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Abstract

Abstract

The ever-increasing prevalence of multidimensional infrastructures in the urban
environment raises the complexity of land administration procedures and urban reforms,
introducing new challenges to the recording, modeling, management and visualization of the
spatial extent of vertically stratified man-made objects, and especially buildings. Three-
dimensional (3D) city modeling appears to be a valuable tool for supporting the dynamic land
management and governance of the multidimensional cities. The development and maintenance
of an up-to-date semantically enriched 3D building models database, enhances these
perspectives, while providing useful information for several applications such as urban
planning, land administration, 3D Cadastre, Digital Twins (DT), security applications,
navigation and risks management.

With the rapid globalization of urbanization, great pressure is exerted on the existing urban
structures and land uses, forcing the 3D spaces in cities to be optimized into multiple individual
property units, with legal and physical subdivisions in both vertical and horizontal dimensions.
Buildings with several uses referred to the same building footprint, present a complex equation
of overlapping interests which must be properly managed. In most countries, 3D property units
are registered utilizing two-dimensional (2D) documentation and textual description. This
approach has several limitations as it is unable to represent the actual extent of complicated 3D
property units in space. Incorrect registrations, mistaken declarations, misunderstandings and
multiple disputes concerning these property rights, are only some of the consequences of the
poor management of the increasing multidimensional property rights. The sustainable
management of large and mega cities requires transparency and credibility in the determination
of property rights at every level, bringing the 3D Cadastre into the spotlight. However, the
considerable costs and required time, for traditional 2D and/or 3D cadastral surveys prevent the
completion of property registration and the well-functioning of property markets in several
countries. Especially for the less-developed regions time and costs for the 3D cadastral data
collection are prohibitive. To combat the challenge of 3D Cadastre establishment and
maintenance, both in the developed and the developing world, more innovative and automated
methods are needed. To meet the 2030 United Nations (UN) Agenda Sustainable Development
Goals (SDGs) a Fit-For-Purpose (FFP) implementation methodology for a 3D cadastral system
should be designed using modern low-cost Information Technology (IT) tools, UAVS, mobile
services and crowdsourcing techniques for the 3D cadastral data acquisition; adopting
international standards, such as the Land Administration Domain Model (LADM) standard, for
data modelling; and introducing automation in data management and 3D visualization.

This research aims to develop methodologies and algorithms of photogrammetry and
computer vision, for the automatic, affordable, fast and reliable generation of 3D semantically-
enriched building models, focusing on the area of 3D Cadastres. This thesis tends to exploit the
current research trends, innovative methods and modern technologies in order to develop a
technical tool and a methodology for the initial data acquisition, management, maintenance, 3D
modeling and visualization of cadastral objects, and establish a more generalized framework
that is adjustable to the available geospatial infrastructure and financial situation of each
country, including even regions that still lack a 2D land registry. This dissertation is in line with
the global efforts aimed at developing 3D Cadastres and establishing a common standard for
modeling cadastral information through LADM.

This thesis presents the perspectives of the potential use of crowdsourcing techniques for
the collection of 3D spatial and descriptive data through modern IT tools and technologies,
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while attempts to introduce automation into the spatial data processing procedures, aiming to
produce reliable 3D models directly by non-experts, fast and affordably. The research unfolds
following three main stages: (i) literature review, (ii) methodology and technical aspects
development, and (iii) practical documentation. Initially, a literature review is conducted that
examines the recent developments in 3D reconstruction technigues, methods and algorithms,
as well as the experience gained from using crowdsourced data for 3D buildings reconstruction.
Then, the potentials of using this experience to design a low-cost technical framework for the
implementation of 3D cadastral surveys in urban and suburban areas is further examined.
Finally, the developed methodologies, techniques, algorithms and software are presented
followed by the main conclusions, findings and suggestions of the research.

This thesis is structured in eight (8) chapters, which respond to the aim of the research.
Chapter 1 provides the outline of the study along with some background information identifying
the existing deficiencies and gaps that consisted the main motivation for the elaboration of this
dissertation. Moreover, the research objectives as well as the main innovations of the research
are given in separate keynotes.

Chapter 2, delves into the topic of 3D Cadastre. Of the three development stages of 3D
Cadastres, this dissertation mainly focuses on the technical stage. It examines several
international efforts concerning the actual or experimental implementation of a 3D cadastral
system; and, studies the findings and prospects of recent scientific meetings, academic studies
and pilot projects related to 3D Cadastres. The main concept and features of the international
standard of LADM are presented, with greater emphasis on its three-dimensional aspect,
namely the definition of geometry and the visualization of the 3D spatial units. In addition, a
number of international paradigms of country-level LADM-based profiles are selected and
presented; and, several investigations trying to establish a link between LADM and commonly
used technical data models, such as CityGML, IndoorGML, BIM/IFC, LandXML, are
examined. The lack of connection to commonly accepted physical models is a significant
shortcoming of LADM which should be addressed in a future upgrade of the international
standard.

Chapter 3, provides a classification of the current 3D data acquisition methods and their
products, which are commonly used in 3D building reconstruction procedures, while then
presents a literature review of the state-of-the-art 3D reconstruction methods, techniques and
algorithms. The research indicated that 3D buildings reconstruction methods can be categorized
into three main categories: (i) Model-driven methods, (ii) Data-driven methods, and (iii) Hybrid
methods. Traditionally, remote sensing imagery and/or laser scanning data are preferred for 3D
reconstruction. However, the latest technological advances in data acquisition and computing
systems have created the right conditions for the utilization of images captured through low-
cost devices and crowdsourcing techniques, reducing the costs of the overall procedure. The
choice of the most appropriate reconstruction method depends on several parameters related to
the scale, the type of studied object or scene, the type of initial data, the required accuracy of
the final product, the available funding, etc.; proving that there are several alternatives to
proceed with 3D modeling, depending on the requirements of the application.

Furthermore, two different methodologies for the automatic detection, extraction and/or
reconstruction of buildings are developed and presented. First, a methodology for the detection
and reconstruction of noisy buildings’ roof tops from geo-referenced point clouds, using
photogrammetric techniques is presented. Then, a methodology for the detection, extraction
and vectorization of buildings outlines from geo-referenced aerial imagery using deep learning
techniques, is introduced. The data produced through the developed methodologies, are
valuable for a wide variety of applications, such as 3D Cadastre which is studied in the current
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research, providing reliable metric information in a short time frame. Nevertheless, the required
time, the economic and computational costs as well as the generation of complex surfaces do
not favor the immediate and cost-effective development of 3D Cadastres. To this end, the
recording of 3D cadastral objects seems to be benefited from more structured/parametric
solutions, as mentioned in Chapter 2, which can be linked to Geographic Information Systems
(GIS), such as cadastral systems.

Chapter 4 focuses on the contribution of Volunteer Geographic Information (VGI) and
crowdsourcing in real-world 3D mapping applications. To evaluate the capabilities of the
crowdsourced data in 3D modeling and specifically in 3D cadastral applications, the current
approaches concerning the introduction of crowdsourcing in 2D cadastral surveys and 3D
cadastral surveys are examined. Combining the findings of these approaches with the
knowledge gained from Chapter 2, the advantages and disadvantages of 3D reconstruction
methods when dealing with crowdsourced data are pointed out, concluding that parametric
reconstruction methods consist the optimal choice. Following, the main parameters that
influence: (i) the participation of citizens in crowdsourcing projects, (ii) the quality of
crowdsourced data, emphasizing on accuracy; and, (iii) the usability of the data capturing
applications, are discussed.

In Chapter 5 the developed methodology for the future implementation of 3D cadastral
surveys is described and presented. The methodology tends to integrate the current research
findings, lessons and trends and provide a flexible, viable and efficient model for the initial
implementation of 3D crowdsourced cadastral surveys. The key features of the developed
methodology include: (i) the briefing, motivation and training of the participants/right holders,
(ii) the utilization of modern IT tools, emphasizing on mobile services, (iii) the establishment
of an active cooperation between participants/right holders and professionals, and (iv) the
incorporation of innovative techniques in data capturing and 3D modeling. Moreover, the
potential alternative types of geospatial data that can be integrated in the developed
methodological framework are identified. In addition to the traditional cartographic registration
basemaps (orthophotos, cadastral maps, architectural floor plans etc.), the integration of
physical-technical models, mainly the BIM, but also of innovative machine learning techniques
for the implementation of Indoor cadastral mapping, are proposed. In this Chapter, a Greek
paradigm trying to adopt the developed crowdsourced workflow in the Greek reality, is
presented.

In Chapter 6 the overview of the architecture of the developed technical system is described
and presented. The main parts of technical framework are composed from the server-side and
the client-side. For the server-side a database schema introducing the specification of LADM
ISO in the developed system, is realized. This venture aims to provide an integrated solution
able to structure and manage different data types into the same platform. Moreover, for the
client-side a mobile and a web application, with multiple functionalities are developed and
presented. The developed cadastral applications aim to assist the implementation of 3D
cadastral surveys, enabling the participation of the non-professionals into the cadastral
registration and 3D modeling process. It is noted that the primary interest of this work focuses
mainly on the geometry and representation of the physical 3D cadastral objects (spatial units),
while the detailed study of legal issues is not within the objectives of this research.

In Chapter 7 the developed 3D crowdsourced technical framework is tested on a practical
level. During this research ten practical applications are implemented, following the proposed
methodological steps and utilizing different types of registration background. The background
types are divided into three broad categories, based on their 2D or 3D form: (i) Cartographic
basemaps, and (ii) BIM data. However, the simultaneous exploitation of both categories is also
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considered. The experiments explore the utilization of both m-services and web-services,
emphasizing to the usage of mobile applications. The test areas are mainly concern densely
populated urban areas, including also areas with sparse constructions. Based on the results of
the case studies and the views of the participants, some key conclusions are drawn regarding
the prospects, effectiveness, usefulness, reliability and quality of the developed technical
framework.

Finally, Chapter 8 concludes this work by discussing the main findings concerning the
previews Chapters, the developed 3D crowdsourced technical framework and the data quality,
while also proposing some further thoughts and ideas for future research.
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EAANvVIKA MNepiAnyn

H paydaio ovamtuén Kot EXKpATNON TOV TOAVIIAGTAT®V VTOSOU®DY GTOV GGTIKO YMPO,
avédvel TNV TOATAOKOTNTO TOV  Ol0dIKACIOV  J)EIPIoNG YNNG Kol TOV  OCTIKOV
petappviuicemv, €100yovtog vEEG TPOKANGELS OTIG OOIKOGIES KOTAYPAPTS, Oloyeiptong,
LLOVTELOTIOINOTG KOl OTTIKOTOINONG TV KABETMS GTPOUATOTOUEVOV KTIPLOK®V dopdv. Ta
TPLGOLIOTATO LOVTEAD TOAE®V OMOTEAOVV €va TOAVTO €pYOAeio Yoo TV VROOTNPEN T®V
drdtkacudv dayeiplong g yng Kot g dtakvPépvnong Tov actikdv teploydv. H avantuén
KOL 1| GUVTAPNOT OGS GUVEYDG EVNUEPMUEVNG KOl CNUAGIOAOYIKG EUTAOVTIGUEVNG PBaong
TPIGOLIOTOTOV KTIPLOK®DY HOVTEA®DVY, EVIGYVEL OVTEG TIC TPOOTTIKEG, TOPEXOVTOG TAPUAANAL
YPNOUWEG TANPOPOPIES Y10, TOAAEG EQUPLOYEG, OTTMG EPUPLOYEG TOAEODOLKOD GYESIAGLOV,
dwxeipion yng, 3D Kmuoatoroyiov, Pnelokdv S100UmV, EQOPUOYOV AGPAAELNC, TAONYNONC,
dwxeiplong Kvduvov KTA.

H toyelo acticomoinon ackel peydAn mieon oTig VAGPYOVoES AGTIKES OOUEG Ko YPNOELS
MG, EMEEPOVTOG OANAYEC OTO KTIPKO omdbeua tov morewv. 'Etol, mpayupotomoteitan
avATTUEN TOAAUTAMY 1O10KTNGIOK®Y EVOTNTMOV, Ol OTOIEG S100ETOVY VOMIKES Kol (QUOLKEG
vrodtopécelg Toco oplovting 660 Kol KaBETOS TG emMEAveLng Tov £ddpovs. H amotimmwon
OVTAG TNG VEOS TpaypaTikdtnTag Ba Tpémet vo vAomomBel pe 1daitepn Tpocoyn, kKabmg Kabe
ktiplo amaptiletor omd TOAATAG Kol GUVIOMG EMKAAVTTOUEVA 1010KTOLOKA GUUPEPOVTOL.
Y11 TTEPLOGOTEPEC YMPES, ol Tplodidotates (3D) Wioktnolokég povadeg Kotaypdpovtol
YPNooToldvTog dtodidotatn (2D) yeopuetpikn tekunpimon kol AEKTIKN TepLypa@r]. Avti 1
TPOGEYYIOT OUMG, EXEL OPKETOVS TEPLOPIGHOVE KOOMG dEV Elval IKOVY VO OVATOPUGTGEL TV
TPOYUATIK Katdotaon tov 3D wiokmolokdv povadmy ctov yopo. H advvapio cwotig
dwxeipong tv 6lo kot avEAVOUEVOV TOALIICTATOV SIKAOUATOV 1010KTNGiog 00nYel og
AavBacpéveg Kotoympioels kot ONAMCES 1010KTNOIOG, LE OMOTEAECUO TN Onpuovpyio
TOALOTADV SOPOVIDV PETAED TOV EUTAEKOUEVOV PLEADV.

H puooyn dwyeipion tov odyypoveov noéiemv amoitel dopdaveln Kot a&lomiotio 6ToV
kaBopiopd Tov SIKUOPATOV 1810KTNoiag og kdbe enimedo, pépvovtag to 3D Ktnuatoidyio
o710 enikevtpo. [apodia ovtd, To LYNAO KOGTOG Kol O ATALTOVUEVOGS YPOVOGS YLoL TV DAOTOINGN
TV  OodldoTatev /Kol TPLOOICTOT®V  KTNUOTOAOYIKAOV — EPYOCLOV  aKOAOVODVTOG
TOPUOOCIUKEG TEYVIKEC KOl OPYOVO, GLAAOYNG JE0OUEVAY, EUTOOILOVY TNV OAOKANPMOT] TNG
KOTOYPOPNS TOV OKWVATOV KaBMG Kot TNV KaAN AELITOVpYio TOV 0yopdv OKIVATOV, G& TOAAEC
Yopeg. E1dkotepa, oTic AydTEPO AVETTUYUEVEC YDPEG, O XPOVOC KOl TO KOGTOC GUALOYNG TMOV
3D kmnuatoroyikdv dedopévav givar amayopevtikd. [Ipokeipévon va, exttevydei 1 vioroinon
tov 3D Krtnpatohoyiov, 1060 GTOV OVETTLYUEVO OGO KOl GTOV OVOTTUGGOUEVO KOGLO,
ypeloviol o KOvoTOUEG Kot avtopatomompuéveg pébodot. Ia v emitevén tov Xt6X0V
Buwowng Avantuéng me Atlévtag 2030 tov OHE, amatteiton n oyxedioom pog eVOARAKTIKNG
pebodoroyiag yio v avamrtuén tov 3D Ktmpotoroyiov, n omoia va mpocapudletar otov
okomd TG ekdotote epapupoyne (Fit-For-Purpose), va ypnowomotei coyypova epyoleio
TANPOPOPIKNG KOl YUUNAOD KOGTOVG, VO EKUETAALEDETOL TN OL0OEGIUN YOPTOYPOAPIKT VTTOSOUN
KkGOe yopoc, TIC KvNnTég vanpeoieg kol teYViIkEG mAnbomopicpod yioo v amdktnon 3D
KTNUATOAOYIK®DV dedouévmv, va, viobetel 61ebvn mpdTuma povtehomoinong dedouévmv, dnwmg 1o
potumo tov Aebvovg Movtédov Awayeipiong I'mg (LADM) kor vo evoopat@velr tnv
TOPAUETPO TOV GLTOUATICUOD OTY| Sl EIPIoT SESOUEVOV Kol TNV TPIEGOLAGTATY] LOVTEAOTOINOT)
TOV 1010KTNOLUKOV HOVAI®V.

H mapovoa épevva otoyxevel oty avantuén pebodoroyidv kot aAyopiBuwov yio tnv
QVTONOTN, OKOVORIKT, Tayeia kol aglomot mapayny 3D onpociohoyikd EUTAOLTICUEVOV
povtéhov Ktipiov, eotialovtag otny meproyn tov 3D Ktnpatoioyiov. H dwtppn teivel va
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0 &10TTOGEL TIC TPEYOVGEG EPEVVITIKEG TAGELS, TIG KOIVOTOUEG TEXVIKEG TANOOTOPIGHOD Kot TOL
GUYYPOVO TEYVOLOYIK( EMITEVYLOTO, TPOKEWEVOL VO aVOTTVEEL €va TEYVIKO epyaieio Kot
puebodoroyio ywoo v apyikn ovAAioyn, olayxeipion, cvvmmpnon, 3D povielomoinon kot
OTEIKOVIOT] KTLOTOAOYIKAOV TANPOPOPIDYV KO, VO, ONLLOVPYNCEL £VA YEVIKEVEVO Kol EDEAIKTO
mhaiclo, Kavo va mpocapudletar ot SbEcIUN YEOXWOPIKY LTOJOUY| Kol TNV OLKOVOLIKTY|
Katdotoon kébe ydpag, cupumephapuPovopévey akon Kot TEPLoy®V Tov dgv Exouvv axoun 2D
Ktmpoatoroyo. H dratpipn acorovbel kar evbuypappiletan pe t1g TaykOGHIES TPOOTAOEIES TOV
oToxevovy oty avartoén tov 3D Ktnuatoioyiov kot 6t Bomion evog kool TpoTOITOL Yo
TN HOVTEAOTOINGT KTNUOTOAOYIK®Y TANpopoptdv Hécm tov LADM.

H Swrpipn mopovctdlel Tic TPoonTIKEG NG YPNONG TEYVIKOV TANOOTOPIGHOL Yoo TN
ovAloyn] 3D yopIK®V KOl TEPIYPOUPIKDOV OESOUEVOV, LECH GUYYXPOVOV EPYOAEI®V KOl
TEYVOLOYLDV TANPOPOPIKNG, EVD TAPAAANAN EMLYEIPEL VL EIGOYAYEL TNV AVTOUNTONOINGT| OTIC
dwdkaoiec emelepyasiog YoPKOV Oedouévev, He o©TOYO TNV Tapaywyr aldmoTov
TPIGOICTATOV LOVTEAMY OO LN E1KOVG, YpIyopa Kot otkovopkd. H épguva akodovBel tpia
Kopla otadia: (i) avoaokdmnon g Piproypaeiag, (i) avamtoén pebodoroyidv Kat TEYVIKMV,
ko (i) Tpaktikn TekuNpimwon, pe VAOTOINOT TPAUKTIKMOV EQAPHOYDOV. ApyiKd, dtevepyesiton
EMOKONNON TNG VPIOTAUEVNS BLPALOYpapiog oYeTIKd pe TIG TPOSPaTEG eEEMEELS OTIG TEYVIKEG,
TIg uebddovg Kot tovg aiyopidpovg 3D avakoatackevng, Kabmg Kot g ¥pNong dedouévay
mAnBomopioon otig ddikaciec 3D avakotackevng KTipimv. Tt cvvéyela, eéetdlovTal ot
duvatdTTEG 0EI0TOINONG OLTAV TOV YVAGE®DY Y10l TOV GXESOGUO EVOG TEYVIKOD TANLGIOL Ylol
v viomoinon 3D KTINUOTOAOYIKDV EPYOCLOV GE OOTIKEC KOl TEPLICTIKEG TEPLOYES,
STNPOVTOS YapnAd 10 KO66TOG TV gpyacidv. Télog, mapovsidlovior or avantuybeiceg
peBodoroyiec, TeYVIKES, aAyOplBuol Kot  AOylopiKd, ovvodevdpeva omd T KOO
GLUTEPACHLOTOL, EVPNLOTO KO TPOTAGELS TNG EPEVLVAG,.

H o6Waxtopwkn dwtpifnp (AA) Swpbpovetor oe oxtd (8) kepdAioia, to omoio
OVTOTOKPIVOVIOL GTOV GKOTO TG £PELVOG.

To Kepdhato 1 mapéyel TAnpopopieg GYETIKA Ue TO aVTIKEIUEVO TG Epevvag, KaBdS Kat Tig
VILAPYOVCES EAAEIYELG KOl TOL KEVA TTOL GTOYEVEL VO KOADWEL M €pguva TG AA. EmmAéov,
TEPLYPAPOVTOL KO AVOADOVTOL Ol KOPLOL EPEVVITIKOL GTOYOL KOl KAVOTOWIES TNg AA.

To 20 Kepdrao gufabivel oto aviikeipevo tov 3D Ktnuatoroyiov. Metald tov tpiov
Baockodv otadiov avantuéng tov, N AA eotidlel Kupimg GTO TEYVIKO/TEYVOAOYIKO TUNLLOL.
E&etdler 16.popeg d1ebveic mpoomdfelec GYETIKA e TNV TPAYUOTIKY] 1] TELPOUATIKY VAOTOINOT)
TPIGOICTATOV KTNUOTOAOYIKOV GUGTNUATOV KOl HEAETO TO ELPMUOTO KOl TIG TPOOTTIKES
TPOCPUTM®V EMIOTIUOVIKOY GUVESPIOV, OKAONUOIKOV UEAETMV Kol TIAOTIKOV £PY®mV, TOL
oyetiCovron pe ta 3D Ktnuotodoyla. Ev cvveyeia, mopovsialoviot ta apakTnplioTikd Tou
AeBvoig Movtéhov Awayeipiong I'mg (LADM), divovtag upeyolotepn Eueacn oty
TPLGOLIOTOTN WTVYN TOV, ONASY] GTOV OPIGUO TNG YEOUETPIOG KOL TNV OTEIKOVICT TOV
TPLEOIOTUTOV YOPIKOV oviotntov. Emmiéov, emléyoviar kot mapovoidlovial opiopuéva
o1ebv mpoopik ywpav Pacilopeva oto mpoétumo LADM. E&etalovion apketég £pguvec Tov
pootafodv vo cuvdEcouy 1o debvég mpoTumo Tov LADM pe gupémg dradedopéva puotkd
TEXVIKA povtéla, omwg to CityGML, IndoorGML, BIM/IFC, LandXML x.a. H é\kewynm
oLVOESNG UE KOWA OTOOEKTO PLOIKG HOVTEAN OTOTEAEL £vOL ONUAVTIKO HEIOVEKTNUO TOL
LADM, 1o omoio Oo mpémel va avtiuetomotel oe peAlovtikny avoPdaduion tov d1ebvoic
TPOTHTOV.

Y10 30 Kepdiaio mopéyetor po ta&vounon tov pebodwv cviioyng 3D dedopévaov.
[Mopovoialetar N PPMOYPOQIKY OVOCKOTNGOT TOV GOYYPOVOV UEBOO®MV, TEYVIKOV Kol
aryopibuwv 3D avakatoaokevnc. Axoum, séetdletor - ovvatdtTa cLVUPoAn Tovg oTNV
avamtoén tov 3D KmnuatoAoyiov. Zvykekpiuéva, TPayUatonomOnKe KatnyoplonoinoeTn tov
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Abstract in Greek

VEIOTAUEVOV HEDOOMV OvaKOTUOKEVNG, ot Tpeic Pacikég koatnyopieg: (o) TMapapetpirég
uébodotl, (B) Mn-moapapetpikéc pébodor, war (y) YPpdwkég pébodol. H emroyn 1ng
KaToAANAGTEPN G LEBOOOL aVOKATACKEVNG EEAPTATAL OO TTOALEC TAPAUETPOVG TTOL GYETICOVTOAL
pe v KAMpoka, tov TOmo Tov HEAETNUEVOD OVTIKEUEVOL 1 GKNVAG, TOV TOTO TMV OPYLKOV
dedopévav, TNV amortovpevn akpifela Tov TeAkov mpoidvtog, T dbéoun xpnuatoddtnon
K.AT., OTOOEIKVOOVTAG OTL VTAPYOVV OPKETES EVOAAAKTIKES Yo VAoToinon 3D avakoaTacKkevdv,
avéioyo pe TIG OmOUTAOE NG ekdotote epoppoyns. Téhog, avamtdcoovtol Kot
Topovctaloviol 000 dlapopeTikEg pebodoroyieg Yo TNV aVTONATY avixvevon, eEaymyn Kovn
3D avokatackeun KTipiov, Kot £AyovTol GUUTEPACUOTE GXETIKA e TNV Thav Evtadn Toug
oT1g dwdkacieg avamtuéng Tov 3D Kmuoatoloyiov. Apyikd, mapovstaleton po pebodoroyia
Y0 TOV EVIOTIGUO KOl TNV OVOKOTOUGKELT TV OPOPAOV KTIPI®V TUKVOSOUNUEVOV AGTIKOV
TEPLOYDV,  OEOMOLDVTOG — YEOOVAPEPUEVA  VEQN  onueiov Kol YPNOLLOTOIDVIOG
(QOTOYPUUUETPIKES TEXVIKES. TN GLVEYELD, elodyeTal pa pebodoroyia yio Tnv aviyvevon, v
eCaymyn kol JVUGUOTOTOINGCN TOV TEPIYPAUUATOV TOV KTPIOV, Om0 YEOAVOQEPUEVES
AEPOPOTOYPAUPIES, LEC® TEYVIKAOV Pablig pnyovikng panonc.

Ta dedopéva mov Tapdyovtal HEc® TV avantuyféviov pebodoroyidv, sival moAdTia Yo
Qo peyain motkiMo e@apuoymv, mopéyovtag toyOTato alOmMIoTEG UETPIKES TANPOPOpPIEg
OYETIKA UE TO KTiplo Tov Ppiokovtarl oty meproy perénc. [apoia avtd, 0 omatTovUEVOG
YPOVOG, TO OIKOVOUIKO KO VIOAOYIGTIKO KOGTOC aLT®V, KaOMG Kol 1 Topaymyn oOvOeTmv
EMPAVELDY OEV ELVOEL TNV GUECT KOl OLKOVOULKA 0tod0TIKT avdmtuén Tov 3D Ktnuoatoloyiov.
INa tov okomd avtd, N Kataypaen TV 3D KTNUOTOAOYIKOV OVTIKEWEVOV GTPEPETOL GE TLO
dopnpéveg Avoelg, omwg avaeépnkav oto 20 Kepdrao, ot omoieg pmopodv va cuvdedovv
GUESO LLE CLOTNLATA YEOYPAPIKAOV TANPoPopldv (GIS), 6TTmg To KTNUATOAOYIKA GLGTHLATO.

To 40 Kepdhao eotialel ot cuvelopopd tng EBehovtikng Fewypapug [TAnpopopiag
(VGI) kot tov ITAnBonopiopod, o mpaypatikég epappoyég 3D yaptoypdenong tov xdpov.
[Ipokeyévou va a&loroynBovv ot dvvatdtteg tov dedopévov minboropicpod oty 3D
LOVTELOTIOINOT] TOV YMPOL, KOl TO cuyKekpéva otnv 3D povtehomoinomn KInUaToAoyIKOV
OVTIKEWEVOVY, €EETALOVTOL Ol VQICTAUEVES TPOCEYYIOES MOV aPOPOLY oIV a&lomoinon
mAnBomopiotikdv dedopévav oe 2D ko 3D ktnuatoloyikég epyacieg. Tvvovaloviag To
EVPNLOTO OVTAOV TOV TPOGEYYICED®V HE TN YVOON 7oL omoktHOnke amd 1o 30 KeopdAato,
a&loloyovvtor ot uébodot 3D avakoTaokevng Kol exionoivovtal To Pactkd TAEOVEKT LT
KO LEIOVEKTNUOTO, GVTMV, KATO TNV AVIIUETOTIOT ded0UEVOVY TANOOTOPIGHOD, KATAAYOVTOG
OTO GUUTEPUGLO OTL O1 TOPAUETPIKES LEHODOL OVOKATAGKEVTG ATOTEAOVV TN BEATIOTN £MIAOYN
Yo auThV TNV TEpintoon. Ev cuveyeia, diepguvavton kot mopotifevral ot facikéc Tapdpetpot
Tov ennPedovV TN CUHUETOXN TOV TOMT®V 6€ TANOOTOPIoTIKA £pya Kot TNV TOLOTNTA TOV
TANBoToPIoTIKMV dedopévov, e Eupacn oty okpifela, evd cvinteiton Kot 1 xpnoTkdTTA
TOV EPAPUOYDY GLAALOYNG dEdOUEV®V.

210 50 Kepdhawo meprypdpetan kot mapovsialetor | avantvybeica pebodoroyia yio v
vAomoinon tov 3D ktnpatorloyik®v epyasidv. H tpotevopevn uebodoroyio evempatover ta
TPEXOVTO ELPNUATA, TO OOAYUOTO KOl TIG TAGELS TNG TPEYOVONS EPELVOG Kol TTAPEYXEL £V
€VEMKTO, PLOCIUO KOl ONOTEAECUATIKO HOVTEAO Yio TNV opylkn vAomoinon tov 3D
KTNUATOAOYIKDV EPYOCIOV HEC® TEXVIKMV TANOomopionod. Ta Pacikd yopoKTNpIoTIKG TG
avantuybeicag pebodoroyiog mepthaufdavovv: (i) v evnuépmon, v TopoKivion kol v
ekmaidevon TV cvpueteyovtovidiokttov, (i) ™ ypnon  obyypovev  epydAsiov
TANPOPOPIKNG, HE EUPOCT OTIG KIVITEC VAN PEGiEg/cvoKkevEs, (i) v kabiEpmon gvepyoic
oVvEPYOGInG HETOED TOV GUUUETEXOVTIOV/IBI0KTITOV KOl EXOYYEALOTIOV UNYAVIKOVY, Kot (V)
TNV EVOOUATOON KOIWVOTOU®V TEYVIK®MV OTlG Otdikacieg cvAloyng odedouévov kot 3D
povtehonoinong. EmmAéov, mpoodiopilovior ot miboavoi evOAAOKTIKOL TUTOL YEMYXWOPIKOV
SESOUEV@V IOV UTTOPOVV VoL eVE®UaTBodv oto avartuyfév uebodoroyukd mhaicto. Extdg amd
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TO KOWVMG YPNOLomolovpeva vdfabdpa kataypaeng (T.y. opBopmtoypapies, KTNUATOAOYIKOL
YOPTEG, OPYLTEKTOVIKEG KOTOWYELS K.AT.), TPOTEIVETOL 1] EVOMUATOON QPLGIKOV/TEYVIKOV
HOVTEL®V, KUPimG amd epapuoyn BIM, aldd Kot KOVOTOH®Y TEYVIK®OY UNYOVIKNG pabnong yuo
TNV VAOTOINGT KTINUATOAOYIKDV EPYUCIDV GE EGMTEPIKOVG Ydpovs. e avtd 1o Kepdrato,
napovotbleTon emiong éva mapddetypo viobémmong Tov ovamtuyBévtog peBodoAoykov
TAOLGIOV GTNV EAANVIKY] TPOYLLATIKOTNTOL.

210 60 Kepdhiaio meprypdpetal Kot Tapouctaletor 1 apyLTEKTOVIKY] TOL avamTuyBévtog
TEYVIKOV GUGTHUATOS, TOV GKOTMEVEL VAL VITooTNpiEet TV Tpotevopevn pebodoroyio. Ta kbpia
TUAHOTA TOV amotelovvTol omd: (o) v mAgvpd Tov drokopoty kot (B) v mAevpd TOL
meAdTn/ypnot. o v mhevpd Tov drokouioth, avoartoydnke Eva oynua Pdong dedopuévov
Bacilopevo atic mpodiaypapég tov LADM, wkavo va dopel kot va, dtoyelpiletan diapopeTikong
TOMOVG dedouévev €viog NG iog mloteopuag. o v whevpd ToL TEAGTN/YPNOTN
avamTOYONKe Kol TOPOLGLALETAL 0 EPOPUOYY Y10 KIVNTEG GUOKEVEC KOl U0, OL0OIKTLOKT
EQOPHOYY], UE TOAAUTAEG Kol OlopopeTiKES Aettovpyies. Ot avamruybeioeg KTNUOTOAOYUKES
EQOPHOYES oTOYEVOVY Vo Pondfcovv otnv viomoinon 3D KINUOTOAOYIKGOV €PYACLOV,
EMTPEMOVTIOG TNV GLUUETOYN UM EMAYYEALOTIOV o1 ddikacio ktnpotoypdenong kot 3D
LOVTEAOTIOINOTG TOV KINUOTOAOYIK®V OVTIKEWEVOV. XNUEIOVETOL OTL TO TPOTUPYIKO
EVOLUPEPOV TNG TTOPOVCHG EPEVVOG ECTIALETOL OTN YEMUETPIOL KOl TNV OVOTUPACTUCT] TOV
QUOIK®V  TPLOOICTUTOV  KTNUOTOAOYIKAOV OVTIKEIWEVOV (YOPIKEG OVTOTNTEG), EVA N
AETTOUEPNG LEAETN TV VOUIK®V Db Tmv dgv eumintel 6Tovg 6TdYOVE TG,

Y10 70 Kepdhowo to avamtuybév texvikd miaiclo vAomoinong 3D kmmuotoloyikdv
EPYOOIOV, EAEYYETOL GE TPOKTIKO €Mimedo. XTo MANIGIO NG O0aKTOPIKNG OloTtpiPng
vAomomOnkayv déka (10) TPOKTIKES EQAUPOYES, AKOAOVOMVTOG TO TPOTEWOUEVO LEBOSOLOYIKO
TAaiolo Kot a&lomolmVToG SOPOPETIKOVS TOHTTOVG VITOPAdpov Kataypaeng. Ot Tomotl vofddpov
Kataypoens mov efeTdoTnKav, ovikouv o€ Tpelg gupeleg Katnyopieg avaioyo He N
dodldoTotn 1 TPLoddoTatn Lopen Tovg: (o) yoptoypapucd vdfabdpa kot (B) dedouéva BIM.
[Tépa and v e&étaon Tov empépoug Kotnyopldv, eEetdletol kot 1 TovtdYpovn a&lomoinon
TV V0 Kotnyopudv. Ot TPOKTIKES EPUPHOYEG OlEPELVOVV TOGO TNV YPNON TOV KWV TOV
VINPECLDY OGO KOl TV SOIKTUOK®DY EQPUPUOYDV, OIVOVTOG LEYOADTEPT EUPACT GTN XPNOM
TOV KIVITOV VANPECIOV KOl GUYKEKPLUEVE GTNV 0.EL0TTOINOT] EQUPLOYDVY Y10, KIVITEG GUOKEVEC,
O1 TePLoYEC LEAETNG QLPOPOVY KLPIMC TUKVOKOUTOIKTUEVES OGTIKEG TEPLOYES, AALG KOl TEPLOYES
ue apo) d6uNon. Me BAcn To, AmOTEAEGLLOTO TV TPUKTIKMOV EPUPLOYOV KO TIG ATOYELS TOV
ooppeteydvtov, e&nydnoay kot tapatiBevior opiopéva Pactcd CLUTEPAGLOTO GYETIKA e TIG
TPOOTTIKEG, TNV OMOTELEGUOTIKOTNTO, TN XPNOUOTNTA, TV aSlOTIGTIO KAl TV TOLOTNTO, TOL
avantuy0évtog TeXvIKoD TAGiov.

Télog, To 80 Kepdiaio mapéyet Ta GuVOAIKA cupmepdouata TG AA, mapabiTovog Ta Kopla
gupfuota Tv tponyodueveov Kepaiaiov, Tov avamtuydEvtog texvikov TAolsiov VAOTOINGNG
3D KINUOTOAOYIKAOV €PYOCIOV HECH TEXVIKOV TANOOTOPICHOV; Kol TNG TOWOTNTOG TV
mAnBomopiotikdv dedopévav. Emiong, mepthapPdvovior mepottépm OKEWES Kol 1OEEG Yo
UEALOVTIKT €pELVAL.
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Chapter 1

Introduction

1.1 Background

During the last centuries, population density has increased considerably making land use
and urban densities more intense with an ever-increasing prevalence of multidimensional
infrastructures in the urban environments. The World Health Organization (WHO) reported
that in 2014 that 54% of the world’s people lived in urban areas, up from 34% in 1960. The
tipping point, according to most authorities, occurred in 2007, when there were more urban
dwellers than rural residents in the world: the so-called “urban millennium”. The United
Nations predict that by 2050, 66% of the world’s population will live in urban areas. Much is
being written about the growth of urban populations and the concurrent growth of urban
geospatial infrastructures and institutions to support this huge growth of two-thirds of the
world’s population. Experts all over the world are working toward the same goal: trying to
increase the “value” of geospatial data and urban geospatial infrastructures for the society in
order to achieve more benefit, more transparency, more safety, more environmental quality,
more growth, more fairness, more efficiency in governance of urban areas and more smart
cities.

Smart cities are mapped in various levels of detail and are appropriately designed in order
to optimize their resources, maintain sustainability and improve peoples’ life quality. Having
reliable and updated 3D model of the built environment empowers these perspectives,
providing also a valuable input for many applications such as urban planning, land
administration, 3D cadastre, digital twins, security applications against natural and manmade
disasters, navigation, climate crisis and risks management. 3D reconstruction is a well-studied
problem both in photogrammetry and computer vision, occupying the research community for
more than thirty years. Traditional photogrammetric mapping has been in the realm of industrial
organizations collecting aerial imagery, developing maps and generate 3D information of urban
spaces (Leberl, 2010). In recent years, the field of 3D reconstruction has gained a lot of attention
due to the rapid evolution of technology and the development of new digital capturing methods
and systems. Photogrammetric and computer vision tools as well as depth and consumer-grade
cameras enable an intuitive and cost-efficient way of capturing 3D scenes as point clouds.
However, for several applications a point cloud does not consists a sufficient data source and
therefore the acquisition of other 3D information is required, in order to obtain a polygonal
representation.

The large variety of applications produces different requirements on reconstruction systems.
The applications should be oriented according to the development field that are referred to, and
the purpose they serve. For some applications the accuracy of the final product is of a great
importance. Other applications might tolerate approximations but their main objective is to
create spatially reliable integrated models. In the latter, the reconstruction techniques should be
easy-to-use in order to be wieldy for non-experts. This means, that the 3D modeling algorithms
should be either fully automatic or have a simple and accessible user interface. While it is not
always necessary to have an exact transcript of a real scene, reconstructions can provide a
variety of information regarding the style, the geometry, the underlying structuring elements of
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buildings or cities, or even include descriptive information concerning immovable and
proprietary background. This information can be used for automatically generating new virtual
worlds with procedural modeling techniques, enriched with descriptive elements useful in
several application fields.

Of all the institutions that must be developed to anticipate, keep abreast of and support this
growth, the cadastre stands foremost in the interest of commerce, real estate investment,
municipal revenue, and personal property security, not to mention urban planning and
management. Geo-information professionals and cadastral experts all around the world are
working together to develop services to deliver administrative, economic and social benefits,
as well as fit-for-purpose land administration solutions and land policies for sustainable urban
management.

Today, private property rights are recognized as a fundamental element of modern market
economies. The recognition of the importance of private property rights has led in turn to the
need for their registration in order to provide secure ownership of land and to support the
operations of the property market and global economic development. As less than 30% of land
has been registered in cadastral systems, land surveyors today focus their services on the
purpose of a global registration of property rights and aim to provide a functional solution,
reliably and affordably, for a complex and rapidly changing world that has adopted the 2030
UN Global Sustainable Development Agenda to address global challenges, among them, to
eliminate poverty by 2030, so that no one will be left behind. The Sustainable Development
Agenda 2030 target 1.4. recognizes that “by 2030, countries should ensure that all men and
women, in particular the poor and the vulnerable, have equal rights to economic resources, as
well as access to basic services, ownership and control over land and other forms of property,
inheritance, natural resources, appropriate new technology and financial services, including
microfinance.” (General Assembly Resolution 70/1 2015). As shown by Dawidowicz and
Zrobek (2017) the achievement of SDG targets 1,2,5 and 11 is directly linked to LASs, as the
fulfilment of the former requires the existence of the latter. In this effort, it has been recognized
that traditional 2D cadastral surveys (of land parcels, property rights and responsibilities) are
expensive and time-consuming. Therefore, research has been directed towards introducing
modern, low-cost geospatial and cadastral data capturing methods, if possible using
crowdsourcing methodology and mobile services, which will enable greater citizen
participation in order to speed up the compilation of the cadastral surveying of the world’s
remaining unregistered 70% of land and reduce costs (Keenja et al., 2012; Basiouka and
Potsiou, 2012a,b; Basiouka and Potsiou, 2013; Basiouka et al., 2015; Enemark et al., 2014,
2015; Mourafetis et al., 2015; Apostolopoulos et al., 2015; Gkeli et al., 2016).

However, cities growth both wvertically and horizontally, demanding the spatial
determination and management of the third dimension. No reality has a more direct bearing on
the subject of 3 dimensional geoinformation and 3D cadastre than the growth of large cities,
especially in the developing countries of the world, and in the phenomenon of mega cities. It is
recognized that the current cadastral systems, based on two-dimensional cadastral maps, may
not be efficient enough to visualize the exact boundaries of the 3D property units to which
property rights may refer in complex urban areas in the near future, and therefore may not be
reliable for supporting urban activities (Rautenbacha et al., 2016; Rautenbacha et al., 2015a).
The sustainable management of large and mega cities requires transparency and credibility in
the determination of property rights at every level, bringing the 3D cadastre into the spotlight.
3D cadastre has been attracting researchers throughout the world for nearly a decade, bringing
in line very interesting approaches regarding the development of 3D Cadastres and describing
how 2D cadastral systems should best be transformed into 3D cadastres.

46



Chapter 1 - Introduction

With the introduction of the Land Administration Domain Model (LADM 1SO 19152, 2012)
in 2012, a formal mechanism is provided for the description of both 2D and 3D cadastral data.
The LADM is a key tool for the appliance of harmonization, standardization and
exchangeability of data, which are significant values for the effective management of the
various types of rights. Actors such as United Nation Habitat (UN-Habitat), the Food and
Agricultural Organization of United Nation (FAO), the UN Committee of Experts on Global
Geospatial Information Management (UN-GGIN) and the International Federation of
Surveyors (FIG) support and emphasize the existence of these principles (Lemmen et al., 2015).
Although LADM offers several representations for 2D and 3D cadastral data the definition of
the acceptable 3D cadastral object representations and the corresponding 3D geometries are
still under investigation. Some researchers have investigated the potential use of existing 3D
data and LADM standard trying to link the legal and physical counterparts of 3D cadastral
objects by utilizing various technologies, application schemas and technical models (CityGML,
IndoorGML, BIM/IFC, LandXML, InfraGML, etc.) (Thompson et al., 2016; Kitsakis et al.,
2016; Atazadeh et al., 2018; Alattas et al., 2018; Gkeli et al., 2018; Kitsakis et al., 2019; Gkeli
et al., 2019). Quite a number of countries are active in developing LADM-based 3D Cadastral
Information Models, by extending and adopting the standard to the local situations and
ecosystems (Lee et al., 2015; Rajabifard et al., 2018; Gkeli et al., 2019).

The utilization of already existing 3D data sources may facilitate the 3D building modelling
procedure. The only disadvantage is their limited availability, failing to cover all possible
implementations. Nevertheless, in the recent literature, numerous sources for 3D data
acquisition have appeared, including Lidar data, aerial, terrestrial or spaceborne optical data,
topographical data, terrestrial laser surveys, and data derived from crowdsourcing or
volunteered geographic information (VGI) (Goodchild 2007a,b). In recent years, VGI and
crowdsourcing methods have become more and more popular, while they constitute cost-
effective, efficient and time-effective methods for 2D and 3D data acquisition. Therefore, the
utilization of such data through model-driven methods tends to be the best option for a cost-
effective and rapid implementation of 3D cadastral mapping, as it is considered to be simpler
than time-consuming and protracted modelling processes. Over the years, many
photogrammetric and digital image processing approaches have been developed and used in 3D
modelling. The development of an innovative parametric modelling algorithm appropriate for
cadastral mapping purposes and the utilization of modern IT tools and data collection methods,
such as crowdsourcing, may lead to a fast and cost-effective solution for the initial registration,
building reconstruction and property unit visualization for a functional European (EU)-desired
3D cadastral map. Yet, most of the existing approaches are costly and time-consuming and not
yet appropriate for serving the needs of countries with limited budgets, and are certainly not
appropriate to serve the rapidly growing cities of the developing world that lack basic geospatial
infrastructures. In addition, the rapid urban growth in the developing world is happening to a
great extent informally, meaning among several other issues, that most of urban growth is
happening on unregistered lands with limited or no documentation.

