a point cloud with a point density of 60 points/m2 for the study 

area would be 81700 SEK. The total cost for software licenses would be 164756, which means 

that the total cost for Model 1 is 302756 SEK. 

 

5.5.3.3.2 MODEL 2 

The cost of aerial images for the study area is the same as in Model 1, 56300 SEK. A one year 

license for Acute3D costs 23275 SEK and therefore, the cost of acquiring the data and producing 

the model would be 79575 SEK. Buying the model from a company would according to the 

prizes listed above cost approximately 109000 SEK, assuming that the images have to be 

produced. 

 

5.5.3.3.3 MODEL 3 

Acquiring the data used in this case study would cost just as much as in Model 2, 56300 SEK. 

This would be a set of oriented images even though the orientation data is never utilized using 

the methodology of Model 3. There are no other costs associated with Model 3 and if one could 
utilize a free dataset, the production cost would be zero. 
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6 Conclusions and Future Studies 
In this chapter, conclusions regarding the results from the case study will be presented together 

with ideas for improvements and future studies within the field of 3D city modeling. 

6.1 Conclusions 
In this section, thoughts and conclusions regarding the results from the case study will be 

presented. The aim is to clarify the different qualities that each model possess through hands on 

3D city modeling in a small municipality. 

The model with the highest potential in terms of results is Model 1, which uses a combination of 

LiDAR data and aerial images. The dense point cloud created by ALS together with the 

vectorization of buildings offered by TerraScan results in much sharper buildings with more 

detail than in the other two models. Since all the geometry is created separately from a classified 

point cloud, the operator can tailor the content of the model. Having different types of objects in 

different layers or files also facilitates for more intricate semantic analysis. Although there is no 

semantic information embedded into Model 1, except for maybe the geographic coordinates of 

vertices, it is possible to distinguish buildings from terrain just from the fact that they are 

created separately. This is not possible in Model 2 or Model 3.  

The drawbacks of Model 1 is that it is not only the most expensive model to create, taking both 

data and software into account, but it is also the one that requires the most manual work. The 

semi-automatic methodology also means that is dependent upon the skill of the operator and 

since it consists of several datasets that are not necessarily produced at the same time, the result 

might be inconsistent and unreliable. The impact of this phenomenon will vary depending of the 

time in between the capturing of the different datasets and also how rapidly the physical 

environment in the area is changing.  

Model 2 is not as good looking as Model 1 at close viewing distances, and it has a lower potential 

over all in terms of visual appearance. The benefits of Model 2 on the other hand is the straight 

forward production, the consistent result and vast content that is present in the model without 

additional work for the operator. All that is needed to create Model 2 is a set of oriented images 

and a license for Acute3D Smart3DCapture. Although the production of the model is somewhat 

time consuming, it does not require active supervision. The result can be exported in seamless 

tiles that can be imported to another environment without any further processing. The costs of 

producing Model 2 are significantly lower than for Model 1 and for many applications, it offers 

more value for the money. 

Model 2 is suitable to use for applications using an airborne viewing camera, preferably with a 

minimum viewing altitude set to 80-100 m off the ground. In these types of applications the 
geometrical drawbacks of Model 2 are less prominent and the easily achievable realism can be 

utilized to full extent. 

Model 3 is not suitable for any further applications due to the poor visual appearance, the 

unknown scale, the lack of geographical coordinates and inability to divide the resulting point 

cloud and still maintain image orientation. VisualSFM and non-oriented images can deliver great 

results as showed in previous chapters, but that requires a different type of dataset than the one 

used in this case study. The resulting model is still however not suitable for geographic 

applications. If the result from Model 3 would have been usable, there would still be issues for 

anyone besides hobbyists and academics, as the license of VisualSFM prohibits any other use of 

the software. 
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The software costs for Model 3 are zero due to both VisualSFM and MeshLab being available for 

free. The only cost associated with creating Model 3 is acquiring the data and since VisualSFM 

only requires the pixels of an image and no information regarding information, the data does not 

necessarily have to be captured by conventional aerial photography. As shown by Spotscale 

(2015) and Agarwal et al. (2009), non-oriented images captured by UAV or even tourist images 

taken off the internet have been used successfully. If one can acquire suitable data at a very low 

cost or for free; the methodology used for Model 3 might be a viable option. 

