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SUMMARY

Smart Cities are mapped in detail at various levels today, while at the same time a modern cadastre
is broadly considered to be the tool in support of good governance of urban areas. As cities expand
vertically, safeguarding of tenure requires a clear 3D picture in terms of property rights, restrictions
and responsibilities. Some of the current research trends in this field include integration of the 3"
dimension to the traditional form of 2D cadastre; the adoption of automation and low-cost but
reliable procedures for cadastral surveys and data processing; the usage of modern IT tools and m-
services for cadastral data acquisition; as well as the integration of the “time” factor in the cadastre.
Much experience has already been accumulated on how a 3D Cadastre should be best developed.
However, the Land Administration Model (LADM ISO 19152) provides only an international
generic framework for cadastres and there are still several aspects that need to be investigated and
improved.

In recent literature, the currently explored sources for 3D data acquisition include Lidar data, aerial,
terrestrial or spaceborne optical data, topographical data, terrestrial laser surveys, and data derived
from volunteered geographic information (VGI). Several photogrammetric and digital image
processing approaches already exist and have been used in 3D modelling. This study presents an
evaluation of the current state of the art of algorithms and techniques used for 3D modelling and
investigates the potential of their usage for 3D cadastre. The main objective of this paper is to
review the experience gained from the use of crowdsourced data in 3D building reconstruction and
investigate the potential for using this experience in order to design low-cost 3D cadastral surveys
in urban and suburban areas. An assessment of the current techniques, tools and algorithms, is
presented. The main conclusions refer to the usability, the perspectives and the reliability of
crowdsourced data in designing an affordable and functional procedure for the compilation of 3D
cadastral surveys.
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1. INTRODUCTION

Image-based 3D reconstruction of buildings and architectural monuments is a well-studied problem
in photogrammetry and computer vision. Traditional photogrammetric mapping has been in the
realm of industrial organizations collecting imagery from the air and developing maps and perhaps
3D information of urban spaces from these images (Leberl, 2010). In recent years, Volunteered
Geographic Information (VGI) became popular, where VGI describes how an ever-expanding range
of users collaboratively collects geographic data (Goodchild 2007a). Each volunteer acts like a
remote sensor (Goodchild 2007b) by creating and sharing geographic data in a Web 2.0 community
and thus, a comprehensive data source is created. Modern practices and requirements aim to the
development of a VGI geo-data future and Internet-based automated photogrammetric solutions, in
order to describe in detail and model the 3D world. Thus crowd and each internet-user may be
defined as potential neo-photogrammetrists (Leberl, 2010).

As cities expand vertically, safeguarding of tenure requires a clear 3D picture in terms of property
rights, restrictions and responsibilities. Current research in this field includes integration of the 3"
dimension to the traditional form of a 2D cadastre, the adoption of automated and low-cost but
reliable procedures for cadastral surveys and data processing, the use of modern IT tools and m-
services for cadastral data acquisition, as well as the integration of the “time” parameter in the
cadastre. Much experience has already been accumulated on how a 3D Cadastre should be best
developed. 3D cadaster has been attracting researchers throughout the world but 3D cadastral
technology is newly emerging (Dimopoulou et al., 2016). The implementation of 3D cadastre may
be accelerated utilizing the experience gained from 3D building reconstruction using crowdsourced
data.

This paper presents a literature research reviewing the progress in techniques, methods and
algorithms for 3D model reconstruction, as well as the experience gained from the use of
crowdsourced data in 3D building reconstruction, and investigates the potential of combining this
experience to design low-cost 3D cadastral surveys in urban and suburban areas. The main
contribution of this paper is to identify the appropriate 3D reconstruction methods and techniques,
introducing 3D-VGI data collection in order to develop a Fit-For-Purpose (FFP) 3D cadastre where
the necessary cadastral surveys may be conducted in a fast, reliable and affordable way. A
theoretical framework for how this can be achieved, is proposed. More specifically, this work is
organized in seven chapters. Chapter 2, presents the progress related to utilize VGI data in
visualizing the 3D world. Chapter 3, presents the algorithms and techniques in 3D reconstruction
which may be used to provide accurate and detailed 3D models. Chapter 4, refers to the potential of
using VGI data in 3D reconstruction procedures, indicating the advantages and disadvantages of
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this approach. According to the abovementioned knowledge, Chapter 5 presents an assessment of
the current techniques, tools and algorithms mentioned in Chapter 3 and selects those that may be
used for the implementation of a FFP 3D cadastre. Chapter 6, explores the potential of using VGI
data for 3D cadastral surveys, while a theoretical framework describing the pipeline of the
innovative cadastral procedure is proposed. Finally, Chapter 7 presents the main conclusions
referring to the usability, the perspectives and the reliability of crowdsourced data in designing an
affordable and functional procedure for the compilation of 3D cadastral surveys.