Keeping in mind that the need for a fit-for-purpose technical procedure for establishing a
2D cadastral system is urgent in the developing countries of the world today, there is a similar
need for a fit-for-purpose procedure for a 3D cadastral system in the mega cities of the
developing world as well. Thus, developing inclusive solutions for the compilation of fit-for-
purpose 3D cadastres reliably, affordably and in a timely manner, is paramount, in order to
satisfy the future urban needs and to support the SDGs for 2030, in both developed and less
developed areas, wherever there may be the necessary political will to recognize, legally
empower and register private property rights.
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1.2 Research Objectives

While in the past the reconstruction processes were overshadowed from laborious and time-
consuming processes, the introduction of automation shakes off those barriers, signifying a new
era for 3D reconstruction. The rapid development of computer vision technology and
techniques, contribute significantly to the automation of the reconstruction process, reducing
the required time, costs and human resources, while the tremendous increase in the availability
of low-cost computer resources, makes the 3D reconstruction more accessible and applicable
in several areas. At the same time, the exploitation of data from unstructured sources, such as
images from consumer-grade cameras and crowdsourced data, and their combination with data
from structured sources, create a new application-oriented environment, with different
requirements on 3D modeling techniques and systems, depending on the purpose of their
development. The automatic generation of 3D building models and the creation of a constantly
updated 3D Geographic Information System (GIS) of the real environment, including urban,
suburban and rural areas, is an important geospatial tool of the modern world, that creates
valuable 3D geospatial content for various purposes, such as 3D cadastres.

In this context and in the light of the aforementioned research background, the overall aim
of this doctoral dissertation is the development of methodologies and algorithms of
photogrammetry and computer vision, for the automatic, affordable, fast and reliable generation
of 3D semantically-enriched building models, focusing on the area of 3D Cadastres, the
implementation of which is required at European level. This effort aims to harmonically
integrate the current research trends, innovative methods and technologies in order to develop
a technical tool and a methodology for the initial data acquisition, management, maintenance,
3D modeling and visualization of cadastral units, and establish a more generalized framework
that is adjustable to the available geospatial infrastructure and financial situation of each
country, including even regions that still lack registration of 2D cadastral data.

This doctoral dissertation does not focus on exploring the optimal 3D geometric
representation and visualization of all existing types of legal rights. Instead, it primarily focuses
on the technical background concerning the 3D representation of the spatial extent of the
property units’ legal space at LoD1.

While the practical experiments were conducted in the Greek area, drawing on the
experience of Greece and the Greek cadastre, the dissertation's objective is not to offer a specific
proposal solely for Greece. Instead, it aims to provide a generalized model that can be adapted
by countries with diverse cartographic and legal backgrounds. However, it is possible to modify
and enrich the proposed framework to create a 3D cadastral system in Greece as well.

Hence, the main research objectives that stem from the overall aim of this dissertation are:

- the establishment of automatic workflows for the detection, extraction and
reconstruction of buildings based on photogrammetric and computer vision techniques;

- the establishment of an automatic cost-effective workflow for 3D buildings modeling
based on the combined exploitation of photogrammetric, computer vision and
crowdsourcing techniques;

- the introduction of crowdsourcing techniques, automation and mobile services (m-
services) in 3D cadastral surveys, reducing the costs, the compilation time and
simplifying the 3D cadastral surveys including the acquisition of the initial 2D/3D
cadastral information and the modeling procedure;

- the establishment of an alternative crowdsourced model for 3D cadastral surveys with
the least possible requirements in data, time and human resources;

48



Chapter 1 - Introduction

the establishment of an active cooperation between citizens/rights holders and
professionals in the cadastral procedures and reconsideration of the role and the
responsibilities of the latter ones in the whole process;

the investigation of: (i) the alternative data sources that may be adapted in 3D cadastral
procedures, and (ii) the potential contribution of photogrammetric and machine learning
techniques in providing fast and reliable 2D and 3D information for 3D cadastral
procedures;

the adoption of the international standard of LADM for structuring the crowdsourced
cadastral data;

the establishment of a cost-effective and reliable technical geospatial tool able to support
3D Cadastres and provide valuable information for a variety of other applications, such
as digital twins, smart cities, and set the basis for the development of Four-Dimensional
(4D) systems, such as 4D cadastres.

1.3 Contribution and Originality

The overall contribution of this dissertation lies in establishing an affordable and flexible
practical technical solution for the initial implementation of 3D crowdsourced cadastral
surveys, exploiting the available geospatial infrastructure of each country and including regions
that still lack registration of 2D cadastral data. The main contributions of the research, are the
following:

The introduction of crowdsourcing in 3D cadastral surveys. Until now, crowdsourcing
has been used for mapping purposes and has been successfully introduced in 2D
cadastral surveys. In this doctoral dissertation, crowdsourcing techniques are
linked to 3D cadastral procedures and therefore to 3D modeling of the cadastral objects.

The introduction of automation in 3D modelling of crowdsourced cadastral objects. 3D
modelling of the real environment consists a well-studied problem in the field of
photogrammetry and computer vision, with many techniques and methods that lead to
the partial or full reconstruction of complex scenes or man-made objects. At the same
time, the field of 3D cadastre is newly emerging, trying to synthesize the physical and
legal counterparts of the cadastral objects and connect them with cadastral semantic
information. So far, various approaches concerning the modelling and visualization of
the cadastral objects have been proposed, focusing mainly on time-consuming and
expensive procedures using common application schemes and technical models. In this
study a cost-effective parametric modelling method is established for the automatic, fast
and reliable 3D modelling of the crowdsourced cadastral objects. The introduction of
automation in 3D cadastral modeling enables non-experts to generate reliable 3D
models of property units and provide a clear view of the spatial extent of the vertically
stratified cadastral objects and the Rights Restrictions Responsibilities (RRRs), in a
short time frame.

The establishment of a new crowdsourced model for 3D cadastral surveys and a
technical practical tool for the acquisition, management, modeling, storage,
maintainance and visualization of 3D cadastral objects. The research synthesizes
various investigations from international crowdsourced cadastral mapping projects, 3D
Cadastres practices, LADM specifications and current technological trends, and designs
a flexible model and technical background as basis for the fast, affordable and reliable
implementation of 3D cadastral surveys.

The establishment of a two-way model of cooperation between volunteers, citizens,
technicians, inspectors and professionals. Citizens' participation in cadastral procedures

49



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

is quite limited in most countries, resulting in gross errors and time delays in the
completion of the cadastral registration procedures. The recruitment of the rights
holders, who know better the boundaries and location of their properties, and the
establishment of a mutual relationship with experts and professionals, increase the
reliability of the cadastral surveys by eliminating the gross errors and the obstacles that
prevent the completion of the cadastral process.

- The introduction of new alternative data sources and technologies to support the 3D
cadastral procedures in cases of weak registration background availability. This
research investigates and proposes: (i) the integration of machine learning techniques
for the generation of location data, through the combined use of Bluetooth sensors and
mobile devices; the establishment of an Indoor Positioning System (IPS) enables the
identification and delimitation of the geometry of the buildings properties
units/condominiums, in cases where the architectural floor plans are not available; and
(ii) deep learning techniques for the production of a vector buildings basemap, to assist
the cadastral recording process.

1.4 Structure of the Dissertation

Chapter 1 briefly describes the current research background identifying the wide application
range of 3D models and the open research issues related to 3D cadastres that triggered the
implementation of this research. Then, the overall aim and the research objectives of this
doctoral dissertation and its contribution and originality are outlined. Finally, an overview of
the content and structure of this dissertation is presented.

Chapter 2 provides a literature review of international efforts that attempt to implement real or
experimental 3D cadastral systems. Next, the main features of the international standard of
LADM are presented, emphasizing on its 3D aspect. Subsequently, the structure of various
international paradigms of country-level LADM-based profiles is examined; while then recent
researches trying to set a link between LADM and commonly used technical data models (such
as CityGML, IndoorGML, BIM/ IFC, LandXML), are presented. Finally, the main conclusions
concerning this Chapter are drawn.

Chapter 3 provides a comprehensive overview of 3D reconstruction algorithms and techniques
that generate 3D models from different data sources. The main focus is on man-made scenes,
namely buildings. First, a classification of the different 3D data acquisition methods and the
most common 3D input data required by the majority of reconstruction methods, is presented.
Then, an extensive literature review of the state-of-the-art 3D reconstruction methods,
techniques and algorithms, concerning the 3D reconstruction of buildings, is made. Following,
the research focuses on the exploitation of high-resolution geo-referenced aerial imagery. Two
discrete methodologies are developed for the detection, extraction and potential reconstruction
of buildings sparsely or in densely urbanized areas, respectively. The main stages of the
developed methodologies and software are described. Then, the produced data are assessed and
the main conclusions are presented. Finally, the potentials of the developed methods in 3D
cadastral processes is discussed and the main conclusions of this Chapter are introduced.

Chapter 4 presents some international research initiatives related to 3D modelling utilizing
3D data collected mainly through VGI and crowdsourcing techniques. Then, a literature review
concerning the current crowdsourced approaches for the implementation of 2D cadastral
surveys is presented; while the potentials of the crowdsourced data in 3D cadastral modeling
are assessed. Subsequently, the main parameters influencing the recruitment of citizens in a
crowdsourcing project; the quality of the crowdsourced data; and, the usability of the data
capturing tool, are presented.
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Chapter 5 presents the developed crowdsourced methodology for the initial implementation
of 3D cadastral surveys. The main leading principles followed for the development of the
methodological framework; as well as the reasoning for choosing mobile devices as the main
data capturing tool, are described in detail. Then, the main phases of the developed
crowdsourced cadastral workflow are described and illustrated; while a Greek paradigm trying
to adopt the crowdsourced workflow in the Greek reality, is presented. Finally, the main
conclusions concerning the potentials of the developed, are presented.

Chapter 6 provides a comprehensive overview of the architecture of the developed technical
system; the detailed description of the sub-systems; and, how all the included parts work
together in synergy. First, the developed prototype mobile application for 3D cadastral data
acquisition, 3D parametric modelling and visualization of real properties is presented; while
the developed web application for viewing and manipulating the available BIM data as well as
for collecting, storing and updating the 3D cadastral data regarding the properties RRRs and
the right holders is presented. In this dissertation, the utilization of a mobile application as the
main data capturing is predominated, however with the development of the web application an
alternative solution is also investigated. Each of the development stages, software tools and
functionalities of both applications are described in detail. Following, a LADM-based database
schema is developed aiming to be the repository of the collected 3D crowdsourced data and
facilitate their further management, storage and maintenance. The main objective of this
venture is to provide an integrated solution able to structure and manage different data types
into the same platform. Finally, the main conclusions regarding the developed technical system
are presented. It should be noted that the main objective of this thesis focuses mainly on the
geometry and representation of the physical 3D cadastral objects (spatial units), while the
detailed study of legal issues is not within the objectives of this research.

Chapter 7 provide a practical documentation of the developed 3D crowdsourced cadastral
framework. First, the necessary pre-processing steps applied to the different types of the
supported geospatial background in order to be exploited by the cadastral applications, are
presented. Moreover, the practical implementations utilizing: (i) the developed application for
mobile devices, and then, (ii) the developed web application, are presented and evaluated. A
total of ten practical experiments are implemented in urban and suburban areas of Greece. The
case studies follow different methodological steps, related to the current available registration
background and the development stage of the cadastral mobile or web application. Different
types of registration basemaps including cartographic basemaps, BIM data or their combination
are examined. The proposed crowdsourced methodological approach is followed in all
experiments, starting with informing participants about the purpose and benefits of the process;
their training on geometry matters and the function of the mobile/web application; data
collection with the active and ongoing support from the team leaders; the completion of
fieldwork and the collection of participants' views concerning the overall process; and, the
export and control of 3D crowdsourced results. Finally, the main conclusion concerning the
perspectives, effectiveness, usability, reliability and quality of the developed technical
framework are realized.

Finally, in Chapter 8, a summary and the contribution highlights of this dissertation; the
main conclusions derived for the developed 3D crowdsourced technical framework and the data
guality; and, some further thoughts and ideas for future research, are outlined.
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Chapter 2

Three Dimensional (3D) Land Administration
Systems

Through the ongoing rapid urbanization, several complex constructions with multi-
dimensional and overlapping property rights have emerged. The growing dominance of multi-
dimensional infrastructures in the urban environment increases the complexity in land
administration procedures introducing new challenges in recording, managing and visualising
the spatial extent of vertically stratified cadastral objects. Traditional 2D cadastral systems are
challenged to handle recording, managing and visualizing the spatial extent of the vertically
stratified cadastral objects. The development of 3D property registration systems is
indispensable for the spatial determination of property Rights, Restrictions and Responsibilities
(RRR), the sustainable operation of property markets, the reduction of risks, time and costs in
land and property transactions and mortgages, the improvement of land use and management
of urban areas, the reduction of poverty and the safeguarding of ownership in the highly
urbanized world.

The first international discussion regarding the 3D cadastre took place in 2001 at the
workshop entitled 3D Cadastres, under the seventh commission of the International Federation
of Surveyors (FIG). In April 2010, at the 24th FIG congress held in Sydney, the reestablishment
of a working group named ‘3D Cadastre’ was decided, aiming to promote the research on 3D
cadastre topic. The main objective of this working group is to create a functioning structure for
3D cadastre, determining both its main concept and terminology as well as the common levels
for 3D cadastre applications. The main concept and terminology were defined by adopting the
international standard of the LADM (ISO 19152) (ISO, 2012), while three main levels of 3D
cadastral application were defined, namely legal, organisational and technical (Ddner, 2021).
Through the adoption of the LADM standard, the harmonization, standardization and
exchangeability of data are achieved, which are values of great importance for the effective
management of the various types of rights. Actors such as UN-Habitat, the Food and
Agricultural Organization of United Nation (FAO), the UN Committee of Experts on Global
Geospatial Information Management (UN-GGIN) and the FIG support and emphasize the
existence of these principles (Lemmen et al, 2015).

In recent decades, 3D cadasters have been a major topic of interest as they present the spatial
extent of ownership and designate the 3D property RRRs. However, the implementation of a
fully functional 3D cadastre has not been achieved yet (Koeva et al., 2019). In order to realize
a 3D cadaster, three main stages of development should be considered: (i) the legal stage (ii)
the institutional stage, and (iii) the technical stage (Lemmen & Oosterom, 2003). The legal
stage consists one of the most important phases for the implementation of 3D cadasters, as
without the laws and the legal definition of 3D properties, the cadastral surveys and the
registration of 3D objects and rights are meaningless (Kitsakis & Dimopoulou, 2014).
Subsequently, the institutional stage includes the authority and the duties of the public
registration and mapping institutions for 3D registration (van Oosterom, 2013). It describes
what information is needed for registration and how this information will be structured,
registered, stored, and presented. It is responsible for the management, update, and distribution
of the 3D cadastral data as well as the required workflow for the implementation of the 3D
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cadastre. Finally, the technical stage concerns how the 3D spatial information of the property
units is integrated with the existing cadastres (Guo et al., 2013). To date, the main research
interest in the technical stage has focused on spatial data infrastructures, Geographic
Information Systems (GISs), the LADM, database management systems, 3D visualization, and
3D geometric representation, topology, and data exchange formats.

In the past twenty years, several scientific meetings, academic studies, and pilot projects
have been performed on 3D cadastre. Nevertheless, during that period, there have been also
significant technological achievements and changes in the visualization of 3D data, data
collection techniques, the usability of various application schemas and technical models (such
as CityGML, IndoorGML, BIM/IFC, LandXML, InfraGML, etc.), as well as in policies and
institutional structures. The introduction of LADM and its utilization for the development of
the 3D cadastre brought to the fore several interesting approaches trying to exploit the
abovementioned technical models with LADM. Such rich data models are nowadays utilized
in several application areas with great efficiency and have become a valuable data source for
Geographic Information Systems (GIS) such as 3D cadastral systems. This has resulted in the
development of various approaches to modeling the 3D information on individual units utilizing
the GML-based (Geography Markup Language) (CityGML, IndoorGML) and IFC-based
(Industry Foundation Model) (BIM) spatial data models. In addition, other studies on 3D
cadasters are being supported in projects under the subheadings of ‘Smart Cities’ and ‘Digital
Twins’ within the scope of the European Union Horizon 2020 grant program. The main
objective of these studies is to provide an infrastructure enabling the design, management, and
planning of sustainable cities by integrating 3D digital cadastral information with other data,
such as data on energy, air pollution, mobility, and temperature (Stoter et al., 2019).

Obviously, there are several different alternative data structures that may be exploited to
describe 3D cadastral objects. Among them, the Building Information Model (BIM) is
indisputably one of the most comprehensive and intelligent 3D digital approaches able to
manage buildings with composite structures and enable communication between stakeholders
with different backgrounds (Atazadeh et al., 2019). BIMs represent the geometry of the
complex physical buildings’ spaces (rooms, corridors, walls, and floors) and can be modeled,
managed, and maintained hierarchically in BuildingSMART open exchange standards, such as
the IFC standard, enabling communication and the exchange of building information through
different platforms. The integration of the BIM/IFC and the LADM standard may provide a
valuable input to the 3D cadaster for each individual property as well as its surrounding
properties, allowing the capture of a clearer picture regarding properties’ RRRs. This view is
strengthened by the fact that, nowadays, the main source of 3D building information on new
buildings is BIMs. Therefore, a number of BIMs are available and can be used as an accurate
basis for the collection of the needed 3D cadastral information. By laying the appropriate
foundations today, BIMs may be the basis for the development of 3D cadasters in future urban
centers, as they can include a wealth of useful information, such as land/property uses, property
values, and energy classes.

The transformation between the conceptual and the technical model is of great importance.
The Unified Modelling Language (UML) and the Object Constraint Language (OCL) has been
defined from the Object Management Group (OMG) (Oriol & Teniente, 2014) in order to
determine the conceptual schemas as well as to model and design the constraints of the
information systems. Such standardized model may be implemented through Geographical
Information Systems (GIS) and database technology, supporting data maintenance activities
and the provision of elements of the model. The most-known tools capable of utilizing such an
automated conversion are the SWISS standard of INTERLIS language and the Enterprise
Architect UML modeling tool from Sparx Systems.
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In this Section, several interesting international efforts concerning actual or experimental
implementation of a 3D cadastral system, are examined. The main characteristics of LADM,
together with the results of the recent research referring to the 3D aspect of LADM, are
presented. International paradigms of country-level LADM-based profiles for various
countries, as well as several investigations trying to implement a connection between LADM
and technical data models (such as CityGML, IndoorGML, BIM/IFC, LandXML) are selected
and listed. Finally, the main conclusion regarding this Chapter is presented.

2.1 International experience

The third dimension in cadastre mainly facilitates subdivision of buildings into strata,
creating separate property units above or below the original ground surface. The typical types
of such property units are apartments or buildings registered as private properties, either
separately from the land parcel they are built on, or related to the land parcel since the rights
holders of those units may also be rights holders of shared ownership rights on the parcel as
well as on the common areas of the building. Other facilities such as tunnels and underground
construction such as transportation or utility networks, and privately owned underground
commercial or public spaces, may also be registered in a 3D cadastre, or in a different register
as separate property units. This dissertation mainly focuses on the registration process of 3D
property units, including the rights and responsibilities attached to those units, as in multi-story,
multi-unit buildings (whether or not held apart from the land parcel), and the individual
parts/subdivisions of those buildings such as condominiums (however dimensionally arranged).
Such buildings usually have two components: the privately owned units and the jointly owned
(common) sections of the buildings.

Many countries have developed clear legal procedures for the establishment and registration
of rights of 3D property units in their cadastres. Moreover, during the last decade, many are
considering interesting approaches to visualization of such data, and how their 2D cadastral
systems may best be transformed into 3D cadastres that will include a 3D graphical
representation of the property units and the rights associated with them. However, the most
difficult phase in terms of costs and time demand is still the initial 3D cadastral data capture.
Some examples of the progress achieved in this effort are given below.

One of the first countries to envision a 3D cadastre was Australia. Since the 1960s, freehold
titles for 3D cadastral objects have been guided by the Land Title Act 1994. In 1997, 3D
geometry could be represented as volumetric parcels in the cadastral system of Queensland
(Stoter & Oosterom, 2005). 3D parcels have been accommodated in the Queensland cadastre
via building parcels, restricted parcels, volumetric parcels and remainder parcels (Karki, 2013).
Despite developments legally, three-dimensional property information is included in the
descriptive database without being accompanied by a three-dimensional representation. 3D
properties appear as 2D on the cadastral map, accompanied by their titles and the three-
dimensional information defined according to the regulations (strata titles). In Queensland,
plans with 3D objects are volumetric plans, whereas in other states they are called stratum plans.
All possible rights, restrictions and responsibilities that can be registered in 2D can also be
registered as 3D parcels. Currently, Queensland is investing in the development of the 3D QLD
initiative, aiming to provide 3D indoor navigation and 3D augmented reality through the
cadastral database (QLD3D, 2022).

Another interesting example is the 3D Cadastre approach of Shenzhen, in China. Rapid
urbanization has led to the development of mega cities in China with especially complex urban
infrastructures. The traditional 2D cadastre could not manage the ever-expanding 3D urban
planning and land use processes. The Property Law of 2007 opened the way for the
development of a 3D cadastre and registration system, and in 2012, a 3D cadastral management
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prototype was created in Shenzhen (Guo et al., 2014). This prototype includes the geometry of
3D property objects and compatible 3D data models, and generates 3D model data and 3D
topologies. Although there is significant progress, the amendment of the relevant laws and
regulations is essential in order to support the complete 3D data organization.

Victoria is another Australian jurisdiction that strongly supports the development of 3D
Cadastre. However, the depiction of the 3D RRRs is still not operational, similarly to
Queensland (Kitsakis el., 2018). Despite that, the Land Use Victoria in cooperation with the
University of Melbourne has created a prototype 3D digital cadastral system for Victoria
(Shojaei et. al., 2016). Research on a 3D digital cadastre’s technical feature is currently being
conducted (Shojaei et al., 2016). Based on the roadmap that has been created, the Victorian 3D
digital cadastre will be implemented by 2025 (CSDILA, 2019).

Another interesting example is the 3D Cadastre approach of Shenzhen, in China. Rapid
urbanization has led to the development of mega cities in China with especially complex urban
infrastructures. The traditional 2D cadastre could not manage the ever-expanding 3D urban
planning and land use processes. The Property Law of 2007 opened the way for the
development of a 3D cadastre and registration system, and in 2012, a 3D cadastral management
prototype was created in Shenzhen (Guo et al., 2014). This prototype includes the geometry of
3D property objects and compatible 3D data models, and generates 3D model data and 3D
topologies. The primary method for acquiring 3D data is to extrapolate the spatial extent of 3D
features from already-existing 2D blueprints (Guo et al., 2011). Although there is significant
progress, the amendment of the relevant laws and regulations is essential in order to support the
complete 3D data organization.

In 1999 and 2000, the Israeli government decided to improve land-use management in the
country, including underground spaces and infrastructures, and recognized the necessity of a
practical solution for the registration of rights in three dimensions (Benhamu, 2006; Benhamu
& Doytsher, 2003; 2001). To promote the multi-layer use of land and its registration in strata,
the Survey of Israel initiated a Research and Development project to find geodetic, cadastral,
planning, engineering and legal solutions for a multi-layer 3D cadastre that will complement
the existing 2D cadastre. The project was successfully completed during August 2004, and the
first step towards a 3D cadastre was completed (Benhamu, 2006).

Since 1990 in Taiwan, a digital method has been used for the resurvey of land following the
land restitution of 1946. The original cadastral maps were digitized and completed in 2007. The
cadastral maps are saved as tables of land parcels, boundaries and coordinates of the corners of
properties in the database. A 3D cadastral system has been initiated in Taiwan since 2007
(Chiang, 2012). The 2D raster floor plans must be transformed into vector polygons. These
vectorised floor plans are then consolidated into story plan maps. Multiple story plans are
aligned and incorporated with height information to establish 3D building models. The final
story plan map contains building number and location, floor polygon, story information, and
story location. The derived model may be utilized in conjunction with the building attributes
including data of land registration, data of building ownership, and data of other rights over
buildings to enable 3D cadastral building property management. The graphical data and the
property rights attributes are directly linked to the National Lands Information System (Chiang,
2012). However, the 3D registration is not yet fully integrated into Taiwan’s cadastral system.
However, the 3D registration has not yet been fully integrated into the land registry.

In the Netherlands, 3D cadastre research has continued for more than a decade. Until now,
there is no legislation and legal framework concerning the 3D aspect. However, there are
several projects underway between government bodies and universities for the implementation
of a 3D cadastre and the required legislation. After the development of various prototypes and
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detailed analyses of various complex cases of uncertainties, the Dutch Kadaster is currently
implementing a 3D cadastre solution (Stoter et al., 2012). Several research publications show
that the registration and publication of rights on multi-level property is possible within the
existing system in the Netherlands. A major achievement is the first 3D cadastral registration
of multi-level ownership rights reported by Stoter et al. (2016). Stoter et al. (2016) described
the registration of a 3D PDF in the Dutch Kadaster, accompanied by the corresponding rights,
restrictions and responsibilities. This PDF constitutes a 3D representation/visualization of
rights, and is an important achievement for the future implementation of a 3D cadastre.

These cases do not constitute the only examples of 3D cadastral system implementation.
Other approaches have been implemented in Spain (Garcia et al., 2011), Bahrain (Ammar &
Neeraj, 2013) and New Zealand (Gulliver, 2015). Therefore, the development of a 3D cadastral
system may be moved from a theoretical to a practical level, as long as there is the appropriate
legislative and technological infrastructure supporting the required procedures and functions.

2.2 The Land Administration Domain Model

The Land Administration Domain Model (LADM) (ISO-TC211 2012) (ISO, 2012) is
maintained by ISO/TC211 and consists one of the first spatial domain standards, providing a
flexible conceptual schema as basis for the development of 2D and 3D cadastres based on a
Model Driven Architecture (MDA). It focuses on the rights, responsibilities and restrictions
affecting land (or water), and therefore their geometrical/geospatial components. Domain
standardisation is required in order to capture the semantics of the current form of land
administration based on the basic agreed standards for geometry, temporal aspects, metadata
and also observations and measurements from the field (Lemmen et al., 2015). LADM is
already in use as conceptual model for the development of country profiles; it is integrated in
the data specification of cadastral parcels in INSPIRE (INSPIRE, 2009) and the Land Parcel
Identification System of the European Union (1SO, 2012); and, it is utilized as basis for software
development initiatives at FAO (FAO, 2011) and UN Habitat (Lemmen, 2010), etc.

LADM establishes a shared ontology, enabling the communication between the involved
parties within one country or between different countries, and facilitates the data exchange in
heterogeneous and distributed land administration environments. The fundamental elements
distinguishing LADM’s design, are originated from the common aspects encountered in global
land administration systems, which are the legal/administrative data, party/person/organisation
data, spatial unit (parcel) data, data on surveying or object identification and
geometric/topological data (Lemmen et al., 2015). Hence, LADM conceptual schema consists
of three main packages, namely the Party package (green), the Administrative package (yellow)
and the Spatial Unit package (blue) with its sub package Representation and Survey (red),
forming the core elements of a multipurpose land administration system (MLAS). These classes
are presented through the Unified Modelling Language (UML) class diagram in Figure 1.
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Figure 1. Overview of the Land Administration Domain Model (Source: Lemmen et al., 2015).
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Figure 2. Overview of Party Package (Source: Lemmen et al., 2015).

Each package includes a number of classes aiming to cover and describe all possible
ownership statuses. Their content may be briefly described as follows:

- Party package. The main class of the Party package is LA_Party class with its
specialisation LA_GroupParty and an optional association class named LA Party-
Member. A ‘Party’ may be a person or an organisation that has a certain role in a rights
transaction. Respectively, a ‘Group Party’ consists of a number of parties, representing
a solid entity, while a ‘Party Member’ represents a registered party with the role of a
constituent of a group party (Figure 2).

- Administrative package. The first class contained in this package is the LA_RRR class,

referring to the Rights,

Restrictions and Responsibilities associated with a

property/spatial unit. LA_RRR class composed of three concrete subclasses, namely
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LA_Right, LA_Restriction and LA_Responsibility. The second class included in the
Administrative package is the LA BAUnit (Basic Administrative Unit) class. An
LA_BAUnit is an administrative entity composed from zero or more spatial units,
against which one or more unique and homogeneous RRR are associated to the whole
entity as included in the land administration system (Figure 3).
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Figure 3. Overview of Administrative Package (Source: Lemmen et al., 2015).

Spatial Unit package. The spatial unit package refers to classes representing an area of
land (parcel) and/or water or a volume of space, as well as the relationships between
them (Figure 4). Spatial Units are of great importance as they support both the creation
and management of basic administrative units. The main classes included are the classes
LA SpatialUnit, LA SpatialUnitGroup, LA Level, LA _LegalSpaceNetwork,
LA_LegalSpace-BuildingUnit and LA RequiredRelationshipSpatialUnit. A ‘Spatial
Unit’ can be represented as a text (descriptive designation), a point (or multi-point), a
line (or multi-line) representing a single area (or multiple areas) of land or water or even,
a single volume of space (or multiple volumes of space). Furthermore, a ‘Spatial Unit
Group’ consists of a number of spatial units, which may represent an administrative
zone (e.g., amunicipality, a department etc.) or a planning area. Finally, LA_Level class
refer to a set of spatial units with a geometric and/or topologic and/or thematic
coherence.Surveying and Representation sub-package (Figure 5). Beyond the
abovementioned classes, the Spatial Unit Package has also a sub-package entitled
Surveying and Representation. This sub-package includes the LA_SpatialSource,
LA _Point, LA_BoundaryFaceString and LA_BoundaryFace classes, aiming to set a
valid georeference and describe properly both 2D and 3D spatial units. The data
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included in these classes, and more specifically LA_Points, may be acquired in the field
by classical surveys or from images with photogrammetric techniques. However, these
measurements and observations consist an attribute of LA_SpatialSource.
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Figure 4. Overview of Spatial Unit Package (Source: Lemmen et al., 2015).

One of the most critical parameters concerning the utilization of LADM for the development
of an efficient 3D cadastral system is the creation of the 3D cadastral geometric objects. The
Spatial Unit package and the Spatial Representation and Survey sub-packages include several
representations for 2D and 3D cadastral data (sketch, point, text, unstructured line, polygon and
topological based spatial unit). According to LADM, a “true” 2D representation of a spatial
unit consists of a boundary face string, known as LA BoundaryFaceString, while a “true” 3D
representation of a spatial unit consists of arbitrary oriented faces, known as LA_BoundaryFace
(Figure 6). An LA BoundaryFaceString may be represented using a GM_MultiCurve
(linestring), while an LA_BoundaryFace may be represented using a GM_Surface (that may be
curved). Based on ISO 19107 (ISO, 2008) a GM_Surface is composed of two (closed)
GM_Curves, which are composed on several GM_Points (Figure 7). Thus, a set of
GM_Surfaces with upper and lower boundary faces, may be consider as a valid 3D
representation of a cadastral object. In the absence of upper and lower boundary faces, the so-
called liminal spatial units are formed, which are on the threshold of 2D and 3D representations.
These representations are a combination of boundary face strings and vertical boundary faces,
which theoretically extend to the unlimited.
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Figure 5. Overview of Surveying and Representation Sub-package with associations to the other
(basic) classes (Source: Lemmen et al., 2015).

Furthermore, LADM provide several code lists for each one of the three main packages (Figures
8,9, 10, 11). Code lists are useful for expressing a long list of potential values. Through the use
of these code lists LADM aim to allow the use of local, regional or national terminology. Of
course, each user community has to define and manage its own values when implementing this
International Standard.

61




Automated urban modeling and crowdsourcing techniques for 3D Cadastre

, oo
LA_BoundaryFaceString ¥
¥ &
| -
3D
2D Liminal
v
Linestring
LA BoundaryFace

Figure 6. Side view of the mixed use of boundary face strings and boundary faces to define both
bounded and unbounded 3D volumes.

@
0D 1D 2D 3D
GM _Point, GM _Curve GM _Surface GM _Solid

Figure 7. Overview of Spatial Unit Package.
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Figure 8. Code lists for Party Package.
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Figure 9. Code lists for Administrative Package.
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Figure 10. Code lists for Spatial Unit Package.
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Figure 11. Code lists for Surveying and Representation Subpackage.
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Besides the main packages of LADM, there are also other important classes that should be
mentioned. VersionedObject class consist a valuable class of LADM, which is inherited from
the majority of LADM’s classes, and aims to manage and maintain historical data in the
database (Figure 12). All the inserted data, are given a time-stamp, enabling the database to be
reconstructed at any historical moment. Also, LA _Source class consists an abstract class
composed from two subclasses, the LA_AdministrativeSource, and the LA_SpatialSource
class, retaining the administrative and spatial sources, respectively. Furthermore, LADM
enables the utilization of external links with other databases (e.g., addresses), supporting
information infrastructure type of deployment.
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Figure 12. Classes of VersionedObject.

The implementation of LADM can be performed in a flexible way, as the draft standard
conceptual schema can be extended and adapted to local situations. However, it is worth
mentioning that while LADM provide a generic framework for 3D cadastres, the identification
of the acceptable 3D geometries and representations for the 3D cadastral objects are still
challenges (Ying et al., 2015).

2.3 3D LADM-based country profiles

Among various investigations concerning several prototype systems and approaches for the
implementation of 3D cadastres, those based on LADM standard are of particular interest. In
this section some of them have been selected and presented. Each one of the
proposed/developed country profiles handle the 3D aspect according to the current legislation
and cadastral background.

2.3.1 Russian Federation

One of the first pilot LADM-based country profiles started in 2010 by the Russian
Federation, with a project entitled "Modelling 3D Cadastre in Russia". The initial cadastral
prototype emphasizes the visualization of 3D information of the cadastral objects as
polyhedrons, while a web-based browser solution has been developed. The model was adapted
to the Russian environment and oriented to five types of property: land parcels, buildings,
premises, structures and unfinished construction projects (Figure 13). It is highlighted that
special attention should be given to the management of legal versus physical cadastral objects.
The registration of the legal objects - which in this case concern the cadastral parcels where the
RRR are referred - and their physical counterparts (building units or underground constructions)
generate two different but related databases. The visualization of the physical objects is
valuable in order to provide a clear understanding regarding the location and size of the legal
objects. In this pilot study, CityGML was integrated with 3D LADM, aiming to connect the 3D
cadastral objects with their respective physical counterparts (building units) (Vandyshevaetal.,
2011).
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Figure 13. The initial Land Administration Domain Model (LADM) for the 3D cadastre pilot project
in the Russian Federation (Source: Vandysheva et al., 2011).

2.3.2 Poland

A 3D LADM-based Polish country profile was proposed by G6zdz & Pachelski (2014). The
proposed model introduced two new classes, representing buildings, in order to proceed with
the registration of the 3D cadastral objects. For the implementation of the proposed model a
CityGML-LADM Application Domain Extensions (ADE) was created aiming to establish the
link between the legal and physical counterparts. The model also provided an association
between a building (or a building part) and a 3D cadastral parcel, which is useful when a
building (building part) has its own specific RRRs attached. In order to solve the main difficulty
of the current cadastral system, when dealing with 3D overlapping property rights, they propose
the extension of LADM’s Spatial Package with several new classes, as shown in Figure 14.
Subsequently, G6zdz & Oosterom (2016) proposed a similar but more detailed model for the
Polish country profile based on LADM. To emphasise the possibility of adding information
being outside the scope of LADM, new UML classes were created representing the physical
utility network data. Thus, a general insight into how LADM may be extended for specific
applications is presented.
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Figure 14. Spatial package of the Polish 3D LADM country profile (Source: G6zdz & Pachelski,

2014).

2.3.3

Korea

An interesting approach was developed by Lee et al., (2015), who proposed a 3D land
administration model for Korea using a cadastral resurvey form, including the representation
of 3D physical properties and 3D rights. The new cadastral model supports 3D information as
it can contain underground utility and superficies information to present the physical and legal
information on both buildings and underground features. New classes added to LADM in order
to provide an efficient description and representation of the 3D physical and legal cadastral
objects, such as individual residencies, rooms in a building, utility networks and their own legal
space respectively. The new suggested country profile for Korea is shown in Figure 15.
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Figure 15. Korean 3D LADM country profile (Source: Lee et al., 2015).
2.3.4 Greece

In Kalogianni (2015), a different LADM-based country profile was proposed utilizing the
concept of LA _Level. This prototype system was developed based on model-driven
architecture practices utilizing INTERLIS language and tools. The country’s spatial units are
categorized and organized in different levels (Figure 16). A new class (GR_Level) is
introduced, allowing the efficient management and representation of data according to their
level. Within the proposed model, an attempt is made to cover all Greek land administration
related information, which are currently maintained by different organizations. The model was
adapted to the Greek environment and oriented to several different types of spatial units
including: areas with archaeological interest, buildings and unfinished constructions, utilities
(legal spaces), 2D and 3D parcels, mines, planning zones, Special Real Property Objects
(SRPO) usually found in Greek islands (anogia, yposkafa) and marine parcels. In order to
integrate the 3D legal aspect with the corresponding physical reality of the 3D objects, an
alternative structure for the GM_Solid is proposed, as INTERLIS structures describe only 2D
objects. Furthermore, the country profile is enriched with various code lists that are an
important for standardization.
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Figure 16. Proposed 3D Greek LADM country profile (Source: Kalogianni, 2015).

2.3.5 Malaysia

Several interesting approaches have been proposed for the Malaysian LADM-based country
profile in previous years (Zulkifli et al., 2014; Zulkifli et al., 2015). For both the private and
the public land, the main subdivision of land in Malaysia is based on lots, with 2D or 3D
representations. The term ‘lot’ may be confused with the term ‘parcel’, which in case of
Malaysia has not the same meaning as in several continental European countries. Figure 17
illustrates in detail the different types of strata objects in Malaysia (Oosterom et al., 2018). The
Malaysian profile includes support for strata objects and 3D spatial unit representing building,
utility and lot (Figure 18). Furthermore, Rajabifard et al. (2018) proposes strategies for the
implementation of 3D Malaysian National Digital Cadastral Data Base (NDCB). The
investigation focuses on the processes for upgrading the existing dataset and data collection
methods in order to support the 3D digital data and the creation of 3D spatial database based
on the elicited user requirements.

Accessories
/) unit

Parcel =
unit

Lot
" (alienated land)

\/ Land
parcel

Figure 17. Different types of cadastral objects related to strata titles within a lot (Source: Oosterom
etal., 2018).
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Figure 18. Overview of the spatial part of the Malaysian LADM country profile (Source: Zulkifli et
al., 2014).

2.3.6 Morocco

Adad et al. (2020) proposed a LADM-based country profile for Morocco aiming to provide
a common terminology for the Moroccan land administration. The main objective was to enable
a shared description of the different formal or informal processes, and to allow the combination
of land administration information from different sources. In Morocco, all the cadastral
mapping is implemented in 2D, but there are some records that demonstrate the 3D aspect of
properties, such as the number of the floors, the elevation dimensions etc. However, the
Moroccan land system does not explicitly include 3D space, despite the fact that the properties
are perceived in 3D. Currently, the cadastral plan in force in the Moroccan formal titling system
represents the superficies of the horizontal projection of land parcel. As the elevations of the
points that delimit a parcel might be at different level, the real superficies may be lower or
higher than the adopted one in the plan and for the title.

Considering these remarks, the MA-LADM country profile of Morocco was generated
(Figure 19). In the developed MA-LADM profile a specialization of LA_SpatialUnit class was
made in order to allow  the creation of 2D spatial units
(MA_2dHorizonalProjectionBasedParcel) and 3D  spatial  units (MA_3dReal

SuperficieBasedParcel, MA_3dCondominiumUnit18-00,
MA_3dCondominiumTouristicUnit01- 07, MA_3dNonCondominiumBuilding,
MA_3dLegalSpaceUtilityNetwork, MA_3dLegalSpace UtilityNetwork,

MA_3dCondominiumPrivatePart and MA_3dCondominiumSharedPart). This specialization
considers both the individual or shared ownership of buildings as well as those covered by
condominium restrictions (Adad et al., 2019c). Furthermore, to overcome the abovementioned
elevation drawback, a new class entitled MA_3dRealSuperficieBasedParcel was generated in
order to permit the calculation of the area by adding the superficies of the triangles composing
the whole parcel using its modeling as a triangulated irregular network (TIN).
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Figure 19. Overview of the MA-LADM surveying and representation sub-package (Source: Adad et

al., 2020).

2.3.7

Saudi Arabia

The development of the country profile of Saudi Arabia has passed through several phases,
and it started with the development of the initial country profile. The initial country profile was
created based on the interaction between all stockholders in order to represent Saudi Arabia's
land administration system (Alattas et al., 2019). In Saudi Arabia, building unit subdivision
processes are based on a 2D representation of legal space ownership. The 3D depiction of legal
space ownership, on the other hand, will provide a more detailed description of the spaces for
better registration. As a result, the 3D depiction of legal space ownership has been proposed by
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applying the same laws and regulations as Saudi Arabia’s existing building unit subdivision
processes (Alattas et al., 2021). The 3D representation of legal space ownership was utilized to
convert the 2D country profile into a 3D country profile that contains all of the new attributes
that have been linked to the 3D model as detailed in (Alattas et al., 2021).

Alattas et al. (2021) exploit the current trend of designing new buildings directly in BIM
and propose the re-use of those BIMs for cadastral purposes. Alattas et al. (2021) provide a
mapping from the BIM/IFC to LADM, both at conceptual modelling and at the level of the
individual units with their geometry and topology (Figure 20). The proposed mapping requires
the BIM/IFC file to contain sufficient information in order to enable the identification of the
different spaces being part of a property.

Three different main type of spaces were identified: the private part, common part, and the
exclusive common part. The administrative packages SA_BAUnit, SA_Right, and SA_Party
classes include new properties which correspond to the additional information required to
establish the ownership of the spaces and construction components. The SA_SpatialUnit is an
abstract class with three more attributes from the ISO 19152:2012 UML.: districtNo,
districtName, and city. The SA_Level class is used to represent the three property description
levels: level zero for parcels, level one for building units, and level two for construction
components.

The SA_ConstructionElement class is abstract and has a generalization relationship with the
SA_SpatialUnit class. There are three subclasses of the SA_ConstructionElement: SA_ Wall,
SA Column, and SA_Slab. Additionally, the SA Building class has a generalization
relationship with the SA_SpatialUnit, and it contains three extra attributes from the ISO UML.:
reference, type, and numberOfFloor. Furthermore, the SA_Building class is composed of the
SA_ConstructionElement class. The SA_BuildingUnit class is abstract and represents the
building's spaces; it contains three subclasses: SA_MainUnit, SA _AmenitiesUnit,
SA_SharedAreaUnit, and two more attributes are added: floorNo and area. The SA_MainUnit
class represents the most common type of space and has five attributes: type, propertyNo,
percentageOfThePropertyAreaToTheParcelArea, propertyShareFromTheParcelArea (Sg.M),
and ownershipBoundary. The attribute 'type' takes values from the code list SA_UnitType,
representing various unit types such as office, apartment, shop, and clinic. The service spaces
are represented by the SA_AmenitiesUnit class, which contains three attributes: type,
AmenitiesUnitNumber, and AmenitiesUnitLevel.
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Figure 20. The spatial package of the 3D LADM Saudi Arabian country profile (Sourve: Alattas et
al., 2021).

2.3.8 Turkey

Recently, Gursoy Strmeneli et al. (2022a) proposed a Turkish country profile that meets the
needs of a four-dimensional (4D) cadastral system. Their primary focus was the registration of
3D cadastral objects together with time attributes in the 3D cadastral database system.
Subsequently, Gursoy Sirmeneli et al. (2022b) developed an innovative ADE 4D Cadastral
Data Model for depicting the cadastral rights in 3D using LADM and CityGML. The data
management were done in an open-source database for the Turkish cadastral system. The
physical details corresponding to the legal attributes’ information, were modelled with LADM
and then linked with CityGML through a new ADE. Then a 4D database was created using
PostgreSQL, in order to visualise the cadastral information at the building level. Finally, the
CesiumJS platform was utilized for the visualization and temporal analysis on a city scale.