It is important to realize that the costs in general and the differences in costs between the 

models all seem very high, and even though this is true, all software and data acquired has 

potential for secondary use which in turn will lower the effective cost of acquiring a 3D city 

model. Companies and municipalities may already have licenses for the required software and 

suitable data, and if not, aerial images and point clouds can be used for other purposes than just 

creating city models. 

6.2 Improvements and Future Studies 
This case study has shown that it today is very possible to create 3D city surface models that are 

usable for visualization and simple geographic applications. The result of these approaches will 

most likely improve over the coming years. Better hardware will allow for larger areas, higher 

resolutions and smoother rendering. Better cameras will produce more detailed images, which 

in the end means more accurate point clouds created through the means of photogrammetry.  

All of the models featured in this thesis are considered to be 2.5D and LoD0 due to them 

consisting of a single continuous surface (Model 2 and Model 3), or due to the buildings having 

vertical walls created from a top-down perspective (Model 1). This is true for most models 

produced from aerial remote sensed data as there generally is a lack of information regarding 

any geometry not visible from above. Combining aerial and terrestrial platforms might be useful 

for producing true 3D city models. 

The models created in this case study are all more suited for applications featuring an aerial 

view and more development is needed in order to create better street view models. This is 

however under way by Acute3D who are trying to combine aerial and street view images and 

use both as source data when creating city models. Laser scanning from road vehicles is 

increasing and this data could also prove very useful for creating 3D city models. Combining 

laser data acquired from both cars and aircrafts could potentially result in very detailed 

geometry regardless of viewing perspective. 

The application scenario featured in this case study, the flooding of central Stockholm, only 

utilizes very basic functionalities offered by the game engine environment, such as writing 

behavioral scripts for objects and referencing their changing attributes. There is plenty more to 

investigate within this field that unfortunately have been outside the scope of this thesis. It is 

however clear that the more semantic information a model has, and the more separable the 

objects in the model are, the greater are the possibilities to program applications with the model 

as a basis. CityGML is from this perspective an interesting file-format due to its rich semantic 

content. Today, the automatic and semi-automatic methods to create 3D city models from 

remote sensed data do not support CityGML or its use of semantic information, and 

improvements in this area would be hugely beneficial.  

OGC and INSPIRE both emphasize the need of openness and interoperability for the field of 

geographic information to develop. They also encourage the enrichment of 3D models by 

embedding semantic information into the data structure. Tim Berners-Lee speaks for open 
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formats, open information and has also proposed the idea of the semantic web, where 

information points directly to information, instead of taking the long route via pages of text.  

Combining semantic information in 3D city models with the ideas of the semantic web would 

result in models enriched with up-to-date information that are easy to maintain. Instead of 

giving objects attributes in the form of strings or numbers, the attributes would be unique 

namespaces pointing to data. If the original data is updated, so is the information in every single 

place that references the unique namespace. If this was implemented in 3D city models, 

information such as average speed on a specific road or the water level of a lake could be 

updated by sensors and made available at a unique namespace and referenced from a 3D city 

model. This would allow for the model to adjust itself in real time according to real world 

information. 

The biggest issues encountered during this thesis were all related to exchange formats and 

interoperability. There is, unfortunately, no guarantee that a certain software will open a certain 

format, even though the format is supported. There is also no guarantee that two files in the 

same format will behave in the same way. This leads to the conclusion that more work is needed 

in order to achieve real interoperability between different software and environments and that 

exchange formats needs to be specified in a completely non-ambiguous manner in order to 

eliminate the possibilities of personal interpretation. Improvements in this area would allow for 

smoother work flows and less time spent debugging and finding errors. 

To summarize; it is today possible to create 3D city models which are suitable for applications 

using an aerial view but more development is needed in order to create models for street view 

applications. A model created solely from images is cheaper, easier to produce and have fewer 

difficulties to work around, but a model created from both images and laser data has a higher 

potential in terms of appearance and usability for applications beyond visualization, due to the 

increased semantic depth. The biggest task in the field of 3D city modeling is to find cost-

effective ways to create models rich with semantic information. It is today possible to create 

models in a format such as CityGML by manually model each and every object. A reliable, semi-

automatic approach to create models with separable objects for larger geographic areas would 

allow for new types of applications to be programmed and significantly increase the possibilities 

associated with 3D city models. 
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