2. VGI DATA IN VISUALIZING THE 3D WORLD

During the last decades research in the field of VGI attracted a grown interest, resulting in the
development of a large amount of 3D real world applications. One of the most successful and
popular VGI projects started in 2004 in England is the OpenStreetMap (Figure 1 left) (OSM,
2016). Until now, there are more than two million registered members who contribute to the rapid
growth of OSM (Fan & Zipf, 2016). A subsequent research by Over et al. (2010) investigated the
possibility of creating a 3D virtual world by using OSM data for various applications, and
concluded that OSM has a huge potential in fulfilling the requirements of CityGML LOD1 (Grdger
et al. 2008), that is block models (Figure 1 right). Several years ago, Goetz & Zipf (2012) presented
a framework for automatic VGI-based creation of 3D building models encoded as standardized
CityGML model. The basic idea is the correlation between properties and classes of OSM and
CityGML, respectively. The investigation concluded that it is possible to create LOD1 and LOD2
but not LOD3 and LODA4. The development of an algorithm to automate the process and manage
the incorrect input data using several assumptions, is of a great necessity for the success of the
proposed framework.

2 OpenStreetMap

Figure 1: Representation of Open Street Map (OSM) (left); Geometrical representation of a building in
CityGML LOD1 (right) (source: Goetz & Zipf, 2012).

The earliest and most prominent example of encouraging the crowd to generate spatial 3D
information is Google 3D Warehouse launched on April 24, 2006. This shared repository contains
user-generated 3D models of both geo-referenced real-world objects, such as churches or stadiums,
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and non-geo-referenced prototypical objects, such as trees, light posts or interior objects like
furniture. Users must have a certain level of 3D modelling skill in order to voluntarily contribute
(Uden & Zipf, 2013). The recent development of 3D modelling software such as SketchUp and
ESRI CityEngine (Figure 2) that makes 3D editing more easy and effective leads to an increase of
3D building modelling production. In about 2007, Microsoft Virtual Earth and Google Earth
integrated VGI and crowdsourcing techniques in their projects. 3DVIA (Virtual Earth) and Building
Maker (Google Earth), provide a model kit to create buildings. Both of them exploit a set of oblique
(and proprietary) birds-eye images of the same object from different perspectives, in order to derive
the 3D geometry. The latter ones aim to create geo-referenced 3D building models and refer to
people who do not have technical skills in 3D modelling, but still want to contribute (Fan & Zipf,
2016). Even though the above mentioned projects are based on collaboratively collected data, they
are far away from been open source or open data. Hence, there are several free-to-use 3D object
repositories on the internet, such as OpenSceneryX6, Archive3D7 or Shapeways8. Their contents
usually lack connection to the real world but can nonetheless be useful to enrich real 3D city model
visualisations (Uden & Zipf, 2013).

(source: ESRI, 2017) and SketchUp (right) (source: SketchUp, 2017).

A 3D reconstruction can also be performed using 2D vectors and images derived from
crowdsourcing strategies (Spano et al., 2016). Over the years several projects appeared that generate
and visualize 3D buildings from OSM; OSM-3D, OSM Buildings, Glosm, OSM2World, KOSMOS
Worldflier, etc., are some of the most popular projects of that kind. The major limitation of these
projects is that the majority of buildings are only modelled at coarse level of detail. In OSM-3D, a
number of buildings are modelled in LOD?2 if there are indications for their roof types (Figure 3).
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Figure 3: OSM-3D overview of Heidelberg in XNavigator (source: Fan & Zipf, 2016).

The integration of more detail is conducted usually manually (LOD3 / LOD4) using other sources
via OpenBuildingModels (OBM) (Uden & Zipf 2013). OBM is a web based platform for uploading
and sharing entire 3D building models. More specifically, users can: (i) upload a 3D building model
which is associated with a footprint in OSM, and (ii) browse, view and download an existing model
in the repository. At the same time, one can add attribute information referred to the building model
(Fan & Zipf, 2016).