In order the Turkish ADE 4D Cadastral Data Model to be created, a set of new classes and
corresponding attributes were added to the CityGML LandUse and AbstractBuilding feature
classes. In summary, five new feature classes have been specified as the AbstracBuilding
class’s subclasses. These are entitled TR _CondominiumUnit, TR _Building, TR Annex and
TR_BuildingUsePart. TR_Parcel was defined as a subclass of the LandUse class. Even though
CityGML does not explicitly represent parcels, the OGC specification argues that the LandUse
class represents parcels as 3D.

Also, it was highlighted that since the CityGML AbstractBuilding has numerous building-
related properties and code lists (such as the number of floors, roof types, year of construction
and demolition, usage, and so on), it can adequately describe buildings and their subclasses in
the Turkish cadastral system. However, it was considered preferable the CityGML
AbstractBuilding class to be extended with more specific attributes, such as building number,
building usage permit date, building license approval date, and building value for the developed
model. In Figure 21 the innovative ADE Cadastral Data Model of the Turkish cadastral system
is illustrated to better understand the associations between the new and existing classes.
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Figure 21. The conceptual model of the proposed Turkish LADM-based country profile (Source:
Girsaoy Sirmeneli et al., 2022b).

2.4 Linking LADM with physical models

Through the last few years several approaches have been proposed to settle a link between
the legal and physical counterparts of 3D cadastral objects. This integration is a quite new
research topic in 3D digital cadastre and thus, the amount of available literature is not very
broad yet. These investigations are mainly focuses on the integration between physical data
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models, such as CityGML, IndoorGML BIM/IFC, LandXML, InfraGML, etc., and legal data
models such as LADM. Despite those pure physical models are not particularly designed for
the purpose of mapping ownership rights and property boundaries within multi-level buildings,
they can be harnessed or extended for representing and managing cadastral information. These
models usually manage spatial and semantic information associated with physically existent
objects in various levels of details.

241 CityGML

CityGML is a well-known geospatial standard that allows the interoperable exchange of 3D
urban information models (Groger et al., 2012; Groger and Plimer, 2012). Additional features
and object types can be added to the CityGML core model to enable the representation,
management, and analysis of 3D urban models for a variety of applications (Biljecki et al.,
2018). Through adding legal information to CityGML, it will be feasible to represent legal
boundaries and RRR spaces within the framework of a 3D urban information model.

Soon et al. (2014) proposes a semantics-based fusion framework to integrate LADM and
CityGML standard. In order to connect the legal and physical counterparts of a building, a
connection between the “LA LegalSpaceBuildingUnit” class of LADM and the
“ AbstractBuilding” class and its subclasses “Building” and “BuildingPart” in CityGML, is
investigated (Figure 22).
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Figure 22. Proposed link between CityGML’s Building module and the LADM conceptual schema
(Source: Soon et al., 2014).
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Ronsdorff et al. (2014) support that there are two ways to use the Application Domain
Extension (ADE) mechanism in order to connect the LADM and CityGML standards. The first
way focuses on a general connection between LADM and CityGML, whereas the second
method considers the particulars of a specific jurisdiction's land administration when
integrating LADM and CityGML. The general approach acquires the appropriate entities from
LADM and incorporates them into the proposed ADE for CityGML. Ronsdorff et al. (2014),
proposed an ADE where the basic administrative units (LA_BAUnit) are encoded utilizing the
instantiable Parcel class. This class is linked to the LA_RRR entity to define the legal status of
the Parcel. The LA_SpatialUnit class is mapped as the LegalSpace class that is associated to
geometric representations in LoDO0 and LoD1. The geometric representation of LoDO is used to
define surface-based spatial units, such as land parcels, while the LoD1 representation allows
the volumetric representation of spatial units, such as apartment units (Figure 23).
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Figure 23. Feature classes in a CityGML LADM ADE and their corresponding LADM feature in
simplified UML class diagram notation (Source: Ronsdorff et al., 2014).
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Li et al. (2016) developed a comprehensive LADM-based ADE comprising legal objects
defined in the Chinese jurisdiction. Two separate hierarchies, a legal hierarchy (yellow color)
and a physical hierarchy (light blue color), are modeled independently (Figure 24). In order to
describe the ownership structure of condominium units, three main feature classes, namely
Major-Body, Annex, and Shared-Obiject, are designed as subclasses of the CityGML abstract
feature bldg.: AbstractBuilding. This integrated model is capable of managing relationships
between legal objects and physical elements and can represent ownership structure of various
private and commonly owned condominium units defined in multi-level buildings.

The abovementioned investigations have attempted to link physical information, acquired
from CityGML, with legal information acquired from LADM. These initiatives prompted
CityGML to take into consideration land administration as one of its primary application
domains. As a result, it is anticipated that CityGML version 3.0 will be more compatible with
the LADM standard (Kutzner and Kolbe, 2018).

2.4.2 IndoorGML

The IndoorGML standard is widely known for its capability to provide a 3D geospatial
model to support indoor navigation systems (Lee et al., 2014). In contrast to CityGML and IFC
standards that describe the physical reality in general, IndoorGML is an application-oriented
data model that is used for navigation in indoor environments. Zlatanova et al. (2016a) argued
that connecting LADM with IndoorGML would offer an integrated method for linking physical
areas and RRR data, useful for a wide variety of use cases related to indoor navigation, such as
for airports, metro stations, shopping centres, including areas with different restrictions and
rights (Zlatanova et al., 2016b).
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Figure 25. LADM Extension of IndoorGML (Source: Zlatanova et al., 2016).

Zlatanova et al (2016) investigate the synergies between LADM and IndoorGML. After the
study of both models, they highlighted a straightforward equivalence of two classes, that is,
CellSpace of IndoorGML and LA_SpatialUnit of LADM. CellSpace is a base class of
IndoorGML for representing the indoor space describing it through a 2D or 3D geometry, which
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supports the abovementioned claim of the authors. Although these classes are defined for
different purposes they can be externally associated (Figure 25). Through this link a LADM
extension of IndoorGML can be created. Also, other researchers proposed the integration
between LADM and IndoorGML following the same norm.
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Surveying and A T 1

Figure 26. The integrated model of LADM (blue) and IndoorGML (red) (Source: Alattas et al. 2017).
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Figure 27. The selected classes from the conceptual model of LADM-IndoorGML (Source: Alattas
et al. 2018b).

Alattas et al. (2017) investigated the combination of LADM and IndoorGML for the purpose
of indoor accessibility predicated on RRR information. Based on the RRR information that is
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available to the users, the last ones can avoid inaccessible areas. The implementation of the
combined LADM-IndoorGML model for two university buildings demonstrated the validity of
the suggested strategy for assisting an RRR-based indoor navigation in a practical setting.
Alattas et al. (2017) proposed to associate LADM with IndoorGML by linking the two
standards through the CellSpace class in IndoorGML and the LA_SpatialUnit in LADM in
order to define the accessibility for the user based on their right (Figure 26).

Recently, the problems and difficulties in translating the conceptual LADM-IndoorGML
model into a technical implementation were further investigated. Incorrect handling of primary
and foreign keys, associations, cardinality of multiplicity, geographic and non-spatial data
types, spatial data indexing, restrictions, and inheritance were the main transformation
difficulties (Alattas et al., 2018a). To solve these problems, Alattas et al. (2018b) proposed and
created a database for the LADM-IndoorGML model, allowing queries to get accessible and
inaccessible interior places based on RRR data (Figure 27). At a later stage, the LADM-
IndoorGML model was also used and tetsed for evacuation purposes in complex buildings
structures (Alattas et al., 2018c).

Linking LADM and IndoorGML standards is still on a conceptual level (Tekavec and Lisec,
2020). Nevertheless, the ongoing investigation may lay the foundation for the future indoor
navigation systems integrated with RRR information.

243 LandXML

To facilitate digital management of land and infrastructure facilities such roads, trains,
tunnels, surveys, alignments, land division, and condominium units, the Land and Infrastructure
(LandInfra) conceptual standard was recently created (Scarponcini et al., 2016). LandInfra
concepts were implemented using a GML-based encoding called InfraGML. The legal concepts
defined in LandInfra are in line with a subset of the LADM standard. However, LandInfra does
not consider the specific classes of party package the same way as defined in LADM. The RRR
information is modelled by the InterestinLand class in LandInfr, while the geometric modelling
of spatial units is independent from the legal ownership of these units. As a result, LandInfra
places more of an emphasis on cadastral surveying and infrastructure than it does on the legal
and administrative facets of property development.

Thompson et al. (2016) explores an integrated method of defining 3D spatial units through
an alternative approach of the combined use of LA _BoundaryFaceString and
LA_BoundaryFace within the LandXML encoding structure. More specifically, the “footprint”
of the spatial unit may be represented as a LA _BoundaryFaceString, associated with a - possibly
empty - set of more general faces (LA_BoundaryFace) (Figure 28). Although a spatial unit may
be defined by a bounded space by five or more vertical faces of undefined height, the database
representation only need a simple polygon. Based on this and the observation that the majority
of 3D parcels are relatively simple consisting of vertical and horizontal faces, an alternative and
simplified definition of 3D spatial units based on the 2D footprints is investigated. This
representation fits within the LADM, is suitable for practical encoding formats and is more
parsimonious in storage than the conventional polyhedron.
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Figure 28. Potential link between a Simplified schema for database storage and the Simple Faces
Method for encoding of a 3D Spatial Unit (Source: Thompson et al., 2016).

The need for harmonizing LandInfraand LADM standards in the field of land administration
was emphasized by Stubkjr et al. (2018). In order to allow semantic harmonization of concepts
between LADM and LandInfra and to mitigate interoperability concerns in the land
administration sector, cross-standard management of code lists was explicitly recommended.
LandInfra has more detailed code lists than LADM, in order to facilitate semantic management
of condominium units (Cagdas et al., 2018). These code lists include condominiumMainPart,
condominiumAccessoryPart, jointAccessFacility, and jointOtherFacility. However, in LADM,
there is only the LA_BuildingUnitType code list that includes generic shared and individual
values (Cagdas et al., 2018).

244 BIM/IFC

BIM provides a valuable tool that is rich in content and able to provide input to a 3D
cadaster, both for each property unit itself and for its surrounding property units and parcels.
The BIM can be translated in BuildingSMART’s open exchange standard, IFC, which provides
the capability to model the legal and physical dimensions of urban properties (Barzegar et al.,
2021). A properly enriched IFC model may satisfy the requirements of cadastral legal spaces,
enabling the extraction of cadastral data from both as-designed and as-built BIMs (Oldfield et
al., 2016). Oldfield et al. (2016) investigated the potential adoption of existing 3D data sources,
as 3D Building Information Models (BIMs), in 3D cadastre. They described how IFC entities
can be used to model some concepts from LADM. In particular, they stated that ‘ifcSpace” and
‘ifcZones’ entities may be a good fit for modelling spatial units. A 3D spatial unit such as a
building unit may be represented as a closed polyhedron that can be mapped to an ‘IfcSpace’
object. This space object is enclosed by several polygonal faces illustrating a conceptual mass
(Figure 29).
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Figure 29. Conceptual Mass as ‘IfcSpace’ object (Source: Oldfield et al., 2016).

To enhance this notion, Oldfield et al. (2017) designed a workflow to establish a bridge
between a BIM and LADM through developing an extended IFC data structure able to incorporate
the information on 3D RRRs as the input for the land registry of The Netherlands (Figure 30).
Also, they recognized the use of property sets for managing legal information but without
proposing how various property sets based on LADM may be applied to different IFC entities
(Figure 31).
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Figure 30. Mapping between the LADM and the IFC:Decomposition (Source: Oldfield et al., 2017).
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Figure 32. Suitable IFC entities for modelling spatial units (Source: Atazadeh et al., 2018).

Atazadeh et al. (2018) investigate two potential approaches to integrating physical
information provided through the IFC standard and legal information provided by the LADM
data model. The first approach describes how the IFC standard may be extended to the land
administration domain, while the second approach proposes the incorporation of physical
elements from the IFC standard into a potential future update of the LADM. As for the first
approach, they consider two main representation forms, a 2D for the land parcel and a 3D for
the legal spaces. They proposed a potential matching between the IFC entities and the spatial
units in order to model them. The selected IFC entities are presented in the Figure 32.
Furthermore, for the second approach they suggest a potential consideration of physical objects
in LADM standard and define their optional relationships with the legal objects. Their proposal
is based on physical objects defined in IFC standard (Figure 33).
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Figure 33. Proposed physical concepts for LADM (Source: Atazadeh et al., 2018).
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Figure 34. Different sections of the IFC standard used for modelling legal and physical components
(Source: Atazadeh et al., 2021).

Atazadeh et al. (2021) proposed using the IFC schema to model the features and attributes
in LADM. In summary, the subclasses of IfcSpatialElement are suggested as suitable classes
for modelling legal components. These subclasses are IfcSpatialZone, IfcSpace, IfcSite, and
IfcExternalSpatialElement. The physical components in IFC are defined as subclasses of
IfcElement class. These subclasses include IfcBuildingElement (and its subclasses including
Ifcwall, IfcDoor, IfcWindow, IfcSlab), IfcDistributionElement, IfcGeographicElement, and
IfcCivilElement. Figure 34 shows different sections of the IFC standard, in which the legal and
physical components are highlighted.

Guler and Yomralioglu (2021) demonstrate how condominium rights in the buildings in
Turkey can be represented using the initial conceptual model containing IFC and LADM.
However, the model in this study contains only a part of LADM classes without considering
the building elements and linking these classes to suitable IFC entities. In a subsequent
investigation Guler et al. (2022), provide a model that extends IFC schema by referencing
LADM in the sense of re-using BIM/IFC model for the 3D registration of condominium rights
in Turkey. Following a similar reasoning with Giirsoy Stirmeneli et al. (2022a; b), the mapping
between BIM/IFC and LADM classes was created. Figure 35 (left) illustrated the Party and
Administrative packages while Figure 35 (right) presents the Spatial package and the Surveying
and Representation sub-package of the integrated model.
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Figure 35. Party and Administrative packages (left); Surveying and Representation sub-package
(right) of the integrated LADM-based Turkish model (Source: Guler and Yomralioglu, 2021).

2.5 Conclusions

The rapid economic, digital and social transformation through the last several years, has led
to multiple rearrangements regarding the land administration procedures. The development of
large cities, especially in developing countries, and the phenomenon of megacities are a reality
that imposes the necessity of recording 3D geoinformation and the creation of 3D cadastral. It
is recognized that the current cadastral systems, based on two-dimensional cadastral maps, may
not be efficient enough to visualize the exact legal and physical boundaries of the 3D property
units to which property rights may refer in complex urban areas in the near future, and therefore
may not be reliable for supporting urban activities. The sustainable management of large and
mega cities requires transparency and credibility in the determination of property rights at every
level, bringing the 3D cadastre into the spotlight. 3D cadastre has been attracting researchers
throughout the world for nearly a decade, bringing in line very interesting approaches
describing how 2D cadastral systems should best be transformed into 3D cadastres. However,
the implementation of a fully functional 3D cadastre has not been achieved yet, as in addition
to the determination of the technical specifications concerning the geometric determination of
the legal and physical spaces, radical changes are also required in the current legislation of each
country.

With the emergence of the LADM in 2012, a new era has begun for both 2D and 3D
cadasters. Based on this ISO standard, many countries have/can design prototype systems and
approaches for the implementation of country-level 3D cadasters. Each country handles the 3D
aspect according to its current legislation and cadastral background. The LADM has become a
very useful tool as it provides a flexible conceptual schema as a basis for the development of
2D and 3D cadasters while establishing a shared ontology, enabling communication between
the involved parties within one country or between different countries, and facilitating data
exchange in heterogeneous and distributed land administration environments.
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Despite LADM provides an internationally accepted standard structuring the legal
relationships between interest holders and their land or property, it lacks a determination
regarding the acceptable 3D geometries and representations of 3D cadastral objects, consisting
a subject of active research. Besides that, another weakness of the LADM is the absence of a
connection with widely known spatial models. Existing research projects investigated various
methods for developing an integrated legal-physical 3D data model. Several different
integrations of physical models, such as CityGML, IndoorGML and BIM/IFC, and legal
models, such as LADM, have been considered in these investigations. Especially, the BIM
provides a valuable tool that is rich in content and able to provide significant input to 3D
Cadastres, both for each property unit itself as well as for its surrounding property units and
parcels. The BIM can be translated in BuildingSMART’s open exchange standard, IFC, which
provides the capability to model the legal and physical dimensions of urban properties. A
properly enriched IFC model may satisfy the requirements of cadastral legal spaces, enabling
the extraction of cadastral data from both as-desighed and as-built BIMs. However, the
investigation on the interaction between IFC and LADM standards to construct an integrated
model is still narrowed. As a suggested future pathway for designing an integrated 3D cadastral
data model were either encoding LADM concepts inside international data models such as IFC,
CityGML, IndoorGML etc., or expanding future versions of LADM standard by incorporating
physical concepts from these widely used data models.

Nowadays, such rich data models are utilized in several application areas with great
efficiency and have become a valuable data source for Geographic Information Systems (GIS),
such as 3D cadastral systems. However, their availability remains limited, failing to cover all
possible implementations. Nevertheless, in recent literature numerous other 3D data sources
are appeared, capable to describe the 3D aspect of the cadastral objects including lidar data,
aerial, terrestrial or space-borne optical data, topographical data, terrestrial laser surveys, and
data derived from crowdsourcing or volunteered geographic information (VGI), which may be
further investigated.
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Chapter 3

Extraction and modelling of 3D geospatial
data

In recent years, technological advances have made possible the development of more and
more innovative and effective tools for acquiring accurate and reliable 2D and 3D data, as well
as their efficient processing in terms of automation, speed and data quality. Buildings, consist
the most significant place for human livelihood, possessing a key role on digital mapping of
urban and suburban areas. Detection, extraction and 3D reconstruction of man-made objects,
especially buildings, is an intensive and long-lasting research problem in the graphic, computer
vision and photogrammetric communities. 3D digital buildings models are required in many
applications such as inspection, navigation, object identification, urban planning, GIS, tax
assessment, cadastre, insurance, 3D city modelling, digital twins, etc. The most common
requested specifications for such applications include high geometric accuracy, photo-realism
of the final results, modelling of the complete details, as well as automation, low-cost,
portability and flexibility of the modelling techniques. Therefore, selecting the most appropriate
3D data acquisition and reconstruction method is not always an easy task. It depends on many
parameters, including the scale, the type of the scene as well as the available funding.

Regarding 3D Cadastre where the needs for 3D models are high and their availability is
limited, the automation in detecting, extracting and reconstructing building units can be a great
contribution, especially in cases of areas with insufficient geospatial infrastructure. Today, the
increasing quality of digital airborne cameras as well as the recent innovations in matching
algorithms, allow the generation and disposal of high-resolution imagery, the computation of
dense 3D point clouds and the generation of DSMs sufficient to assist the reconstruction
procedure. Simultaneously, the remarkable progress in the field of computer vision (CV),
indicates that in addition to traditional photogrammetric techniques, deep learning techniques
may essentially improve the performance of object detection and semantic segmentation,
playing a critical role in promoting the accuracy of buildings detection towards applications of
automatic mapping.

This chapter provides a comprehensive overview of 3D reconstruction algorithms and
techniques that generate 3D models from different data sources. The main focus is on man-
made scenes, specifically buildings, and how the described methods and techniques can be
leveraged to support 3D Cadastre. First, a classification of the different 3D data acquisition
methods and the most common 3D input data required by the majority of reconstruction
methods, is presented. Then, an extensive literature review of the state-of-the-art 3D
reconstruction methods, techniques and algorithms, concerning the 3D reconstruction of
buildings, is made.

Following, the investigation focuses on the exploitation of high-resolution geo-referenced
aerial imagery, for the detection, extraction and potential reconstruction of buildings either in
sparsely or in densely urbanized areas. Section 3.3.1 focuses on the automated detection,
extraction and reconstruction of noisy buildings’ roof tops in densely urbanized areas, using
photogrammetric techniques. The processing steps of developed methodology are described
and each stage of the proposed methodology is analyzed. The developed software is presented
and an implementation of the proposed procedure is conducted. Then, an assessment of the

85



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

produced data and a comparison with the results of other software is made. Section 3.3.2,
focuses on the automated detection, extraction and vectorization of buildings outlines in
sparsely urbanized areas, using deep learning. First, the main stages of the developed
methodology are described and the main characteristics of the developed cloud-based software
are presented. Next, a practical experiment of the developed methodology is presented and the
first results are evaluated. Finally, the potential integration of these methods in 3D cadastral
processes is discussed and the main conclusions referring to the work presented in this Chapter
are introduced.

3.1 Data Acquisition

This section discusses the different methods for data acquisition, which are often used for
reconstructing man-made objects and scenes. First the data acquisition methods are classified
and then the most common data used as input for the generation of 3D reconstructions, are
categorized and presented.

The most general classification of data acquisition techniques divides them into contact and
non-contact methods (Figure 36). Contact methods refer to coordinate measuring machines,
calipers, rulers and/or bearings while non-contact methods refer to remote sensing techniques
such as photogrammetry, SAR (Synthetic Aperture Radar), LIDAR (LIght Detection and
Ranging) and laser scanning. Nowadays the generation of 3D models is mainly achieved using
non-contact methods based on light waves. These methods are distinguished in active and
passive methods (Remondino & EL-Hakim, 2006) (Figure 36). Active methods control the light
sources, as part of the strategy to arrive at the 3D information. Active lighting incorporates
some form of temporal or spatial modulation of the illumination. On the other hand, passive
methods control the light sources only with regard to image quality. Usually passive techniques,
such as photogrammetry, work with sufficient ambient light available. While passive
photogrammetric techniques provide a cost-efficient method for different scales, active
methods such as laser scanning, tend to be less demanding, as the special illumination simplifies
some steps in 3D capturing process. However, their applicability is restricted to environments
where the special illumination techniques can be applied (Moons et al., 2010).

A subsequent distinction is between the number of viewpoints from where the scene is
observed and/or captured. Therefore, there are the single-view and the multi-view methods
(Figure 36). In case of 3D models multi-view methods are usually selected. For multi-view
methods to work well, the different components often have to be positioned far enough from
each other regarding a specified baseline. The latter ones generate multiple registered 2D
images and/or a point cloud of the measured 3D scene (Moons et al., 2010). With
photogrammetric techniques the viewpoints of multiple input photos are estimated and
additionally a sparse or dense point cloud of the scene is generated. With laser scanners and
range cameras a dense point cloud of a scene is directly created. These 3D data consist the core
pillar of 3D reconstruction, which is the Digital Elevation Model (DEM) generation.
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3D Data Acquisition
Contact Systems Non-Contact Systems

- coordinates
measuring Passive Sensors Active Sensors
machines

- calipers — metric cameras - SAR
- rulers - airborne platform - LIDAR
- bearings _ terrestrial - laser scanners

- UAV

- Non-metfric cameras

- Smart phones

Single-view

- Shape-from-texture Photogrammetry - Time-of-flight - Active Stereo
- Shape-from-occlusion SFM - Shape-from-shading - Photogrammetric
- Time-to-contact Passive Stereo Stereo
- Shape-from-defocus - Structured light

- Shape-from-contour

Figure 36. Three-dimensional acquisition systems for object measurement using non-contact
methods based on light waves.

3.1.1 3D Input Data

Current reconstruction methods have different types of input requirements. The most
common input is a set of 3D points that samples surface of the object. However, working only
with point clouds may fail to sufficiently deal with the inconsistences existed in the point
clouds. Thus, other types of input data may be considered as extremely beneficial in such
reconstruction processes. Considering active and passive sensors, four alternative data sources
for 3D reconstruction can currently be distinguished:

- Passive sensors and 2D images. This approach is widely used for precise terrain and city
modelling (Grun, 2000) utilizing 2D image measurements (correspondences) to recover 3D
object information. Passive sensors acquire 3D measurements from multiple views (aerial
or terrestrial imagery), through the use of projective geometry (Nister, 2004; Pollefeys et
al., 2004) or a perspective camera model. Aerial imagery can either be captured with the
use of an airborne platform with specially manned aircraft or with Unmanned Aerial
Vehicles (UAVS). Although these images are generally captured with metric cameras, the
recent technological achievements allow the use of conventional non-metering cameras.
The use of UAVs with conventional non-metric cameras has been attracting particular
interest lately. Also, recent developments in smart devices (e.g., smartphones), which have
built-in positioning sensors (e.g., Global Navigation Satellite System (GNSS) receiver,
Inertial Measurement Unit - IMU) and a camera for taking photos, offer the possibility of
utilizing more information in photogrammetric reconstruction process, so that it is possible
to increase the computational efficiency, reliability and accuracy of the process (Zhang et
al., 2016). Therefore, the images required for photogrammetric reconstruction procedures
can be also obtained with low cost devices and by people without photogrammetric skills
(e.g. through crowdsourcing techniques) reducing the costs of the overall procedure. Hence,
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toward all these alternatives seems that image-based modelling approaches are portable and
the sensors are often low cost.
The utilization of such data in 3D reconstruction procedures presupposes the restoration of
3D information from one or more images that is mainly achieved through photogrammetric
techniques. The first step of the photogrammetric procedure involves the orientation of all
the input images. This problem has preoccupied the research community for many decades
as significant efforts have been made to automate the required procedures. These
techniques have now matured, resulting in their increasing use in large-scale industrial and
non-industrial applications. Among several orientation strategies (Westoby et al., 2012;
Weng et al., 2012; Mayer, 2014; Mayer, 2015; Nguatem et al, 2016; Verykokou &
loannidis, 2016) the most common is Structure-From-Motion (SFM) algorithm that enables
the computation of the intrinsic and extrinsic camera parameters (Hartley & Zisserman,
2003). This process is widely known as sparse matching and it is differentiated from dense
matching which aims to find a complete solution and create a dense and qualitative model
of a 3D scene. Unlike conventional photogrammetric methods and LIDAR systems or
terrestrial scanners that capture directly the 3D geometry of the object or scene, dense
matching methods provide economy, speed, and greater reliability. The latter is due to the
fact that together with the final 3D information, the results are accompanied by qualitative
- radiometric information, which are extracted from the input images. Dense image
matching can be performed using several methods, which are combinations or variations
of the two main categories. Each of them has advantages and disadvantages, depending on
the required quality of the final result (Scharstein & Szeliski, 2002). The main categories
of methods are summarized into: (i) local and (ii) global methods. The most known dense
image matching algorithms are the Semi-Global Matching (SGM) algorithm (Hirschmdller,
2005; 2007; 2011; 2012; Hirschmuller & Scharstein, 2007; 2008) and Multi View Stereo
(MVS) algorithms (Furukawa & Hernandez, 2015). Multi-view stereo algorithms are
designed to manage a very large number of images and compute dense point clouds or
triangulated meshes from the input data. As input, aerial images and terrestrial images may
be utilized. The use of both of these image categories is necessary in order to fully describe
all aspects of each object or scene, and to prevent problematic situations (e.g. hidden areas)
introducing errors in the process.

- Active sensors and 3D Point Clouds.
In the past years many advances have been made in electronics and photonics resulting to
the development of a wide variety of active 3D sensors (Blais, 2004) provide a highly
detailed and accurate representation of the object or scene. However, these systems are very
expensive consisting a costly solution to proceed with 3D reconstruction. Nowadays there
are many commercial solutions, based on triangulation, time-of-flight, continuous wave,
interferometry or reflectivity measurement principles (Remondino et al., 2006). These
solutions are becoming very popular as they enable non-experts to participate to the overall
process.
Most of the systems focus only on the acquisition of the 3D geometry of the studied object
or scene, providing only a monochrome intensity value for each range value. Some systems
directly acquire color information for each pixel (Blais, 2004) while others have a color
camera attached with a known configuration, allowing them to acquire texture registered
with the captured geometry. One of the most common sensors belonging in this category is
LIDAR. In addition, another type of an active sensor is the INSAR (Interferometric
Synthetic Aperture Radar). Both systems can be used to develop applications for detection
and consequently, reconstruction of buildings. However, LIDAR systems have a key
advantage over INSARs in terms of spatial analysis and the ability to capture vertical data.

- Combination of different data sources.
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Usually, reconstruction algorithms which use only 2D images as input data, introduce
several limitations and complicate the whole reconstruction process. This setback is due to
the existence of misleading and low level of information or even lack of information or
noise (Karantzalos & Paragios, 2010). Thus, in some cases is preferable to combine data
from different sources to increase the reliability of the final model. Ordinarily, the basic
geometric shapes such as planes are derived by image-based methods while the rest fine
details are employed by range sensors (Flack et al., 2001; Sequeira et al., 2000; Bernardini
etal., 2002; Borg & Cannataci, 2002; El-Hakim et al., 2004; Beraldin et al., 2005). In some
applications, other information derived from CAD (computer-aided design) models,
measured surveys, Global Positioning System (GPS) and Crowdsourcing may also be used
and integrated with the sensor data.

3.2 3D Reconstruction Algorithms and Techniques

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 via stereoscopy or from LiDAR data, which are time consuming and laborious tasks.
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).
Recent advances in computer vision technology, the increasing quality of digital airborne
cameras as well as the recent innovations in matching algorithms, have already demonstrated
digital image matching as a valid alternative to airborne LiDAR. Therefore, the computation of
dense 3D point clouds and the generation of Digital Surface Model (DSM) with surface
resolution similar to the ground sampling distance of the available imagery, is feasible. 3D point
clouds and DSMs, are of fundamental importance for 3D reconstruction of real-world, as they
guide the overall reconstruction process, providing information about the studied surface.
However, automatic building extraction and reconstruction from remote sensing images are
difficult tasks, as the detection accuracy and the quality of the produced surface, depends
heavily on image resolution, quality and buildings shapes (Kéhn et al., 2016).

Input Data:
- Aerial imagery A-priori information YES
| B ————1 i
Lidar Data (point about building shape?
cloud / DSM)
-tc v
‘o | Grammar-based
L Methods
Very Dense Point Cloud — Lsystems

: [ :

Plan Fitting Methods

Formal Grammars

Shape Grammars

v
Footprint-based

Methods

Surface Reconstruction

Triangulation-based
algorithms

v v

-Delaunay-based el
algorithms

-Ball Pivoting

algorithms

-ele.

L]

Implicit Algorithms
-Poisson algorithms

-Ransac algorithms

-Least Square Planar Fitting
algorithms

-Plan Fitting algorithms
-Polynomial Surface Fitting
algorithms

-efc.

Supervised Classification
Methods

-Deep Learning Methods

. Convolutional Neural
Networks (CNN)

. Stacked Auto-Encoders

. Deep Belief Networks

-efc.

Filtering & Thresholding
Methods
-Canny Edge Detector
-Steger Edge Detector
-Line Segment Detector (LSD)
-Curve Propagation Techniques
(snakes or active contours,
deformable models)
»> -elc

Segmentation-based Methods

-Region Growing-based algerithms
-3D Hough transform
-Ransac algorithms
-Scan Line Segmentation
» -elc

Figure 37. Classification of 3D reconstruction methods.

» Split Grammars

. Computer Generated
Architecture (CGA) Grammar

+— Aftributed Building Grammars

L elc.

89



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

In recent literature several methods have been developed for the automatic building
detection, recognition and reconstruction. These methods can be divided into three general
categories based on the degree of the contextual knowledge: (i) Model-driven methods, (ii)
Data-driven methods, and (iii) Hybrid methods. For the data-driven methods, buildings are
usually considered representing the aggregation of roof planes represented by the blocks of
point clouds or the DSMs. Some of these techniques may not produce a surface representation,
but rather a resampled optimized point set, free from noisy artifacts and non-building elements.
Once the point cloud representing building’s structure parts is defined through the
abovementioned methods, the respective surface has to be reconstructed. Through numerous
approaches, surface reconstruction methods can be divided into two (2) broad categories: (a)
combinatorial algorithms and (b) implicit functions. Each one of these methods include several
algorithms and techniques aiming to achieve a successful 3D building reconstruction (Figure
37).

3.2.1 Rendering-based methods

Rendering methods are preferable in cases where high precision is not required and the study
scale of the object or scene is not very large. These approaches do not lead to the generation of
a 3D model but, for particular objects and under specific camera motions and scene conditions,
it might provide a good solution for the generation of virtual views (Shum & Kang, 2000).
However, the final outcome may be affected by current occlusions and discontinuities that
usually encountered in large-scale and geometrically complex environments. Hence, the
utilization of these approaches is limited to specific applications. As initial data, a particularly
dense point cloud is required. Therefore, the reconstruction can be done through rendering color
at each point of the point cloud. The final outcome may be presented as a visually complete
surface, but in fact it consisted by a set of individual unrelated points.

Xuaetal., (2016), proposed a rendering-based approach for the 3D reconstruction of cultural
heritage objects. In order to collect detailed information regarding the buildings’ rooftops and
facades, investigates the potential integration of data from UAVs and terrestrial laser scanners
(TLS). Instead of images, UAV video recording is selected in order to tackle with the limitation
of static shooting, which is introduced through capturing images at specific times. A point cloud
is generated through the SFM and the Patch-based Multi View Stereo (PMVS) (Furukawa &
Ponce, 2009) algorithms, utilizing video frames. After the integration of the two-point clouds
into the same system, the corresponding tone is rendered at each point providing the final digital
3D reconstruction with full coverage and texture information.

3.2.2 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 initial data are incomplete and
weak, and the topologically correct model output (Sohn & Dowman, 2007; Wichmann et al.,
2015). However, each library may not include enough information about all kinds of buildings
geometry. Thus, in case of buildings with complex shapes the reconstruction may not be
complete.

One of the most popular categories of parametric methods are Grammar-based methods.
Grammar-based methods have been extensively used in architecture modelling. These methods
are supported by a structure, called Grammar and use a language named L(GB), that includes
several different shapes and attributes which may constitute potential components of the
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building structure (Grammar Building). Based on GB, a segmentation process starts, where
every component is checked against a set of rules. The main objective of this process is to
categorize the initial data and find all the terminal elements that constitute the studied object.
In case of buildings, the doors, windows, walls, etc., may be considered as such elements that
may cannot undergo a further segmentation. Essentially, the Grammar (GB) consists of four
distinct elements GB = [T, N, R, 1], where T is the terminal element (cannot further segmented),
N is the non-terminal element (can be further segmented into other terminal or non-terminal
elements), R is the set of rules followed during the segmentation (e.g. if a building is symmetric,
one part of the building is created and then the second part is adapted; or, if there are similar
primitives, the first one is generated and then the rest are replaced), and finally | represent the
initial element. Thus, having an initial dataset (e.g. point cloud) the segmentation process
begins, aiming to categorize the initial data and find all the terminal elements that constitute the
studied object.

The most well-known examples of Grammar-based methods 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 and thus will not be further investigated. On the contrary, Shape grammars include
shape rules and a generation engine that selects and processes the rules. The shape rules define
how an existing shape can be transformed. The shape grammars have been successfully used
in architecture (McKay et al., 2012); however, their applicability for automatic generation of
buildings is 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 for dividing the building into parts, and also a separate control grammar is proposed
to handle the propagation and distribution of the 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 is presented by Miiller et al. (2006) to generate
detailed building architecture in a predefined style, which is demonstrated by a virtual
reconstruction of the 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, e.g., symmetric structures. Yu et al. (2014) proposed an automated
reconstruction method in order to provide 3D building models from segmented data based on
pre-defined formal grammar and rules. Terrestrial or mobile laser scanning devices are utilized
for the acquisition of the initial data, which then undergo through segmentation procedures.
The main objective is to extract the original shapes, which with the help of Formal Grammar
and the corresponding rules, will lead to the generation of the desired model. The proposed
methodology is distinguished by two main steps. The first step concerns the transformation of
the segmented data into 3D shapes, for instance using the DXF (Drawing Exchange Format)
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format which is a CAD data file format used for data interchange between AutoCAD and other
program. Secondly, a formal grammar is developed aiming to describe the building model
structure and integrate the pre-defined grammars into the reconstruction process. Based on the
different segmented data, the selected grammar and rules are applied to drive the reconstruction
process in an automatic manner. Compared with other similar approaches, this method allows
the model reconstruction directly from 3D shapes and examine directly the whole building.

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 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).

Another model-driven category is footprint-based methods. Simple buildings as the ones
encountered in rural or suburban areas can be approximated by rectangular footprints and
parametrized standard roof shapes. Several investigations try to group and categorize the
different roof shapes. Milde & Brenner (2009) and Kada (2009) present a description of the
most common roof shapes. Haala & Kada (2010) support that if roof details such as dormers
and chimneys are not required, buildings may be automatically recognized and parametrized
even from low density data.

In Taillandier (2005) a footprint-based approach is proposed. The reconstruction of
buildings is achieved by extruding the given footprints to a uniform building eaves height. Then
it is hypothesized that sloped roof faces pass through every extruded line segment, which an
exhaustive search over all possible plane intersections verifies. From the DEM, the precise
eaves height and all slopes are determined by a least squares’ estimation and a polyhedral
building model is constructed from the intersection of the verified planes. Such approaches
perform well on symmetric roof shapes with global eaves height and central ridge, but fail in
cases of complex shapes and height discontinuities. In order to overcome this throwback some
approaches try to circumvent this problem by hypothesizing the height discontinuities from the
footprint and decomposing it accordingly. Kada and McKinley (2009) and Kada (2009) exploit
this idea and decomposes the given building footprints into wings and fits basic roof shapes
into these. Due to the complexity of building footprints and the limited geometric accuracy of
cadastral maps, exact decompositions that fit well with the roof shapes are very hard to generate.
The spatial partition is therefore not generated by decomposing a footprint itself, but is rather
recreated from scratch by decomposing an enlarged block along the approximated linear
features of the building. The resulting 2D cells are then compared with the original footprint
and the ones with a low overlap are discarded. The remaining cells form together a generalized
shape of the building’s footprint. Points that are inside a cell are compared to a library of
template roof shapes. A cell is given the shape for which most points fit with regard to their
normal direction. If the decomposition of the ground plan generates too many cells, then the
roof parts are sometimes divided over two or more cells. This makes it difficult or even
impossible to fit the parametric roof shapes. Vallet et al. (2009) therefore do not only split the
footprints along their principal directions, but also merge them again if necessary.
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3.2.3 Data-driven methods

Data-driven or bottom-up approaches are more flexible as they do not require any prior
knowledge about a specific building structure. In recent literature, the majority of the proposed
data-driven methods tend to extract points related to the building roof structure and classify
them into different roof planes with 2D topology. The geometry of the roof can be described
by a set of geometric primitives (planes, lines etc.) on which the 3D reconstruction procedure
is based. Points can be clustered into planes based on similar attributes, such as: normal vectors,
distance to a localized fitted plane or height similarities (Rottensteiner et al., 2014). Current
data-driven methodologies and algorithms may be divided into four (4) general categories: (a)
plane fitting based methods, (b) filtering and thresholding-based methods, (c) segmentation and
growing based methods and (d) supervised classification methods (Makantasis et al., 2015;
Alidoost & Arefi, 2016).

In the recent literature there are several approaches trying to apply plane fitting-based
methods on 3D point clouds, derived either from active sensors (e.g., LIDAR) or produced
through photogrammetric procedures. The most well-known examples of algorithms used in
this category are Random Sample Consensus (RANSAC) algorithms (Fischler & Bolles, 1981),
Least Squares planar fitting algorithms (Omidalizarandi & Saadatseresgt, 2013) and plane
fitting based algorithms (McClune et al., 2016). Wang (2016), proposed a methodology for the
detection and extraction of buildings roof outlines utilizing a dense point cloud derived from
high-resolution aerial imagery. For the generation of the dense point cloud an automated Semi-
Global Matching (SGM) method (Hirschmller, 2008) is proposed. The proposed methodology
tends to extract the ground surface using a polynomial surface adaptation method and then
extract the buildings volumes by the production of nDSM (normalized DSM). Utilizing various
radiometric and other criteria for the classification of all the elements located on building’s roof
top, the outline of the roof is extracted through a 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. Wang (2012)
assumed that roof levels are composed by a set of points and lines. Through the use of the
Movarec point detector and the Canny edge detector (Canny, 1986) the points and lines,
respectively, describing the roof levels are extracted. Finally, these features are then matched
and the desired 3D model is produced. Dal Poz et al. (2016) proposed a methodology for the
extraction of buildings boundaries and roof ridgelines, with the combined use of high-resolution
aerial images and ALS (Aerial Laser Scanner) data. ALS data are utilized to limit the amount
of straight lines representing the roof boundaries and then, 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. Awrangjeb et al. (2012), also used the Canny operator to extract lines from
orthophotos while utilizing LIDAR data to categorize them. They also identified and removed
vegetation from regeneration processes utilizing the Normalized Difference Vegetation Index
(NDVI) and entropy images.

Kohn et al. (2016), proposed a different method for the detection and reconstruction of the
building roof, using aerial images. A high resolution DSM was derived based on an SGM
algorithm. The exterior and interior orientations of all images were estimated through bundle
adjustment using the GNSS/IMU measurements. In the 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. A line segment detector (LSD)
is applied, in order to identify straight line segments through a region growing method among
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pixels with similar intensity and orientation. An assumption about the buildings shape
rectangularity 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; Mayer, 1999; Mena, 2003; Kass et al.,
1987; Cohen, 1991; Gruen & Li, 1997; Jeon et al., 2002; Kabolizade et al., 2010) and thus at
the reconstruction procedures.

Another widely used reconstruction category deals with Segmentation and growing based
methods. Rottensteiner et al. (2014), argue that area-based reconstruction tends to favor the use
of lidar data in the form of point clouds or raster DSMs. Points can be clustered into planes
based on similar attributes, such as: normal vectors, distance to a localized fitted plane or height
similarity. 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, this approach tends 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.

Furthermore, McClune et al. (2016) proposed a methodology aiming to identify and
reconstruct the roof tops of buildings, using aerial imagery with large overlap in both length
and width. With proper image processing the corresponding DSM is produced. Next, the
normalized DSM (nDSM) is generated, utilizing the elevation data provided by the available
topographic diagram (DTM = DSM - nDSM). Buildings footprints depicted in the topographic
diagram are used as guides in the identification process of the roof tops and their characteristics.
Through the Canny operator the roof tops edges are detected, and then the altitudes from the
nDSM are adjusted to them. Minimum Square Method (MST) is utilized for the determination
of the optimal adjustable edges at the boundaries. Finally, the adjustment of the roof level is
done through the region growing method with edges.

In Zhang et al. (2016), an alternative method of complete reconstruction of buildings
utilizing region-growing methods, is proposed. As initial data LIDAR data in combination with
images captured with smart phones, are selected. Through the combined use of LIDAR data
and mobile images, the coverage of respectively the roofs and the facades of the buildings, is
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achieved. Mobile images are grouped using location information (GPS) stored in the metadata
file that accompanies the images (Exchangeable Image File - Exif). For each of the image
groups, a dense point cloud is generated using the SfM and PMVS algorithms. Then, the
LIDAR cloud is segmented through the region growing algorithm in order to determine the
possible locations (surfaces) of the buildings. For each of the point clouds, that represent a unit
building, the roof boundary lines are extracted. with the help of the normal vectors. Due to the
reduced accuracy offered by the GPS of the mobile device, the mapping between the clouds
does not meet the requirements of the reconstruction procedures. In order to accurately combine
the two data sets, the Coherent Drift Point (CPD) algorithm is used (Myronenko & Song, 2010),
in order to achieve an exact match between the extracted boundaries of the studied building. In
order to make an accurate mapping of the data in the 3D space, the middle altitude point of the
studied building is calculated in each of the cloud points. Finally, the matching between the two
data sets is achieved by merging the midpoints. The proposed methodology is applied to one
building at a time. It is expected to be able to be implemented on a larger scale in the future. It
produces satisfactory results for buildings with complex boundary geometry. However, it may
not be effective in the case of box-shaped buildings due to the lack of a variety of features.

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-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. Alidoost & Arefi (2016) proposed
a model-based approach for the automatic recognition of the building roof models (such as flat,
gable, gabled, hipped, etc.) based on a supervised pre-trained Convolutional Neural Network
(CNN) framework using LIDAR data and aerial orthophotos.

Unlike traditional classification-based techniques for building detection, CNNs can
automatically extract features and proceed with classifications through sequential convolutional
and connected layers, as a one-step method. While the feature extraction is learned from the
data itself, better generalization is achieved, in contrast with traditional methods which require
a large amount of manual intervention. However, in case of large-scale areas, the memory cost
of CNNs is massive and the processing efficiency is reduced significantly. This problem is
improved through fully convolutional networks (FCNS), by replacing the fully connected layer
with upsampling operations, allowing the pixel-to-pixel classification of an image. However,
FCNs and other similar convolutional encoder-decoder models, such as SegNet
(Badrinarayanan et al., 2017) and DeconvNet (Noh et al., 2015), use only a part of layers in
order to generate the final output, leading to poor results in terms of edge accuracy. To
overcome this weakness, one of the state-of-the-art fully convolutional model, U-Net
(Ronneberger et al., 2015), adopts a bottom-up/top-down approach with skip connections, in
order to combine both lower and higher layers to generate the final output, achieving better
performance. These skip connections used in U-Net, fast-forward high-resolution feature maps
from the encoder to the decoder network, resulting in the fusion of semantically dissimilar
feature maps. However, by dealing with semantically similar feature maps, the optimum
learning task may become easier (Zhou et al., 2018).
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During the past decades, building detection from remote sensing imagery using deep
learning methods has drawn considerable attention. Chhor et al., (2017), developed a CNN
based on U-Net architecture, for buildings detection on satellite images, using few data with
relatively low resolution. Ground truth labels for training, are extracted from OpenStreetMaps
(OSM, 2022). The proposed approach achieved satisfying accuracy, with room for
improvements. Wu et al. (2018a), proposed a multi-constrained fully convolutional network
(MC-FCN) to perform an end-to-end building segmentation, utilizing aerial imagery. The MC-
FCN adopts U-Net as backend and introduce multi-constraints of corresponding outputs,
enhancing the multi-scale feature representation. The proposed MC-FCN method outperforms
the classic FCN and the adaptive boosting method using features extracted by the histogram of
oriented gradients. Wu et al. (2018b), proposed a boundary regulated network (BR-Net), which
utilizes both local and global information, to perform roof segmentation and outline extraction.
BR-Net utilizes a modified U-Net model, replacing the traditional ReLU with LeakyReL U
(with a=1) as shared backend. Also, extra boundary loss is proposed to regulate the model. Due
to the restriction and regulation of additional boundary information, the proposed model can
achieve superior performance compared to existing methods. Bokhovkin & Burnaev (2019),
proposed a novel loss function, namely a differentiable surrogate of a metric accounting
accuracy of boundary detection. The main objective of this research is to optimize the accuracy
of buildings borders, by exploiting the capabilities of both loU (Intersection of Union) and BF1
loss through a weighted sum. The proposed loss function is validated with several modifications
of U-Net on synthetic and real-world datasets. CNNs trained with the proposed loss function,
outperform baseline methods in terms of loU score. Sahu & Ohri (2019), proposed an
interesting technique, aiming to extract buildings in densely urbanized areas using medium
resolution satellite/UAV orthoimages. As CNN, a standard U-Net model is utilized, with the
difference that after every convolution a batch normalization layer is added, in order to label
every pixel in the image. A post-processing pipeline is proposed, for separating connected
binary blobs of buildings and converting it into GIS layer for further analysis as well as for
generating 3D buildings.

Furthermore, 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 (Burges, 1998;
Vapnik, 1999). 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 increment. Vakalopoulou et al. (2015) developed a method of locating buildings from
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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.

3.2.3.1 Surface Reconstruction

Itis desirable for a reconstruction algorithm to produce a reliable and detailed representation
of the studied object or scene. This objective is challenged by the significant imperfections that
are contained in 3D point clouds, making this expectation to seem unrealistic. However, for
certain methods it is still possible to obtain such valuable shape representation. Through
numerous approaches, surface reconstruction methods can be divided into two (2) broad
categories: (a) combinatorial methods and (b) implicit methods.

Combinatorial algorithms introduce relationships between the points of the input data. These
algorithms tend to divide the 3D space utilizing a tetrahedralization or voxel grid, clustering
data through a topological analysis using an analysis of cells (Amenta et al., 2001; Boissonnat
& Oudot, 2005; Podolak & Rusinkiewicz, 2005), eigenvector computation (Kolluri et al.,
2004), or graph cut (Labatut et al., 2009; Hornung & Kobbelt, 2006). The main disadvantage
of these methods is that maintain the noise or corruption included in the initial data. An example
of such an algorithm is the Ball pivoting algorithm (Bernardini et al., 1999). The basic idea of
this algorithm is that a ball is moving around the 3D space trying to connect three points at a
time. The ball is initially connected with two points of the input data and moving around until
it intersects with a third point. Thus, triangles between the points of the input cloud are created.
The majority of current combinatorial algorithms are engaged in forming schemes through
triangulation utilizing Delaunay triangulation algorithm. Hence in recent literature these
methods are also referred as Delaunay-based methods (Labatut et al., 2009).

On the other hand, implicit functions present a more robust approach. In cases of noisy data,
a common approach is to fit points using the zero set of an implicit function. Implicit methods
usually based on the interpolation of the data or on approximating a surface near the input data.
The most commonly known implicit methods of the latter case, are marching cubes (Lorensen
& Cline, 1987) and Poisson surface reconstruction (Kazhdan, 2006; Kazhdan & Hoppe, 2013).
Poisson surface reconstruction (Kazhdan, 2006) is a well-known technique, able to produce
watertight surfaces from oriented point samples. While the most implementations encountered
in the current literature, use Poisson reconstruction in order to reconstruct surfaces from data
derived by active sensors (e.g., terrestrial scanners) (Kazhdan, 2006; Kazhdan and Hoppe,
2013), this technique may provide very promising results utilizing other data sources (e.g.,
dense cloud from aerial images). Poisson surface reconstruction is resilient to noisy data and
misregistration artifacts, and so it may be used for the reconstruction of complex urban scenes,
following specific methodological steps. As it represents an implicit function, the produced
result of this technique is a smooth approximate surface, positioned near the initial data. This
encourages the usage of adaptive octree for the representation of the implicit function as well
as for the solution of the Poisson system (Kazhdan, 2006). An important characteristic of
Poisson surface reconstruction is the tendency to oversmooth the data. This may be undesirable
in the most of the cases, but it can be adjusted to the current needs of each implementation, by
defining the depth of the octree. The form of simple Poisson surface reconstruction is based on
the normal field (inward pointing), which represents the boundary of a solid and may be
interpreted as the gradient of the solid’s indicator function. Thus, the main phases of Poisson
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surface reconstruction of a set of oriented points, may be defined as follows: (a) transformation
of the oriented point cloud into a continuous vector field in 3D, (b) finding a scalar function
whose gradients best match the vector field, and (c) extraction of the appropriate isosurface. In
the proposed methodology screened Poisson reconstruction is utilized (Kazhdan & Hoppe,
2013). This approach is based on the traditional Poisson surface reconstruction (Kazhdan,
2006), incorporating positional constraints referred to the points data. By the term screening, a
soft constraint that encourages the produced isosurface to pass through the input points, is
implied. The main feature which differentiates the screened Poisson reconstruction over its
traditional approach, is that the gradients are not constrained over the full 3D space, but the
positional constraints are introduced only over the input points, which lie near a 2D manifold
(Kazhdan and Hoppe, 2013).

3.2.4  Hybrid methods

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, multiple investigations about Hybrid methods are conducted, resulting in
satisfactory results. Nguatem et. al. (2016), present a hybrid methodology for the automatic
reconstruction of buildings at various levels of detail (Levels of Detail - LOD), following the
definition for LODs as referred to in CityGML 2.0 (Groger et al., 2012). As input data, aerial
images are utilized. Initially, the unsorted image sets are oriented (SIFT & VisualSFM) and
depth maps are computed through SGM (Hirschmuller, 2008). By fusing these depth maps the
reconstruction of the dense 3D point clouds is achieved (Kuhn et al., 2014). The point cloud is
segmented into individual planes via the RANSAC algorithm. Adjacent regions with similar
orientation are grouped forming candidate wall, ceiling and ground surfaces. This determines
the volume of each candidate building. Eventually, an already known roof model (flat,
dilapidated, etc.) is adapted to each of the buildings identified. The proposed methodology can
work with the use of other data, such as LIDAR, while at the same time it can be developed
using Deep Learning (Machine Learning) methods. However, despite the authors’ pursuit for
fully automation, the proposed methodology may be considered as semi-automatic whereas
some of the intermediate steps, such as the scale rendering in the model, are performed
manually.

3.3 Data extraction in support of 3D Cadastral mapping
3.3.1 Detection and reconstruction of noisy buildings’ roof tops

The automatic detection and reconstruction of buildings outlines consist a difficult task
which become even more challenging when dealing with buildings of complex geometry in
densely populated areas, where the noise in the data is amplified by the existence of joined
buildings with various non-structural man-mounted elements on their roof surface. However,
the detection and removal of such noise may be achieved, based on some generic knowledge
about buildings geometry and structure.
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Figure 38. Workflow of the developed methodology.
3.3.1.1 Proposed reconstruction methodology

In this section, the methodology for the automatic 3D reconstruction of buildings roof tops,
in densely urbanized areas, is presented. The proposed methodology is engaged in processing
dense point cloud data, derived from (vertical) aerial images through dense mapping
techniques. It consists of three (3) main stages (Figure 38): (i) Point Cloud Noise and Outlier
Removal, (ii) Edge Detection and Normalization, and (iii) Partial Surface Reconstruction. Each
stage includes a set of essential processing steps, aiming to improve the final outcome.

3.3.1.1.1 Point Cloud Noise and Outlier Removal

In the first stage of the developed methodology, the detection and removal of the noise
included in the raw point cloud, is attempted. Besides the removal of the outliers, the point
cloud is particularly examined aiming the identification and abstraction of any points set that
does not belong to the roof surface or it is located on the surface without constituting its
structural element. Through this step, the point cloud is simplified while the points representing
adequately the underlying surface are distinguished and retained.

First, the outliers are filtered out through a statistical mathematical analysis, and then the
remaining point cloud is optimized and smoothed, by a Moving Least Square (MLS) algorithm.
Following, the detection and removal of non-roof objects is conducted, through a developed
algorithm that utilizes a series of segmentation, plane fitting, mathematical models and
calculations. These steps are described in detail below.
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= Statistical Outlier Removal (SOR)

Outliers’ removal is conducted through the analysis of the surrounding neighbors of a point,
utilizing a mathematical analysis of their measured positions (Rusu, 2009). A point pq may
belong to the surface of an object if there are enough neighbors (k > &min) in the vicinity of the
guery point. Certainly, point clouds densities vary accordingly to the current generation method
and the particularities of the object’s surface, such as shiny surfaces, depth discontinuities, or
occlusions, creating false outliers and ghost structures. However, removing outliers is an
essential step, leading to more reliable results and reduces the processing time.
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Figure 39. The mean distances to k = 30 neighbors before and after removal using a = 1 (Source:
Rusu, 2009).

The developed methodology is based on a statistical analysis proposed by Rusu (2009). The
algorithm examines each point of the point cloud (pq €P), calculating the mean distance d of
its k neighbors. Then, a distribution over the mean distance space for the entire point cloud P is
assembled and its mean pyand standard deviation ok are estimated. The main purpose is the
production of a homogeneous point cloud, by excluding the points whose mean distance d
differs greatest from the rest of the point of P (Figure 39). Thus, the remaining point cloud P”
derived according to Equation 1. In the proposed methodology the selected k value is equal to
50 and a is equal to 1.0.

P*={p"q € P| (k- a-ok) < d* < (uk + a-ox) } (1)

where P =initial point cloud
P* = filtered point cloud
pk = mean deviation
ok = standard deviation
a = desired density restrictiveness factor

d = mean distance
= Moving Least Square (MLS) smoothing

In this section, another optimization step able to filter out the noise and produce a smoothed
surface, is described. Moving least square algorithm (MLS) (Rusu et al., 2008; Alexa et al.,
2003) tend to suppress outliers of a point cloud P by resampling (either upsampling or
downsampling) and discarding unwanted data. Given a set of points P, MLS algorithm
reproduce the complete smooth surface by fitting higher order bivariate polynomials to point
in the vicinity of each query point pq. In contrast to other interpolation or resampling techniques,
MLS algorithm produce more robust results as the fitted surface passes through the original
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data. In the first step, the coordinates of each point pqare normalized, utilizing the diagonal
bounding box of the point cloud, ensuring a uniform distance between the points. The weight
factor is estimated through Equation:

h=us+Kk*aoq (2

where h = weight factor
Ha = mean deviation of the distribution of mean distances
between points
o4 = standard deviation of the distribution of mean
distances between points
k = nearest neighbours of the query point pq

Next, the initial point cloud is resampled by estimating an approximate set of points Q,
which is presented as a set of equidistant grid points, located in vicinity of the initial point cloud
P. These points will be projected onto a local reference plane fitted through their k nearest
neighbors P¥. The points in the local neighbourhood of each query point p, may be identified,
either by the number k of their nearest neighbors or by using a fixed radius r, including a sub-
set of P. Then, each point of Q is fitted to a surface which approximates the original data using
a bivariate polynomial height function in a local Darboux frame. In most cases, 2" order
polynomials produce good results as the most areas are either planar or curved in only one
direction. In the developed methodology where the buildings’ roof tops may be estimated
approximately through planar surfaces, the utilization of such a MLS algorithm with 2" order
polynomial function is preferred. In this approach a MLS algorithm proposed by Rusu (2009)
is selected. This algorithm is utilized in order to simply resample data without upsampling or
downsampling the initial point cloud. Thus, the MLS algorithm optimize data position with
respect to the approximate underlying smooth surface. The produced smoothed point cloud
contains the same number of points with the initial cloud, possibly moved to a better
approximate position if is needed.

= Detection and Removal of non-roof objects

Another category of points that must be detected and excluded from the point cloud, are
points that do not belong to buildings roof tops but to other structures that exist on the roof
(e.g., chimneys) or at lower height levels (e.g., balconies). All these points are noise and
strongly affect the overall reconstruction pipeline, resulting to inconsistent representations of
the roofs structure. The detection and removal of such elements is essential. For the automatic
extraction and reconstruction of buildings, some generic knowledge on buildings should be
considered and utilized as geometric constraints. Building or floor height, size, shape regularity,
roof surface smoothness, homogeneity and occlusions by trees or shadows, are some of the
geometric and radiometric contextual properties about buildings structure and errors sources
(Wang, 2016). In cases of densely urbanized areas, where buildings are partially-attached to
neighboring buildings with varying heights, the detection and removal of non-roof objects
requires a bottom-up analysis of the building structure with respect to adequate geometric
constraints.

The developed algorithm follows a sequence of five (5) discrete steps, trying to remove non-
roof elements. The first step includes a bottoms-up segmentation of the point cloud. The
algorithm searches the point cloud in order to find the point with the lower height and continues
the segmentation by grouping points whose height difference is less than 3m. As the initial
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point cloud may include points representing building’s parts of a lower level, the 3m threshold
is chosen as it corresponds to a typical floor height. This assumption divides the search space
into smaller parts, facilitating the imposition of geometric constraints. Then, each of the height
clusters derived from the first step, is processed separately. Each one of the height clusters
include points with height difference less than 3 m. However, their distribution through the
horizontal plane defined by X and Y axis, varies. Thus, for each height cluster a simple
Euclidean distance thresholdbased clustering algorithm (Rusu, 2009) is applied with a distance
tolerance of 1m, in order to identify the individual points groups. At this phase, the point cloud
is segmented in individual parts, each of which represents an element or object of buildings
surfaces. Then, the process continues on the basis of certain assumptions. As the surface of
each building consists of several planar segments, a RANSAC based plane fitting algorithm
(Fischler & Bolles, 1981) with a threshold of 0.5 m is applied to each one of the grouped points
of the produced height clusters. The threshold of 0.5 m is selected, in order to optimize the
plane detection procedure, removing non-roof objects (noise) with height less than 0.5 m.
Subsequently, an initial normalization of the points position according to the detected planar
segments is conducted, through the projection of the inliers on the detected plane and the
removal of the outliers from the point cloud.

In the next step, each one of the detected groups, which include the remaining points after
the normalization of the point cloud, is checked against two certain criteria. The first criterion
refers to a shape constrain. A group of points belonging to an elevation level lower than the
roof, in most cases, represents a balcony. This building element consist a non-roof structure,
causing errors to the reconstruction procedure. However, it has some structural and geometric
characteristics able to differentiate it from the rest building’s elements. The basic dimensions
of a balcony, length and width, are disproportionate resulting to a high valued ratio. This finding
is used as a criterion for the detection of such elongated features in the point cloud and remove
them. Subsequently, for each one of the groups of points, we calculate and construct the
respective oriented bounding box (OBB), based on eccentricity and moment of inertia (Pratt,
2001; MOI, 2018). First of all, the covariance matrix is calculated and its eigen values and
vectors are extracted. An iteration process begins where the major eigen vector is rotated
continuously, around the other eigen vectors. For every current axis moment of inertia and
eccentricity is calculated. Then, eccentricity is calculated for the obtained projection. In order
to find the dimensions of the OBB, a transformation into the local frame of the box is calculated,
keeping track of the minimum and maximum coordinates in each direction. Thus, utilizing the
coordinates of OBBs corners, the calculation of its minimum and maximum sides is conducted.
As threshold for the acceptance of a group of points as roof part, the ratio of 4 is selected, as it
provides the best detection performance. The definition of the ratio is calculated through the
Equation 3.

. Dmaxoes
ratiooss = Dminoss <4 3)

where ratiooss = ratio between the max and min OBB distances
Dmaxogs = maximum length of OBB
Dminopge = minimum length of OBB

The second criterion refers to an area constrain. An object may be included in the main
structure of a building only if its area exceeds a certain threshold. Otherwise, this object consists
a non-structural object (e.g., chimneys) causing noise, and thus need to be excluded from the
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point cloud. As minimum accepted area of a group of point, 10m? is selected. This size refers
to small objects which may be included in the main structure of the building. However, the
calculated area concerns a surface with multiple anomalies, and thus the minimum area
assumption consists a satisfactory threshold for the developed methodology.

3.3.1.1.2 Edge Detection and Normalization

One of the main structural features of buildings’ roof tops is the regularity of their shapes.
The roof tops edges are smooth and in the majority of cases their intersections are orthogonal.
The normalization of edge points is of great importance, as the edges in the point cloud
presented as “trembling lines” due to the non-uniform distribution of points, along with the
remaining noise in the data (e.g., due to occlusions). In the developed methodology, edge
detection is conducted with the multi-scale difference of normals (DoN) operator (loannou et
al., 2012). DoN operator, is similar to the Difference of Gaussians (DoG) operator, providing
very good results in identifying points saliency according to scale. To identify edges points,
DoN operator utilize the estimated surface normal map of the point cloud. As the surface
normals estimated at any radius r, reflect the underlying geometry of the surface at the scale of
each support radius, this method is appropriate to identify areas with high differences which
present the edges areas. In the literature there are several approaches arguing that edge detection
may be conducted based on the surface curvature changes, but this is not the only solution.
While DoN seems to be simple enough, is shown to be surprisingly powerful as normals are
less effected by noise compared to higher order derivative quantities such as curvature (loannou
et al., 2012). In the proposed methodology normals estimation is conducted utilizing the
approach proposed by Alexa et al. (2003) and extended by Rusu et al. (2008). According to this
approach, normals estimation is conducted according to the characteristics of the points which
are included in a support radius r around the query point p. This radius determines the scale in
the surface structure which the normal represents. The basic idea of the DoN operator, is to
compare the responses of the surface normals between two different radius rl < r2. DoN
operator An is calculated for each point p of the point cloud P. The utilization of the surface
normals for a small and a large radius is selected in order to examine the upmost of the surface
features. A small support radius is affected by small-scale surface structures. In contrast a large
support radius is more robust in small-scale effects and represent the geometry of larger scale
surface structures (Figure 40).

S n(p,m) \? n(p,rs) /_:‘A;.(P-u-r:l

large radius small radius difference of normals

Figure 40. The meaning of large (left), small support radius (middle) and the calculated DoN operator
(right) (Source: loannou et al., 2012).

DoN is calculated for each point p in the point cloud P, and then a vector map is created. As
each DoN presents the normalized sum of two normal vectors, its magnitude is varying through
the values [0,1]. Setting a certain threshold on this magnitude, the extraction of the points
related to the edges are extracted. In the proposed methodology a small support radius of 1m
and a large support radius of 10m are used. As DoN threshold a value of 0.80 is selected, as
presented the best performance. After extracting the detected edges points, a RANSAC based
line fitting algorithm (Fischler & Bolles, 1981; Rusu, 2009) with a threshold of 0.5m, is
imposed upon them. Thus, edges points are normalized, by projecting them onto the estimated
line, in order to satisfy as much as possible the regularity criterion of roofs structure.
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3.3.1.1.3 Partial Surface Reconstruction

In this phase the 3D reconstruction based on the refined point cloud derived from the
previous steps, is attempted, following several processing steps. For the reconstruction process,
the screened Poisson surface reconstruction technique (Kazhdan & Hoppe, 2013) is selected,
as its resilient to noisy data, similar to those dealt by the developed approach.

The main idea of the developed algorithm is to provide a top-down approach, reconstructing
partially the detected planar surfaces, constructing the buildings’ roof tops. Because of the high
level noise present in the data of an urban scene, the reconstruction of the planar roof tops
surfaces is not a trivial neither an easy target. The algorithmic procedure followed in this phase,
consist of five (5) steps. In the first step, a top-down segmentation per 1m, of the refined points,
is conducted. The algorithm searches the point cloud in order to find the highest point and
continues the segmentation by grouping points whose height difference is less than 1m. The
selection of this threshold for the segmentation process, is based on the assumption that in each
section of 1m of the vertical dimension of a building it is possible to exist either a planar surface
or a vertical surface. As the proposed procedure refers to point clouds produced using vertical
aerial images, points presenting the vertical elements of a building may be very few and rarely
present in the point cloud. Thus, at each section of 1m the existence of a planar surface, is very
likely. However, in contrast with the possible distribution of planar surfaces along the vertical
direction, their horizontal distribution is not obeying the same premise. In the horizontal
direction, building’s roof tops may be connected semi-detached or detached with the
neighboring buildings. Thus, in the next step, a simple Euclidean distance threshold-based
clustering algorithm is applied to each one of the height clusters, with a distance tolerance of 3
m in order to identify the individual points groups, which represent neighboring planar surfaces.
Subsequently, a RANSAC based plane fitting algorithm with a threshold of 0.5 m is applied to
each one of the grouped points of the produced height clusters. Subsequently, the detected
inliers are projected on the estimated plane and the outliers are removed from the point cloud.
This step is important for optimizing each one of the grouped points, reducing the remaining
noise from the previous stages. The final acceptance of each point group as possible
representation of a building’s planar element, is done if the corresponding area exceeds 5 m2.

Once a group of points is optimized and checked against the threshold of 5 m?, the surface
reconstruction of the corresponding planar surface is conducted, through utilizing screened
Poisson surface reconstruction (Kazhdan & Hoppe, 2013), with octree depth equal to 8. Each
point group was reconstructed separately to produce surfaces best fitted to these certain points
and avoiding to change the final shape of the surface, in order to fit to the whole point cloud.
The next step, concerns a particularity that presented from screened Poisson surface
reconstruction algorithm. Poisson surface reconstruction algorithm tends to surround the data,
in order to achieve the best possible fitting of the calculated surface. Thus, unnecessary surface
extensions are created at the boundaries of the studied object. These extensions need to be
removed, in order to produce a reliable reconstruction. For this reason, the concave’s hull
polygon (Rusu, 2009) referred to each one of the point groups, is calculated. Subsequently, the
final reconstruction presenting the roof tops of the buildings in densely urban areas, is produced
cropping Poisson Surface along the boundaries of Concave’s Hull polygon with alpha
parameter equal to 5.

3.3.1.2 Experimental Results

In this section, the reconstruction software that has been developed for the implementation
of the methodology outlined in section 3.2 is presented, along with the test dataset and the
achieved results.
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3.3.1.2.1 Developed software

The developed software implemented in the programming language C++, utilizing the
libraries of PCL - Point Cloud Library 1.8.0 (PCL, 2018), VTK - Visualization Toolkit (VTK,
2018) and Eigen (Eigen, 2018). As input, an ASCII or Binary PCD (Point Cloud Data) file is
required, including the coordinates X, Y, Z of the dense point cloud representing the urban
scene, while a VTK file is produced as output, containing the reconstructed surface of the
buildings’ roof tops (Figure 41).

Input Data: Qutput:
Dense Point Cloud — 3D rec ‘tl)e-..r:lop ed thodol. —  Watershed Surface
(ASCII or Binary PCD file) reconstruction metnoaology (VTK file)

Figure 41. Workflow of the developed software.

3.3.1.2.2 Study Area and results

The test area is located in the center of Athens, Greece and is characterized by densely
constructed semi-detached buildings with varying heights. As it is illustrated in the Figure 42
the separation between the individual roof tops is quite difficult. Subsequently, the roof tops of
the buildings are not represented by smooth surfaces, but, on the contrary, they have complex
geometry due to the existence of several non-structural objects positioned on their surfaces. As
test data for the implementation of the developed methodology, a dense point cloud derived by
a set of aerial images has been utilized (Figure 43 left). The point cloud was inserted in the
developed software, so as the 3D reconstruction of buildings roof tops to be produced.

Figure 42. An orthophoto depicting the tested area of densely urbanized area in the center of Athens,
Greece.
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Figure 43.The input point cloud (left) and the segmented per 3m cleaned point cloud of the urban
area (right).

At the first step of the developed methodology, outliers were removed from the initial point
cloud and then a MLS smoothing with radius of 1m, is applied. A bottom to top segmentation
of the point cloud was conducted, clustering the cloud into several height levels. As depicted
in Figure 43 (right), the greater amount of noise has been removed. Each of the levels presented
with a random selected color. In the next step, a Euclidean distance-based clustering was
conducted to divide the point cloud into several groups of point, each one of them consist a
candidate element of the building’s structure. Each group was assessed against the shape and
area criterions, as specified by the developed methodology (Section 3.2.1.3). In Figure 44, the
results are presented. Each one of the detected group of points is presented with different
random color, while the calculated oriented bounding boxes (OBB) on which the shape criterion
is applied, are depicted with white color. The results of the first step were satisfactory, as the
majority of noise and non-roof objects were detected and removed from the point cloud.
However, in some cases non-roof structures, such as balconies, with area size more than 10 m?
located in a lower level from the roof tops, remain in the cloud and presented as isolated
segments. An example of such false-detected roof element, is depicted in a red circle in Figure
45 left. Also, the existence of repetitive elongated structures on the surface of the roof top, may
be confused and be considered as noise, so these types of structures were also removed from
the point cloud (Figure 45). Thus, the detection and optimization of the point cloud, removing
outliers and non-roof elements, led to satisfactory results.

Figure 44. The detected roof elements presented in random color, surrounded by the OBB and a false-
detection presented in the red circle.
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Figure 45. An example of false-detection of noise. In the red circles, the removed roof top elements
are presented in the orthophoto (left) and in the result of the first step of the developed methodology

(right).

In the next step DoN operator was calculated, and the detected edges of the point cloud were
refined. In Figure 46, the detected edges (left) and the refined point cloud (right) are presented.
The refined boundaries were normalized to satisfy the shape regularity constrain. Finally, in the
last step, the automatic surface reconstruction of the buildings’ roof tops is conducted. The
results are presented in Figure 47. Although there were some false-detections referring to roof
and non-roof elements, the results are satisfactory as the final model represents reliably the
buildings’ roof tops, as smooth surfaces (Figure 47). The remaining noise is rarely presented as
isolated surface segments far away from the buildings.

Figure 46. The detected edges (left) by DoN operator and the refined point cloud with normalized
edges (right).

Figure 47. The result of the developed 3D reconstruction methodology (left) and the height colorized
representation (right).

107



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

3.3.1.3 Evaluation of results

A comparison of the produced data with the corresponding reconstruction results derived
from open-source software, is conducted. MeshLab and CloudCompare software were utilized
for this comparison.

After inserting the test point cloud in each software, the noise was removed from the data,
and the point normals were calculated based on a neighbourhood of k = 30 neighboring points.
Then, the Screened Poisson Surface reconstruction algorithm with a depth of 8, was performed.
In Figure 48, the results derived from MeshLab are illustrated. The building roof tops are
presented as noisy rough surfaces, while the roof tops boundaries are depicted as wavy
segments. At sparse positions on the roof tops surfaces, holes are appeared, changing the
geometry of the roof tops. Furthermore, non-roof elements remain in the scene, complicated
the processing procedures.

In Figure 49 the results derived from CloudCompare software are illustrated. The produced
results are smoother than the previously achieved using the MeshLab software. However, the
roof tops surfaces include multiple anomalies while their boundaries are difficult to be
identified accurately. Furthermore, the noise referring to non-roof elements, as balconies and
vertical walls, remains in the data while holes on roof tops surfaces are also encountered.

Figure 49. Screened Poisson Reconstruction of the tested area in CloudCompare.
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3.3.1.4 Concluding remarks

Section 3.3. presents an alternative methodology, developed for the automated
reconstruction of 3D point clouds of complex and densely urbanized areas. The developed
methodology exploits state-of-the-art algorithms and techniques and combines them into a
prototype sequence, introducing new algorithms whose operation is based on the geometry of
the structural elements of the buildings and on simple logical claims.

The developed methodology consists of three (3) main phases, each of which comprises a
set of processing steps. In the first phase, the point cloud is simplified and smoothed. Outliers
and non-roof elements are detected and removed utilizing shape, position and area criteria. In
the second phase, the geometry of the buildings’ roof tops is optimized, by detecting and
normalizing the edges. In the last phase, the partial reconstruction of the buildings’ roof tops is
conducted. A progressive process, utilizing a plane fitting algorithm in combination with
Screened Poisson Surface Reconstruction is performed, while then the produced surfaces are
further optimized.

A software tool is developed aiming to implement the 3D reconstruction methodology. The
achieved results demonstrate that the developed methodology is able to detect non-roof top
building’s elements and exclude them from the dataset. By imposing several constrains
referring to floor height, size, shape regularity, surface smoothness and homogeneity succeeds
to produce a reliable and qualitative result, by presenting each building’s roof top as a smooth
and enough regular surface. Based to the abovementioned findings and assessments, appears
that the developed software has been produced remarkable results, which outperforms over the
compared open-sourced software. Although there were some false-detections concerning the
roof and non-roof elements, this does not characterize and burden the whole reconstruction
process. Taking into account the difficulties that the automated reconstruction processes face
while using only dense point clouds from aerial imagery, the produced results are satisfactory
as the final model represents reliably the buildings’ roof tops as smooth surfaces, in most of the
cases.

3.3.2  Detection and extraction of buildings outlines using deep learning

Unlike traditional classification-based techniques for building detection, convolutional
neural networks (CNNs) can automatically extract features and proceed with classifications
through sequential convolutional and connected layers, as a one-step method. While the feature
extraction is learned from the data itself, better generalization is achieved, in contrast with
traditional methods which require a large amount of manual intervention. However, in case of
large-scale areas, the memory cost of CNNs is massive and the processing efficiency is reduced
significantly. This problem is improved through fully convolutional networks (FCNSs), by
replacing the fully connected layer with upsampling operations, allowing the pixel-to-pixel
classification of an image. However, FCNs and other similar convolutional encoder-decoder
models, such as SegNet and DeconvNet, use only a part of layers in order to generate the final
output, leading to poor results in terms of edge accuracy.

To overcome this weakness, one of the state-of-the-art fully convolutional model, U-Net
(Ronneberger et al., 2015), adopts a bottom-up/top-down approach with skip connections, in
order to combine both lower and higher layers to generate the final output, achieving better
performance. These skip connections used in U-Net, fast-forward high-resolution feature maps
from the encoder to the decoder network, resulting in the fusion of semantically dissimilar
feature maps. However, by dealing with semantically similar feature maps, the optimum
learning task may become easier (Zhou et al., 2018). U-Net++ model, present a slightly
different segmentation architecture based on nested and dense skip connections. The underlying
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hypothesis is that the model can more effectively capture fine-grained details of the foreground
objects when high-resolution feature maps from the encoder network are gradually enriched
prior to fusion with the corresponding semantically rich feature maps from the decoder network.
U-Net++ model has been extensively used for medical image segmentation, while lately it has
been investigated for aerial image segmentation, becoming an interesting subject for further
research in this field (Wang et al., 2022; Zhao et al., 2022; Peng et al., 2019).

For most of the tasks, it is important to distinguish buildings from each other, especially in
densely populated urban areas where several complex infrastructures exist. Even with high-
resolution imagery, the extraction of accurate information regarding buildings boundaries is
narrowed. A thoughtful solution for this drawback is to increase the attention of the neural
network towards the boundaries of adjacent buildings. Widely used loss functions, such as dice
score, cross-entropy and direct loU, do not provide enough sensitivity in cases of misaligned
boundaries. To improve this matter BFy metric (Csurka et al., 2004) and its variants (Fernandez-
Moral et al., 2018; Bokhovkin & Burnaev, 2019) may be utilized, in order to account better,
the boundary pixels.

Moreover, buildings detection and extraction, is never the end product of a study. It consists
an intermediate stage from which the analysis is done, in order to provide data useful in several
applications based at industrial standard formats. Geospatial data such as buildings outlines,
may be utilized in several GIS applications, providing a helpful basemap with multiple
parameters to process and analyze. However, a raster output is not as utilitarian as a vector
output, which can be processed, stored and maintained in an SQL (Structured Query Language)
database (Sahu & Ohri, 2019).

3.3.2.1 Proposed Methodology

In this section, the proposed methodology is presented. The main objective of the developed
methodology is to resolve a binary classification problem, providing a binary boundary-aware
prediction about buildings and non-buildings instances. It consists of three (3) main stages, as
illustrated in Figure 50.

Pre-processing
v' Image dataset division into training, testing and validation sets
v’ Split images into random patches of size 256 x 256 pixels
v Apply augmentations: vertical, horizontal flips and random rotations

.

Semantic Segmentation

v Deep Learning Algorithm of U-Net++
v Boundary-Aware (BA) Loss Function

.

Post-processing
Noise removal = erosion followed by dilation process
Buildings separation = Watershed Segmentation
Vectorization of predicted buildings outlines
Boundaries simplification = Douglas-Peucker algorithm

NN

Figure 50. Workflow of the proposed methodology.

3.3.21.1 Pre-processing

The aerial imagery of the study area is pre-processed aiming to extract the proper input for
training and testing the deep neural network. Initially, the data are divided into training and
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testing sets. Then, the training data are further divided into two parts: ideally, 70% of the data
should be utilized for direct model training while the remaining 30% should be utilized for
validation.

As higher resolution images require much more processing and memory to train deep CNNs,
every orthophoto is split into random patches of size 256 x 256 aiming to make the
classification binary problem computationally more feasible (Shorten & Khoshgoftaar, 2019).
For both the images and the ground truth maps, strong augmentations should be applied
including vertical, horizontal flips, normalization and shape manipulation, in order to increase
the effectiveness of the CNNs operation, providing multiple potential representations of the
studied scene.

3.3.2.1.2 Semantic Segmentation

For semantic binary segmentation of buildings outlines from aerial RGB imagery, the
architecture of U-Net++ with the ResNet-50 (He et al., 2016) as backbone, is selected. Whilst
in U-Net, the feature maps of the encoder and decoder are directly combined, in U-Net++, they
undergo a dense convolution block where the number of the convolution layers depend on the
pyramid level (Figure 51). Thus, the semantic level of the encoder feature maps gets closer to
the corresponding feature maps in the decoder, simplifying the optimization problem. For this
study the deep supervision in U-Net++ is preferred (Figure 51, shown red), in order to provide
a more accurate outcome by averaging the outputs from all the segmentation branches.

.....

------
--------

Down-sampling
71 Up-sampling
=>  Skip connection

% X" Convolution
Figure 51. U-Net++ deep neural network architecture (Source: Zhou et al., 2018).

However, the performance of the model depends heavily on all the parameters that work in
synergy. The segmentation and separation of different objects, especially in highly urbanized
areas, is very challenging even with high-resolution imagery where more accurate information
regarding buildings boundaries is presented. Therefore, it is important to utilize methods that
draws the attention of CNNSs, to the borders of the closely located objects.

The majority of CNNs for semantic segmentation, utilize the cross-entropy, dice score and
direct loU optimization as loss functions while training the network. However, these functions
are not sensitive enough leading often to boundaries misalignments. To overcome this
drawback Bokhovkin & Burnaev (2019), proposed a differentiated Boundary Loss (BL)
function aiming to better account the pixels located towards the boundaries of the buildings.
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Through combining the advantages of regular loss functions with BL, a more boundary-aware
loss function may be generated utilizing the advantages of both methods. Bokhovkin & Burnaev
(2019) stated that combining BL with loU leads to better results as for boundaries identification,
compared with other loss functions. However, in experiments it turned out that through
combining BL with BCE (Binary Cross Entropy) metric, proportionally by 10% and 90%
respectively, leads to better performances and more accurate boundaries identification, in cases
of small datasets (Equation 4). This combination is obtained after testing different percentages,
as described in the experiment section.

BA = 0.9*BCE + 0.10*BL %)

3.3.2.1.3 Post-Processing

Once the semantic segmentation with U-Net++ is completed, a set of raster predictions in
binary format is generated, where each pixel is categorized as building or non-building. These
raster data may consist a good representation of the built environment, however some remaining
blobs make the output noisy. In addition, the raster format of the data makes difficult their
exploitation for any further geospatial analysis, that needs the delineation of buildings as
separate features. Furthermore, the extraction of buildings outlines in vector format may
enhance more their potentials providing useful and reliable data for several GIS applications.
Thus, a post-processing is necessary in order to appropriately configure the output of the neural
network. Following, the three (3) main steps forming the post-processing procedure of the
developed methodology, are presented and described. These steps concern: (i) the noise
removal, (ii) the buildings separation, and (iii) the buildings outlines vectorization.

= Noise removal

In order to enhance the detection rate of the buildings and remove as much as possible noise,
the basic morphological operation of erosion followed by dilation process, was applied on the
binary output of U-Net++. These procedures tend to compress the foreground of the raster
image while they expand the frontal area. Thus, the foreground regions are increased in size
and the holes into the regions are decreased. With erosion the objects either shrink or become
thinner (Equation 5) (Xu et al., 2020). Then, with dilation and filling, any holes in the interior
of the object shrink, reducing object fragmentation (Equation 6). By connecting the output of
these two processes the boundaries of the objects become more coherent providing a better
output.

By denoting X as the input image coordinates and Y as the set of structuring element
coordinates whose origin is f. Thus, the erosion and dilation of X by Y is calculated as follows:

XOY={fI; nX =9} (5

Xev={flY), n X° ¢} (6)

= Buildings separation

To separate the connections between buildings, we proceed with Watershed segmentation
(Vincent & Soille, 1991). In this process the image is considered as a topographic landscape
with ridges and valleys (Figure 52). The elevation values are defined by the grey values or
gradient of the respective pixels. Having in mind a 3D representation of the landscape, the
watershed segmentation decomposes an image into drainage basins. For each local minimum,
a drainage basin includes all points whose path of steepest descent terminates at this minimum.
Thus, the basins are separated from each other through the watersheds, as each pixel of the
image is assigned either to a region or to a watershed.
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However, in order to separate buildings a different perspective should be followed.
Buildings have larger size that the blobs connections, meaning that the majority of their
neighboring pixels belong to them and thus they are located in high grey values area. By finding
the local maxima of the binary image, we ensure that the detected points lie inside the buildings’
area and not along the connectivity blobs. Through utilizing these local maxima points instead
of the local minimum, as input to the watershed algorithm, the effective separation of the
connected buildings may be achieved.

watersheds

_basins

Figure 52. Watershed Segmentation — Overview.
= Vectorization

In the last step of the proposed methodology, the resulted binary image is vectorized. Each
region of pixels sharing a common value, is converted to a vector polygon representing the
respective detected building. The output of this conversion is very noisy, containing a large
amount of unnecessary vertices. Thus, to overcome this drawback the Douglas-Peucker
algorithm (Douglas, 1973) is utilized aiming to simplify and normalize the vector output while
preserving the overall geometry. Finally, the vectorized data are exported in polygon shapefiles
(shp), enabling their further use by several geospatial applications.

3.3.2.2 Experimental Results

In this section, the cloud-based software that has been developed for the implementation of
the proposed methodology is presented, along with the test dataset and the achieved results.

3.3.2.2.1 Developed cloud-based software

The implementation of the proposed methodology is realized on the cloud-based workbench
of Kaggle (Kaggle, 2022), in the programming language of Python (3.7), using the machine
learning library of Pytorch (1.6.0) in combination with a number of other machine learning,
scientific and data management libraries. As georeferenced aerial imagery is processed, the
GDAL library (2.4.1) is also required.

3.3.2.2.2 Dataset

As training dataset, the Massachusetts building public dataset (Mnih, 2013) is utilized,
containing 151 aerial images of 1500 x 1500 pixels each, covering roughly 340 square
kilometers of the Boston area. The dataset includes mostly urban and suburban areas with
buildings of different shapes and sizes (Figure 53).
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Figure 53.0rthophoto (left) and ground truth mask, illustrating a part of the studied area.

3.3.2.2.3 Pre-processing

The dataset was split into training, test and validation set, containing 137, 10 and 4 images,
respectively. Each image was accompanied with a ground truth map, presenting the building
and non-building areas. The ground truth maps are obtained through rasterizing the building
footprints as they incur in OpenStreetMaps (OSM, 2022), while some hand-corrections were
made in order the evaluations to be optimized.

As the input images are of very large size, they are divided into patches of 256 x 256 pixels.
Both inputs and labels went through several augmentations, namely vertical, horizontal flips
and random rotations. The outcome of these processes was fed as input to the neural network.

3.3.2.2.4 Training and Testing

For training the U-Net++ network we used 120 epochs and batch size of 16, as our dataset
is of relatively small size. During training, the Adam stochastic optimizer (Kingma & Ba, 2014)
with a learning rate of 2 x 10~* and the proposed BA loss function are utilized. As activation
function, the Sigmoid function is selected, as it can wield properly binary classification
problems. Model training lasted about 49 minutes while testing about 3 minutes.

Figure 54 right presents the prediction masks provided through the proposed model
configuration. The majority of the buildings are correctly detected while their predicted form
adequately reflects their actual shape. Table 1 shows the achieved values of the evaluation
metrics during the test implementation. In particular, the recall, precision, Fscore and accuracy
metrics have high success rates indicating that the model provides accurate and reliable
predictions. According to loU score the predicted shape of the buildings approximates their
actual shape by a percentage of 82.1%, achieving an average shape overlap of 82.1%.

0.554 0.915 0.887 0.901 0.904 0.821

Table 1. Model performance using the proposed BA loss function.
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Figure 54. The original orthophotos (left column), the ground truth masks (middle column), and the
predicted masks of the detected buildings (right column).

3.3.2.2.5 Post-processing

Once the predicted data are produced, the proposed post-processing procedure is applied,
aiming to optimize the final outcome and extract the geo-referenced buildings outlines in vector
format. First, a morphological operation of erosion followed by dilation process is applied, to
remove as much noise as possible from the binary outcome of the predicted data. To proceed
with noise removal a kernel of 3x3 pixels is selected, as structural element. Next, a watershed
segmentation algorithm focused on local maxima is applied, aiming to separate the connected
buildings blobs. As maximum distance between two separate buildings the 7.5 m is selected,
thus smaller buildings to be identified as well. Finally, the binary outcome of the previous stages
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is vectorized and simplified through the Douglas-Peucker algorithm with a threshold of 0.7 m.
The final outcome of the described procedure is presented in Figure 55.

Figure 55. Example of the detected buildings in vector format, overlaid to an orthophoto depicting
the respective study area.

3.3.2.3 Evaluation of Results

In order to analyze the importance and contribution of the different components of the
proposed methodology, including the selected neural network and the proposed training loss
function, various combinations of these components were tested. The neural network of the
classic U-Net model was adopted as baseline model in our comparisons. These models are
trained and assessed utilizing the same dataset and processing platform. For the gquantitative
evaluations of buildings segmentation results the commonly used metrics of recall, precision,
Fscore, accuracy and loU score are selected.