A wide range of tools and algorithms is required in order to support a motivated mapper to collect
the various 3D information in all levels of detail. Data collection for 3D modelling of simple
building properties does not always require the use of high accuracy sensors since most data can be
measured with the eye. More complex models can only be created by means of various sensors such
as laser meters, terrestrial and/or aerial imagery, GPS or even terrestrial laser scanners. Many of
these sensors are nowadays included in modern smartphones, transforming them into a multi-
sensor-system which is pretty well-suited for crowdsourced 3D data capturing. In the future, further
sensors like barometers, stereo cameras such as Microsoft Kinect (Elgan, 2011) and maybe also
laser meters and little laser scanners will possibly be included into smartphones, making them even
more all-round tools for 3D-VGI. Obviously, the creation of 3D models requires a well-suited
modelling software. There are several 3D graphics modelling software but different tools need
different skills. Kendzi3D JOSM-plugin (Kendzi, 2011) is a widely used editor which is specialised
for advanced OSM 3D-building modelling, makes it easier for the users to assemble parametric 3D
models without caring about the rather complicated and cumbersome tagging itself. Such an editor
could also avoid incorrect modelling and ensure topological consistency in complex 3D objects
(Uden & Zipf, 2013). Another example of such a software is presented by Eaglin et al. (2013); the
proposed system exploits the power of current mobile devices (smartphones, tablets) and their 3D
graphics rendering capabilities to present a mobile application (Figure 4). This system is based on a
client-server architecture, where users of a mobile application create, submit, and vote on 3D
models of building inside components; the server collects and uses votes pertaining to accuracy and
completion of the model to determine if an object may be approved. The mobile application allows
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users to create geometry (such as chair, table etc.) through a simplified toolset and an editor. This
system leads to satisfactory results.

Figure 4: Mobile application for the creation, submission, and voting on 3D models of building inside
components (left); Model of the first floor of an academic building with furniture (middle); Coloring corresponds
to approval of the model components (red has the fewest and green the highest number of votes) (right). (source:

Eaglin et al., 2013)

Reconstruction of 3D buildings from terrestrial photographs can traditionally be accomplished
using complex and expensive photogrammetric software. Currently, free-to-use assisted 3D
modelling software like Autodesk 123D Catch or My3DScanner offer an alternative for this task.
With the rapid development of technology, image sharing sites and social networks, such as Flickr,
Instagram, Panoramio, Picasa, Pinterest, the finding and exploitation of crowdsourced amateur
images for 3D reconstruction is enabled (Figure 5). Research has been performed over time to
explore the potential of crowdsourced data in 3D reconstruction procedures (Hadjiprocopis et al.,
2014; Somogyi et al., 2016; Hartmann et al., 2016).

Figure 5: Reconstruction from smart phone images (left), Dense point cloud of the Parliament building after
reconstruction from images (right) (source: Somogyi et al., 2016).

3. CURRENT ALGORITHMS AND TECHNIQUES IN 3D RECONSTRUCTION

Over the last twenty years, the automatic extraction and reconstruction of 3D buildings has been a
major research focus, trying to replace the manual reconstruction of buildings from aerial imagery
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via stereoscopy or from lidar data, which are time consuming and laborious tasks. Research has
exploited both aerial imagery and lidar data for the reconstruction of 3D models at varying levels of
detail. Through the various approaches that have been proposed so far only semi-automation has
been achieved (Brenner, 2005). Studies which compare proposed reconstruction methods have
suggested that in order to achieve full automation, aerial imagery and lidar data need to be used in
synergy in order to utilize their superior positional and height resolutions respectively (Brenner,
2005). In recent years several methods have been developed for building detection, recognition and
reconstruction. These methods can be divided into three general categories based on the degree of
the contexual knowledge:

- Model-driven methods (parametric modeling),

- Data-driven methods (non-parametric modeling), and

- Hybrid methods.

Each one of these methods include several algorithms and techniques aiming to achieve a successful
3D building reconstruction (Figure 6).
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Figure 6: Classification of 3D reconstruction methods.
3.1 Model-driven methods

Parametric methods or top-down approaches are based on a priori known information about the
shape of the buildings. A library of parametric shapes consists of a set of predefined patterns, which
are described by a number of parameters. An appropriate combination of these parameters is
needed, in order to evaluate the best 3D model. The main advantages of parametric methods are the
robustness in the case where the original data (exported buildings points) are incomplete and weak,
and the topologically correct model output. However, each library may not include information
about all kinds of buildings geometry. That is, in case of buildings with complex geometry the
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reconstruction may not be complete. One of the most popular category of parametric methods is
Grammar-Based methods. Grammar-Based Methods are based on a structure, called Grammar.
They use a language L (Gb), which includes all possible models (components of the building -
Building Grammar). Based on Gb, a segmentation process starts, where every component is
checked against a set of rules. Each building consists of individual parts, which cannot undergo a
further segmentation. As such elements can be considered doors, windows, walls, etc.