Table 2 shows the performance of U-Net++ and U-Net networks utilizing either BA or BCE
loss functions, consecutively. As illustrated in Table 2, the proposed model configuration that
combines the U-Net++ network with the BA loss function outperforms the other combinations
examined. By comparing the performance of U-Net++ with U-Net networks using the proposed
BA loss function, it appears that the proposed configuration achieves improvements of
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approximately 1.0% (0.915 vs. 0.906), 0.8% (0.901 vs. 0.894), 0.7% (0.904 vs. 0.898) and 1.3%
(0.821 vs. 0.810) in recall, Fscore, accuracy and loU metrics, respectively. Although the
improvement is not enormous, it is particularly important as it further increases the accuracy
and reliability of the results.

Aiming to highlight the contribution of the proposed BA loss function for small datasets,
another comparison is made between the performance of U-Net++ network with BA and BCE
metrics, respectively. Table 2 shows that the U-Net++ model performs better when using the
proposed BA loss function. For the four of the five metrics, namely recall, Fscore, accuracy
and loU, the utilization of the proposed BA loss achieves improvements of approximately 2.2%
(0.915 vs. 0.895), 1.0% (0.901 vs. 0.892), 0.7% (0.904 vs. 0.898) and 1.6% (0.821 vs. 0.808)
respectively, over the BCE loss. On the contrary, by using the BCE loss instead of BA, the
precision is slightly better by 0.3% (0.890 vs. 0.887).

0.554 0.915 0.887 0.901 0.904 0.821
0.564 0.895 0.890 0.892 0.898 0.808
0.558 0.906 0.882 0.894 0.898 0.810
0.563 0.894 0.893 0.894 0.899 0.809

Table 2. Model performance using the proposed BA and BCE loss function.

Nevertheless, it is important to state that the use of BA leads to better results without
overfitting or under-fitting the model, which is not the case with the exclusive use of BCE loss
(Figure 56 & Figure Error! Reference source not found.57). Figure Error! Reference source
not found.57 illustrates the under-fitting trend of the U-Net++ model that occurs when training
the model for 120 epochs using the BCE loss function. To overcome this drawback, the model
should be trained for more than 120 epochs. However, the more epochs the more the
computational cost of the procedure. Thus, it seems that the proposed BA loss function enables
the fast convergence of the model, reducing significantly the computation time and providing
accurate and reliable results.
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Figure 56. Model performance using the proposed BA loss function.
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Figure 57. Model performance using BCE metric as loss function.

Figure 58. Part of predicted image mask (left) and the same image part after noise removal and
watershed segmentation.

In addition, through the proposed post-processing procedure the majority of noise is
removed and the buildings are represented as separate objects. As depicted in Figure 58, the
boundaries of the buildings are presented more distinct. However, in this particular experiment
the study area is covered by residential or manufacturing buildings which are sparsely
distributed. This simplifies the detection and extraction of the buildings, leading to good results.
As shown in Figure 59, the outlines of the buildings are correctly identified toward or very
closely to their actual boundaries.
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Figure 59. Example of correctly detected buildings outlines in vector format.
3.3.24  Concluding remarks

In Section 3.2, a deep learning methodology for the detection, extraction and vectorization
of buildings outlines in sparsely urbanized areas has been presented. The U-Net++ network is
examined in semantic binary segmentation of buildings outlines from geo-referenced aerial
RGB imagery. To train the model, a novel Boundary-Aware (BA) loss function is proposed,
reducing the required computational time through enabling the fast convergence of the model
and maintaining the results reliable. As proved, the U-Net++ method has better performance
than the U-Net method, utilizing the proposed model configuration. The proposed BA loss
function outperforms the commonly used BCE metric without under-fitting or overfitting the
model, being an important element for the fast training of models using small datasets.

Following the proposed post-processing procedure, a valuable geo-spatial outcome is
provided, useful to several 2D and 3D GIS applications. Through combining these
vector/polygonal outlines with height information, the 3D volumetric models of the buildings
may be automatically generated. The developed methodology is highly effective in the
segmentation of structured building datasets with detached buildings. However, of particular
interest is the examination of its performance in more densely constructed urban areas where
the buildings are adjacent to each other.

3.3.3 Discussion

Building upon the 3D reconstruction methods and strategies presented in in this Chapter,
two different methodologies aiming to extract specific characteristics regarding the structure of
the buildings, are presented.

The first methodology focuses on the detection and reconstruction of noisy building’s roof
tops using photogrammetric techniques. The developed methodology processes a dense point
cloud and classify it into points sets representing either structural elements of the building’s
roof tops or non-roof tops elements. By excluding the last ones from the initial dataset, proceeds
with the imposition of several general constrains referring to the structure and the shape of the
buildings. Lastly, concludes to the partial reconstruction of a watershed surface representing
the building’s roof tops. The final outcome of this methodology may provide a reliable
representation of the buildings roof tops removing a large volume of rooftop-level noise,
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nevertheless it does not constitute an easily understandable and usable product for applications
such as 3D Cadastre, where the main interest relies on the explicit definition and 3D
demarcation of the individual properties.

The second methodology focuses on the detection, extraction and vectorization of buildings
outlines using deep learning techniques. Through this methodology the geo-referenced vector
outlines of the buildings are extracted from aerial imagery. The proposed model configuration
draws the attention to the boundaries of the buildings allowing their effective identification.
Simultaneously, it reduces the time of the procedures, providing a fast solution for the
generation of useful geospatial information. It is noted, that the developed methodology is best
suited for sparsely structured urban areas, as the study area on which the model is trained is
covered by residential or manufacturing buildings which are sparsely distributed. However,
based on scientific claims presented in the recent literature, the developed methodology can be
adapted to areas with different characteristics, after the realization of an additional training
session with data representing both sparsely and densely structured urban environments. This
method seems to have more prospects than the previous one, as the generated building outlines
can be used as guides in the identification of the properties, especially in lack of cadastral
registration basemap. However, a key disadvantage of this method is the high computational
cost requirements, which leads to the further increase in the cost of cadastral procedures.
Nevertheless, it is considered that with more research the results of this method can be further
improved and support both 2D and 3D Cadastres.

Therefore, it seems that the utilization of aerial imagery and data-driven methods, such as those
developed in the context of this Chapter, are not capable of supporting the recording of 3D
cadastral objects. However, as it is illustrated in Chapter 2, the recording of 3D cadastral objects
is oriented towards a more structured parametric presentation of the properties, either as simple
objects/volumes in LoD1 to more complex ones in LoD4.

3.4 Conclusions

In recent literature several 3D reconstruction approaches have been proposed. The selection
of the appropriate reconstruction method depends on several parameters concerning the scale,
the type of the studied object or scene, the type of the initial data, the required accuracy of the
final product, the available funding and so on.

Passive photogrammetric methods provide a cost-effective method for acquiring data in
different scales. However, they are strongly influenced by changes in lighting conditions and
the possible absence of texture, which leaves the active methods intact. Active methods such
as airborne or terrestrial laser scanning, tend to be less demanding in terms of lighting
conditions, but they are expensive. In addition to the use of remote sensing imagery or laser
scanning data in the reconstruction processes, the utilization of images taken through low-cost
devices and crowdsourcing techniques is recently promoted, reducing the costs of the overall
procedure. Also, the recent development of positioning systems that incorporate information
provided by different sensors has led to a reduction in dependency and problems associated
with the use of GNSS as a unique way of locating. Thanks to the use of inertial navigation
systems, radio signals (WiFi and Bluetooth, 3G, UWB sensors) and previously known
geometric constraints for the environment (if available), it is possible to obtain reliable and
fairly accurate estimations regarding the position of the mobile device used to obtain
information, such as images. The level of accuracy depends on the recording system used and
the operating conditions (e.g., environmental characteristics - humidity, good maobile antenna
formation).
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The research towards the automatic extraction and reconstruction of 3D buildings from these
diverse data sources, has resulting in the development of several interesting methods that can
be divided into three main categories: (i) Model-driven methods, (ii) Data-driven methods, and
(iii) Hybrid methods. Model-driven or top-down approaches are based on a priori known
information about the shape of the buildings. Their main advantages are the robustness in the
case where the initial data are incomplete and weak, and the topologically correct output model.
Parametric methods may be relatively complex, incorporating several different object libraries;
or quite simple, through exploiting information of the buildings footprints and generate a
volumetric representation by extruding the given footprints to a uniform height.

Data-driven or bottom-up approaches are more flexible as they do not require any prior
knowledge about the building structure. The majority of the investigations included in this
category, focus on extracting information regarding the geometry of the building’s roof tops,
in order to proceed with 3D reconstruction. The geometry of the roof can be described by a set
of geometric primitives (planes, lines, etc.) which are utilized as guides toward the 3D
reconstruction procedure. One of the most commonly used data sources of this category is the
dense point clouds and the DSMs. The points are usually clustered into groups based on similar
attributes, such as normal vectors, distance to a localized fitted plane or height similarities, and
processed through methods such as: (i) plane fitting, (ii) filtering and thresholding, (iii)
segmentation and region growing, and (iv) supervised classification methods. Once the points
reflecting the geometry of the study buildings are determined, their detailed surface
reconstruction is feasible, utilizing either combinatorial methods or implicit methods.

Recent innovations and developments in hardware and software used in photogrammetry
has led to an increase in the spatial resolution of images and their products. This achievement
in combination with the growth in the field of computer vision, has led to the development of
several algorithms and techniques, enhancing the potentials of accurate buildings detection,
extraction and reconstruction. The introduction of dense image matching algorithm enables the
creation of dense point clouds or DSMs that compete precisely with expensive systems, such
as LIDAR. Also, the remarkable progress in the field of computer vision, indicates that deep
learning techniques may essentially improve the performance of object detection and semantic
segmentation, playing a critical role in promoting the accuracy of buildings detection towards
applications of automatic mapping.

Comparative studies of the existing reconstruction methods have shown that in order to
achieve complete automation, remote sensing imagery and LiDAR data must be combined,
exploiting the advantages of high spatial resolution and altitude accuracy, respectively. At
present, it can be said safely that, for all types of objects and scenes, there is no single
reconstruction technique capable of satisfying all the requirements of high geometric accuracy,
portability, full automation, photo-realism and low cost as well as flexibility and efficiency.
Until now, several valuable efforts have been made but there is plenty of room for further
research.

Exploiting the abovementioned knowledge, two alternative approaches aiming to extract
certain buildings structures and assist the 3D cadastral surveys are developed and presented.
Utilizing the aforementioned knowledge, two alternative approaches are developed and
presented, aiming to extract certain building structures and assist 3D cadastral surveys. As it
turned out, the proposed data-driven methods are not a suitable solution for supporting 3D
cadastral tasks, highlighting the model-driven methods as the solution with the most potential
for this field.
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Chapter 4

Three Dimensional (3D) Crowdsourcing
cadastral mapping practices

During recent decades we have witnessed an overwhelming technological revolution
intensively affecting the way that geospatial data are acquired, maintained, analyzed,
visualized, used and disseminated. In recent years, VVolunteered Geographic Information (VGI)
and crowdsourcing became popular, and are described as an ever-expanding range of users that
collaboratively collects geographic data (Goodchild, 2007a). The concept of crowdsourcing is
very similar to VGI but consists a more targeted approach, being an act of outsourcing tasks
that traditionally performed by an employee or contractor. In contrast the concept of VGI
focuses on the voluntary aspect of the process. 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. Until now, the majority of data collected by the VGI-
driven communities is mostly restricted to the 2D domain, enabling the generation of 2D maps.
However, 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. Hence, the crowd and each internet-user may be defined as potential neo-
photogrammetrists (Leberl, 2010).

The generation and dissemination 3D city models of the real environment is valuable for
many experts as they provide useful information for a wide variety of applications, such as
urban planning, 3D cadastre, risk management, navigation etc. One of the most important
features in 3D city models are the buildings, since they serve as a major geospatial element in
many applications such as environmental, simulation, architecture, city planning, land
administration and the estimation of real estate taxes. Conventionally 3D buildings’ models are
produced by authoritative mapping agencies relying on aerial photogrammetry and laser
scanning. 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). These approaches may lead to detailed and
accurate results but also require time, funds and experts’ involvement.

The introduction of the crowd into the sensory element of data collection and
photogrammetry poses additional challenges, as 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. The selection of the appropriate
methods for the management of the 3D crowdsourcing data must be conducted carefully,
keeping in mind the required accuracy based on the purpose of the current application.

In this Chapter the progress related to the utilization and the perspectives of VGI and
crowdsourced data in visualizing the 3D world, is presented. Then, a literature review of the
current approaches concerning the introduction of crowdsourcing in 2D cadastral surveys; and,
the potential of using crowdsourced data in 3D reconstruction procedures for cadastral
purposes, indicating the advantages and disadvantages of this approach, are presented.
Following, an investigation regarding the main parameters affecting the participation of citizens
in a crowdsourcing project, is presented. The next Section concerns the exploration of the main
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elements that affect the quality of the geospatial data focusing on the accuracy, while in the last
Section a survey regarding the most important parameters in designing applications affecting
their usability, is presented.

4.1 3D Crowdsourcing in mapping applications

During the last decades research in the field of Crowdsourcing and VGI (Volunteer
Geographic Information) has 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
that started in 2004 in England is the OpenStreetMap (OSM) (Figure 60 left) (OSM,
2022). Until now, there are more than 5M registered contributors, and more than 335M mapped
2D building footprints (Fan & Zipf, 2016; Bshouty et al., 2020). The positional accuracy and
completeness of the collected footprints is relatively high, with a positional offset of several
meters that is due the oblique distortion existing in the satellite imagery used for the building
digitization (Bshouty et al., 2020). Based the positional accuracy of the buildings features,
several attempts are made trying to exploit some OSM key values to generate information
regarding the 3™ dimension, that is the height and the number of the floors (levels) of the
buildings. Based on OSM statistics only 3% of the 505 million building footprints in OSM have
the ‘height’ data key while only 4.5% use the ‘levels’ data key, mostly concentrated in Europe
and North America (OSMstatistics, 2022).

- OpenStreetMap

Figure 60. Representation of Open Street Map (OSM) (left); Geometrical representation of a building
in CityGML LOD1 (right) (Source: Goetz & Zipf, 2012).

Research in this field has shown that OSM data has a huge potential in fulfilling the
requirements of CityGML LOD1 (Groger et al., 2008), that is block models, enabling the
creation a 3D virtual world (Over et al., 2010) (Figure 60 right). Over the years several projects
appeared trying to generate and visualize 3D buildings from OSM, such as OSM-3D, OSM
Buildings, Glosm, OSM2World, KOSMOS Worldflier, etc. The major limitation of these
projects is that the majority of buildings are only modelled at coarse level of detail. OSM-3D,
created in 2008, aiming to create realistic 3D models. It is noted that OSM-3D buildings may
be modelled in LOD?2 if there are indications for their roof types (Figure 61). Another example
of such projects is OSM Buildings that attempt to generate LoD1 building models by extruding
the building footprint according to its height. Usually, the median or maximum of all elevation
samples located within the building footprint or an approximate height based on the number of
the floors (levels) of the building, are used.
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Figure 61. OSM-3D overview of Heidelberg in XNavigator (Source: Fan & Zipf, 2016).

A few years later, 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.
The integration of more detail may be conducted 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). 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, 2022) 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).

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, 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 62) that makes 3D editing more easy and
effective leads to an increase of 3D building modelling production. Furthermore, 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
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abovementioned 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).
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Figure 62. Examples of Parametric models creates with 3D modelling computer programs ESRI
CityEngine (left) (Source: ESRI, 2017) and SketchUp (right) (Source: SketchUp, 2017).

Besides the abovementioned approaches, a different example following the use of
parametric methods is proposed by Eaglin et al. (2013) through exploiting the power of mobile
devices in terms of VGI and 3D reconstruction of the real world. The proposed system was
based on a client-server architecture, where users may create, submit, and vote on 3D models
of the inside building component. The mobile application allows users to create geometry (such
as chairs, tables, etc.) through a simplified toolset and editor using parametric modelling
techniques (Figure 63).
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Figure 63. 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).

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, 2022) 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. The valuable
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contribution of smart devices in buildings height estimation for public domain 3D building
models, is an active research field. Bshouty et al. (2020) investigate the potential use of the
smartphone camera sensor, aiming to provide information regarding the building height. They
proposed the utilization of a single photograph captured by citizens via smartphones or tablets,
together with the existing mapped OSM vector data to precisely calculate the photographed
building height. This value is automatically inserted into the OSM database, enabling the
creation of fundamental building models at LoD1. However, it should be noted that such
procedures that treat altitude information need special attention as the DTM used in OSM is
based on the authoritative produced Shuttle Radar Topography Mission (SRTM) infrastructure,
despite the fact that OSMs’ contributors actively collect their geospatial location, as in GNSS
trajectories (Bshouty et al., 2020).

Furthermore, many amateur digital cameras (including those on smartphones) 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 positional
problems (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 (Figure 64). 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 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).
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Figure 64. Reconstruction from smart phone images (left), Dense point cloud of the Parliament
building after reconstruction from images (right) (Source: 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 is 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 airborne 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 SfM and 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 LIDAR point cloud and ground image point cloud, they adopt the
Coherent Drift Point (CDP) 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.

In the literature, there are several commercial or freely available solutions, concerning a
wide range of applications. A really successful mapping mobile application for both 10S and
Android mobile devices is MagicPlan (MagicPlan, 2022). The user can measure room
dimensions in real-time, capturing 3D information. MagicPlan lets the user create dimensioned
floor plans without actively measuring or drawing through innovative algorithms and
Augmented Reality technology. To estimate room measurements, the user must interactively
mark floor corners in an augmented reality view. While MagicPlan algorithms are proprietary
and unpublished, they can estimate and use the height of the observer, i.e., the camera of the
mobile device, and the tilt in order to estimate the scene depth. Thus, a coherent floor plan is
created, depicting all the appropriate geometric data, and it can be used for the creation of the
corresponding 3D model of the building space using a data model such as CityGML, which has
been designed for defining and exchanging 3D urban information.
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Furthermore, it is worth mentioning that the 3D reconstruction of buildings from terrestrial
photographs that traditionally is accomplished using complex and expensive photogrammetric
software; may be also implemented by freely available 3D modelling software, like Autodesk
123D Catch or My3DScanner, offering an alternative for this task.

4.2 Crowdsourcing in land administration

Introducing crowdsourcing in land administration procedures (Basiouka & Potsiou, 2012a;
b; Keenjaetal., 2012; McLaren, 2012; Basiouka & Potsiou, 2014) has caused a lot of discussion
in terms of data quality, privacy concern and the achieved accuracy. Data quality has many
dimensions such as absolute and relative geometric accuracy, topological correctness, accuracy
of metadata and of course the legal dimension. Data collected by crowdsourcing may not meet
always all those levels of accuracy. However, the basic question is the identification of the
required quality of the data according to the purpose for which data are collected (fit-for-
purpose approach). Fit-for-purpose means that the land administration systems — and especially
the underlying spatial framework of large scale mapping — should be designed for the purpose
of improving the management of current land issues within a specific country or region — rather
than simply following more advanced technical standards regardless the cost and time delays
for the completion of the project (Enemark et al., 2014). With the advent of social media,
crowdsourced technology and imagery available on the internet, there is an opportunity for
establishing land administration capacity in places that previously could not afford such
systems, and to provide transparent land administration services in places where corruption and
inefficiency is endemic (Adlington, 2011). In recent literature, there are many uses of
crowdsourcing in map production and updating, for the management of natural disasters, the
identification and recording of illegal buildings, identification of property boundaries in
urban/suburban and rural areas, identification of problems in the infrastructure, determination
of toponyms, updating of land cover polygons and recording of archaeological sites. Until
today, there have been many studies exploring the potential use of crowdsourcing and VGI in
the context of 2D cadastral systems, while their introduction for the development of 3D
cadastral systems is newly emerging.

4.2.1 Previous research on 2D cadastral surveys

During recent decades we have witnessed an overwhelming technological revolution
intensively affecting the way that geospatial data are acquired, maintained, analyzed,
visualized, used and disseminated. Information and Communication Technology (ICT), low-
cost equipment, crowdsourcing techniques, mobile services (m-services), web services and
open source software (OSS) introduce a new era for cadastral surveys, minimizing the financial
costs as well as the time required to perform field surveys.

In 2011, McLaren (2011) having ascertained the rapid expansion of smartphones explores
the potential utilization of crowdsourcing in order to secure the tenure gap through establishing
a partnership between land professionals and citizens. From this research emerged that only the
25% of land parcels are formally registered, living the rest 75% at risk. Based on these findings
the universal trend has been towards a Public Participation Geographic Information System
which “is a field of research that, among other things, focuses on the use of GIS by non-experts
and occasional users” (Haklay & Tobon, 2003).

Impelled by this research Keenja et al. (2012) explored the perception of land professionals
and specifically of the Netherlands Kadaster staff members, regarding crowdsourcing in land
administration. The Q-methodology is applied utilizing participants from different parts of the
Dutch Kadaster. Some believe that the government does not always use the best technology:
“the technology that government adopt might be the cheapest and after some time it is no longer
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suitable for use and needs to be changed”. They all agree that it is risky for cadastre to provide
all the information for free, but at the same time they argue that all types of new technology
could enter the cadastre without omitting modern technological achievements such as mobile
devices. However, the prevailing view is that citizens are capable of using the right information
at the right time for their own development supporting the integration of VGI and
crowdsourcing in land administration procedures (Keenja et al., 2012).

The applicability of crowdsourced geospatial information to real cadastral data, as tested in
New Zealand Cadastre (Clouston, 2015) and in Greece (Basiouka & Potsiou, 2012a), lead to
promising results. Clouston (2015), presents an interesting investigation focusing on the
connection between the opinion and behaviors of users, data producers and official mapping
agencies in the cadastral structure of New Zealand. The author conclude that crowdsourced data
can provide advances in data collection and maintenance processes provided that users, data
producers and administrators change their perception regarding crowdsourcing and support it.

Basiouka & Potsiou (2012a) carried out the first practical cadastral mapping experiment in
Greece through creating draft cadastral maps utilizing crowdsourcing techniques and a
handheld GPS (Figure 65). They compared this procedure with the traditional cadastral survey
procedure which is distinguished by errors concerning the location, the shape and the
boundaries of the recorded land parcels. The main objective is to provide an alternative solution
in order to correct the gross errors as well as to minimize the time and cost of the traditional
procedures, especially in rural areas. They conclude that geometric errors included in the
traditional cadastral procedure may be corrected within a small time period, which is very
important as these problems in the cadastral surveys were blocking the market for more than
12 years. The participation was enormous and time was eliminated dramatically. Volunteers’
were willing to participate, answer the questions and get involved in the experiment proving
that the proposed crowdsourced approach had many potentials. Authors also stated that the
handheld GPS will soon be replaced by smartphones and thus new applications will be created
to serve these needs.

Figure 65. The Volunteers at the Rural Area (Source: Basiouka & Potsiou, 2012a).

With the extensive use of smartphones crowdsourcing is bound to mobile devices driving
several investigations to examine the potential of mobile applications in cooperation with an
accurate orthophoto as basemap, for the implementation of cadastral surveys. The introduction
of crowdsourcing technology in cadastral surveys has aroused several concerns regarding the
achieved data quality and geometric accuracy, as well as about the decreasing role of the
surveyors. However, later on discussions in this field uncovered promising potentials for the
development of a “fit-for-purpose” approach always under the supervision of a professional
surveyor. Their main objective is to evaluate the reliability, the achieved geometric accuracy,
and the usability of such procedure. In Mourafetis et al. (2015) the potential adoption of mobile
devices for the compilation of accurate, assured, and authoritative cadastres such as the Hellenic
Cadastre, was investigated. A newly developed ESRI’s ArcGIS online application ‘LADM in
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the Cloud’, available for IOS and Android smartphones, is selected as data capturing tool while
a recent orthophoto of the studied areas is used as the basemap (Figure 66). Once the right
holders locate their property on the basemap they may digitize its boundary by tapping it on the
mobile phone’s screen. As turned out, the achieved accuracies using the GPS sensor of mobile
phones are high in urban areas, due to the dense network of antennas while minor corrections
regarding the position of the property boundaries on the basemap can also be achieved by
moving the cursor on mobile phone’s screen to the right estimated position by the user. Also,
by using the selected mobile application, all the personal and geometric information can be
saved in the cloud where can be secured (Celt et al., 2019).
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DigitizedParcels
DigitizedParcels

Figure 66. Digitized crowdsourced cadastral maps in urban areas using the ESRI’s ArcGIS online
application ‘LADM in the Cloud’ (Source: Mourafetis et al., 2015).

This hybrid approach was tested for urban, suburban and rural areas (Figures 67). Beyond
the commercial mobile application an open source application for Android mobile services,
named BoundGeometry, was developed to support the users/right holders with additional
geometric tools for the determination of the parcel boundaries if they are not shown, or clearly
recognized, on the basemap or in the field (e.g., due to vegetation, or the hidden parts on the
orthophoto, or legal boundaries not demarcated in the field) (Figures 68). The BoundGeometry
application operates complementarily to the Collector for ArcGIS to overcome the difficulties
of determining non-visible boundary corners (Gkeli et al, 2016; Apostolopoulos et al., 2018).

Figure 67. Digitized crowdsourced parcels in urban areas (Source: Gkeli et al., 2016).
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Figure 68. Usage examples of the BoundGeometry application for the digitization of hidden
boundary corners in (a) urban and (b) suburban areas (Source: Gkeli et al., 2016).

Similar attempts, encouraging the right holders to collect and submit geometric and
descriptive data regarding their properties, was initiated in 2018 during the nation-wide
cadastral project in Romania (Potsiou et al., 2018; Potsiou et al., 2020). A first attempt begun
through studying the formal cadastral procedure applied in the European countries of Greece
and Romania, investigating their current stage of progress, and assessing the level of
participation that the right holders have in the current procedures. It is highlighted that both
projects began with a series of pilot participatory projects where right holders are asked to
identify and locate their land parcels on a recent orthophotos. Based on these findings they
propose a more fit-for-purpose approach utilizing crowdsourcing, aiming to develop a modern
process that can successfully meet the deadlines timely, and provide an accurate, assured and
authoritative final product. For this investigation three case studies are held in urban, rural and
suburban areas for both countries, utilizing both the Esri’s Collector commercial application
and an open-source MaplT collector application (Figure 69), in order to proceed with the
registration process. Therefore, they compared the positional accuracy of the collected
crowdsourced data with respect to the data collected by experts. It turned out that the achieved
positional accuracy was about 0.4 m for urban and 1.0 m for rural areas. These results seem to
satisfy the cadastral requirements of both countries, enhancing the potential of exploiting
crowdsourced data in the initial phases of the cadastral formal procedures.
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Figure 69. Interface of Map IT application for parcel data collection used in Romania — example of
uploading a deed (Source: Potsiou et al., 2020).
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Figure 70. Web application’s user interface, (left) defining the five steps for declaring a property
right and, (right) tracking user position and gradually creates the parcel’s boundary (Source: Mourafetis
& Potsiou, 2020).

Remaining in the Greek territory, Mourafetis & Potsiou (2020) present a system architecture
and IT services implemented to support the official procedure of Hellenic Cadastre property
rights declaration. As already have been mentioned, the cadastral surveys in Greece are
participatory with right holders to have an active role in the identification and declaration of
the land parcels on which they have rights on and submit all the required legal documents
proving these rights. For this purpose, a web page and a mobile application are utilized. The e-
declaration process is conducted mainly through the developed web application, where the user
may insert all the necessary cadastral information and declare the boundaries of the declared
property (Figure 70). In cases that the users do not agree with the draft predefined land parcel,
they can either edit the vertices of the predefined land parcel boundary or digitize a totally new
land parcel. This process may be implemented through a web application for GPS enabled
mobile devices. The right holders can access this web application and use it to record the land
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parcel boundaries of interest, by moving towards the physical boundaries of their property in
the field (Figure 70). The proposed approach was considered a big success as the services raised
the percentage of digital data submissions from below 1% to approximately 33%.

Other researches explore the potential integration of international standardization models,
such as LADM, in crowdsourcing cadastral. Jones et al. (2017) present a low cost LADM-based
approach for the implementation of a post conflict cadastre in Colombia utilizing modern GIS
technology. The main challenge to be addressed is the informality of property in rural areas
where increases the need for acceleration of data acquisition and management processes. The
main pillar of the proposed methodology is the active cooperation between farmers/property
owners and grassroot surveyors for data acquisition. An orthophoto of the area is utilized for
the identification and determination of the boundaries of each property. The mobile application
of Esri’s Collector App in combination with the Trimble R1GPS device, connected via
Bluetooth, is used for the collection of the spatial and administrative data (Figure 71). This
handheld GPS device collects coordinates with a sub-meter accuracy. Thus, the declared
boundaries have an intrinsic accuracy of about one meter. Furthermore, in a village meeting,
the community members gather to see and discuss all the collected data on a map, as well as all
the potential disputes, overlaps and ‘gaps’ in the surveyed area. The authors conclude that the
proposed methodology is affordable, fast and may successfully implement a nationwide land
administration within 7 years. It is also noted that such a methodology is reliable as the main
focus is to settle a trust link between land and people (Jones et al., 2017).

Figure 71. (a) The digitized land parcels through Esri’s Collector App. (b) Esri’s Collector App
interface for the collection of the administrative data (Source: Jones et al., 2017).

Molendijk et al. (2018) presents a similar LADM-based methodology for the field data
collection and data handling aiming to create an overview of all people to land relationships in
departments of Colombia. Colombia is a country that has civil conflicts over land ownership
and thus the mapping and management of the current disputes and overlapping claims is crucial.
The main objective of this experiment is to speed up the cadastral surveys and the first
registration process in the economies in transition for the implementation of a comprehensive
Agrarian Reform. Esri’s Collector App together with Trimble R2GPS device were utilized to
proceed with the pilot cases. An elementary LADM-based database schema has been designed
for this purpose. It is noted that the R2 has a “quality antenna” for the reception of weak GNSS
signals and the reception of the required correction signals. With this configuration, a sub-meter
accuracy for the observed points may be provided. Such implementation makes possible the
Peace Agreements in the country and strengthens the maintenance of the population's
confidence in the peace processes. The focus on rural land ownership brings with it its historical

134




Chapter 4 — 3D Crowdsourcing cadastral mapping Practices

importance. In Colombia, the relationship of rural land titling is a challenge when it is estimated
that around 60% of rural land parcels do not have a legal cadastral map of land holders
(Molendijk et al., 2018).

4.2.2  Potentials for modelling of 3D cadastral objects

Practical experience has demonstrated the significant benefits in crowdsourcing geodetic
measurement from multiple organisations (Haasdyk & Roberts, 2013). Web-based and mobile-
based crowdsourcing solutions, have already been used in developing 2D cadastral surveying
procedures in order to minimize the time and cost of the required surveys (Basiouka & Potsiou,
2014; 2015; 2016; Basiouka, 2015; Mourafetis et al., 2015; Apostolopoulos et al., 2018; Cetl
et al., 2019; Potsiou et al, 2020; Mourafetis & Potsiou, 2020). Although 2D crowdsourced
cadastral surveys have been tested and their pilot implementation is already started in some
cadastral agencies (Cetl et al., 2019) the 3D crowdsourced cadastral surveys still need
investigation. The existing 2D experience should be exploited in 3D cadastral surveys,
providing a fit-for-purpose solution for the initial implementation of reliable 3D Cadastres.
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Figure 72. Example of the web-based crowdsourced application - Mobile Usage (Source: Ellul et al,
2016).

The discussion on the potential use of VGI and crowdsourced data for the compilation of
3D cadastral surveys and how to exploit right holders in order to collect the required
information for the transition from a 2D cadastre into a 3D cadastre has initially started in 2015.
Vuci¢ et al. (2015) proposed a LADM-based crowdsourced solution for 3D cadastral data
acquitision. A mobile device is used for the delivery of the property height, reference point and
surface relation. By combining the inserted data with already existing 2D (official) information
regarding the partition of the real property, the establishment of a part of the 3D cadastre and
its visualization is possible. This attempt may constitute a promising approach aiming to
upgrade a pre-existing 2D cadastre into a 3D cadastre. In 2016, an interesting approach is
proposed by (Ellul et al, 2016) aiming to investigate the necessity of 3D cadastral surveys for
a better representation of the 3D rights. As the boundaries of 3D property units are better known
by their own occupants, crowdsourcing techniques seemed to be the best solution in order to
capture the complex ownership cases that may distinguish any property. They proposed the
development of a web-based crowdsourced application for the identification of the several land
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and property ownership situations through a set of different sketches describing the potential
alternative 3D ownership situations in Coimbra. It is noted that the developed web-based
application may also be opened from a mobile phone’s browser, allowing the implementation
of the required procedures from different platforms (Figure 72). The contributors are asked to
select their situation from several groups presenting different types of land ownership, sketched
by the research team. This first attempt received positive feedback from Coimbra Municipality,
however there are still several aspects of the proposed approach that need to be further
investigated.

Although these studies do not lead to the development of 3D proprietary models, they
constitute a trigger for the further investigation of the potential use of crowdsourced data for
this purpose. Occasionally, several different research approaches aim at the partial or fully 3D
reconstruction of buildings utilizing crowdsourced data are proposed (Elgan, 2022; Hartmann
etal., 2016; Jeong & Kim, 2016; Zhang et al., 2016; Bshouty et al., 2020). 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 and crowdsourcing contain noise and occlusions, as the data are collected by non-
professionals; 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. As extensively described in
Chapter 2, the implementation of Data-driven techniques and algorithms for the development
of 3D models for cadastral purposes (3D cadastre) has especially high computational costs in
order the imported errors to be reduced, as much as possible. However, the 3D cadastre aims at
preserving property rights, without being interested in architectural details of property
geometry. Thus, the key elements are 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 (Figure 73).

Model-driven Methods: Data-driven Methods:
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¥v" high computing speed about building structure
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¥' prior information about building shape v" require specific 3D modelling skills
v" limited model library v" topological errors
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Figure 73. Advantages and the disadvantages of model-driven and data-driven methods - logical path
of selecting the best fitted solution for 3D Cadastres.

4.3 Introducing Crowdsourced data into Authoritative Databases
4.3.1 Motivation for Participation and increased Public Willingness

One of the most important parameters affecting the success of any crowdsourcing
application is the productivity of the participants. Until now, there have been several
investigations attempting to highlight the main incentives of the participants, and attempting to
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engage them and maintain their willingness to stay active through the overall process (Nov,
2007; Coleman et al., 2009; Coleman, 2010; Basiouka & Potsiou, 2014). The research on
participants’ inceptives originates in the 1970s, while during years several studies were
conducted investigating the potential integration of volunteerism in different scientific fields
and applications. These studies may be divided in three (3) main categories: (i) general, (ii)
GIS-based and (iii) targeted in specific geographic applications (Basiouka, 2015).

With the introduction of VGI in 2007 by Goodchild (2007a; b), a first attempt regarding the
identification of the main motives of volunteers manipulating Geographic Information was
presented. Based on this approach, motives are created and formed based on two key factors:
(i) self-promotion and, (ii) personal satisfaction. By achieving a higher level of empowerment
and satisfaction may affect the citizens’ opinion for participating in a crowdsourced or VGI
project such as OSM (Tulloch, 2008; Basiouka, 2015).

A different approach is presented by Coleman et al. (2009) dividing participants into five
categories, that can be distinguished by either competence or accountability, based on their
knowledge, capabilities and background, ranging from neophytes through to expert authorities
(Figure 74). However, it is noted that this is more complicated as an individual may belong in
different categories for different contributions. In a later research, Coleman et al. (2010) posed
a list of factors affecting participants’ behavior, dividing them into positive/constructive and
negative factors. The positive factors, include altruism, professional or personal interest,
intellectual stimulation, protection of a personal investment, social reward, personal reputation,
self-expression opportunity and pride of place. Furthermore, the negative factors include
mischief, social, economic or political agendas and malice/criminal intent.
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Figure 74. Approaches differentiating the various types of contributors (Source: Coleman et al.,
2009).

The engagement and recruitment of the participants in a crowdsourced project is another
issue addressed in the current literature. Several approaches have been proposed towards public
recruitment, including the method of gamification (Apostolopoulos et al., 2018), incentivizing
participants with various monetary or other rewards (Brown & Kyttd, 2014) or even with
advertising through flyers and social channels such as Facebook (Sirbu et al., 2015). An
interesting example of gamification strategies is presented by Apostolopoulos et al. (2018). In
order to support and motivate volunteers to collect information, they created an application
utilizing Esri’s ArcGIS Viewer for Flex (Figure 75 left) where the user/volunteer could see how
many properties have been digitized, and each user/volunteer may check how many and where
are the properties which he/she has digitized by entering his/hers tax code in the search tool
(Figure 75 right). Through this process each user/volunteer participates in an award process.
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Figure 75. Screen window with the tax code number of the volunteer (left) and a map reply at the
Search tool.

Through proper briefing of the public about the benefits of a crowdsourcing project,
awareness may be raised, encouraging citizens to join the project. However, the effectiveness
of a crowdsourcing framework depends heavily on ‘finding the balance in which for the non-
professional participants the operation of collecting and contributing data is not too complex in
a way that might impair the quality of the data; but on the other hand, making sure that the
contributor is motivated — intellectually and practically — will benefit the processes.” (Cetl et
al., 2019).

4.3.2 Data Quality

Data quality is an often a debatable topic in the research community that still remains a valid
concern (Goodchild, 2008b). The quality of the geospatial crowdsourced data is determined by
several factors including the choice, location, skills and tools (Clouston, 2015). In 1ISO 8402
(1994), quality is defined as “the totality of characteristics of an entity that bear upon its ability
to satisfy stated and implied needs”. Data quality is often referred as data fitness when
describing geospatial data, arguing that the product quality depends directly on the intended
application. In this sense, data quality or data fitness may be considered acceptable if data are
fit-for-purpose.
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Figure 76. Data quality descriptors based on INSPIRE technical guidelines - 1ISO 19157 (Geographic
Information Data Quality). (Source: https://inspire.ec.europa.eu/sites/
default/files/presentations/Docan_INSPIRE_2017_Print.pdf)

Although data quality has several different aspects, it may be considered as a value with two
broad perspectives - the internal and the external (Cetl et al., 2019). The internal perspective is
based on the a priori requirements as presented by the producers and providers, while the
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external perspective is referred to the necessary requirements for reusing the data. Thus, data
quality or fitness-for-purpose may be described and evaluated by examining some quality
criteria that determine whether or not the produced data is compatible with the data product
specification. Occasionally, various standards have been proposed, in an attempt to define the
most appropriate quality descriptors for the evaluation of data quality. The 1SO 19157 (2013)
standard (Figure 76), describes spatial data quality through 21 quality elements which belong
to 6 different categories: completeness, logical consistency, thematic accuracy, temporal
guality, positional accuracy, and usability.

Goodchild & Li (2012), distinguished three different approaches in order to assure
geospatial data quality, as follows (Figure 77):

- The crowdsourcing approach argue that data may be more accurate if a large group of
people agree on it. Information based on a single individual’s observation does not have
the same impact.

- The social approach based on the fact that trusted users or administrators, may check the
inserted new data in order to minimize errors.

- The geographic approach based on the principle that geographic data may be checked
against some rules, even automatically.

Geographic Crowdsourcing
Consistency Revision

Analysis of the Data quality
consistency of ensured by multiple
contributed entities contributors

Social Measures

Assessment of contributors
themselves as a proxy
measure for the quality of
their contributions

Figure 77. Three domains of a VGI Quality Framework (Source: Goodchild and Li, 2012).

Navratil & Frank (2013), examined how these three approaches may be adopted in land
administration to assure that crowdsourced geospatial data may provide a reliable source. As
crowdsourced and VGI data are user-generated, they are strongly affected by contributors’
personal knowledge, interests and willingness. In case of land administration, where for
example property boundaries are of main interest, VGI data may be a reliable source only if
boundaries are obvious by direct observation. However, the majority of such cadastral
information is only known by a few of people, mainly owners, or by professional surveyors
after the necessary measurements. Thus, based on this fact, crowdsourced cadastral data may
be reliable if the contributors are mainly owners or trained citizens in cooperation with owners.

4.3.3  Accuracy of Crowdsourced data

The volunteer-crowd collected data may not meet always high levels of accuracy as the data
is produced by heterogeneous contributors, utilizing different technologies and tools, serving
heterogeneous purposes and a lack of gatekeepers (Senaratne et al., 2017). During the past
decade, several studies are focused on the positional accuracy of crowdsourced data. Haklay
(2010), investigate the accuracy and completeness of OSM’s linear objects representing
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motorways by comparing them with an authoritative map. After a geometric assessment
concluded that the OSM data is quite accurate with an average positional discrepancy of about
6 meters. Beyond the positional accuracy of linear features, the accuracy of OSM’s Points of
Interest (POIs) (e.g., hospitals, schools etc.) were also examined. Hristova et al. (2012) evaluate
OSM positional accuracy using Euclidian distance from reference point objects, concluding
that the average discrepancies were about 6.65 m. A similar investigation was conducted by
Al-Bakri & Fairbairn (2010) by comparing OSM point data to reference - ground truth - field
survey dataset. In order to estimate the positional accuracy, the RMSE (Root Mean Square
Error) measure, was utilized. The comparison showed that the OSM point data do not match
with the reference dataset, differentiating more than 10 m.

In the following years OSM positional accuracy continued to concern the scientific
community, with researches proving that accuracy measures are improving mainly in urban
areas, while in rural and undeveloped areas inferior results occurred (Cetl et al., 2019). Haklay
et al. (2010) investigated whether the positional accuracy of intersection features may be
improved through increasing the number of contributors. Authors have concluded that the
overall aggregated location accuracy did improve, although no effort was made to study
whether previous versions can contribute the overall positional accuracy. Beside these findings,
no one of the aforementioned researches have explored an alternative way of improving
crowdsourced data quality and accuracy. In 2016, Zhao et al. (2016) introduced a
spatiotemporal VGI model which considers contributor reputation and object trustworthiness.
By collecting information regarding contributor’s experience and trust, the achieved accuracy
of mapping may be further improved (Foody et al., 2015).

Besides these promising steps that crowdsourcing has implemented, there are several
researchers who expressed their doubts regarding the potential use of crowdsourcing and VGI
data in governmental projects (Helbich et al., 2010). One of the first attempts, trying to highlight
the need for an alternative crowdsourced approach in land administration, was proposed by
Laarakker & de Vries (2011). The main objective was to indicate the imperative need of an
open and flexible cadastral system. Through this attempt which was named OpenCadastralMap,
the author tried to categorize the main concerns regarding the implementation of such program.
They conclude into two categories referring to the technical and the socio-organizational
aspects. The technical include the quality control of OSM, OpenCadastreMap and the utilized
technology. The socio-organizational referred to the understanding of the project importance,
the role of the government, the legality control and the economic factor. Since then, the
investigations regarding this matter have attracted the growing interest of the research
community. Navratil & Frank (2013) and De Vries et al. (2014) followed this path by
investigating the term Neo-cadastres, trying to explore the involvement of VGI within the
traditional cadastral methods.

During the following years, research in the field of land administration is intensified, with
the development of alternative methodologies and modern technical frameworks, leading to
results of much higher accuracy than expected based on older researches. However, the basic
question that needs to be answered in order to evaluate the achieved accuracy is the following:
Which is the required quality of the collected data according to the purpose of the surveys (fit-
for-purpose)? Fit-for-purpose means that the land administration systems — and especially the
underlying spatial framework of large scale mapping — should be designed for the purpose of
improving the management of current land issues within a specific country or region — rather
than simply following more advanced technical standards regardless the cost and time delays
for the completion of the project (Enemark et al., 2014). So it seems that a fast, reliable but not
highly accurate solution can be a starting point for the initial collection of cadastral information.
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As described in detail in the Section 4.3.1 the utilization of modern technological
achievements, large scale orthophotos and training sessions, the relative accuracy of the
collected crowdsourced data may be increased. In Apostolopoulos et al. (2018) the maximum
positioning error in the determination of boundary nodes in urban areas was approximately 1
m, while the overall recording procedure is performed with a relative accuracy of about 0.5 m.
Also, in the sub-urban area the average deviation was about of 0.6m and the maximum deviation
was approximately 1.7 m. The difference in accuracy between the urban and sub-urban areas
are due to the dense network of antennas in urban areas which enable a more accurate estimation
of the mobile device’s position (Mourafetis et al., 2015). Subsequently, Molendijk et al. (2018)
support that a sub-meter accuracy for the collected points may be provided, due to the utilized
configuration including the Trimble R2GPS device. Observing the results of subsequent studies
appears that the achieved accuracy is improved further. Also, in Potsiou et al. (2020) the
achieved positional accuracy was about 0.4 m for urban and 1.0 m for rural areas. These results
seem to satisfy the cadastral requirements of both countries, enhancing the potential of
exploiting crowdsourced data in the initial phases of the cadastral formal procedures.

With the advent of social media, crowdsourced technology, GPS and imagery available on
the internet, there is an opportunity for establishing land administration capacity even in places
that previously could not afford such systems, and to provide qualitative, reliable and
transparent land administration services in places where corruption and inefficiency is endemic
(Adlington, 2011).

4.3.4  Application Usability Inspection

Usability provides one of the most important parameters in designing products, as it affects
the users’ reaction concerning the product. In ISO 9241-11 (1998) a definition about usability
is presented, as “the extent to which a product can be used by specified users to achieve
specified goals with effectiveness, efficiency and satisfaction in a specified context of use”. As
specified in ISO/IEC 25010 (2011), the quality of a product may be defined by 8 parameters
“functional suitability, reliability, performance efficiency, usability, security, compatibility,
maintainability and portability”. With regard to usability, the necessary characteristics that
may represent a usable application interface are the recognisability, learnability, operability,
user error protection, user interface aesthetics and accessibility (ISO/IEC 25010, 2011).

Usability presents a qualitative way to assess how easy the user may interact with
applications interface. Nielsen (2012) defines usability as a combination of five quality
components, as follows:

- Learnability: how easy it is for users to complete some basic tasks during their first
interaction with the applications’ interface.

- Efficiency: the necessary time for users to accomplish a task once they have learned how
the system works.

- Memorability: how easily can users re-interact with the systems’ interface after a period
of not using it.

- Errors: the errors that the users make when performing tasks and how easily they can
recover from them.

- Satisfaction: how pleasant it was for the user to use the system.

Usability evaluation is important in order to improve applications interfaces, aiming to
produce more qualitative products and therefore qualitative data useful for several
applications.
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4.4 Conclusions

In the realm of digital revolution, VGI and crowdsourcing claims a key position as a tool
for collecting and sharing geospatial information through the internet. The rapid expansion of
the smartphones with integrated sensors, cameras and internet access facilitates this process,
promoting the further development of this field. Initially, VGl communities were focused on
the 2D domain, but gradually various efforts were made both in adding information regarding
the 3rd dimension of the already collected data, as well as for directly create and disseminate
3D geospatial content. The concept of 3D modeling or 3D reconstruction of buildings is often
associated with the implementation of complex processes and the utilization of professional
software exclusively by experts. However, today a variety of freely available or open-sourced
solutions have been developed, allowing the generation of 3D models by people without special
photogrammetric skills. Thus, it is enough for the individual to be interested in contributing in
order to easily create a 3D building model through the use of parametric shape libraries or freely
available modelling software.

The introduction of crowdsourcing in land administration caused a variety of objections and
disagreements mainly in terms of data quality and the arbitrary consideration of abolishing the
role of the surveyors. However, one of the fundamental questions that need to be addressed
when dealing with crowdsourced data is: “Does the achieved data quality satisfy the purpose
of the surveys?” As evidenced by the current research a large percentage of the developed and
developing land is not officially registered, leaving the property rights at risk. In addition, it has
been proven that traditional cadastral surveys require time and funds, which may gradually
increase, complicating or even prohibiting the completion of cadastral surveys. This may lead
to an increment in rights holders’ uncertainty regarding their rights as well as the time and costs
involved in land and property transactions and mortgages, blocking the real estate market and
inhibiting poverty reduction. Especially in developing countries the perpetuation of this treaty
can disrupt the peace agreements and maintain the poverty conditions. Thus, the preservation
of property rights seems imperative even if it is not implemented with the high precision
specifications, as settled by the current 2D land registers. A fast, reliable but not highly accurate
solution can be a starting point for the initial collection of cadastral information.

During the past few years, crowdsourcing has claimed a critical role as a reliable
methodology with huge potential regarding the realization of 2D cadastral registration in both
an affordable and a timely manner. The adoption of new technology in cadastres is supported
by the experts, including modern technological achievements such as mobile devices. Despite
the initial doubts, the application of crowdsourcing techniques in the cadastral surveys can
achieve remarkable positional accuracy. Using the GPS sensor of the mobile device or an
external GPS antenna, a sub-meter and meter accuracy may be achieved in urban and suburban,
rural areas respectively. It is worth mentioning that the achieved accuracy may meet the
specifications of several countries, enhancing their potential in the initial phases of cadastral
formal procedures. However, their improvement at a later stage of the cadastral procedures is
not ruled out, on the contrary, it is desirable.

Besides positional accuracy, there are also other factors that distinguish and ensure the
quality of the crowdsourced data, concerning the completeness, logical consistency, thematic
accuracy, temporal quality and usability. Satisfying all of these conditions requires the
development of a well-structured “fit-for-purpose” approach always under the supervision of a
professional surveyor. The control of the crowdsourced data by professional surveyors is
necessary to identify weaknesses, provide solutions and lead the overall procedure. In addition,
the success of this attempt is directly affected by the characteristics of the data capturing tool
and the approaches followed to recruit and encourage citizens to join such crowdsourced
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project. Finding the balance in which citizens wish to collect and contribute data through a
relatively simple procedure in a way that quality of the data does not deteriorate. By relying on
international standards, such as LADM, commonly accepted application development
specifications and providing the appropriate incentives for participants, the development of a
promising solution for the implementation of both cadastral surveys is feasible.

It is worth noting that in some countries, such as Greece, the cadastral surveys are already
participatory while the use of a web and a mobile application for the declaration of property
rights from the right holders, is integrated into the official procedure of the 2D Hellenic
Cadastre. Although crowdsourcing has shown great potential in supporting the 2D cadastral
surveys, its introduction in 3D cadastral surveys posed additional challenges and thus still need
further investigation. By adopting the lessons learned from the 2D domain, it is possible to
develop an equally efficient approach that supports the 3D domain. Especially in cases of
complex and multidimensional property rights that pervade the modern world, the immediate
determination of properties boundaries and their legal extent, which is best known to owners,
is particularly important. To date, the studies referring to the 3D aspect of the cadastral objects
do not lead to the development of 3D property models. However, through exploiting the
capabilities of the modern ICT tools and 3D reconstruction methods, the development of the
3D property models is feasible. As demonstrated in this chapter, utilizing parametric
reconstruction methods seems to be the best choice for managing the crowdsourced data and
proceed with 3D modelling. Thus, appear that the proper management and utilization of the 3D
information can lay the foundations for the development of 3D cadastres worldwide.
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Chapter 5

Compilation of 3D crowdsourced Cadastral
Surveys

As modern cities have a multi-dimensional growth, safeguarding of tenure requires the 3-
Dimensional (3D) identification of property RRRs, through the establishment of 3D cadastres.
As has already been proven by the global efforts regarding the development of 2D cadastres,
the implementation of 2D and therefore of 3D cadastres has also high demands on time,
finances, equipment and human resources. These requirements make it difficult or even prohibit
the compilation of the property registration, increasing the uncertainty of ownership rights and
blocking the real estate market and rights holders, in a stagnant state. As a result, many countries
do not have a complete 2D land registry until today.

The immidiate development of a functional 3D cadastral system is of a great importance for
both the developed and the developing world, as it ensures ownership rights, reduces risks, time
and costs in urban property markets, and enables poverty reduction. This perception is
contended by several actors such as UN-Habitat and the International Federation of Surveyors
(FIG) (Lemmen et al., 2015). A fit-for-purpose 3D crowdsourced cadastral surveying approach
seems to be the most appropriate solution, in order to meet the 2030 UN Agenda SDGs and
ensure that both developed and developing countries may develop functional land
administration systems fast and reliable with affordable costs, utilizing international standards
(Enemark et al., 2014). Low-cost equipment, crowdsourcing techniques, machine learning
techniques, automated procedures, mobile services (m-services), web services and open-source
software (OSS) as well as standardized international data models, sign a new era for the
cadastral data acquisition, recording, exchange and dissemination procedures, reducing the cost
and the time of the required cadastral surveying (Cetl et al., 2019).

In order to overcome the existing difficulties and establish 3D cadastres in a short time
frame, the minimization of the financial and human resources, is required. Undoubtedly, one of
the costliest phases of the implementation of 3D cadastres, is the initial 3D data capture. Recent
research has proved that low-cost sensors and cameras often available in smartphones, enable
the 3D geospatial data acquisition by non-professionals, such as citizens. Thus, each citizen
may be defined as potential neo-photogrammetrist (Leberl, 2010), who can collect 3D data and
develop models using modern 3D reconstruction algorithms and tools. 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, 3D data collected in other
areas, such as BIM, IFC CityGML files, IndoorGML, InfraGML and LandXMLetc., can also
be used for the creation of a 3D cadastral database (Dimopoulou et al., 2016).

While the activities of the various VGI and Crowdsourcing communities has not
substantially changed the way bodies such as National Mapping Agencies (NMAs) produce
data, a change in the future is anticipated (Foody et al., 2015). In this Section a methodology
for the future data collection, management and 3D modelling of cadastral objects is developed
and presented. This effort aims to provide a more generalized procedure adjustable to the
available cartographic infrastructure and financial situation of each country, including even
regions that still lack a 2D cadastral data registration. First, the leading principles followed for
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the development of the crowdsourced methodology, are reported. Next, the legitimate means
for data acquisition and the potential types of geospatial infrastructure, aiming to support the
crowdsourced methodology, are presented. Subsequently, the main workflow of the
crowdsourced methodology for the initial implementation of 3D cadastral surveys, is described
and illustrated; while a Greek paradigm trying to adopt the crowdsourced workflow in the
Greek reality, is followed. Finally, the main conclusions regarding the perspectives of the
developed methodological approach for the initial implementation of 3D cadastral surveys, are
presented.

5.1 Leading Principles

The development of the current methodological approach relied on a series of research
findings, lessons and trends in order to provide a viable and efficient model for the
implementation of 3D crowdsourced cadastral surveys. Each one of the adopted components
has a crucial role in the design of both the methodology and the technical tools for its
implementation. The leading principles are depicted in Figure 78.

> Briefing, Motivation and Training. One of the most important parts — if not the most
important part — for the success of a crowdsourcing project is citizens’ gathering and
briefing about the main objectives of the project and the motivations that will be provided
to the participants. The local community should be informed about the whole procedure
and get notified about its benefits. Thus, incentives will be provided to the participants
creating greater interest for their accelerated participation. Furthermore, through proper
training, the reliability of the procedure is increased while the implementation time is
reduced, reaching quickly the desired result.

> IT Tools and Software. The selection of the appropriate data capturing tool is an important
parameter affecting both the accuracy and reliability of the collected data, as well as the
recruitment of the participants. In the majority of crowdsourced projects, the utilization of
mobile devices has a prominent role, as they are an integral part of citizen’s everyday life.
The utilization of a mobile-based or web-based application enables the acquisition of data
remotely, facilitating users to contribute from distance. The development of a ‘user-
friendly’ mobile application following the internationally accepted ISO/IEC 25010 (2011),
may function positively in the effort of recruiting right holders in the crowdsourced
procedure.

> Active Collaboration - Proper Assistance. Collaboration between citizens and professionals
as well as with the current National Cadastral Mapping Agency (NCMA) is needed. The
roles and duties between all the involved parties have to be well-defined from the beginning
of the procedure. The enactment of proper assistance in each part of the process by
professionals or specially trained individuals, offers better coordination leading to compact
results.

> Innovative techniques. Besides the crowdsourced aspect of the developed methodology,
there are several requirements that need to be met in a land administration project. The most
important parameters refer to the quality, reliability and management of the collected data,
even in cases of week geospatial information availability. In particular, the acquisition of
3D geometric data and their further manipulation for the generation of 3D models, retaining
low the cost and time of the procedure, require the development of innovative techniques
exploiting the recent technological developments.
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Figure 78. Main principles of the 3D Crowdsourced Approach for the implementation of 3D
Cadastral surveys.

5.2 Data Capturing tool

The selection of the most appropriate tool for the implementation of cadastral surveys is
something that strongly influence the outcome of both the traditional and modern cadastral
procedures. In land administration crowdsourced projects, the utilization of a mobile
applications with GIS functionalities, is more expedient as allows the rights holders to move
throughout the property using — when needed — the GPS sensor of the mobile device and collect
directly the necessary information and/or measurements. The selection of mobile applications
in cooperation with wireless services are inclusive and preferable as not everyone has access to
a cable internet. Through selecting a mobile application, the implementation range of the
crowdsourced approach is widened enabling both the developed and developing countries to
have access to a trusted land registry, ensuring their rights.

In the developed crowdsourced framework, a mobile cadastral application is selected as the
main mean utilized for the acquisition of basic 3D geometric and descriptive cadastral
information. The main purpose of the mobile application is to provide an easy solution to the
right holders in order to automatically produce and visualize 3D semantically enriched property
unit models, located above or below the ground surface, by inserting the appropriate geometric
and descriptive information through the mobile application as well as all the supporting legal
documents and additional evidence about the rights and rights holders.

Certainly, the use of a mobile application does not constitute the only effective solution
capable of supporting the 3D cadastral procedure. A web application or a combined use of a
web and a mobile application consist powerful alternatives tools for such a crowdsourced
approach. For example, a mobile application may be utilized for the acquisition of the geometric
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3D data while a web application may be utilized for the submission of the legal documents and
additional evidence about the rights and rights holders. Therefore, the option(s) of the
application(s) for the proposed crowdsourcing framework for 3D cadastral surveys varies and
may be adjusted according to the current needs and the available infrastructure of each country.

Besides that, both mobile and web applications are assessed by the author of this
dissertation, the utilization of a mobile application as the main data capturing is predominated.
Examples of a cadastral mobile and web applications capable of 3D data acquisition, 3D
parametric modelling and/or visualization of 3D property models, are developed and presented
in Section 4.1.

5.3 Geospatial Infrastructure

One of the key parameters for the implementation of a 3D land registration system, is the
type and the quality of the available geospatial infrastructure, that may be used for the
declaration of the 3D RRRs. As the available geospatial infrastructure differs from country to
country, the selection of the appropriate basemap is crucial and should be based on the options
available for each country.

However, the introduction of the third dimension in land registration systems, broadens the
range of the potential recording background beyond the traditional cartographic, leaving room
for new innovations to be explored. This means that alternative solutions should be explored
for both the cases of poor geospatial infrastructure, so as for the cases of high-quality data
availability. By exploring how the 3D property rights can be defined and represented in each
of these cases, the development of an adaptive crowdsourced methodology for the initial
implementation of 3D cadastres is feasible. An overview of the alternatives data sources is
illustrated in Figure 79 and it is described in detail below.

Geospatial Infrastructure

Cartographic Data Sensor Data 3D Data Models
v ¥ v
s Architectural floor *GPS/GNSS sensors *BIM/IFC
plans *Indoor Positioning
*Orthophotos System (IPS)
*2D cadastral map (Bluetooth/WiFi-based
*0OpenStreetMap etc.)
*Aerial /UAV photos Qutdoor
*Satellite imagery / Indoor
mapping
v

Image analysis products

photogrammetric or
deep learning

) Buildings
techniques

outlines /
footprints

Figure 79. Overview of the alternatives data sources for the implementation of 2D/3D crowdsourced
cadastral surveys.

5.3.1 Cartographic Data

In countries with well-functioning 2D cadastres, a 2D cadastral map overlaid on a large
scale orthophoto can be used as registration basemap. To enhance the reliability and accuracy
of the 3D crowdsourced cadastral surveys, architectural floor plans may then be matched with
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the digitized building footprints. In this case, the cadastral information can be classified as
Accurate, Assured and Authoritative (AAA) (Williamson et al., 2012; Gulliver, 2015) and the
geometric accuracy that meets specifications can be ensured (Mourafetis et al., 2015). In the
absence of architectural plans or/and orthophotos of high accuracy, horizontal plans of each
floor of the building made by the rights holders showing the individual property units and an
orthophoto of less accuracy, or an aerial photo taken from various platforms (e.g., UAVS), or
even the OpenStreetMap (OSM, 2022), may be used instead, thus reducing the geometric
accuracy significantly. This process together with the creation of a digital 2D cadastral map,
may be followed in cases of countries with incomplete or without a 2D land registry. In the
latter cases the land parcel boundaries and the building footprints should be visible on the
available basemap. This is usually the case in urban areas where boundaries are fixed on the
ground and this obviously increases the accuracy of digitization. In any other case, more
sophisticated techniques, should be followed.

5.3.1.1 Image-based Analysis Technigques

The information provided through the 2D cadastral maps and/or the architectural plans of
buildings is of a great importance for the compilation of 3D cadastral surveys, as they delimit
the building’s boundaries and/or the individual properties/building units, facilitating the right
holders to locate and digitize their properties accurately on the available basemap. In their
absence, the right holders may create a 2D cadastral map depicting these boundaries, but the
achieved accuracy will be relatively low, as it will depend solely on the judgment of each right
holder. However, recent research trends have shown that aerial remote sensing data, such as
aerial photos, UAV photos, orthophotos, satellite images etc., may be exploited by modern
photogrammetric or deep learning techniques, providing valuable metric and descriptive
information regarding the location and the boundaries or footprints of the depicted buildings.
As it is described in Chapter 3, buildings’ outlines may be detected and extracted from the
available aerial imagery, providing important geospatial information about the buildings. In the
context of this doctoral dissertation, two separate methodologies were developed aiming to
detect and extract the buildings’ roof tops surfaces and vectorized buildings’ outlines,
respectively. As it had been proven, these methods do not have high demands in terms of
finances and time while they lead to reliable and accurate enough results, comparatively with
the purpose of the developed crowdsourced framework. Such geometric information consists a
reliable data source that may be also utilized as an alternative basemap for 3D registration of
RRRs’, strengthening the developed crowdsourced framework. The right holders may identify
their properties more easily and utilize the depicted buildings’ boundaries as reference, in order
to locate and digitize their own property/building unit.

5.3.2 Sensor Data
5.3.2.1 GPS-assisted

If the land parcel’s and building’s footprint boundaries are not visible on the available
basemap, there are several options to proceed with their identification, such as (a) by using the
smartphone’s GPS sensor with an accuracy of a few meters, or (b) by using external support
GNSS (Global Navigation Satellite System) tools and resources, achieving high positioning
accuracy. As shown in Mourafetis et al. (2015), the achieved accuracies using the GPS sensor
of mobile phones are high in urban areas, due to the dense network of antennas, while minor
corrections can also be achieved by moving the cursor on screen and locate it to the correct
position on the available basemap.

Utilizing the Bluetooth capability of smart devices, different mobile GNSS receivers may be
connected with smartphone’s positioning applications, providing reliable and accurate results. For
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example, Esri’s Collector Application may be connected with Trimble R2GPS GNSS receiver
device, providing sub-meter accuracy for the observed points (Molendijk et al., 2018; Cetl et al.,
2019; Potsiou et al., 2020), or with EOS Arrow Gold RTK GNSS receiver device
(EOS_RTK_GNSS, 2020), providing even centimeter accuracy for the observed points. These
configurations may provide accurate and reliable results in outdoors spaces for field work.

However, this is not the case for the indoor environment, where the positioning problem is
more challenging as the GPS/GNSS signal is weak in the interior of buildings and therefore
indoor positioning relies typically on local infrastructure/measurements and other type of
support. Thus, in the absence of accurate floor plans to be used as basemaps, the digitization of
the property unit boundaries is based on methods trying to replace the operation of GPS at
indoor environments.

5.3.2.2 |IPS-based

Capturing the geometry of building’s property units/condominiums in cases where the
architectural floor plans are not available, is very challenging. This is amplified when the
identification of the individual properties units is requested to be implemented by the right
holders/citizens utilizing a basemap which at best can clearly depict the boundaries of the land
parcel and the building’s footprint, without providing any further information regarding its’
interior configuration. During the research of this doctoral dissertation, it emerged that the
development of an Indoor Positioning System (IPS), with structure similar to the one described
in Section, can work beneficially in solving this problem.

An IPS based on low-cost Bluetooth technology can work in collaboration with a 3D
cadastral mapping mobile application, providing the necessary location information, in order
to support the 3D crowdsourced cadastral surveys. The main idea of the designed IPS solution
is to gradually construct the plan of indoor cadastral spaces/property boundaries, through
tracking the mobile device’s/user’s trajectory. Through the cadastral mobile application and the
smartphone’s Bluetooth wireless sensor, right holders may ‘visit’ their property and delineate
the boundaries of their indoor cadastral spaces on the basemap, utilizing the established IPS.
By processing the received IPS signals through a machine learning algorithm the generation of
horizontal spatial information, regarding the position of the mobile device in the indoor
environment may be provided and visualized through the cadastral mobile application (Figure
80). Thus, right holders may gradually construct the boundaries of their property unit (indoor
cadastral space), by moving towards the physical boundaries of their property and digitize them
by selecting their corresponding position on the basemap.

{ Machine Learning
Algorithm

uonporyddp ajqopy
[p4sOpoy) (€

Indoor Positioning System

Figure 80. 3D cadastral indoor mapping — Framework overview.
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5.3.3 3D Data Models

Besides the 2D geospatial options, the utilization of already existing 3D data models (BIM,
CityGMLetc.), may also facilitate the registration of buildings as 3D spatial units. Furthermore,
other available 3D data sources (dense point clouds, etc.) in cooperation with modern 3D
reconstruction techniques and algorithms, may provide an accurate 3D registration basemap
able to guide the 3D cadastral surveys.

5.3.3.1 BIMdata

BIM is considered as the most comprehensive and intelligent 3D digital approach able to
manage buildings with composite structures, and enable communication between stakeholders
with different backgrounds (Atazadeh et al., 2019). The world of smart cities needs proprietary
BIMs, as a clarifying tool, providing a clearer picture with relation to property RRRs. BIM and
3D property are two seemingly different domains but they can interact and get benefits from
each other.

While BIM may be used to provide the geometry of the complex physical buildings’ spaces
for 3D Cadastre (rooms, corridors, walls and floors), the legal space needs to be related with
only one space describing the ownership boundary of a single property. In this legal bounded
area, the RRRs corresponding to the property, are assigned. Through binding a number of
physical spaces (rooms) or parts of physical spaces (to the middle of the wall space), the legal
spaces of ownership rights, may be defined. Thus, a 3D spatial representation derived from a
BIM may present an apartment which spread across multiple rooms but belonging to one owner.
This could provide a better understanding regarding properties boundaries, ensuing clarity to
legal issues and avoiding improper behaviors and disputes between the stakeholders (Oldfield
et al., 2016; Shin et al., 2020). The representation of legal spaces can be supported from open
BIM exchange models.

The commercial products are increasingly supporting open BIM standards, facilitating the
broad utilization and exchange of BIMs. The standard used in this particular investigation is
the Industry Foundation Class standard (IFC), which constitutes one of the most widely used
standards. The IFC is a set of object definitions and exchange formats that promote
interoperability between different platforms and define buildings elements, presenting the
spatial relationship among them (Borrmann, 2018; BuildingSmart, 2022). Among 3D data
models, IFC provides the potential capabilities for modelling legal and physical dimensions of
urban properties (Barzegar et al., 2021). With IfcSpace entity, the representation of volumetric
spaces inside a building is feasible. Thus, the interior structural elements can be included into
this entity, forming the legal spaces of the cadastral objects, where the RRRs will be assigned.

5.4 Workflow

The developed procedure focuses on the most expensive and time-consuming phase of the
implementation process, which is the 3D cadastral data acquisition including the semantic
information of the ownership status and other rights, as well as the 3D modelling and the visual
representations of the property units. As the legislation and the cadastral surveying procedure
differ from country to country, this approach aims to introduce a flexible framework in order
to save time and funds, and to provide a fast and inclusive solution for the initial implementation
of a 3D property registration, even in areas that still lack a 2D cadastral data registration. The
main components of the crowdsourced framework are the rights holders’ active participation,
the exploitation of modern IT tools, m-services, web-services and the development of an
innovative 3D reconstruction algorithm for automatic 3D modelling and/or the proper
visualization of the main entities of a 3D cadastre, which are the individual property units. The
workflow of the developed methodology is shown in Figure 81.
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Figure 81. Proposed crowdsourcing methodology for 3D cadastral surveys up to the stage of the
compilation of the preliminary 3D cadastral maps and data.
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The proposed crowdsourced procedure starts with the declaration of a specific area under
cadastral survey by the municipality, and the preparation of a basemap to be used for 3D
cadastral data collection. The NCMA should provide a recent basemap as well as any existing
geospatial information that may have created cadastral information in the declared area. During
this phase, it will be helpful if a professional collects all existing cadastral information and
integrates it with the available basemap. In some cases, a professional may also try to predict
the parcel structure according to what boundaries are visible. Furthermore, the NCMA would
be responsible for the development of a LADM-structured database for the storage of 3D
building models and the corresponding cadastral information and provide the rights
holders/citizens with a mobile cadastral application capable to support the 3D cadastral surveys.

In the second phase, the area under cadastral survey is divided into sub-regions and each of
them is assigned to a professional surveyor or a trained volunteer with the role of the team
leader, who heads and assists the citizen/right holders to get through any difficulty regarding
the overall cadastral procedure. Through this real-time assistance, the duration of the surveys
and the gross errors are being reduced while the reliability of the collected data is being
increased.

In the third phase, team leaders are briefing citizens through the cadastral process,
introducing the expected benefits from this crowdsourced project to them (Figure 82).
Simultaneously, team leaders are responsible for citizens/right holders training mainly in
geometry and legal matters and on the usage of the cadastral application. Apart from the task
of the team leaders, informative videos and detailed explanatory documents should also be
provided by the NCMA. In order to motivate and recruit citizens to this project, NCMA may
provide a motivation reward to the participants, such as a discount rate on taxes or registration
fees or may utilize gamification techniques (Apostolopoulos et al., 2018). Such actions
strengthen the will for citizens’ participation in social processes with a positive impact on its
outcome.
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I 1
1 1
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Figure 82. Third phase of the proposed methodology.

Subsequently, in the fourth phase the team leaders should be responsible to gather any
available plans to be used as basemaps, such as scanned architectural plans, BIMs — if existed,
and to care for the georeferencing of such raster data or models —if needed, and the insertion of
these as registration basemap into the cadastral server and therefore to the cadastral application.
This process consists the fourth phase of the proposed methodology and is shown in Figure 83.
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Figure 84. Fourth phase of the proposed methodology.

In the fifth phase, the 2D/3D cadastral surveys are performed by the citizens/right holders,
through the cadastral application (Figure 84). In case of “parcel-based” land administration
systems, the property RRRs refer to the land parcel and to the building, and thus both instances
should be identified and collected. In established and well-functioning 2D cadastres, the land
parcel unit and the building footprint are already registered and included in an updated cadastral
map, forming a qualitative basemap on which 3D cadastral surveys may be based. On the
contrary, in areas with incomplete 2D cadastres, a digital 2D cadastral map update must be
recorded first, in order to proceed with 3D registration. In the latter case, the land parcel
boundaries as well as the building footprint may be identified on the available basemap, whose
type depends directly on the budget available. Thus, depending on the progress status of the
current cadastral system, the right holders will be asked to submit the boundaries of the parcel
and the individual property units (condominium) for which they have rights — when needed,
together with photos or files of all available legal documents proving their rights. It is noted
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that the utilization of a crowdsourced cadastral survey approach, in order to initially collect
such 2D data and proceed with the 3D registration, may lead to an effective solution both in
developed and developing countries. As has been already proven in earlier publications, the
rights holders can easily identify and digitize the required property boundaries on the available
basemap, illustrated on their mobile phones’ screen (or laptop, or tablet) (Mourafetis et al.,
2015; Gkeli et al., 2016; Jones et al., 2017; Apostolopoulos et al., 2018; Molendijk et al., 2018;
Cetl et al., 2019; Potsiou et al., 2020; Mourafetis & Potsiou, 2020).

Certainly, the NMCA should provide the rights holders/citizens with a cadastral application
capable of supporting 3D cadastral surveys (Figure 84). Through the cadastral application, the
identification of the property boundaries on the available basemap may be done by the rights
holders and/with the support of team leaders or other non-professional assistants (this can also
be an e-training course provided by the NMCA). Simultaneously, the holders of rights may
submit information about the property: unit height, the area according to the deed (if existing)
or by self-measurement; the number of the floor on which the property unit is located; other
information, such as rights holders’ personal data and type of rights; and verification images
(photos) of the property unit (optional). The submission of the legal documents and additional
evidence about the rights and rights holders may be done directly through the cadastral
application from the rights holders, by attaching them either as scanned documents or as photos.
All this declared information is fundamental to the automatic 3D modelling of each property
through the cadastral application — when needed — and, finally, generation of a reliable 3D
cadastral database. With the determination of each property unit boundaries, especially in cases
of multi-story buildings where multiple properties exist, information about the building
interiors is also revealed, leading to a real 3D representation of the buildings and not justa 2.5D
representation.

By the completion of this phase, the NCMA will have a draft 3D building and property unit
database conducted by the rights holders. The evaluation and control of this database is
conducted by cross checking the legal documents with the declared crowdsourced data and
through publishing the collected data. This prossess may be carried out by the cadastral agency
or it may be outsourced. Additional data together with the collection and submission of any
objections for corrections identified by the rights holders in the initial data should be accepted
(Figure 81). Following the examination of objections and the correction of data, property titles
may be provided -if needed- and property registration is compiled.

5.5 A Greek Paradigm

In this Section, an attempt to adapt the crowdsourced workflow in the Greek reality, is made.
At First, an investigation regarding the structure of the Greek Land Registry and the current
Greek legislation is conducted, while then the Greek workflow is formed and presented.

Greece is an EU country that does not have a complete 2D Cadastre for all of its territory
while at the same time consists a great example of overlapping and complex proprietary RRRs.
The compilation of a functional cadastral system, able to manage both the 2D and 3D aspect of
the cadastral object is considered to be an urgent issue not only because Cadastre is an important
governance tool but also because it consists a tool for safeguarding the land tenure and ensuring
access to credit, assisting the economic recovery of Greeks.

5.5.1 Hellenic Cadastre

The Hellenic Cadastre (HC) project started in 1995 with the Law 2308/1995 (Government
Gazette A’, 114/15-06-1995). HC is a unified, public, systematic and constantly updated title
registration information system, which contains spatial and attribute records of each land parcel,
in digital form. In contrast with older operating systems, HC consist a ‘land parcel-centric’
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digital Geographic Information System (GIS) that is aimed to cover the whole Greek
jurisdiction and address any lack of spatial data. Based on the 24th Article of the Constitution
of the State, the obligation for the compilation of the National Cadastre is assigned to the state.
The National Mapping Agency (NCMA S.A)) is responsible for both the collection of all
necessary spatial information regarding land parcels and the registration of all the legal rights
concerning them as attribute documentation.

5.5.1.1 Main Stages of the Hellenic Cadastre Survey

The HC procedure of cadastral surveys starts with the declaration of an area under cadastral
survey and is completed with the issuance of completion’s declaratory act of the cadastral
survey (Gkeli et al., 2016) (Figure 85). The cadastral surveys are conducted by private cadastral
companies (contractors) which are selected by the NCMA. Before the field processes begin, a
draft cadastral basemap is constructed, utilizing a recent orthophoto and any existing spatial
information from other relevant projects (urbanization projects, city plans, land consolidation
projects, projects for the determination of the coastal line, etc.). Next, the submission of
declarations regarding the property rights is conducted by the right holders, either online or at
the temporary cadastral offices. Right holders are asked to submit personal information as well
as descriptive and geometric information about the properties and the property rights, along
with any existing legal document proving their rights. Additional data, enabling the better
localization and identification of the declared property on the draft cadastral map, are also
provided by the right holders. A pre-existed field survey, a digital orthophoto (provided by the
NCMA) depicting the property boundaries marked by the right holder, or coordinates of a
central point of the land parcel, derived by a hand-held GPS, are some of the options available.

In the next phase, the declarations are gathered and processed by the contractor, while then
they merged with other collected data provided by the public authorities. In cases where
discrepancies in the collected data are occurred, the contractors must proceed with the
implementation of field cadastral surveys in the study area, in order to examine and correct
these data. Also, if needed, additional data may be supplied by the right holders. Once the
information processing phase is completed, the contractors are responsible to inform the right
holders about the results of this procedure, through the pre-publishing process. Next, the
preliminary cadastral data is published at the NCMA’s offices for a two-month period while
excerpts of the cadastral maps are mailed to the right holders for their further information and
acceptance. In cases of disputes or detected errors, the right holders are entitled to submit
objections, which should be examined by an independent administrative committee. Once the
examination procedure is completed, the final cadastral tables and maps are created. These
records are called Initial Registrations as they constitute the first registration in the HC. Finally,
the temporary cadastral office is closed and the existing Land Registry Office in the area is
replaced by a permanent Cadastral Office (Gkeli et al., 2016).
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Figure 85. Official procedure of the Hellenic Cadastre.

5.5.1.2 Current Legislation

Collection of existing information from other
projects in the area

Submission of any new changes in the
cadastral data (subdivisions, transactions, etc.)
by the right holder

The legal framework, on which the HC is based, is consisted of the Civil Law, the Greek

Civil Code, the Legislation that has been adopted specifically for the HC and the Customary
Law. Each has a different role in defining the legal boundaries of the RRR as well as in
establishing the registration method used.

The legislation about the registration of rights in the HC is consisted by a series of laws. The

HC was established with the Law 2308/1995 (Government Gazette A’, 114/15-06-1995),
describing the process of cadastral surveys, while its operation was enacted by the Law
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2664/1998 (Government Gazette A”, 275/03-12-1998). These laws were amended successively
by the Laws 2508/1997 (Government Gazette A”, 124/13-06-1997), 3208/2003 (Government
Gazette A’, 303/24-12-2003), 3127/2003 (Government Gazette A", 67/19-03-2003), 3212/2003
(Government Gazette A’, 308/31-12-2003), 3481/2006 (Government Gazette A’, 162/02-08-
2006) and 4164/2013 (Government Gazette A', 156/9-07-2013). The objective of these
amendments, was to gradually adapt the legislation for the HC to the requirements of the
project, as they emerged from the implementation experience (HellenicCadastre, 2022).

In 1946, the Civil Code regulated issues related to the right of ownership over land,
following the Roman law, according to which “superficies solo cedit”, meaning that the owner
of the land is both the owner of whatever lies above or beneath the surface. This concept of
ownership was introduced in the Hellenic legislation by the Byzantine-Roman Law (Decree
23.02.1835) and recognized by the Civil Code of 1946 (articles 948, 953, 955, 1001, 1057,
1058, 1282) (Papaefthymiou et al., 2004). Furthermore, condominiums or horizontal properties
recognized with the article 1 of the Law 3741/1929 and the Decree-Law 1024/1971, introducing
the two main types of horizontal properties that are encounter in Greece. The first one refers to
separate horizontal properties on a specific condominium unit (per floor or floor section), while
the second one refers to horizontal properties with co-ownership proportionally on the
communal parts of the property. With the article 1002 of the Civil Code, the horizontal
properties are defined, limiting the vertical extend of properties RRR, which according to the
article 1001 of the Civil Code these vertical limits are extended both above the surface and
below the ground, unless another law applies. Apart from the horizontal properties, another
type of composite ownership encountered in Greece is vertical ownership, based on Decree-
Law 1024/1971. Vertical ownership separates the land parcel in such a way that each building
that has been erected or is planned to be erected in each of its individual part, belongs or will
belong to one or more of the co-owners of the shared land parcel, consisting an individual
property. Vertical ownership can be further subdivided in condominiums, constituting a
composite vertical ownership.

The introduction of the Civil Code, cease the appliance of the Customary Law in the Greek
territory. However, besides the abovementioned property rights, other more complex customary
property rights, pre-existing the establishment of the Civil Code, are still in force. These real
property rights are related to 3D space and constitute special property rights, located over, under
or both over and under the ground surface, with or without ownership right on the land parcel.
Two of the most known customary property rights are: (i) “Anogeio”, consisting a property
object lying over the land parcel with no share on surface parcel ownership, and (ii) “Katogeio”
consisting a property object including only the ownership of the land parcel, with the rest of the
structures on land consist the “anogeio” objects. Of course, in Greece there are several other
types of such special real property right encountered. In the context HC, these types of
customary properties are defined as Special Real Property Objects (SRPO) (Dimopoulou,
2015).

Nevertheless, despite the legal or customary definition of the 3D extend of these real
property rights, their identification in the HC remains in 2D. In the case of horizontal property,
which is usually recommended by a relevant notarial deed, is entered in the cadastral database
with the form of descriptive information (e.g., building number, shared property number, floor,
area, use, permit year, coordinates). Similarly, in the vertical properties with erected buildings,
only the necessary descriptive information is entered in the cadastral database (e.g. the number
of the building, the number of the vertical property, the total of the floors, the area of the
vertical, use of the vertical property, year of permission). It is noted that in both cases, the
cadastral diagrams do not present the 2D building outlines, but only the 2D outline of the land
parcel, the building number and the linear boundaries of the vertical properties. Furthermore,
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the SPROs are presented either as point features into the land parcel or with their polygonal
boundaries at a different level from the land parcels, based on their type. It is noted, that apart
from the abovementioned property rights, there is a variety of other proprietary objects that
require both the 2D but foremost their 3D localization, but their registration is not provided by
the specifications of the HC. Such objects are the subway, the utility cables and pipes, the
telecommunication cables, the underground tunnels, etc. Either way, the declared property
rights remain in 2D despite their 3D spatial extend, complicating the understanding of the
individual rights limits and enhancing the emergence of disagreements and disputes.

Cadastral procedures do not distinguish between stratified or non-stratified real property
units. In Civil Law jurisdictions there is no 3D real property legislation established, and thus
only the submission of the necessary documentation defined by the law is required. The most
important requirement, is the clear representation of the real property boundaries on the
cadastral survey plans, according to the Greek Law 2664/98, Art. 11. (4). However, the current
legislation does not explicitly provide for 3D real property formation. This is amplified from
the fact that the legal provisions are based on technical systems with 2D drawing and recording
capabilities (Kitsakis, 2020).

The Law 4412/2016 (Government Gazette A’, 147/08-08-2016) harmonizes with the
provisions of the Directives 2014/24/eu and 2014/25/eu, regarding to which the ‘Member States
may require the use of specific electronic tools, such as of building information electronic
modelling tools or similar’. However, these provisions had not been implemented, nor
instructions and templates have been issued on how these provisions can be applied
(declaration, specifications, deliverables, method of payment, etc.). In 2019, this matter comes
to the fore again with the Law 4723/2019 (Government Gazette A’, 134/9-8-2019), which
updates and replace the National Digital Strategy with the Digital Transformation Book. The
Digital Transformation Book is published by the decision of the Minister of Digital
Government and includes the basic principles, framework and guidelines for the digital
transformation of the Public Administration, but also of the private sector of the economy,
defining the specific principles governing each initiative. Thus, in 2021 with the Decision
40072/1492 of the Greek Ministry of Environment and Energy - General Secretariat for Spatial
Planning and Urban Environment, a Support Group consisted by experts aiming to promote the
European tool of BIM, was established. This step is very important for the modernization of
the public and private procedures, paving the way for the future implementation of a 3D
Cadastre in Greece.

5.5.1.3 Technical specifications of the mapping agency

The most recent technical specifications regarding the geometric accuracy of the cadastral
surveys are declared in the 15649/31-3-2016 decision of the Minister of Environment, Energy
and Climate Change and was published in the Official Government Gazette B’, 923/31-3-2016.
This decision was amended with the 141/20/27.5.2021 decision of the board of the HC’s
Directors and was published in the Official Government Gazette B, 2673/24.6.2021, however
the specifications concerning the required geometric accuracy remained unchanged.

As Reference System (RS) the Greek Geodetic Reference System 1987 (GGRS87) is
utilized, with the ellipsoid of GRS 80 and semi-major axis a=6378137.000 and flattening 1/f =
298.257222101. The GGRS87 is almost identical to the WGS84 RS, which is utilized by the
GPS as RS. An approximate the transformation between the two systems can be achieved based
on the following fixed parameters: AX =-200 m, AY =+74 m, and AZ = +246 m.

In terms of the provided orthophotos, the geometric accuracy varies according to their
spatial analysis. The true color, digital, long-scale orthophotos (Large Scale Orthophotos-LSO),
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which were captured the time period of 2007-2009, cover the entire area under cadastrsl surveys
and have geometric accuracy: RMSEx <1.00 m, RMSEy < 1.00 m, RMSExy < 1.41 m, and
absolute accuracy < 2.44 m for 95% confidence level. Additionally, true color digital
orthophotos are also provided, with a spatial resolution of 20cm (Very Large Scale
Orthophotos-VLSO), for the time period of 2007-2009, covering large urban centers. They are
fully rectified images and include, except for the ground surface, all technical constructions
(buildings, bridges, technical works, etc.). In terms of geometric accuracy of orthophotos these
are: (i) RMSEx < 0.20 m, RMSEy < 0.20 m, RMSExy < 0.28 m with absolute accuracy < 0.48
m for 95% confidence level, for ground points, and (ii)) RMSEx < 0.40 m, RMSEy < 0.40 m,
RMSExy < 0.56 m with absolute accuracy < 0.97 m for 95% confidence level, for buildings’
roof points.

The geometric accuracy of the cadastral diagrams is checked by comparing the coordinates
of known reliable points, measured through highly accurate field surveys, with the respective
ones depicted on the resulted cadastral diagrams. The accepted geometric accuracies are
differentiated, based on the examined area. Thus, the geometric accuracy is RMSEx < 0.50 m,
RMSEy < 0.50 m, RMSExy < 0.71 m, while the absolute accuracy is < 0,98 for 95% reliability
in urban areas. Similarly, the geometric accuracy is RMSEx < 1.00 m, RMSEy < 1.00 m,
RMSExy < 1.41 m, while the absolute accuracy is < 2.45 for 95% reliability in rural areas.

Besides the specifications concerning the geometric accuracy, there is another geometric
control process that should also be mentioned. This concerns the Geometric Compatibility of
the land parcel, as it is implemented on the ground, in relation with the data registered in the
digital cadastral database. In order the declared data to be accepted, two main conditions should
be met: (i) Compatibility of relative position and shape, and (ii) Area compatibility.
Compatibility of position and shape exists when the buffer zone, that is located between the
internal and the external boundaries of a land parcel, does not exceed 0.50 m in urban areas and
2.00 min rural areas. Additionally, area size compatibility exists when the absolute difference
AE = | E—-Ea | between the measured area for cadastral purposes (E) and the declared area by
the landowner, according to his rights and topographic diagrams (E,), is less or equal to the
maximum acceptable are deviation (Aa), i.e. when Ag < Aa.

Through the examination of the abovementioned technical specifications of HC, it appears
that required geometric accuracy of the collected data is not very strict and thus alternative data
capturing techniques, besides traditional highly accurate procedures, may be also utilized.
Recent research results have shown that the achieved accuracy of crowdsourced data can meet
these specifications, highlighting crowdsourcing as a relatively useful and reliable data
capturing technique (Basiouka & Potsiou, 2012b; 2014; Basiouka, 2015; Mourafetis et al.,
2015; Gkeli et al., 2016; Jones et al., 2017; Apostolopoulos et al., 2018; Cetl et al., 2019;
Potsiou et al., 2020; Mourafetis & Potsiou, 2020). However, this fact does not limit the
improvement of the accuracy of the crowdsourced cadastral data in a later stage.

5.5.2 The Hellenic Crowdsourced Workflow

The developed methodology aims to provide an alternative crowdsourced cadastral solution
for the initial implementation of 3D Cadastre in Greece, with the simultaneous collection of 2D
cadastral data, in areas where the 2D HC is not implemented yet. As the developed
crowdsourced methodology concerns the phase of the initial 2D and 3D cadastral data
acquisition, the first seven (7) stages of the official HC procedure are modified and replaced
with those of the developed crowdsourced workflow; while the rest five (5) stages of the HC
process, are maintained unchanged. The main idea of this effort is to declare the whole territory
of Greece under cadastral survey and to proceed with the overall recording of the 3D
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crowdsourced cadastral information in a comprehensive standardized (LADM-based) cadastral
database. The overview of the proposed process is presented in Figure 86.