Grammar-based methods have been extensively used in architecture modelling. The most well-
known examples are Lsystems (Lindenmayer-systems), Shape Grammars, Split Grammar,
Computer Generated Architecture (CGA) Grammar, Formal Grammars and Attributed Building
Grammar (Yu et al., 2014). Lsystems, were developed for modelling plants, so they are not
appropriate for the modelling of individual buildings. Shape grammars include shape rules and a
generation engine that selects and processes rules. Shape rules define how an existing shape can be
transformed. Shape grammars have been successfully used in architecture (McKay et al., 2012);
however, their applicability for automatic generation of buildings was limited. Karantzalos &
Paragios, (2010) proposed a different approach, which utilizes the methodology of Shape
Grammars. The proposed method refers to a Grammar, which is composed of a three-dimensional
(3D) shape priors. According to this methodology, the choice of the most suitable model is via the
optimal selection of parameters which form the shape of the building part. Wonka et al. (2003)
employed a split grammar to generate architectural structures based on a large database of split
grammar rules and attributes. In this approach, a split grammar is introduced to allow for dividing
the building into parts, and also a separate control grammar is proposed to handle the propagation
and distribution of attributes. However, due to the requirement of an excessive amount of splits for
complex models, the proposed split grammars have limitations to handle the complexity of
architectural details. Following this idea, a new Computer Generated Architecture (CGA) grammar
(Miiller et al., 2006) is presented to generate detailed building architecture in a predefined style,
which is demonstrated by a virtual reconstruction of ancient Pompeii. They solely use context-
sensitive shape rules to implement splits along the main axes of the facades. More recently, formal
grammars have been applied in building facade modelling (Becker & Haala, 2009) to reconstruct
building facades from point cloud data. Depending on the structures of facade, the facade model is
defined by a formal grammar. Each grammar rule subdivides a part of the facade into smaller parts
according to the layout of the facade. However, facade modelling does not consider the entire
building and is limited to certain type of structures in some cases, €.g., symmetric structures. Yu et
al., (2014) proposed an automated reconstruction method in order to reconstruct completely
building structures. This method was called Attributed Building Grammar. The next years, Yu et
al., (2016) proposed another automated method of reconstruction of buildings using an Attributed
Building Grammar, which starts with the segmentation of the initial point cloud in order to extract
planar, cylindrical, and other types of surfaces, by methods such as PCA (Principal Component
Analysis). The segmented data transformed into 3D shapes which represent the 3D building
structures. Subsequently a Grammar engine, lead the reconstruction process, ensuring the
enforcement of appropriate rules, for the further subdivision into elementary shape structures. The
division is described by a tree structure, wherein the body represents each shape and the leaves
represents the elementary objects. Finally, the 3D model composed of individual elementary objects

Review of the 3D Modelling Algorithms and Crowdsourcing Techniques. An Assessment of their Potential for 3D
Cadastre. (9114)
Maria Gkeli, Charalabos Ioannidis and Chryssy Potsiou (Greece)

FIG Working Week 2017
Surveying the world of tomorrow - From digitalisation to augmented reality
Helsinki, Finland, May 29—June 2, 2017



which occurred through the combined use of Grammar and the corresponding rules. This
methodology can be used to produce 3D models in various forms (e.g., CAD, BIM).

3.2 Data-driven methods

In the data-driven or bottom-up approaches, the points related to the roof top are extracted based on
a set of building measurements and are grouped into different roof planes with 2D topology and are
used for 3D modelling. The main advantage of the data driven approach is that there is no need to
have a prior knowledge of a specific building structure; however, this method requires very dense
collection of building’s points to reconstruct the 3D models correctly. They tend to be more flexible
as they use the extracted data in order to create a roof model. The geometry of a roof can be
described by the number and the shape of roof faces, thus most methods aim to classify roof planes
from the input dataset. Current methodologies and algorithms on building detection and extraction
problem can be divided into 4 groups as: Plan fitting based methods, Filtering and Thresholding
based Methods, Segmentation based Methods (Shadow based Segmentation, Region Growing based
algorithms, etc) and Different Supervised Classification Methods.

In the literature there is a variety of approaches, which apply Plan fitting based methods to data
from active sensors (e.g., LIDAR Digital Surface Model - DSM) or point clouds obtained through
photogrammetric processes. The algorithms widely used to achieve this goal include RANSAC
algorithms, Least Squares planar fitting algorithms (Omidalizarandi & Saadatseresgt, 2013) and
Plan fitting based algorithms (McClunea et al., 2016). Wang (2016), proposed an automated Semi-
Global Matching (SGM) method (Hirschmiller, 2008) in order to produce a dense cloud of points
and the extraction of the outline of buildings utilizing high-resolution aerial imagery. Then the
extraction of the ground surface using a polynomial surface adaptation method (polynomial surface
fitting) was attempted. The volumes of the buildings identified by the production of nDSM
(normalized DSM) using a seed area approach with radiometric criteria or other characteristics for
the further categorization of all the elements located on each building roof. The outline of the roof
was extracted in vector form with the split-and-merge method. It is noted that the proposed
methodology can be applied in areas with complex types of buildings but not in densely urbanized
areas.