The first phase of the crowdsourced methodology for Greece, starts with the compilation of
a draft registration basemap, through collecting all the available cartographic/ geospatial
(orthophotos, cadastral diagrams, architectural plans, aerial photos etc.), cadastral information
and BIM data - if existing. In the next phase, the area under cadastral survey is divided to sub-
regions and each one of them is assigned to a local team leader, who has an auxiliary and
organizational role during the process. The team leader may be a professional surveyor or a
trained volunteer, responsible to assist the overall data collection procedure and help the right
holders with any question or difficulty concerning the process or the used software. In the third
phase, team leaders are responsible to inform rights holders about the benefits of the cadastral
crowdsourced project and train them on how to use the cadastral mobile application. Besides
that, NCMA should provide informative videos and detailed explanatory documents, describing
the necessary processes.

The responsibilities of the leaders also include the collection of the available cartographic
basemaps or/and BIM data, the utilization of the necessary pre-processing steps for their
insertion into the cadastral server, and therefore, for their usage by the cadastral mobile
application. Next, the 3D cadastral surveys are performed by rights holders through the
cadastral mobile application. Each right holder, identify his/her property on the available
basemap or select it on the available BIM/IFC representation, and insert all the necessary
cadastral information. In cases where the 2D HC is implemented in the current study area, the
cadastral diagrams and maps, should be utilized as guide for the implementation of 3D cadastral
surveys. Otherwise, the necessary 2D cadastral data regarding the boundaries of the land
parcels, the buildings outlines and the building unit (i.e. apartment) should be first collected, in
order to proceed with 3D registration. By the completion of this phase the NCMA will have a
preliminary land parcel and the 3D building and property unit database conducted by the rights
holders.

In the fifth, the evaluation and control of this database is conducted by cross checking the
legal documents with the declared crowdsourced data and through publishing the collected data.
This prossess may be carried out by the cadastral agency or it may be outsourced. Additional
data together with the collection and submission of any objections for corrections identified by
the rights holders in the initial data should be accepted (Figure 86). Next, the preliminary
cadastral data is published at the NCMA’s offices, while then the examination of objections
and the correction of data, is compiled. By the end of the phace, these registrations constitute
the Initial/First Registrations in the 3D Hellenic Cadastre. Finally, the existing Land Registry
Offices are replaced by permanent Cadastral Offices.
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Figure 86. Proposed crowdsourcing methodology for 3D cadastral surveys in Greece.

5.6 Conclusions

The developed methodology aims to provide an alternative crowdsourced cadastral
workflow for the initial implementation of 3D Cadastres, even in areas with incomplete or
without a 2D land registry. The main objective is to reduce time and costs, and to simplify the
most expensive and time-consuming phase of cadastral registration process, which is the

cadastral data acquisition.

A brief presentation of the main elements around which the methodology was tabulated,
organized and developed has been given, aiming to highlight their importance. The introduction
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of citizens’ participation in 3D cadastral procedures, the establishment of briefing and training
sessions as well as the infield active support by team leaders, consist key features in increasing
the reliability of the collected 2D and 3D data, while reducing the required time and human
resources of the process. Through exploiting the available geospatial infrastructure of each
country, integrating various spatial data sources from other application areas, standardized data
models, low-cost modern technologies and data capturing techniques, the flexibility and
exchangeability of the proposed methodology is accelerated.

Besides the detailed description of the individual methodological phases, a more concrete
crowdsourced workflow targeting the Greek territory is presented. A brief presentation of the
Hellenic Cadastre project has been conducted, aiming to show how it works, its technical
specification and the legal framework defining its function, in order to provide some
conclusions regarding any existing provisions concerning the 3D aspect and the potentials of
integrating the proposed methodological framework into the existing HC procedure. As turned
out, there is no 3D real property legislation established. The only reference regarding the third
dimension arises through general descriptions about the conceivable spatial extend of the
property units, which usually is determined more precisely through a notarial deed. This applies
not only to Greece but also to several other countries, with result the need for the immediate
implementation of a reliable 3D cadastral system to become imperative.

The main remarks of this chapter are summarized below:

» The developed methodology consists a pioneer approach, as it is the first attempt
introducing crowdsourcing in 3D cadastral surveys.

» The proposed process consists of a series of simple and flexible stages, which can be
completed with the aid of new technologies, by non-professionals.

» The establishment of a two-way model of cooperation between right holders/citizens,
volunteers, technicians, experts/surveyors, inspectors and the national mapping agency,
speed up the implementation processes and increase their reliability.

» The exploitation of various 2D and 3D data sources as registration background, increasing
the flexibility and the adaptability of the methodology to the current needs, legislation and
proprietary situation of each country, both in developed and developing world.

» The proposal of introducing low-cost technologies and innovative data capturing
techniques, in 3D cadastral surveys, keeps the financial resources low while exploit
alternative 2D and 3D data sources.

» Through the integration of LADM standard, a common communication language can be
established, enhancing the exchangeability of data both between the involved parties within
the same country as well as between different countries.
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Chapter 6
Technical Systems Configuration

Ideally a 3D cadastral platform should enable archiving, visualization, queries, analysis of
3D structures and the corresponding cadastral information 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).
The worldwide efforts trying to establish 3D Cadastres have been made significant progress,
however the immediate implementation of such a system is still far from be realistically
achieved. Although the Land Administration Model (LADM 1SO 19152) (I1SO, 2012) set the
basis for 3D cadastres, there are still several aspects that need to be further investigated and
improved both technically and legally (Oldfield et al., 2016).

The developed technical framework aims to exploit the current initiatives of the scientific
community and provide a modern technical solution for the initial acquisition, registration,
management, storage, maintenance and updatance of a large amount of 3D crowdsourced
cadastral data. This effort aims to enhance the procedure and reduce the costs of 3D cadastral
surveys, by exploiting the potentials of modern technologies, data sources, IT tools — like
mobile devices (smartphones or tablets) — web services, database management systems
(DBMS) services, in combination with low-cost open-sourced software, for the compilation of
the initial implementation of 3D cadastral surveys and the generation of a preliminary 3D
cadastral database directly by the right holders.

In this Chapter the overview of the architecture of the developed technical system; the
detailed description of the sub-systems; and, how all the included parts work together in
synergy, is described and presented. Next, the introduction of the LADM ISO specification in
the developed system is realized, through the development of the database schema for the
management and storage of the collected 3D crowdsourced data. The main objective of this
venture is to provide an integrated solution able to structure and manage different data types
into the same platform. Finally, the main conclusions regarding the developed technical system
are presented. It is noted that the primary interest of this work focuses mainly on the geometry
and representation of the physical 3D cadastral objects (spatial units), while the detailed study
of legal issues is not within the objectives of this research.

6.1 Overview

The main components of this technical solution are the two complementary sub-systems
which may be referred as the server-side and the client-side. The server-side refers to the web
server and therefore to the Database Management System (DBMS) where the collected data are
stored. The client-side refers to the data capturing tool, while the communication between the
server-side and the client-side is achieved through a network connection. An overall diagram
showing the server-client system architecture is shown in Figure 87.
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Figure 87. Server-client system architecture diagram of the 3D cadastre technical framework.

In this doctoral dissertation the utilization of a mobile application and therefore of a mobile
device, as the main data capturing tool, is preferred and selected. However, the potential use of
a web application through a desktop computer is also explored, in cases of high quality 3D data
availability (e.g. BIM data).

6.2 3D Mobile Application

To support the client-side of the technical framework an open source prototype for Android
mobile devices is developed by the author of this dissertation. As cadastral-oriented mobile
applications are limited especially in regards to the third dimension, this application is pioneer
consisting the first practical attempt to approach this research domain in the light of
crowdsourcing. The developed mobile application aims to assist the implementation of 3D
cadastral surveys, through the integration of various technical elements and tasks, including:

= the active participation of the right holders or other non-professionals;

= the identification and collection of 3D geometric and descriptive data, utilizing the
available 2D or/and 3D geospatial information;

= the automatic generation of 3D land parcel and property unit models as block models
(LoD1), using Model-driven approach — when needed,;

= the generation of the corresponding KML objects (land parcel, building unit) — when
needed;

= the registration of the cadastral data and their relationships within a 3D (LADM-based)
cadastral geodatabase;

= the visualization of 3D cadastral objects in real-time, on the mobile phone’s screen.

6.2.1 Software tools and technical declarations

Various programming tools have been analyzed in order to choose the most suitable for the
development of the 3D crowdsourced cadastral mobile application. For the development of the
mobile application the following set of software tools are utilized:

(i) the Integrated Development Environment of Visual Studio 2013 (IDE);

(ii) the Java Deployment Package Oracle JDK 8 (Java Development Kit);

(iii) the Android SDK Manager (for API level 19);

(iv) the add-in ArcGIS Runtime SDK for .NET (100.0.0) of ESRI, which adds the function
of ArcGIS to the application via libraries (with a wide variety of methods and
functions);

(v) the add-in Xamarin 4.5.0 for Android Support Library that allows developers to build
Android, i0S, and Windows apps within the IDE using code completion and
IntelliSense;

(vi) the SharpKML library;
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(vii) the Server of ArcGIS Online (cloud of ESRI), for the storage and management of data
(ESRI, 2022); and
(viii) the programming language of C# are utilized.

The application is initially developed and tested on an Android 4.4 mobile device with API
level 19 and a 5.25 inches’ screen, but it can also be adjusted to other Android devices with
different technical characteristics (e.g., other mobile phones, tablets, etc.). Besides the screen
size, the application enables zoom to reach high accuracy requirements, with the maximum
supported level of scale to be about 1:100, allowing the user to have a more detailed observation
of the basemap and the 3D digital environment.

As reference system of the basemaps the GGRS87 (Greek Geodetic Reference System
1987), is used. For the data storage, the Server of ArcGIS Online is used and then data are
pulled from the application if there is an Internet connection. While saving, the data are
projected in the Web Mercator Auxiliary Sphere, which is used by the ArcGIS Online as
reference system. Furthermore, all the utilized data are adjusted to a Digital Terrain Model
(DTM) offered by ESRI (ESRI, 2022), allowing the application to simulate the 3D real world.
These transformations are essential in order the generated block models (LoD1) to be correctly
visualized in the 3D scene.

6.2.2 Development Stages
6.2.2.1 Version 1

In the first stage of the development a GIS interface is formed, enabling the visualization of the
available 2D cartographic basemaps (orthophotos, 2D architectural floor plans etc.), the
identification of the property boundaries on the current basemap, the insertion of the necessary
geometric and descriptive information regarding the property and the right holder, and the 3D
visualization of the declared properties.

Launching the application, the GPS sensor of the mobile device is required to provide
information regarding the user's position. In case that the GPS sensor is inactive, a warning
window appears, prompting the user to activate it (Figure 88). If the GPS sensor is active,
continuous updates for the user position are received from the Location Services, which appear
on the screen both quantitatively, with the geodetic coordinates of the position and their
accuracy with 68% confidence level, as well as graphically displaying the position on the
basemap (Figure 89c). However, the GPS sensor is used only for a rough positioning in order
to avoid gross errors during right holder’s orientation in 3D space.

Warning!

GPS Disabled. The application will
not run unless you enable GPS.

Figure 88. Mobile Application Interface - Warning window, prompting the user to activate the GPS.
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The user is able to browse several different basemaps using the selector basemap tool,
depicting either the orthophoto of the area or the architectural floor plans of each building. The
application provides a set of tools for the identification of the property boundaries and the
insertion of the necessary proprietary information for the declaration of the property rights. The
user/right holder may define the boundaries of the property upon the basemap by digitizing the
corners of the polygonal boundaries on the basemap: first the land parcel property boundaries
and then the property unit boundaries utilizing the digitization tool. The user may then insert
additional data about the personal information of the right holder, the type of the property rights
to be declared and any additional comments regarding those rights. In addition, the user is able
to capture photos of the property unit in order to better identify it as well as to attach other
available documents (e.g., plans, deeds, etc.) proving the respective rights (Figure 89).

3D Cadastre > [

FLOOR: HEIGHT:
- — -

v e

Editor o Em

3D Cadastre

FLOOR: 3 HEIGHT: 3

Figure 89. Overview of the developed application supporting the proposed crowdsourcing procedure
for initial registration of 3D cadastral data. (a) The mobile application’s user interface (b) tools for
adjusting the viewing mode of the scene (c) basemap selection tools (d) polygon drawing tools (e)
representation of GPS coordinates (Show position tool) (f) representation of input information fields
(ADD INFO).

Furthermore, the mobile application requires from the user the insertion of the adequate
geometric information regarding the structure of each building unit (property). This geometric
information corresponds to numeric values in meters that are entered from the user through the
“Height” and “Floor” fields, and define the height and the number of the floor on which the
property unit is located. The height may be measured with a simple measuring tape from the
interior of the property unit or may be assumed to have a default value of about 3m. Once the
data are imported in the application and checked by the rights holder, the 3D property unit
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model is automatically produced based on the inserted geometric (polygonal) and numeric
information (height, floor) following a parametric modelling approach. Simultaneously, the
corresponding KML objects of the land parcel and the building unit are generated.
Subsequently, by selecting each one of the visualization tools, the 3D property models (land
parcel and building unit) are visualized on the mobile’s phone screen, both above and/or below
the ground surface. As the environment of ESRI does not allow the visualization of objects
located below the ground surface, a different approach is followed. More specifically, the 3D
models are elevated at a relative altitude above the ground, accompanied by a transparent
surface simulating the ground level. Finally, the user can store the collected data in the cadastral
database, updating the system with the new records and the corresponding 3D property unit
model, in the server of ArcGIS Online.

6.2.2.2 Version 2

In the second stage of the development, the interface of the mobile application is
appropriately configured in order to lead and simplify the registration procedure, while it is
modified so to be able to automatically be adjusted to mobile devices with varying screen sizes
(Figure 90). Beyond its previous capabilities, the application enables the registration of the
cadastral data and their relationships within a LADM-based cadastral geodatabase. The type of
the required descriptive information is differentiated aiming to include the necessary
information as determined by the LADM standard. For this technical development the
descriptive information about the building (area code, address), the right holder (name, role,
type of rights) and the property/building unit (floor, height, use, area size, volume) are selected.

Furthermore, the application is enriched with additional geometric tools able to assist the
registration procedure in adverse cases of weak basemap availability. In complex cases where
the parcel boundaries are not clearly recognized in the field (e.g., not spotted on the ground, as
legal boundaries that are not materialized in the field but are described metrically in the deed),
or they are not visible on the available basemap (e.g., due to vegetation, or the hidden parts on
the orthophoto etc.), the application provides a set of additional geometric tools facilitating their
identification and digitization. These geometric tools implement geometric constraints through
simple geometric shapes and processes, utilizing inserted numeric data (in meters), provided
by the user. Through exploiting visible basemaps’ features, as reference features, and geometric
information of proximity, similarity, continuity, enclosure or even symmetry between them and
the desired boundary features, provided by existing architectural plans, deeds etc., the gradually
identification and digitization of proprietary boundaries is feasible.

The developed application provides the user with a geometric editor which comprises all the
available geometric tools and operations (Figure 91). The developed geometrical tools include
(Figure 5): two (2) circle drawing tools; two (2) line segment drawing tool; a parallel-lines
drawing tool, at a certain distance from a specific line (full offset); a drawing tool of vertical
lines of certain length on either side of a specific line; and, three tools for determining
intersection points between 2 circles, a circle and a line, and 2 lines. The user may start or pause
the cadastral registration procedure, performing any necessary geometric operation, in order to
identify features (point or linear) representing the boundaries of his/her property. When the user
detects the desired feature through this process, he/she may select it by tapping it on the screen,
and then continue with the registration procedure.
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Figure 90. Users interface overview of the developed mobile application.
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Figure 91. Geometrical drawing tools offered by BoundGeometry application. Top (left to right):
circle, line, offset to line, vertical lines Bottom: intersection points between 2 circles, 2 lines, a circle and
aline.

6.2.2.3 Version 3

In the third stage of the development, the mobile application is being upgraded, adding to
the current operations the potential of manipulation and visualization of BIM/IFC data — when
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they are available. The user is able to choose from the menu of the application whether or not
she/he is going to proceed with the 3D registration, utilizing either the existing 2D cartographic
basemaps or the BIM (Figure 92).

If BIM data describing user’s property unit is available, the user may proceed with the
cadastral registration process (Figure 92). The user may navigate throughout the 3D scene,
locate his/hers property unit on BIM and select it, by tapping it on screen. Following, the user
may enter all the necessary cadastral information included in the information form, through the
add information tool. During the registration process, the user may enable or disable the
physical (LoD3) or legal view (LoD1) of the property units presented in the available BIM,
through the BIM view tool, provided by the mobile application (Figure 92). Finally, the user
can store the collected data in the cadastral database, updating the system with the new records
corresponding to the 3D property unit model, provided by the BIM.

3DC Collector ¥ @ a] £ | 3DCCollector 51 Vertical View 3DC Collector 2% Scene View

¥moompi{srar ané wy s Yrootnpitetat mm v Esri

* S—— "“’“‘”“

Figure 92. Users interface overview of the developed mobile application.

6.2.2.4 Version 4

In the fourth stage of the development, the mobile application is optimized, integrating the
functionalities of all the previous versions into a unified form. The application gives the user
the option to proceed either by utilizing the available cartographic basemaps (2D architectural
plans, orthophotos, aerial photos, etc.) or the BIM data, when available (Figure 93). Through
selecting the desired option, the user may proceed with the cadastral registration procedure.

For both registration options, the application allows the insertion of all necessary proprietary
descriptive and geometric information for the declaration of the property rights; the capturing
of property unit photos to verify the declaration; and, the attaching of other useful documents
(e.g., plans, deeds etc.). Furthermore, the user should provide numeric information through the
“Height” and “Floor” fields, defining the height and the number of the floor on which the
declared property unit is located. These characteristics are of great importance, in order to
proceed with automatic 3D modelling process.

171



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

If the user proceeds with the Manual selection option for cadastral registration (Figure 94),
first the insertion of necessary descriptive information is conducted, and then the application
provides a set of tools for the identification and digitization of the land parcel’s and building
unit’s boundaries on the available basemap. In complex cases where the land parcel’s or the
building’s unit boundaries are not clearly recognized in the field, the geometric tools provided
by the mobile application may also be utilized.
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Figure 93. Users interface overview of the developed mobile application.
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Figure 94. Users interface overview of the developed mobile application.

Otherwise, if BIM data describing user property unit is available, the user may proceed with
the BIM selection for cadastral registration (Figure 95), and therefore locate the desired
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property unit on the BIM, select it by tapping it on the screen and enter all the necessary
cadastral information. During this process, the user may enable or disable the physical (LoD3)
or legal view (LoD1) of the property units presented in the available BIM, through the BIM
view tool, provided by the mobile application (Figure 95).

Finally, regardless of which option the user may choose, he/she can store the collected data
in the cadastral database, updating the system with the new records and the corresponding 3D
property unit model, in the server of ArcGIS Online.

® [ | 3pC Collector #¥ ® [ £ | 3DCCollector ¥ = [ £ | 30C Collector 8%

Figure 95. Users interface overview of the developed mobile application.

6.3 3D Web Application

Besides the application for mobile devices, a web application is also developed as a potential
alternative for the integration of BIM/IFC data into a GIS environment able to support the 3D
crowdsourced cadastral framework. The web application may not have the same capabilities
with the mobile application, but offers some essential tools needed for viewing and
manipulating the available BIM data as well as for collecting, storing and updating the 3D
cadastral data regarding the properties RRRs and the right holders. Furthermore, the application
is enabled to add new or update already existed registrations and relationships within an
LADM-based cadastral geodatabase.

6.3.1 Software tools

For the development of the web-based application, the following set of software tools was
utilized:

Q) the web development environment of CodePen (CodePen, 2021);

(i) the ArcGIS API for JavaScript 4.18 of the ESRI, adding the function of ArcGIS to
the application via libraries with a wide variety of methods and functions;

(iii)  the HTML and JavaScript programming languages; and

(iv)  the Server of ArcGIS Online (the ESRI cloud) for the storage and management of
data (ESRI, 2022).

BIM data are translated in IFC format and then converted into a geodatabase, enabling their
further manipulation from the web application. Similarly with the mobile application, the data
are projected to the Web Mercator Auxiliary Sphere, which is used by the ArcGIS Online as
reference system. The displayed scene simulates the real world using a Digital Terrain Model
(DTM) provided by the ESRI (ESRI, 2022). It is noted that the selection of the ESRI product
consists of only a first attempt at the implementation of our approach. Other open-source
platforms for software applications could also be utilized.
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6.3.2 Development Stages

The development of the web application, started with the configuration of a user-friendly
interface, aiming to enable its usage by non-professionals (Figure 96). The physical cadastral
spaces are presented in Level of Detail 3 (LoD3), while legal cadastral spaces are presented in
LoD1, defining the full extent of the declared RRRs. The 3D models may be overlaid on the
available spatial infrastructure as 2D architectural plans, orthophotos, aerial photos, Open Street
Maps, etc.

S5 G5 NMA Gac S rratinn ane tha G Lsar Camm.o.2.

Figure 96. Overview of the user interface of the developed web application.

The application enables the user to navigate through the 3D scene, formed from BIM data,
in order to be oriented and be able to identify his/her property in the model. The user interface
represents the 3D building scene and provides a set of functional tools enabling the user to
move throughout the scene, zoom in/out, and proceed with 3D registration by utilizing several
data manipulation tools (Figure 97). More specifically, the developed application provides the
following tools:

(1) a layer management tool allowing the user to enable and disable a building’s layers
presented in LoD1 or LoD3 in order to identify his/her property in the BIM;

(i) a 3D measurement tool enabling the user to measure the length and calculate the
area on/of 3D objects;

(iii)  a building slicing tool al-lowing the user to create vertical and horizontal slices,
revealing information about the building’s interior spaces; and

(iv)  an editor tool enabling the user to select his/her property in the BIM, which is
presented in LoD1—where the property is presented as a solid entity of a single
ownership—and insert all the necessary descriptive cadastral information about
his/her rights.
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Figure 97. Top row (left to right): the application’s interface and the layer management tool. Middle
row (left to right) the 3D length measurement tool and the 3D area and perimeter measurement tool.
Bottom row (left to right): the building slicing tool and the editor tool.

The web application may be utilized both for the creation of new registrations as well as for the
submission of potential changes in the declared property rights (such as land/property use).
Once the user enters all the necessary cadastral information, he/she may submit the
declarations, updating with new records the LADM-based cadastral database. Thus, this process
results in the creation of an up-to-date database, which may be further processed by the
cadastral agency in order to proceed with the necessary evaluation and control of the submitted
data.

6.4 DBMS Architecture
6.4.1 Software tools

For the server-side, three DBMS conceptual schemas supporting the different potential data
types of the developed technical system, are generated through Enterprise Architect (EA) UML
modelling tool by Sparx Systems. EA supports a range of open industry standards, simplifying
the analysis, design, implementation, testing, and maintenance of several models using the
Unified Modeling Language (UML) and other open standards. The use of Model-Driven
Generation (MDG) Technologies supports the application of Geography Markup Language
(GML) schemas and the UML profile for ArcGIS applications. Thus, EA enables the generation
of geodatabase’s conceptual schemas, empowering the development of GIS applications such
the ones developed in this doctoral dissertation. As ESRI’s ArcGIS software is selected for the
further manipulation and management of the collected data, ArcGIS toolbox was utilized to
form each of the application schema elements of LADM, in order the final model can comply
with the ArcGIS workspace metamodel.
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6.4.2 LADM-bhased DBMS
6.4.2.1 Version1

The data structure of the database is based on the LADM standard, while some new classes
were generated in order to support the geometry of 3D spatial units. Figure 98 presents the basic
classes of LADM that were preserved: LA _Party, LA_RRR, LA_BAUnit and LA_SpatiaUnit
as well as a new class named LandParcel3D. The insertion of the class LandParcel3D tends to
emphasize the basic spatial unit element and inherits the attributes of LA_SpatiaUnit class,
while an attribute defining the address was added.

According to LADM, a “true” 2D representation of a spatial unit consists of a boundary face
string, known as LA BoundaryFaceString, while a “true” 3D representation of a spatial unit
consists of arbitrary oriented faces, known as LA_BoundaryFace. However, besides these
definitions the identification of the acceptable 3D geometries and representations for the 3D
cadastral objects is still challenging and thus several data sources may be further investigated.
Ying et al. (2015) states that a real 3D cadastral object may be defined as a valid volumetric
object that can be represented by one closed polyhedron refined by a set of connected faces.
Furthermore, a polyhedron may be defined as a 3D solid composed of vertices, edges, faces
and an incidence relationship between them (CGAL, 2019).
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Figure 98. Conceptual schema of the developed data model.

Based on this point of view, the UML diagrams describing the structure of the 3D cadastral
objects were created. Thus, a 3D land parcel may be defined as a set of connected polygonal
faces, representing a 3D prismatic volume with no upper and lower bound. In Figure 99 the
proposed model defining the structure of a 3D cadastral parcel is presented. The class
LPBaseParcel includes the geometry of a land parcel in 2D, while the class LP_BoundaryFaces
includes the geometry describing the polygonal faces of a land parcel. In order to enable and
simplify the representation of the land parcels boundary faces in the ArcGIS platform, a KML
object (KMLBoundFaceStrings) defining the 3D land parcel is utilized. The class LP3D_Points
includes the vertices of the connected polygon faces, preserving the relationships between them.
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Figure 99. Proposed conceptual schema defining the structure of a 3D cadastral parcel.
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Figure 100. Conceptual schema defining the structure of a 3D cadastral building unit.
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Similarly, in order to describe the 3D building units a new class named BuildingUnit3D was
created. BuildingUnit3D class is directly linked with LA_SpatiaUnit class; it preserves the
necessary information regarding the definition of the polyhedron geometry of a building unit
(property). As such, the attributes related to the floor, height, area, volume of each building unit
were selected. The attribute referring to the current use of a building unit was inserted as a
descriptive characteristic. It is noted that the main interest of this research focuses on the
specification of the building units as volumes (LOD1) (Groger et al., 2008) in the 3D space, so
that the individual properties can be registered correctly. Thus, a 3D building unit may be
defined as a set of connected polygonal faces, representing a 3D prismatic volume with
specified upper and lower bound. The proposed model defining the structure of a 3D cadastral
building unit is presented in Figure 100. The classes BuildingUnit_Top, BuildingUnit_Base,
BuildingUnit_VFaces and Points3D include the geometry describing each one of the building
unit’s face as well as the relationships between them. Similarly, with the class
LP_BoundaryFaces, each one of these classes is represented by a KML object in order to
simplify their representation in the ArcGIS platform.

6.4.2.2 Version 2

In the second stage of the DBMS’s development, some minor changes were conducted
aiming to optimize and simplify the database’s schema, as well as to impart a geometric
character to all the physical entities. The LA_SpatialUnit object class was transformed into an
ArcGIS point feature class in order to be distinguished geometrically by the point representing
its center. Likewise, BuildingUnit3D object class was transformed into an ArcGIS point feature
class preserving its attributes. Furthermore, the LandParcel3D class remains connected to
LA_SpatialUnit class, with a “1-1’ association, aiming to reinforce the fact that they refer to the
same element. Based on this, BuildingUnit3D class was connected with LandParcel3D class
with “1-0..* association, as each land parcel may have no or several different building units
built on it. Figure 101, depicts the conceptual schema representing the relationship between
LA _SpatialUnit, LandParcel3D and BuildingUnit3D classes.
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Figure 101. Conceptual schema defining the relationship between the classes: LA_SpatialUnit,
LandParcel3D and BuildingUnit3D.

Beyond those alternations, all the previously developed classes representing the land parcel
and the building unit geometric structure remain, incorporating the aforementioned
differentiated classes (Figure 102 & Figure 103).
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Figure 102. Proposed conceptual schema defining the structure of a 3D cadastral parcel
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Figure 103. Conceptual schema defining the structure of a 3D cadastral building unit.

6.4.3

Integrating BIM/IFC schema with LADM standard

In the third stage of the DBMS’s development, the developed DBMS conceptual schema
was optimized in order to integrate the BIM/IFC aspect (Figure 104). In order to do so, some
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limitations concerning the linking process between BIM and LADM should be settled. BIM
consists one of the most detailed and comprehensive object-oriented method of modelling
buildings, providing in detail the geometry of the complex physical buildings’ spaces, such as
rooms, corridors, walls and floors. This may suffice to define the 3D cadastral physical spaces,
but not the 3D cadastral legal spaces. A legal space needs to be related with only one space
consisting the ownership boundary of a single property, where the corresponding RRRs are
assigned. Thus, for defining the 3D cadastral legal spaces through BIM, a number of physical
spaces should be united into single entity, which will describe the legal space of ownership
rights. Thus, a 3D spatial representation derived from a BIM may present an apartment which
spread across multiple rooms but belonging to one owner. With IfcSpace entity, the
representation of volumetric cadastral spaces inside a building is feasible. Thus, the interior
structural elements can be included into this entity, forming the legal spaces of the cadastral
objects, where the RRRs will be assigned.
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Figure 104. Conceptual DBMS schema of the developed data model, based on the main classes of
LADM: LA _Party, LA_RRR, LA _BAUnit and LA_SpatiaUnit

The representation of BIM legal spaces may be achieved utilizing open BIM exchange
models, such as the Industry Foundation Class standard (IFC), which is one of the most widely
used standard. IfcSpace entity, enables the representation of volumetric (legal) spaces inside a
building. With that in mind, a new class named BIM_BuildingUnit3D is created (Figure 105),
describing the BIM’s cadastral legal spaces. BIM_BuildingUnit3D class is directly linked with
BuildingUnit3D class, preserving the necessary information regarding the definition of the
volumetric/multipatch geometry of a building unit (property).
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Figure 105. Conceptual DBMS schema of the developed data model, describing the new classes of
Land_Parcel, BuildingUnit3D and BIM_BuildingUnit3D; the relationships between them, as well as
with the LA_SpatiaUnit class of LADM

6.4.4 Hybrid DBMS Schema

In the fourth stage of the DBMS’s development, the generated conceptual schema is
modified so as to integrate both of the 3D geometrical representations that investigated in the
context of this doctoral dissertation. The BuildingUnit3D class functions as the receptacle of
all the potential geometries representing the building units, either with the form of a set of
polygonal features or with the form of multipatch features — if BIM data are available (Figure
106). A new class named CustomBuildingUnit3D is created, in order to include the 3D
polygonal structures of buildings units. Thus, based on the assumption that a real 3D cadastral
object may be defined by one closed polyhedron refined by a set of connected faces, the
structure of the 3D polygonal objects included in CustomBuildingUnit3D is created (Figure
107).
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Figure 106. Conceptual DBMS schema of the developed hybrid data model, including both of the
potential data structures for buildings units: (i) the 3D polygonal data structure, through the
CustomBuildingUnit3D class and (ii) the BIM data — if available — through the BIM_BuildingUnit3D
class; as well as the relationships between them.
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Figure 107. Conceptual schema defining the structure of a 3D polygonal building units.
6.5 Conclusions

In this Chapter, a crowdsourcing-oriented technical system has been presented with the aim
of providing an alternative solution to support the initial implementation of 3D cadastral
surveys. The developed technical framework adopts the current scientific initiatives, modern
technologies, low-cost IT tools, m-services, web services, database management system
(DBMS) services and open-sourced software, in the effort to construct its individual technical
parts. Its development is based on the simplification, acceleration and cost-reduction of the 3D
cadastral surveys procedure. The main contribution of the system concerns the initial
acquisition, registration, management, storage, maintenance and updatance of a large amount
of 3D crowdsourced cadastral data.

The technical system consists of two interconnected subsystems: the client-side and the
server-side. The first concerns the data acquisition toolkit, through which the user may
contribute to the process. The second concerns the DBMS which identifies and ensures the
precise structuring of the collected data. The main condition that must apply for their
communication is the existence of a network connection. Both systems support processes and
operations that allow them to tolerate and manage different data types, and more specifically
geometric and parametric structures, such as points, lines, planes, surfaces, volumetric objects
and BIMs.

For the client-side an open-sourced prototype for Android mobile devices and an open-
sourced web application have been developed. The interest of this doctoral dissertation is
mainly focused on the use of low-cost mobile devices and consequently on the cadastral mobile
application. The development of the web application is carried out in the context of the
investigation of potential alternative interfaces. In the already limited range of existing cadastral
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applications, the developed mobile application is the first attempt to adopt and combine 3D
modelling methods and crowdsourcing techniques in this field.

The interface of the developed mobile application is appropriately configured in order to
lead and simplify the registration procedure, enabling the active participation of the right
holders or other non-professionals. The application can be installed on mobile devices with
Android operating system while it is automatically adjusted to varying screen sizes. The main
functionalities that are provided through the developed mobile application are summarized in
the following.

= Exploits the GPS of the mobile device and provide location information both quantitatively
and graphically.

= Browses both cartographic and BIM data. In case of BIM data, the user can view its
physical (LoD3) or the legal cadastral spaces (LoD1) through selecting the desired viewing
mode. The selection or switch between them is achieved through the selector basemap tool.

= Allows the user to proceed with the cadastral registration utilizing either cartographic or
BIM/IFC data — when available.

= Through the “ADD INFORMATION” tool the user may enter all the required cadastral
information. The structure of the information form is based on the LADM specifications.

= Provides the user with identification, digitization and selection tools allowing the
acquisition of 2D and 3D geometric information, utilizing the available 2D or/and 3D
geospatial data. For adverse cases of weak basemap availability, the application also
provides additional geometric tools able to assist the registration procedure.

= Enables the automatic generation of 3D land parcel and property unit models as block
models (LoD1), using Model-driven approach — when needed. Also, provides the
corresponding KML objects of the registered objects.

= |dentifies and generates the relationships between the acquired data, and stores them within
a 3D LADM-based cadastral geodatabase, located in the server of ArcGIS Online.

= Allows the visualization of the registered 3D cadastral objects in real-time on the mobile
phone’s screen, both above and below the ground surface, through the visualization tools.

Unlike the developed mobile application, the web application has different functionalities
that focus exclusively on the manipulation and registration of BIM data. The main operations
that are supported by developed web application are summarized in the following.

= Enables the user to navigate through the 3D scene and view the buildings physical or legal
spaces by enabling and/or disabling the corresponding layer that represent the buildings in
LoD1 or LoD3. This action is achieved through the layer management tool.

= Provides a 3D measurement tools and a building slicing tool.

= Allows the selection of the property unit through clicking it on the BIM. The selected
property unit is highlighted enabling the user to observe and alter his/her choice in case of
wrong choice.

= Provides an editor tool enabling the user to insert new or update the current cadastral
information into a cadastral LADM-based database located in the Server of ArcGIS Online.

For the server-side a database schema following the specification of the LADM standard
has been developed. The utilization of an international standard enhances the adaptability and
interoperability of the developed system; while enables the communication between different
organizations and parties, worldwide. The structure of the developed database schema includes
the main classes of LADM which contain mainly descriptive content; while new spatial classes
are generated to support the different geometries of the 3D spatial units, that are provided
through the applications.
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As LADM does not prescribe the acceptable 3D geometries and representations for the 3D
cadastral objects, their determination is based on assumptions supported by several members
of the scientific community. Based on the fact that a valid 3D cadastral object may be defined
as a valid volumetric object that can be represented by one closed polyhedron refined by a set
of connected faces, the geometries examined in the context of this doctoral dissertation are
determined. Thus, the developed database is called to deal with three (3) separate volumetric
geometries:

= Aclosed polyhedron composed by a set of vertices, edges, faces and incidence relationships
between them.

= Anopen polyhedron composed by a set of vertices, edges, faces and incidence relationships
between them. The peculiarity of this geometry is that it is mainly translucent toward the
3" dimension — without an upper or lower limit.

= A closed polyhedron consisting a closed multi-patch surface.

The first two geometries concern the volumetric representation of the property unit and the
land parcel, respectively. In this case it is considered that the physical and the legal spaces are
identical, as the 3D models do not include any information representing the physical form of
each cadastral object.

On the contrary, BIMs provide a rich data source from which various information can be
drawn on both the geometry of the physical and legal spaces. In the context of this dissertation
only the potential linkage between the LADM and the legal spaces defined in the BIM, has
been investigated. This connection is implemented through generating a new spatial class and
linking it with the IfcSpace entity. This new class is represented through the third category of
the abovementioned geometries. It is worth noting that it is possible to develop a more detailed
connection between the LADM and the IFC standard, including not only the legal spaces but
also the structural parts presented by the BIM. However, this is outside the scope of this doctoral
dissertation.
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Experimental Practices

In this Chapter the potentials of the developed 3D crowdsourced technical framework are
further investigated on a practical level. The research plan follows different methodological
steps, considering the available geospatial infrastructure of each country, recruiting citizens
with or without a certain level of technical skills and tests individual approaches utilizing
modern means and tools for capturing 3D cadastral data. During the test stage of this research,
the perspectives, effectiveness, usability, reliability and quality of the developed technical
framework are investigated.

The practical experiments explore the utilization of both m-services and web-services,
emphasizing the usage of mobile applications. The case studies follow the development stages
of both the mobile and web applications, including different capabilities and functionalities
based on their evolution stage. Each practical application takes advantage of the use of different
types of basemaps and tools, in order to cover as many individual cases of data availability as
possible. Through the integration of LADM standard, the collected data are formed, providing
a more unified and solid data structure. The test areas are mainly concern densely populated
urban areas, including also areas with sparse constructions.

First, the pre-processing methodologies applied to the geospatial instances that may form
the registration background, is described. In the next Sections, the practical experiments
implemented through the developed application for mobile devices, and then the practical
experiments carried out through the developed web application, are presented and evaluated.
Finally, the main conclusion regarding both the mobile-based and the web-based approach, are
realized.

7.1 Technical and IT data preparation

The exploitation of the available 2D and 3D geospatial data in the developed technical
framework, presupposes the implementation of several pre-processing steps, ensuring their
further utilization and manipulation from the developed crowdsourced cadastral applications.
Depending on their 2D or 3D form, a different approach is followed, utilizing either the (i)
Cartographic pre-processing methodology, or the (ii) BIM pre-processing methodology.

7.1.1 Cartographic pre-processing methodology

As the technical part of this application has been implemented utilizing the ArcGIS platform
for the management of the data, specific processing steps have to be performed. In order the
available cartographic data to be used for a GIS implementation, they should be georeferenced.
Otherwise, their georeference is made through the environment of ArcGIS Pro. First, the 2D
cartographic data are scanned — if it is necessary — in order to be in a digital form, and then they
are inserted in ArcGIS Pro software. Through a polynomial transformation the raster datasets
are shifted, from the existing location to the spatially correct location, by utilizing visible point
features with known coordinates in the Greek national coordinate system (GGRS87 / Greek
Grid), as reference for the georeferencing process.

Subsequently, the georeferenced basemaps are published in ArcGIS Online as tiled layers.
Thus, during this publishing the current basemaps are projected in Web Mercator Auxiliary
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Sphere projection which is utilized by the server of ArcGIS Online for the projection of world-
wide spatial data. Once the basemaps are inserted in ArcGIS Online platform, they may be
pulled by the developed applications, if there is internet connection available. The developed
applications are appropriately structured to automatically recognize and pull each one of the
basemaps, according to their names in the server of ArcGIS Online (e.g., Orthophoto, Floor_1,
Floor_2, etc.) The described process is presented in Figure 108.

Gathering available basemaps: Basemaps georeferencing and insertion in the
| Technical and IT preparation ———] - Orthophoto Server of ArcGIS Online and from there to the
: ' Floor plans cadastral mobile application

|

Georeferencing

Polynomial
transformation Network

e W

ArcGIS Pro

Mobile/Web
application

Figure 108. Technical and IT data preparation — Overview of the Cartographic pre-processing
methodology.

7.1.2 BIM pre-processing methodology

For the exploitation of BIM data from the developed applications, different pre-processing
steps were followed. In this doctoral dissertation, both the use of existing BIM and the
generation of new BIM, aiming to have a clear insight about the structure elements required for
3D crowdsourced cadastral surveys, were investigated. The pre-existed or new BIM models
used in this research, were generated through the Autodesk Revit software, utilizing the
available georeferenced floor plans of the building/construction. Furthermore, as for
cartographic pre-processing methodology, so in BIM pre-processing methodology, the ArcGIS
Pro software and the platform of ArcGIS Online were utilized, aiming to establish the necessary
connection between the data and the developed applications.

The (re-)use of already existed BIM data, requires its availability in IFC format, enabling
the translation of BIM’s 3D spatial information into the ArcGIS Pro platform and therefore to
ArcGIS Online (Figure 109). In the first step, the IFC model was imported into the ArcGIS Pro
environment, enabling the further manipulation of the BIM for GIS/cadastral purposes. ArcGIS
Pro’s quick import tool from the Data Interoperability Toolbox was utilized in order to import
the generated IFC model into an ArcGIS file geodatabase, making the BIM’s spaces available
for loading into the project. The generated geodatabase refers to the Greek Grid (ESPG: 2100)
Projected Coordinate Reference System (PCRS), which in the experiments of this research is
the PCRS of the BIM. However, the 3D scene of ArcGIS Pro refers to WGS84, which is the
Geographic Coordinate Reference System (GCRS). Thus, the generated database had to be
converted to WGS84 utilizing the Batch Project tool of ArcGIS Pro.
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Figure 109. Technical and IT data preparation — Overview of the BIM pre-processing methodology.

Although the coordinates of the “survey point” and the orientation of the BIM through the
identification of the “true North” were defined in Revit, the examined IFC models were not
correctly positioned in 3D space. In the context of BIM-GIS integration, geo-referencing BIM
models can be problematic and constitutes a major issue in practice. For these particular studies,
the IFC2x3 version was utilized. Although this version embeds spatial reference information,
mismatches may occur when importing the model to a GIS environment (Zhu & Wu, 2021).
However, this problem may be solved in the IFC4 version by introducing a new entity that
includes and maintains all the necessary elements for the georeference of the model. The IFC4
version is newly emerging but may be utilized and tested for future research in this field.

The models were horizontally aligned close to their correct position with an average offset
of 18 cm, while their vertical alignment was incorrect, when the building’s surface altitudes
were not defined during the generation of BIM through Revit. With undeclared orthometric
heights in BIM, considering the ground floor as the beginning of measuring heights (+0), the
BIM appears to be submerged in the ground, during its visualization through ArcGIS Pro. To
overcome this problem, the models were moved to their correct horizontal position utilizing the
editing tools of ArcGIS Pro. Subsequently, the elevation of the features of each generated
feature class was set to “Relative to ground” in order for the features to appear at their correct
height. Subsequently, new feature classes with the correct elevation were created utilizing the
“Layer 3d To Feature Class” tool. It is noted that although the final model appears in its correct
position horizontally, some ambiguities regarding its vertical alignment remain. This is mainly
due to the used DTM from ESRI, which refers to a global basis and thus include some
inaccuracies. However, this problem can be solved by using a more up-to-date and accurate
DTM. Nevertheless, the final results were satisfactory for the purpose of this research. In the
last step, once the correct geodatabase was generated for each BIM, the IfcSpace entity was
connected to the BIM_BuildingUnit3Dclass of the developed LADM-based geodatabase,
which was enriched with the necessary geometric information concerning the cadastral legal
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spaces. Subsequently, the georeferenced BIMs are published in ArcGIS Online as Scene Layer.
Once the BIMs were inserted in ArcGIS Online platform, they could be pulled by the developed
applications, if there is internet connection available.

Besides the utilization of already existed BIMs, the creation of a new BIM for the new
building, was conducted through Revit software. In the first step, the physical spaces were
created in LoD3, describing the real characteristics of the buildings in detail. Then, the legal
spaces were created utilizing the Area and Schedule function of Revit, enabling the
identification of the 2D boundaries of each 3D legal space and the insertion of the necessary
semantic information concerning the property’s RRRs, respectively. Finally, the created 2D
spaces were matched with the IfcSpace entity in the exported IFC model, providing the 3D
legal spaces. Then the previously described procedure was followed, for inserting the IFC into
ArcGIS Pro and therefore to the ArcGIS Online platform (Figure 109). It is noted that the
identification of the different types of legal objects is outside of the scope of this study. The
management and definition of the different types of the legal spaces and the proper placement
of the legal boundaries (e.g., the middle of the wall) remain under investigation. In the following
implementations, the legal spaces are assumed to be either correctly defined or defined under
certain assumptions, focusing more on the evaluation and assessment of the proposed technical
framework regarding the submission of the cadastral information by the citizens/rights holders.