In recent literature, Filtering and Thresholding based methods, especially in case of aerial images
for extracting building outlines utilizing edge detectors, are widespread. Dal Poz & Fernandes
(2016) proposed a method for extracting groups of straight lines that represent roof boundaries and
roof ridgelines from high-resolution aerial images using corresponding ALS (Aerial Laser Scanner)
- derived roof polyhedrons as initial approximations. The proposed methodology consists of two
sub-stages: (i) the boundaries of the ALS - polyhedrons used to limit the search area of candidate
straight lines, and (ii) Steger line detector and Canny edge detector are applied to the images, to
identify lines within the limited area of the interior of the polyhedrons.

Kohn et al. (2016) proposed a method for the detection and reconstruction of the building roof,
using aerial images. A high resolution DSM was derived based on the SGM algorithm. The exterior
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and interior orientations of all images were estimated by a bundle adjustment using the GNSS/IMU
measurements. In a first step, the DSM was normalized based on morphological grayscale
reconstruction. The derived nDSM includes the volumes above the ground, identifying the potential
building positions. Then the operator Line Segment Detector (LSD) is applied which identifies
straight line segments using the region growing method among the pixels that exhibit similar
intensity and orientation. An assumption about the buildings shape (rectangular) was made, in order
to identify them. Then, a RANSAC-based plane fitting procedure is applied to the pixels in each
segment by which the 3D building roofs are reconstructed. Apart from the above, Curve
Propagation Techniques (snakes, geometrical snakes or active contours, deformable models) have
shown encouraging results both to identify buildings and roads (Karantzalos & Argialas, 2009) and
thus at the reconstruction procedures.

As concluded by Rottensteiner et al. (2014), in summarizing the outcomes of the recent ISPRS
benchmark assessment of 3D building reconstruction, area-based reconstruction tends to favor the
use of lidar data in the form of point clouds or raster DSMs. Segmentation based methods are
widely used. Points can be clustered into planes based on similar attributes, such as: normal vectors,
distance to a localized fitted plane or height similarities. This clustering is performed using methods
such as: region growing based algorithms, 3D Hough-transform or the RANSAC algorithm. While
many approaches have tried to fit planes to extract surfaces, an alternative and under-explored
approach is the use of cross sections for segmenting planar features. This approach is called scan
line segmentation. However, these tend to be more computationally expensive compared to the
planar detection due to the number of points being tested for clustering. Planar segmentation results
depend on the correct determination of threshold parameters, such as the neighborhood used to
calculate the attribute, and incorrect results may arise in areas with low point density and complex
structures (Rottensteiner et al., 2014). While surface extraction and planar fitting approaches may
accurately detect planes and perform well in the presence of noise, they tend to lead to over and
under segmentation. Research has shown that planes can be extracted by segmenting along cross
sections of a surface and then performing region growing. McClune et al. (2014) proposed a
methodology to derive the geometry of building boundaries using aerial images. At first the roof
level is identified using the DSM. By means of along cross sections method, the 2D sections height
differences are examined using the DSM. The parts with intense height differences are usually
sections of roof boundaries. Canny edge detector used in order to find additional roof features.
Omidalizarandi & Saadatseresgt (2013) performed region growing on image based point clouds to
form planar segments. However, it was found that errors from planar segmentation may arise at the
location of the planar boundaries. These boundary errors can be overcome by combining feature-
based and area-based methods, with the extraction of edges from imagery tending to form a post-
processing step to refine the boundary of planes from lidar data. Besides aerial or LIDAR data,
mobile-phone images are recently used for photogrammetric reconstruction.

Supervised classification methods, such as Deep Learning methods (Makantasis et al., 2015) are a
class of machines that can learn a hierarchy of features by building high-level features from low-
level ones, thereby automating the process of feature construction for the problem at hand. As
examples of Deep Learning models the Convolutional Neural Networks — CNN, the Stacked Auto-
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Encoders and the Deep Belief Networks may be mentioned. CNNs consist a type of deep models,
which apply trainable filters and pooling operations on the raw input, resulting in a hierarchy of
increasingly complex features. Generally, there are two common approaches for training a CNN
model, such as training from scratch with random values of weights, as well as fine-tuning of a pre-
trained model. CNN is a kind of feed-forward neural network with the multilayer perception
concept which consists of a number of convolutional and subsampling layers in an adaptable
structure and it is widely used in pattern recognition and object detection application. In literature,
there is a limited number of studies on the detection and identification of 3D structures based on
CNNs using remote sensing data. Alexandre (2016) developed a 3D object recognition method
based on CNNs by using RGB-Depth data. In this method, a CNN is trained for each image band
(red, green, blue and depth) separately such that the weights vector for each CNN will be initialized
with the weights vector of the trained CNN for another image band; that is, the knowledge is
transferred between CNNs for RGB-D data.

Many researchers have used multi-class Support Vector Machine (SVM) classification for land use
detection of urban areas from aerial or high-resolution satellite images. SVM is a supervised non-
parametric statistical learning technique (Vapnik, 1995; Burges, 1998). SVM need training data that
optimize the separation of the classes rather than describing the classes themselves. Training the
SVM with a Gaussian Radial Basis Function (RBF) requires setting two parameters: regularization
parameter that controls the trade-off between maximizing the margin and minimizing the training
error, and kernel width. SVM classifier provides four types of kernels: linear, polynomial, RBF, and
sigmoid (Sarp et al., 2014). The RBF kernel works well in most cases. Tuia et al. (2010) performed
SVM classification using composite kernels for the classification of high-resolution urban images
and concluded that a significant increase in the classification accuracy was achieved when the
spatial information was used. Sarp et al. (2014) proposed a method for the automatic detection of
buildings and changes in buildings after an earthquake, utilizing orthophoto images and point
clouds from stereo matching data. In the first step the classification of the high-resolution pre- and
post-event Red-Green-Blue (RGB) orthophoto images (ortho RGB) conducted, using SVM
classification procedure to extract the building areas. In the second step, a normalized Digital
Surface Model (nDSM) band derived from point clouds and Digital Terrain Model (DTM) is
integrated with the SVM classification (nDSM + orthoRGB). Finally, a building damage assessment
is performed through a comparison between two independent classification results from pre- and
post-event data. The main conclusion was that using the spectral information as well as the
elevation information from point cloud as additional bands, leads to a significant accuracy
increasment. Vakalopoulou et al. (2015) developed a method of locating buildings from high
resolution satellite images. In this process vector features used to train a binary SVM classifier to
separate building and non-building objects. Then, a MRF model was used to extract the best
classification results. Zhang et al. (2015) proposed two search algorithms to localize objects with
high accuracy based on Bayesian optimization and also a deep learning framework based on a
structured SVM objective function and CNN classifier. The results on PASCAL VOC 2007 and
2012 benchmarks highlight the significant improvement on detection performance.
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Alidoost & Arefi (2016) proposed a new approach for the automatic recognition of the building roof
models (such as flat, gable, gabled, hipped, etc) based on Deep Learning methods using LIDAR
data and aerial orthophotos.

In the last group of modelling approaches, the combination of model-driven and data-driven
algorithms is used to have an optimal solution compensating the weakness of each method.
Occasionally multitude investigations about Hybrid methods are conducted, resulting in satisfactory
results (Nguatem et al., 2016).

4. VGI AS ADATA SOURCE FOR 3D RECONSTRUCTION

The VGI approach to photogrammetry poses additional challenges, because the data are not
recorded according to photogrammetric requirements. While contemporary software can deal with
difficulties like unknown and varying focal length, lighting changes, and incompatible images
(images of different scale), a number of common problems remain.

Many amateur digital cameras (including those on cell phones) have a cheap, consumer-grade
single-frequency GNSS receiver, and sometimes the GNSS coordinate at the time of taking the
picture is stored as metadata in the image’s EXIF header. These coordinates, sometimes referred to
as geo-tags, are currently not available for the majority of images and they are not accurate enough
to be used directly — errors in some cases exceed 10 m. But, just like the approximate focal length
that is also often part of the metadata, they are good enough as initial values, and can constrain the
problem sufficiently to overcome some of the problems mentioned above (Hartmann et al., 2016).

Camera pose estimation and 3D reconstruction from arbitrary, uncontrolled images has reached a
certain maturity, as evidenced by several open-source and commercial software packages (e.g.,
Bundler, VisualSFM, Pix4D, Acute3D, Agisoft PhotoScan). Nevertheless, a number of important
open problems remain, which is the reason that crowdsourced photogrammetry has not yet been
widely adopted for surveying purposes. The main issues in our view are: (i) more often the models
are incomplete and show only some of the sides of a building or scene; (ii) repetitive structures and
symmetries lead to incorrect correspondences and gross errors (e.g., missing parts) of the 3D
models; and, (iii) even if several useful parts of a larger scene have been reconstructed correctly, the
models are not geo-referenced with appropriate accuracy. In order to overcome the abovementioned
problems, Hartmann et al. (2016) proposed a method for the creation of geo-referenced 3D models
using images from Flickr, which has been the major data source for crowdsourced photogrammetry.
As a first step, the dataset divided into smaller clusters, using VocMath method (Havlena &
Schindler, 2014), which provide the set of images from each camera pose. The small, clean clusters
are individually reconstructed using a SfM software (Bundler) (Snavely et al., 2008). Each of these
models represents a part of the same landmark. The GNSS coordinates from the EXIF headers of
the images are exploited to perform a coarse absolute orientation. For the absolute orientation
between the partial 3D models, Hartmann et al. (2016) proposed to go back to the models and find
corresponding 3D structure points for a better alignment. The point-to-point correspondences
identified using the standard SIFT algorithm. Finally, the geo-referenced 3D model derived after a
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bundle adjustment, so as to fuse all available information. Also, similar research has been
performed over time (Hadjiprocopis et al., 2014; Somogyi et al., 2016).

Jeong & Kim (2016) proposed a planar fitting-based semi-automatic reconstruction process using
smart devices, such as smartphones. The proposed methodology was developed as a mobile
application for Android, and requires from user to obtain two images of the target building from
two different perspectives, so each one of them may display a different side of the building and
have a sufficient overlapping part. After the selection of the boundaries of the Region Of Interest
(ROI) on the mobile device screen from the user, the creation of the 3D reconstruction is performed
by means of the estimation of 3D surfaces function for each building side. Following, the two
resulting surfaces are adapted to both surfaces of a cube. This stage is necessary to reduce errors
due to some erroneous correspondences and the angular errors introduced in the process.

Zhang et al. (2016) suggests a solution to complete building reconstruction of both rooftops and
facades by combining aerial-borne LiDAR point clouds and ground image point clouds generated
from smartphone images, using region growing method (Segmentation based Method). First, the
smartphone images are clustered by GPS data obtained from image metadata (EXIF data). Every
building is reconstructed by Structure from Motion (SfM) and Patch-based Multi View Stereo
(PMVS) algorithms from a clustered smartphone image set (Furukawa & Ponce, 2010; Furukawa &
Hernandez, 2015). The corresponding LiDAR point cloud is extracted by using the GPS data and
the image pointing information obtained from the clustered image set. Building LiDAR points are
segmented to possibly different individual buildings after processing by a region-growing algorithm
on the building point class. Following this stage, two forms of top view 2D outlines of target
building are respectively extracted from LiDAR point cloud and ground image point cloud. In order
to accurately integrate the LIiDAR point cloud and ground image point cloud, they adopt the
Coherent Drift Point (CPD) algorithm to match building outlines extracted respectively from
LiDAR point cloud and ground image point cloud. The proposed methodology is applied to one
building at a time. In the future, it is expected to be applied on a larger scale.

Occasionally, several different research approaches aim at the partial or fully 3D reconstruction of
buildings utilizing crowdsourced data are proposed. These investigations concluded that the use of
crowdsourced data may lead to satisfactory results, constituting an important part of the 3D
reconstruction. Nevertheless, it is obvious that data collected through VGI contain noise and
occlusions; so photogrammetric building reconstruction may be difficult using exclusively these
row data. The presence of occlusions requires sophisticated techniques and algorithms for data
processing, and may thus lead to erroneous reconstructions. The implementation of Data-driven
techniques and algorithms for the development of 3D models for cadastral purposes (3D cadastre)
requires especially high computational costs in order to reduce as much as possible the imported
errors. However, the 3D cadastre may aim at preserving property rights, without being interested in
architectural details of property geometry. Instead the key elements of interest may be the volumes
of the buildings (in LOD1 or LOD2), so that the individual properties can be correctly registered.
For this reason, the use of Model-driven approaches may be preferable, since they are characterized
by higher stability, maintenance of the topology, while offering an easy way of 3D reconstruction
which can be adopted by ordinary citizens without specific photogrammetric skills.
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5. THE POTENTIAL USE OF VGI DATA FOR 3D CADASTRE SURVEYS

While the activities of the various VGI communities has not substantially changed the way bodies
such as National Mapping Agencies (NMAs) produce data, change in the future is anticipated
(Foody et al., 2015). As cities expand vertically, safeguarding of tenure requires a clear 3D picture
in terms of property rights, restrictions and responsibilities (RRR). However, the Land
Administration Model (LADM ISO 19152) provides only an international generic framework for
cadastres and there are still several aspects that need to be investigated and improved (Oldfield et
al., 2016).

A 3D cadastre system should enable archiving, visualization, queries and analysis of 3D structures
on different temporal time-stamps. Until now, 3D systems focus on 3D modelling of physical real-
world objects (building), without paying much attention to their multi-dimensional implementation
(Jaljolie et al., 2016). One of the costliest phases of the implementation of 3D cadastres, is the
initial 3D data capture. In order to overcome this difficulty and establish 3D cadastres, the
minimization of the financial and human resources is required. In developing countries low-cost and
existing sources of data should be leveraged. With low-cost sensors and cameras which are often
available in today’s smartphones, the acquisition of 3D data becomes possible for a wider audience,
such as citizens. This allows, for example, the reconstruction of 3D objects based on 2D images
taken by low-cost sensors (Uden & Zipf, 2013). This may complement the data collection
procedures of the property rights information so as the property’s geometric information. Moreover,
for the implementation of 3D cadastres, 3D data collected in other areas (BIM, IFC CityGML files,
IndoorGML, InfraGML and LandXML) can be used for the creation of a 3D cadastral database
(Dimopoulou et al., 2016). In this way photogrammetric expertise may contribute by submitting or
uploading 3D models in a specially constructed 3D cadastral database.

Ideally a platform for the storage of 3D building models and the corresponding cadastral
information should be developed. The cadastral surveys may be conducted in two different phases.
In Phase 1 (Figure 7), right holders may be asked to collect and submit information about their own
properties, as proposed from our previews work (Apostolopoulos et al., 2015; Gkeli et al., 2016) for
the implementation of 2D cadastre. As basemap a recent orthophoto depicting the area under
cadastral survey, ovelayed with buildings ground plans (if exist any) can be used. Otherwise the
demarcation of property boundaries can be conducted by the right holders at real-time on the
basemap, using a cadastral mobile application where properties are clearly recognized. An example
of such mobile application is the BoundGeometry application, which is developed by the authors
and succesfully used in different areas of interest (Apostolopoulos et al., 2015; Gkeli et al., 2016)
(Figure 8). The registration of supporting documents and additional information proving their
rights, may be done through a web application. If the right holder is unable to use any of the
applications he/she may request assistance. A person who may manage the applications, a local
trained volunteer, a local professional surveyor may help the property owner. Also, demonstration
videos with detailed instructions for how to use both applications may be provided to the right
holders. By the end of this phase (1), a draft crowdsourced cadastral map may be produced.
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In Phase 2, right holders will be asked to create or import into the platform the 3D models of the
properties they have rights on (Figure 9). The commencement of this process begins after the
selection of building footprint by the property owner, as declared in phase 1. With the selection of
building footprint on the basemap, the collection of the respective coordinates and the building
properly georeferencing is conducted. If the right holder has photogrammetric skills or he/she has
3D data collected for another application (BIM, IFC CityGML files, etc.) can contribute by creating
and/or uploading 3D models in a 3D cadastral database through a specially constructed web
application. If the right holder is not a photogrammetric expertise, the development of 3D models
can be done utilizing parametric methods, such as discussed in chapter 3, as they constitute an easy,
user-friendly and robust reconstruction process. The parametric modelling may be done through a
mobile application. Using the Model-driven approach, the right holder can select the building parts
from a predefined building library, and place them over the corresponding building footprint. For
this reason, additional data, such as building height and ridge type, has to be entered in the mobile
application in order to conclude in a successful scaled reconstruction. In addition, the right holders
can take pictures using the mobile application, in which all the details of the building geometry are
presented. Using these images, if is necessary, the creation of textured 3D models is possible. If the
right holder is unable to use any of the applications he/she may request assistance as reffered in
phase 1. By the end of this phase (2), crowdsourced 3D building models may be produced, for the
initial implementation of 3D cadastre.
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Figure 8: Demarcation of property boundaries from volunteers using a mobile application.
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Figure 9: Phase 2 of the proposed framework for the implementation of 3D crowd sourced Cadastre.

There are many investigations referred to different available tools in the innovative field of 3D-
VGI, which can be exploited and inspire researchers in order to use the advantages of VGI data for
the fast, economic and reliable implementation of a EU desired 3D cadastre (Over et al., 2010; Fan
& Zipf, 2016; Uden & Zipf, 2013; Eaglin et al., 2013; Hadjiprocopis et al., 2014; Somogyi et al.,
2016; Hartmann et al., 2016; Jeong & Kim, 2016; Zhang et al., 2016). Therefore, it is evident that
VGI data have much potential for supporting 3D cadastre surveys and may be involved in the
development processes of a 3D cadastre. Leveraging VGI data along with existing reconstruction
methods (Neo-photogrammetry: Leberl, 2010), an innovative and effective framework may be
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produced, in an economical, easy and efficient way, wherein citizens and particularly the property
owners will have a decisive role.

6. CONCLUSIONS

The establishment of a 3D cadastral information system aims to support government administration
to provide an efficient and transparent system which can manage modern urban reforms. Two-
dimensional registration of existing cadastre systems has to be improved in order to manage more
complex areas with multiple levels of right. A cost effective solution is required for the initial
implementation of a FFP 3D cadastre. With low-cost sensors and cameras, which are often available
in today’s smartphones, the acquisition of 3D data becomes possible for a wider audience, such as
the occupants and right holders. Leveraging VGI data along with existing reconstruction methods,
an innovative and effective framework may be produced, in an economical, easy and efficient way,
wherein property owners will have a decisive role. Through proper training and education of
property owners together with the development of innovative techniques and algorithms for data
processing and development of 3D models, the reliability of cadastral surveys increases. Thus,
utilizing crowdsourced data an affordable, usable, reliable and functional procedure for the
compilation of 3D cadastral surveys may be designed.
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