7.2 Mobile-based Practical Implementations

In this Section, eight (8) experimental implementations performed in distinct urban areas of
Greece, are presented. Each implementation utilizes different geospatial background and tools,
leading to individual accuracy levels of the final outcome. According to these diversifications,
the case studies are grouped into four (4) discrete approaches:

(i) The Cartographic-oriented approach, with the utilization of an orthophoto overlaid
with architectural floor plans, as registration basemap.

(i) The Geometric-oriented approach, with the combined utilization of an orthophoto
basemap and geometric tools, assisting the identification procedure.

(iii) The BIM-oriented approach, with the utilization of BIM data — when they are
available — as registration background, ensuring high accuracy results.

(iv) The Hybrid approach, constituting a combination of the above.

7.2.1  Cartographic-oriented Approach

Following the cartographic-oriented approach, five (5) case studies were implemented for
individual multi-story buildings located at:

(i) the National Technical University of Athens, at the School of Rural, Surveying and
Geoinformatics Engineering (SRSG), Zografou, Greece (case studies 1, 3 & 4)

(ii) the city of Larisa, in northern Greece (case study 2),

(iii) the neighborhood of Pagrati, in central Athens, Greece (case study 5).

The case studies examine different development stages of the crowdsourced framework,
investigating the effect of each technical or methodological restructuring, into the effectiveness
of the entire framework.

7.2.1.1 Case study 1

The first practical experiment was implemented for a 2-storey building of the SRSG, NTUA
(Figure 110 left). For research purposes, the test was performed in cooperation with the
employees, who were assumed as volunteers/right holders. Data collection process was
conducted with the assumption that the building may be considered as a block of apartments
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and each office room is an individual property (e.g., an apartment). The main objective was to
identify the boundaries of each office room of the first floor of the building, and record some
basic descriptive information. For this particular investigation, the collected data include the
polygonal boundary of the room, the height of the room, the floor number and the descriptive
information which concerns the room holder (name, academic rank) and the room (use, area).

For the implementation, an orthophoto of the test area at the scale of 1:1000 and a floor plan
of the first floor of the academic building at the scale of 1:200, have been used as basemaps
(Figure 110 right). In order the volunteers to be oriented regarding their position on the
available basemap, the GPS of the mobile device was utilized. While the volunteers were in the
interior of building, the positioning accuracy of the GPS was about 1-3 m, and thus it was only
used to avoid gross orientation errors and not for the identification of the exact position of each
property in 3D space.
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Figure 110. Orthophoto of the test area (in red) at the scale of 1:1000 (left) and a floor plan of the
first floor of the academic building at the scale of 1:200 (right).
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Figure 111. Example of the recording process, including the polygon digitazation and the insertion
of the adequate information. (a) Selection of polygon drowing tool. (b) Digitization of the studied
property. (c) Selection of ADD INFO tool and insertion of the adequate information. (d) Presentation of
the declared property, on the basemap.

Using the mobile application, the registration process was conducted by selecting features
(points) on the first floor basemap, that is the first floor’s plan, in order to form the surrounding
polygon of each room. The insertion of the adequate descriptive information, follows the
digitization of each polygon. Utilizing the mobile’s application tools, the user was able to alter
any wrong input data and update the information he/she has entered into the application. The
described procedure is presented in Figure 111. Once the data referring to each room are
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imported and controlled, the 3D visualization of the registered room was achievable, through
the selection of the corresponding tool (Figure 112). As the last step of the registration
procedure, the collected data were stored in the Cloud of ArcGIS Online, updating the system
with the new records and the corresponding 3D models.
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Figure 112. 3D Parametric Models of the results, through the visualization tool of the developed
mobile application. (a) Vertical view of the scene (via Vertical View tool). (b),(c) and (d) 3D View of
the declared properties, through different perspectives (via 3D View tool).

During the registration process, no problem has occurred. The mobile application was easy
to use and the necessary information were successfully collected. The availability of the floor
plan was helpful as it clearly presents the boundaries of each room. The only detected difficulty
was the uncertain selection of the corner points of the digitized polygons, as in the floor plan
the boundary of each room was presented as a thick line including the walls width (the walls
that separate each office are thin). The overall procedure lasted about less than an hour, as the
registration of each room lasted 3-5 minutes. The recording time depends heavily on the
complexity of each office shape and the familiarity of the user with mobile application.

Following the completion of the registration procedure, the results were exported by the
Cloud of ArcGIS Online and the draft crowdsourced 3D room models were generated (Figure
113). In order to test the crowdsourced data in terms of accuracy and completeness, a
comparisson according to the reference data was conducted. As reference data, a diagramm
describing the floor plan, was used. As 3D models generated by Model-driven methods, based
on the footprint of each room, the comparison should be conducted between the reference data
and the digitized polygons. The evaluation of the results shows that there were no significant
discrepancies between the compared data (Figure 114). The average accuracy deviation of the
two datasets was 0.15 m while their maximum and minimum deviation was approximately 0.36
m and 0.03m, respectively. The quality control reveals that the proposed registration procedure
utilizing the self-developed mobile application, had satisfactory results in terms of data
accuracy and data visualization. The produced 3D models were properly placed in 3D space,
while the small shape defects are caused by the imported errors in the digitization process. The
proposed procedure is promising as the results can be greatly improved after the proper training
and briefing of volunteers, by a trained volunteer or a professional surveyor.
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Figure 113. 3D Visualization of the results in ArcGIS Online. Different view of the declared
properties, through different perspectives.

Figure 114. Comparison between the digitized polygons (in red) and the reference data (in blue).
7.2.1.2 Case study 2

In the second practical attempt, a larger scale experiment was implemented trying to manage
more complex cases of multidimensional and overlapping property rights, while introducing
the crowdsourced process to citizens/right holders without certain level of technical skills. The
test area is located in the city of Larisa, in northern Greece. The recording levels include levels
above and below the terrain, making both the process and the results quite interesting. The main
objective is to identify the boundaries of each property unit together with some basic descriptive
information referring to the ownership by the rights holders (as volunteers). The citizens/
holders of rights were middle-aged local people of various levels of education and skills, but
well informed as to the use of smart phones. After a brief training about the functionalities of
the developed mobile application, they were familiar with the function of the mobile
application.

When using the developed mobile cadastral application, the rights holders are asked to
digitize the boundaries, declare the height and the floor in which their properties are located,
and submit information about the property unit. The basic descriptive information concerns the
rights holder’s personal data (first name, last name, type of rights, etc.), information about the
property (address, use type, area size) and additional descriptive information about the property
unit, which may be declared by the rights holder. For implementation of the proposed
procedure, an orthophoto of the case-study area at a scale of 1:1000 and the floor plans of the
underground floor, the ground floor, the first and the third floor at a scale of 1:50, are used as
basemaps (Figure 115). The GPS positional accuracy is about 1-4 m, and is used only to avoid
gross errors during rights holder’s orientation in the test area. To achieve the required geometric
accuracy, the digitization is done using the cursor, moving it manually on the basemap.
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Figure 115. Orthophoto of the case-study area at the scale of 1:1000 (top left) and the floor plans of
the underground floor (top right), the ground floor (bottom left), and third floor (bottom right) at the scale

of 1:50.
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Figure 116. Example of the recording process on the mobile application, including (a) the selection
of the digitization tool (b) the polygon digitization and insertion of the adequate information and (c) the

presentation of the declared property unit on the basemap.

The registration process was started by digitizing the land parcel property boundaries on the
basemap. Then the right holder had to identify the property unit boundaries by selecting the
floor in which the property unit is located. The selection of the proper basemap was conducted
through the selector basemap tool and therefore the selection of features (points) on the
basemap, using the digitization tool, in order to form the polygon of the property unit. Next,
using the insertion tool, the right holders were inserted the adequate descriptive information
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regarding the declared rights and the rights holder’s personal data. The right holder was able to
check and correct any wrong input and update the information. This procedure is presented in
Figure 116. Once the data referring to each property unit were imported and checked, the 3D
visualization tools allow the user to see the 3D property unit model, above or below the ground,
through the selection of the corresponding tool (Figures 117 & 118). In the last step of the
registration procedure, the collected data were stored in the ArcGIS Online Cloud, updating the
system with the new records and the corresponding 3D property unit models.
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Figure 117. 3D Visualization of the declared properties (in green) in their absolute position on the
ground, using the 3D View tool of the mobile application.
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Figure 118. 3D Visualization of the declared properties (in green) in their relative position (above
and below) with the ground (in red), using the 3D Model tool of the mobile application.

The overall procedure was relatively quick as the registration of each property lasts about
3-7 minutes, based on geometrical characteristics of the boundary and the user’s digital skills.
No major problems occurred during the data collection through the mobile application; the
usage of the mobile application is considered to be easy and understandable by the users. The
existence of an architectural floor plan is really helpful, as it clearly presents the boundaries of
each room, leading to successful results. However, a particular difficulty has been identified
that is worth mentioning. This refers to errors that may be imported during the procedure, due
to the quality of the utilized DTM (Digital Terrain Model). Irregularities such as incorrect
altitudes of certain points in the DTM may lead to significant errors during the 3D data
collection procedure.
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Following the completion of the registration procedure by the rights holders, the results are
exported from ArcGIS Online, and the draft crowdsourced 3D property unit models are
generated (Figures 119 & 120). The data are then evaluated in terms of accuracy, quality and
completeness, through a comparison with the reference data. The plans describing each unit on
the floor plans are used as reference data (Figure 121). The evaluation of the results shows that
there are no significant discrepancies between the two data sets (Figure 121). The average
accuracy deviation between the two data sets is 0.17 m while the maximum and minimum
deviation is approximately 0.42 m and 0.01 m, respectively. The achieved accuracy is
satisfactory, revealing that the proposed registration procedure utilizing the mobile application
leads to reliable results. The generation and placement of the 3D property unit models was
correct. However, some minor geometric inconsistencies were identified, due to the imported
errors while selecting points on screen as well as the incorrect altitude values that the DTM
used may include.

Figure 119. Visualization of 3D property unit models (in red) in their absolute position on the ground,
as they are generated in the ArcGIS Online.

Figure 120. Visualization of 3D property unit models (in red) in their relative position (above and
below) with the ground (in violet), as they are generated in ArcGIS Online.

- VL \ Vil —
Floor -1 L/ [ \\»*"'"A Floor 0 Floor 3

Figure 121. Comparison between the digitized polygons (in red) and the reference data (in blue), for
each one of the studied building floors.

7.2.1.3 Case study 3

Having examined the potentialities of the technical framework regarding the 3D modeling
and visualization of the property units, as well as the collection of 2D and 3D geometric and
descriptive data, the research proceeds with the integration of LADM standard as the main data
model for structuring the cadastral information. Thus, in the third practical experiment the
upgraded version of the technical framework, with an optimized user interface that leads the
registration procedure, was investigated.

194



Chapter 7 — Experimental Practices

The developed framework was tested for the multi-storey building of the SRSG, NTUA for
which the first practical experiment had been performed, retaining the assumption that the
building is considered as a block of apartments and each office room as an individual property
unit. In contrary with the first experiment, all the floors of the building were studied, including
the levels above and below the ground surface. Furthermore, the type of the collected cadastral
data was differentiated, as it was adapted to LADM specifications. For this case study the
collected data include the building- and each room-outline coordinates, the height of each room,
the floor number and the descriptive information about the building (area code, address), the
room holder (name, role, type of rights) and the room (floor, height, use, area size, volume). As

parcel boundaries, the boundaries of the NTUA campus parcel were selected.
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Figure 122. Orthophoto of the case-study area at the scale of 1:1000 (left) and the floor plans of the

underground floor (top right), the ground floor (2nd row right from the top), first floor (3nd row right

from the top) and second floor (bottom row right).
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Figure 123. Example of the recording process through the developed mobile application, including
(a) the insertion of the adequate cadastral information, (b) the polygon digitization on the parcel basemap
describing the land parcel and (c) the polygon digitization on the floor basemap describing the building

unit, on the basemap.
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For the test implementation, an orthophoto of the test area at a scale of 1:1000 and the floor
plans of the underground floor, the ground floor, the first and the second floor at a scale of
1:200, were used as basemaps (Figure 122). Data collection was performed in cooperation with
the employees, who were assumed as rights holders. After a training session aiming to enlighten
volunteers regarding the usage of the mobile application, the registration process was begun.

During the first phase of the cadastral procedure, the insertion of the adequate descriptive
information regarding the declared of rights and the right holder’s data, was conducted.
Verification images and legal documents (in an official procedure) may be inserted, in order to
support the registration procedure. Next, the identification of the land parcel boundaries and
the boundaries of each property unit, was conducted by selecting the appropriate basemap
(orthophoto or floor plan) and tapping the adequate boundary points on screen, utilizing the
digitization tool. The described procedure is presented in Figure 123.

The 3D property unit models were successfully generated through the mobile application
(Figure 124) and the collected data were stored in the developed LADM-based database in the
Cloud of ArcGIS Online. The updated version of the mobile application was easy to use while
the overall procedure was relatively quick as the registration of each property lasts about 5-7
minutes. The existence of the architectural plans was proved again to be very helpful, as the
building unit-boundaries are distinct, increasing the geometric accuracy of the final results.
After the completion of the registration procedure, the LADM-based database was exported
from the Cloud of ArcGIS Online, in order to be evaluated. The results showed that the average
accuracy deviation between the compared datasets was 0.17 m while their maximum and
minimum deviation is approximately 0.49 m and 0.03 m, respectively (Figure 125).
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Figure 124. 3D models of the declared properties above (left, middle) as well as above and below
(right) the ground surface, using the 3D Model tool of the developed mobile application.
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Figure 125. Comparison between the digitized polygons (in blue) and the reference data (in red), for
each one of the studied building floors.

7.2.1.4 Case study 4

Remaining in the same study area and expanding the number of the property units to be
registered, the fourth practical experiment was implemented. The volunteers’ sample was
differentiated, as in addition to employees, students were also recruited to perform the 3D
cadastral registration. The main objective of this case study as well as the type of the collected
data, are similar with the third practical experiment, except that in this case study the potentials
of the fourth phase of the developed crowdsourced methodology, was further explored. One of
the most important phases for the commencement of the registration procedure is the technical
and IT preparation, by the team leader. Thus, in this practical experiment the volunteers were
assumed as team leaders, in order to proceed the collection and management of the existing
architectural plans as well as for their preparation and insertion in the mobile application.

As basemaps, an orthophoto of the test area at a scale of 1:1000 (Figure 126) and the floor
plans of the underground floor, the ground floor, the first and the second floor of each one of
the two building, at a scale of 1:200 (Figure 127), were utilized. The volunteers, were young
adult people with advanced digital skills (engineering or technical skills) as they were students
from various NTUA Schools and/or young surveyors, and they were well informed about the
use of smart phones. After a brief training, concerning the objectives of this project, the training
of the volunteers was begun. The volunteers were trained from our research team regarding the
necessary technical and IT preparation which data had to pass through, in order to be in an
exploitable form to be utilized by the mobile application, as well as for the functionalities of
the developed mobile application. Of course, during this process there were some difficulties
regarding the usage of the utilized software and the online platform. However, through proper
training and support materials (tutorials, videos etc.), these drawbacks can be resolved.
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Figure 126. Orthophoto of the test area at the scale of 1:1000, depicting the studied buildings.
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Figure 127. Floor plans of the underground floor, the ground floor, first floor and second floor of the
1st (left) and the 2nd (right) building, at the scale of 1:200.

Following the sequence of the registration steps, the volunteers were able to start and
complete succesfully the registration procedure of both buildings, through the mobile
application. During the whole procedure a member of the research team was at the volunteers’
disposal in order to resolve any questions that they may had. Figure 128 (top left) presents the
photo of the property unit under registration, and on (top right and bottom) presents a group of
volunteers in cooperation with the team leader, during the registation of a meeting room of the
School of Rural and Surveying Engineers of the NTUA, while in Figure 129, the described
registration procedure, is presented.
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Figure 128. Group of volunteers in cooperation with the team leader, during the registration of a
meeting room of the School of Rural, Surveying and Geoinformatics Engineering, NTUA.
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Figure 129. Example of the recording process through the developed mobile application, including
(left) the insertion of the adequate information, (middle) the polygon digitization describing the land
parcel and (right) the polygon digitization describing the building unit, on the basemap.
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The registration procedure was completed without any major problem, as the necessary
information were collected through the mobile application. The 3D models of the declared
rooms were visualized through the selection of the 3D model tool (Figure 130). The registration
of each property lasted about 10-12 minutes (average), depending on the complexity of the
boundary shape and the familiarity of the user with the mobile application. It is noted that in
this practical experiment, the ‘rights holders/volunteers’ retain some engineering understanding
and thus they can better cope with the 3D space, making the results as a sample of the best
possible that may be achieved.
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Figure 130. 3D models of the declared properties above (left, middle) as well as above and below
(right) the ground, using the 3D Model tool of the developed mobile application.

Once the overall procedure was completed, the generated crowdsourced 3D property models
may be vizualized through the 3D scene viewer provided from ArcGIS Online. Simultaneously,
the corresponding cadastral information concerning each of the declared properties may be
viewed either by selecting the 3D building unit model or by accessing the database and navigate
through the relationships between the DBMSs’ classes (Figure 131). For the evaluation of the
results, a comparison with the reference data was conducted. The results were acceptable, as no
significant discrepancies between the compared data were detected. The average accuracy
deviation between them was about 0.21m and their maximum and minimum deviation was
approximately 0.75 m and 0.03 m, respectively (Figure 132). Furthermore, the generated 3D
models were correctly positioned in 3D space while the small shape defects are caused by the
imported errors in the digitization process.

Figure 131. Visualization of the generated crowdsourced 3D building unit model in ArcGIS Online.
Inspection of crowdsourced cadastral information either by selecting the 3D building unit model (left),
or by accessing the DBMS in ArcGIS Online (right).

200



Chapter 7 — Experimental Practices

Underground floor Ground floor 1st Floor 2nd Floor

1st Building

2nd Building

Figure 132. Comparison between the digitized polygons (in blue) and the reference data (in red), for
each one of the studied building floors.

7.2.1.5 Case study 5

The fifth practical experiment re-examines the upgraded version of the crowdsourced
framework, in real surveying circumstances, recruiting a group of volunteers with varying ages,
educational level and digital skills. For the test implementation, a multi-storey building, located
in the urban area of Pagrati, in the center of Athens, was utilized. The studied building is
characterized by multiple and overlapping property rights, as well as by properties with
complex geometries. The main objective was to identify the polygonal boundaries of each
property unit together with some basic descriptive information referring to the ownership.

The practical experiment consisted of four (4) discrete stages: (i) the initial data gathering,
(i) the volunteers training, (iii) the field work, (iv) the extraction and evaluation of the results.
At the first stage, the collection of the existing geospatial information (aerial photos,
orthophotos, architectural plans, etc.), was accomplished. An orthophoto of the test area at a
scale of 1:1000 (Figure 133) and the floor plans of the two underground floors, the ground floor
and the rest seven (7) floors above the ground, at a scale of 1:100, were utilized as basemaps
(Figure 134). For this test, the collected data include the land parcels and the property/building
unit boundaries, the height of each property, the floor number and the descriptive information
about the building (area code, address), the rights holder (name, role, type of rights) and the
property geometric data (floor, height, use, area size, volume).

In the second stage, the group of the volunteers was gathered, trained and organized. The
volunteers were middle-aged citizens of various levels of education and skills and well enough
updated as to the use of smart phones (Figure 135). At first, the volunteers were informed about
the main objectives of this project. and trained regarding the necessary technical preparation of
the collected data and the functionalities of the developed mobile application. Next, the mobile
application was installed in their smart phones, and after a brief discussion with our scientific
coordinator about any technical issue or question, the volunteers were familiarized with the
mobile application, and so the registration procedure was started. Figure 136 presents a group
of volunteers during the training session.
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Figure 133. Orthophoto of the case-study area at the scale of 1:1000.
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Figure 134. The floor plans of the two underground floors, the ground floor, and the rest seven (7)
floors above the ground, at a scale of 1:100.
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Figure 135. The technological skills (left), and the age distribution of the volunteers (right).
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Figure 136. Group of volunteers in cooperation with the scientific coordinator, during the training
session.
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Figure 137. Example of the recording process through the developed mobile application, including
(a) the insertion of the adequate cadastral information (left), (b) the polygon digitization on the parcel
basemap describing the land parcel (middle) and (c) the polygon digitization on the floor basemap
describing the building unit, on the basemap (right).

Each one of the volunteers was responsible for the registration of a certain number of
property/building units as well as the registration of the building’s shared spaces. The procedure
starts with the insertion of the necessary descriptive information concerning the land parcel, the
property/building unit, the type of the rights, the rights holder’s personal data, as well as (in the
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official cadastral procedure) the insertion of verification images and legal documents, which
support and empower the registration process. Next, the identification and digitization of the
land parcel polygonal boundaries was conducted, by selecting its corners (as point features) on
the orthophoto basemap, utilizing the land parcel digitization tool. Similarly, the identification
and digitization of each property/building unit polygonal boundary outline was performed by
selecting the floor basemap where the property unit is located, through the selector basemap
tool, and then by selecting its corners (as point features), utilizing the building unit outline
digitization tool. Figure 137 presents the described procedure. After the insertion of the
necessary geometrical data the 3D visualization of the declared land parcel and the building
unit, both above and below the land surface, was achieved through the selection of the 3D
visualization tool (Figure 138). Finally, the collected data was stored in the developed database
in the Cloud of ArcGIS Online, updating the system with the new records and the corresponding
3D property models.
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Figure 138. Generated 3D models of the declared properties above (left) as well as above and below
(middle, right) the ground surface, using the 3D Model tool of the developed mobile application.

During the data collection process certain bugs, weaknesses and deficiencies were identified
and highlighted by the volunteers leading to correction at the next stage of this research. The
main group of errors related to the functionalities of the mobile application. Its major inability
was the delay or the forced interruption of the application, during the simultaneous data storage
by the users. In this case, data may not be stored in the server of ArcGIS Online, making
necessary the repetition of the registration process. However, even with the existence of this
error, the registration process was quite fast as the registration of each property lasted about 7-
12 minutes (average recording time). The recording time varied, according to the complexity
of the boundaries shape and the familiarity of the user with the smartphones devices and the
mobile application. In addition, the good condition of the mobile’s phone screen, directly
affects both the duration and the quality of the collected data. It was observed that in case of a
damaged screen, the selection of the desired points on the screen was difficult or impossible,
resulting in the selection of a different point close to the desired, altering the quality of the
results. This constant effort led to an increase in data collection duration.
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Despite the problems identified, the collected data and the relationships between the
cadastral objects, were successfully stored in the LADM-based DBMS in the Cloud of ArcGIS
Online. The comparison results were satisfactory; the average accuracy deviation between the
compared datasets was 0.34 m and their maximum and minimum deviation was approximately
1.17 m and 0.03 m, respectively (Figure 139). It is noted that the maximum deviation of 1.17
m, was detected in the data which were collected by a device with a defective display, strongly
affecting the correct selection of the polygonal vertices (point features). Furthermore, the
generated 3D models were correctly positioned in 3D space while some small shape defects
were caused by the imported errors in the digitization process as well as by errors and elevation
jumps in the utilized DTM.
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Figure 139. Comparison between the digitized polygons (in gray) and the reference data (in red), for
each one of the studied building floors.

7.2.2  Geometric-oriented approach
7.2.2.1 The case study in Pagrati, Central Athens

Maintaining the same study area with the fifth experimental implementation, a Geometric-
oriented approach was attempted, aiming to investigate the effectiveness of the developed
technical framework in adverse cases of weak basemap availability. In this particular case
study, the potentials of the embedded geometric tools of the developed mobile application were
examined. The main objective of this case study as well as the type of the collected data and
the methodological steps toward the completion of the registration procedure, were similar to
the last test implementation. The main difference was regarding the available basemap, which
in this case was only the orthophoto of the study area at a scale of 1:1000 (Figure 140).

A volunteers’ team, consisted of middle-aged citizens with varied educational background,
but with good digital skills, keen with smartphones technology, was chosen. The citizens’ team
was informed about the objectives of this crowdsourced project and subsequently was trained
regarding the technical and the IT preparation, the function of the cadastral mobile application
and the geometric tool, by a member of our research team with the role of the team leader.
Once, this phase was completed the cadastral registration process started.
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Figure 140. Orthophoto of the case-study area at the scale of 1:1000. The studied building is located
within the red rectangle.

In the first step, the insertion of the adequate descriptive information regarding the
declaration of rights and the right holders’ data, as well as the attachment of any necessary
verification images and legal documents enhancing the current declaration, was conducted by
the volunteers. One of the most important factors for starting the digitization procedure was the
volunteers’ orientation in the 3D space and the perception of their respective location on the
basemap. This may be roughly achieved consulting the GPS sensor of the mobile device, as the
positioning accuracy in the interior space of the studied building was about 2-5 m. Due to the
absence of a very accurate registration basemap, such as a cadastral map and professional
architectural floor plans, volunteers ought to determine the position of any known building’s
structural (i.e. building’s roof edges) or other features (i.e. fixed ground feature) on the
basemap, and then determine the features (points, lines) of the desired land parcel/building unit
boundaries by imposing to the known features, several geometric constraints through the
geometric tools provided from the developed mobile application. In order to do so, volunteers
had to measure - if needed - the distance between the known and the desired features, and
proceed with the necessary geometric calculations through the mobile application. Thus, based
on these principles, the identification of the land parcel and property unit boundary outline was
performed, by selecting features (points) on the basemap (orthophoto) — where they were visible
—and implement geometric procedures through the developed mobile application, in order to
form the respective boundary polygon. As it is obvious, the determination of the building’s
interior cadastral units is more complicated due to their complex shapes as well as they are not
visible on the available basemap. An example of the described registration procedure is
presented in Figure 141, emphasizing on the registration of an indoor cadastral unit. It is noted,
that during the whole procedure the team leader is at the volunteers’ disposal, to resolve any
questions that may emerge. Once the cadastral data are determined and collected by the
volunteers, the data are stored in the cloud of ArcGIS Online, updating the system with the new
records and the corresponding 3D models. The 3D visualization of the registered properties is
achievable by the selection of the corresponding visualization tool (Figure 142).
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Figure 141. Example of the registration process through the developed mobile application, including
(top left) the insertion of the adequate information, (middle top left) the polygon digitization describing
the land parcel and (middle top right, top right and bottom) the registration procedure utilizing the
geometric tools for the identification/digitization of the polygon describing the building unit, on the
basemap.

The developed geometrical tools provided by the mobile application were really useful for
the determination and identification of the hidden boundary parts and the interior cadastral
spaces, using only an orthophoto as the registration basemap. Training of volunteers regarding
the function of the mobile application and the geometrical tools, was very helpful, in order to
carry out the cadastral procedure. The most difficult part of their training was the understanding
of the geometric tools’ operation and the imposition of the geometric constraints. After
presenting some examples, the tool operation was understood as it is based on simple geometric
processes.

Data collection process was successfully completed, while no major problem was occurred.
The overall registration procedure was relatively fast as the initial registration of each property
lasted about 15-20 minutes (in average), which is hard to be achieved with traditional surveying
procedures. The comparison results were very interesting approaching the current building
reality, with the average accuracy deviation between the compared datasets be about to 0.48m
and their maximum and minimum deviation to be approximately 1.71 m and 0.07 m,
respectively (Figure 143). The maximum deviation emerges mainly in cases of incorrect usage
of the geometric tools or incorrect features’ identification on the basemap. Furthermore, the
generated 3D models were correctly positioned in 3D space. However, some small errors
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presented as shape defects, are caused by incorrect selections of features position on the
basemap and elevation jumps occurred in the utilized DTM.
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Figure 142. 3D models of the declared properties, using the 3D Model tool of the developed mobile
application.
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Figure 143. Comparison between the digitized polygons (in grey) and the reference data (in red), for
each one of the studied building floors.

7.2.3 BIM-oriented approach
7.2.3.1 The case study in Kaisariani, Central Athens

Following the BIM-oriented approach, a test implementation was conducted in a densely
structured urban area of Kaisariani in Athens, Greece (Figure 144). For this particular case
study, 3D building data available from a previously successfully completed project conducted
by a research team of the National Technical University of Athens, were used (loannidis et al.,
2015). The 3D building models of a building block, were utilized as registration basemap. The
models were in LoD3, describing in detail the physical characteristic of the buildings exterior.
Furthermore, a new multi-storey building that will be built in the study building block, was
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created. For the generation of the BIM, the Autodesk’s Revit software was selected, while a
set of available georeferenced floor plans were utilized as reference data, following the pre-
processing steps described in Section.
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Figure 145. Example of the registration process through the developed mobile application, including:
(first row) navigation throughout the 3d scene, (second row) visualization of physical and legal view of
the studied building, (third row) the identification and selection of the desired property and (fourth row)
the insertion of the necessary information concerning the right holder, the land parcel, the building and
the building unit; and the storage of the collected data.
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A team of volunteers consisted of NTUAs’ students, were assumed as right holders in order
to proceed with the 3D cadastral registration. As team leader a member of our research team
was selected, in order to inform the volunteers about the objectives of this research project and
train them regarding the functions of the developed mobile application. Once the volunteers
were familiarized with the mobile application the 3D cadastral registration process was started.
Each one of the volunteers was responsible of identifying a specific number of property units
in the BIM and declaring the necessary information through the developed mobile application.

The volunteer was able to navigate throughout the 3D building scene and view the structural
and realistic characteristics of the building by enabling the physical view (LoD3) through
selecting the respective tool provided through the mobile application. Once the volunteer
identified the desired property unit, he/she may close the Physical view and view only the 3D
legal objects (LoD1) of the studied building. By tapping on the BIM at the position that he/she
assumed that his/her property was located, the 3D volume presenting the legal space where the
RRRs are assigned was highlighted. Then, the user was inserted the required cadastral
information utilizing the Add Information tool. For this experiment, as inserted data, the
descriptive information about the rights holder (first name, last name, and type of right); and
the property unit (address, area code, and use), were selected. Simultaneously, the volunteers
may attach images and legal documents (in an official procedure) proving their rights, in order
to verify their declaration. Once the volunteers collected the required data, they submitted their
declarations, which were stored in the cloud of ArcGIS Online, updating the system with the
new records. An example of the described registration procedure is presented in Figure 145.

Thus, following this sequence of registration steps, the volunteers were able to complete
successfully the registration procedure, through the mobile application. The mobile application
was easy to use, with the registration of each property accomplished in about 7—-15 min (on
average), depending on the location of the property into the BIM and the familiarity of the user
with the application. In cases where the desired property unit is enclosed by other property
units, its selection may be very difficult for the user. The collected cadastral data have been
correctly assigned to the 3D cadastral legal objects presented through BIMs, and stored
successfully in the cloud of ArcGIS Online.

7.2.4 Hybrid approach

Following the hybrid approach, a practical experiment examining two different data
availability cases, is implemented. The practical experiment deals with two multi-storey
buildings, located in an urban area of the city of Athens, Greece (Figure 146). For each of the
buildings a different type of geospatial data was provided, thus differentiating the method which
should be followed in order to proceed with the 3D cadastral registration procedure. Despite
the selected registration method, the main objective of this process was to identify each property
unit and record some basic descriptive information about the rights and the right holders,
utilizing the developed mobile application.
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Figure 146. Orthophoto of the test area at the scale of 1:1000, depicting the studied buildings;
Building 1 (in red) and Building 2 (in orange).

Building 1 and Building 2, are two neighboring multi-storey buildings, distinguished by
various overlapping property units and common spaces of complex geometry. For each building
different registration background types are assumed to be available, in order to proceed with
the 3D cadastral registration. For Building 1, an orthophoto of the test area at a scale of 1:1000
(Figure 146) and the georeferenced floor plans of the underground floor, the ground floor and
the rest five (5) floors above the ground, at a scale of 1:100 (Figure 147), were utilized. For
Building 2, a BIM available from a previously successfully completed Diploma thesis, was
utilized (Figure 148).

FLOOR O

Figure 147. Floor plans of the underground floor, the ground floor, first, second, third and fourth
(identical) floors and fifth floor of Building 1, at the scale of 1:200 (Source: Andritsou et al., 2022).

For the creation of the BIM, the Autodesk Revit software in combination with a set of
available georeferenced floor plans as reference data, are utilized. The BIM generation was
completed following the pre-processing steps described in Section 7.1.2. For this particular
implementation, the identification of the exact location of the legal boundaries along the
horizontal and vertical structural elements of the building, is realized according to certain
assumptions based on the Greek legislation. Thus, the conceivable lines passing through:

- the middle of the floors, walls and ceilings, in cases of proximity of the property unit

with another individual property unit or common space;

- the exterior faces of walls, floors and ceilings in the cases where the respective

structural element is adjacent to the exterior environment;
are considered as legal boundaries.
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Figure 148. The BIM representing the physical counterparts of the Building 2 (Source: Andritsou et
al., 2022).

Furthermore, the generated 3D legal spaces are enriched with the necessary semantic
information concerning the property’s RRRS, based on the developed LADM-based DBMS
schema. Before the practical application begins, a set of pre-processing steps are conducted,
aiming to make the available data expendable to the developed mobile application. These steps
are described in Section 7.1.2 and refer to the configuration and insertion of the available data
into the Cloud of ArcGIS Online. Once the required pre-processing steps are completed from
the team leader, the application can be started.

For the practical implementation the proposed crowdsourced methodology is followed. A
team of volunteers consisted of NTUA students, are used as right holders in order to proceed
with the 3D cadastral registration. As team leader a member of our research team is selected,
in order to inform the volunteers about the objectives of this research project and train them
regarding the functions of the developed mobile application and the technical preparation. Each
one of the volunteers is responsible for identifying a specific number of property units in both
Building 1, utilizing the provided orthophoto and the floor plans; and in Building 2, utilizing
the BIM; and therefore declare the necessary descriptive and geometric cadastral information
through the developed mobile application. Once the volunteers were familiarized with the
mobile application the 3D cadastral registration process started.

The volunteers are able to navigate throughout the 3D scene and locate the building and
therefore the building unit which they desire to register. With the GPS of their smartphones,
the volunteers are able to be oriented within the study area, in order to avoid gross errors.
However, the GPS is not utilized for the exact identification of the properties units boundaries,
as the positioning accuracy is weak (3-6 m), especially in the interior of the buildings. Based
on which of the two buildings the current property unit is located, a different method is followed
by the volunteers. through choosing either the ”Manual Selection” or the ”BIM Selection”,
provided by the cadastral mobile application.

For the registration of the property units of Building 1, the "Manual Selection” is chosen by
the volunteers, as BIM data are not available. Following this “route” the volunteers must follow
a set of procedural steps. In the first step, the insertion of the adequate descriptive information
regarding the declaration of rights and the right holder/s’ data is conducted, through the "ADD
INFORMATION?” tool of the mobile application. For this practical experiment, the descriptive
information about the right holder (first name, last name, and type of right); and the property
unit (address, area code, and use), are selected. Simultaneously, the volunteers may attach
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images and legal documents (in an official procedure) proving their rights, aiming to verify
their declaration. In the second step, the volunteers must identify the boundaries of the land
parcel, by selecting features (points) on the basemap (orthophoto), utilizing the digitazation
tool. In cases where the land parcel’s boundaries are not clearly recognized on the basemap, the
geometric tool provided by the mobile application may also be utilized. In the next step, the
volunteers must identify the property unit boundaries (outline), by selecting the appropriate
floor basemap in which the property unit is located, and then by selecting the necessary features
(points) on the basemap, forming the polygon of the desired property unit. Finally, the
volunteers save the data and complete the cadastral registration procedure for each of the
property units of Building 1. An example of the described registration procedure, is illustrated
in Figure 149.
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Figure 149. Example of the recording process through the "MANUAL SELECTION” option of the
developed mobile application, including (from left to right): (i) the insertion of the adequate
information, (ii) the digitized polygon describing the land parcel, (iii) the property unit to be registered,
(iv) the digitized polygon describing the building unit, on the floor basemap, and (v) the declared
building unit to be saved, in the Cloud of ArcGIS Online.
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Figure 150. Example of the registration process through the ”"BIM SELECTION” option of the
developed mobile application, including (from left to right): (i) the insertion of the necessary information
concerning the right holder, the land parcel, the building and the building unit, (ii) the identification of
the desired property (in red) through the visualization of LoD3, (iii) the selection of the desired property
in LoD1, and (iv) the storage of the collected data in the Cloud of ArcGIS Online.

For the registration of the property units included in Building 2, the "BIM Selection” is
chosen by the volunteers, as in this case BIM data are available. Following this “route” the
volunteers follow a more simple sequence of procedural steps. The volunteers are navigated
throughout the 3D building scene and view the structural and realistic characteristics of the
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building by enabling the physical view (LoD3) through selecting the respective tool provided
through the mobile application. Once the volunteers identify the desired property unit, they
close the Physical view and they view only the 3D legal objects (LoD1) of the studied building.
By tapping on the BIM at the position where they assum that the desired property unit is located,
the 3D volume presenting the legal space where the RRRs are assigned is highlighted. Then,
the volunteers insert the required cadastral information utilizing the ’ADD INFORMATION”
tool of the mobile application. Simultaneously, similar with the ”Manual Selection” the
volunteers may attach images and/or legal documents. Once the volunteers collect all the
required data, they submit their declarations, which are stored in the cloud of ArcGIS Online,
updating the system with the new records. An example of the described registration procedure
is presented in Figure 150. It is noted that during the whole procedure the team leader was at
the volunteers’ disposal in order to resolve any questions that they may have.

Following this sequence of registration steps, the volunteers are now able to complete
succesfully the registration procedure. By utilizing the ’Manual Selection” option, the average
duration of each property unit’s registration is about 8-20 min, while through the ”BIM
Selection” option the registration duration is reduced approximately to 7-14 min per property
unit. The registration duration is strongly affected by several factors, such as the familiarity of
the volunteer with the mobile application, the volunteers’ perception regarding their position
into the 3D scene, their technical skills, the complexity of the property unit’s geometry, the
location of the property in the BIM as well as the technical and qualitative characteristics of the
mobile device utilized by the volunteer. An old and underfunctioning mobile device, makes
data capturing and data storage processes particularly difficult.
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Figure 151. The generated 3D property models of Building 1 and the BIM of Building 2 in LoD3
(right), the generated 3D property models of Building 1 and the BIM of Building 2 in LoD1 (middle),
and the generated 3D property models of Building 1 and the BIM of Building 2 in LoD1, both above and
below the ground surface.

The collected cadastral data are correctly assigned to the 3D cadastral legal objects
represented both through the BIM and the generated 3D property models (LoD1) (Figure 151).
Especially for the case of Building 1, some additional quality results are extracted regarding
the accuracy of the collected geometric data. A comparison is conducted between the digitized
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property unit polygons of each building floor and the reference data. As reference data the
vector floor plans are utilized. The results are satisfactory as no significant discrepancies are
detected, as the average accuracy deviation between the compared datasets is 0.19m and their
maximum and minimum deviation is approximately 0.48 m and 0.01 m, respectively (Figure
152). It is noted, that the maximum deviation refers to misidentification of interior building
boundaries, seperating the private owned properties from the common spaces. The floor plans
of Building 1 include some architectural peculiarities (e.g., roof tiles) that are incorrectly
considered as structural elements of the building/boundaries. Finally, the generated 3D models
are correctly positioned in 3D space, representing each property unit with a different color
texture.
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Figure 152. Comparison between the digitized polygons (in solid gray) and the reference data (in
red), for each one of Building’s 1 floors.

7.3 Web-based Practical Implementations

Unlike the mobile application, the web application is examined for the utilization of high
accuracy BIM data, investigating the effectiveness of the second more preferable solution
beyond mobile applications, for data acquisition. In this Section, two (2) experimental
implementations performed in urban areas in Athens, Greece, are presented. The first test
implementation, examines the effectiveness of such web solution, while in the second test
implementation a more in-depth investigation was conducted, through integrating LADM
specifications.

7.3.1 BIM-based approach
7.3.1.1 The case study in Kaisariani, Central Athens

The first web-based practical experiment was implemented for a multi-storey building in
Kaisariani of Athens, Greece. The main interest of this test, was to investigate the functionality
of the web-based technical tool, as well as the potential integration in the 3D crowdsourced
cadastral framework. As registration basemap, a pre-existed BIM, representing a multi-storey
building, was utilized. The generation of the BIM, had been conducted through the Autodesk’s
Revit software, utilizing the georeferenced floor plans, based on the pre-processing steps
described in Section 7.1.2.

Data collection was performed in cooperation with the students of the SRSG of NTUA, who
were assumed as rights holders. Each property was assigned to a student, who was responsible
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for identifying the property on BIM, and declare the adequate information through the
developed web application. Once the volunteers’ team informed about the objectives of this
crowdsourced project and trained regarding the technical and the IT preparation, and the
functions of the web application, by a member of our research team with the role of the team
leader, the cadastral registration process begun.

Each volunteer was navigated throughout the 3D building scene, aiming to identify his/her
property. The volunteer had a clear supervision of the scene, the structural and realistic
characteristics of the building, enabling the LoD3 layer. The visualization of the building with
a form similar to its reality, facilitates and make easier the recognition of a specific property.
Once the volunteer identifies his/her property, may disable LoD3 and enable LoD1 layers —
utilizing the layer management tool - and select the volume which corresponds to the studied
property. Finally, the volunteer was inserted the necessary cadastral information, through the
editor tool. When the volunteer was selected the editor tool, a drop-down list is appeared, where
the declared data has to be entered. Once the cadastral data were determined and collected by
the volunteers, they were submitted and stored them, in the cloud of ArcGIS Online. An
example of the described registration procedure is presented in Figure 153.

Figure 153. Example of the registration process through the developed web application, including:
(top row) the identification of the desired property, (bottom row left to right) the property selection and
the insertion of the necessary information concerning the right holder; and, the building.

The registration procedure was completed successfully. The web application was easy to
use and the necessary information were correctly collected. The registration process was fast
as the registration of each property unit lasts about 5-10 minutes (average), depending on the
location of the property in the BIM and the familiarity of the user with the web environment.
The required cadastral data were collected successfully and stored in the cloud of ArcGIS
Online.

7.3.1.2 The case study in Kaisariani, Central Athens

Remaining in the same study area and expanding the number of the property units to be
registered, the second web-based practical experiment was implemented (Figure 154). At this
stage of the investigation the research had been integrated the LADM standard, as the main
data model for structuring the cadastral database. For this particular investigation, the same 3D
building models in LoD3, utilized in a previews case study (in Section 7.1.2) were utilized.
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Figure 154. The aerial photo of the test area (left) and the 3D models of the studied and neighboring
buildings (right).

For research purposes, a team of students at the SRSG of NTUA, were assumed to be rights
holders and proceeded with the 3D cadastral registration of multiple overlapping property units.
Each volunteer undertook the responsibility of identifying specific property units in the BIM
and declaring the necessary information through the developed web application. For this
experiment, the collected data included the property entity/volumetric object from the BIM that
corresponded to the studied property unit; the descriptive information about the rights holder
(first name, last name, and type of right); and the property unit (address, area code, and use).
Once the pre-processing steps were completed and the volunteers were informed and trained,
the test implementation started. An example of the described registration procedure is presented
in Figure 155.

Finally, the registration procedure was completed. The web application did not create any
registration barriers for users. The registration of each property was accomplished in about 6—
12 min (on average), while the necessary cadastral data were collected successfully and stored
in the LADM-based database, with correctly generated relationships.
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Figure 155. Example of the registration process through the developed web application, including:
(first row) the identification of the desired property; (second row) the property selection; (third row) the
insertion of the necessary information concerning the rights holder; and (fourth row) the building.

7.4  Assessment of the Results

In this Section, an evaluation of the developed technical framework, based on the outcome
of the implemented practical experiments and the volunteers’ feedback, is conducted.
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A particularly important feature of the developed framework is the adaptation to the
available geospatial background. The (re-)use of BIM data lead both to very accurate
registrations, while at the same time lays the foundation for the implementation of a highly-
accurate 3D cadastral system. In addition, the use of architectural floor plans or orthophotos of
high accuracy, contribute to the generation of an accurate outcome, preserving right holder’s
property rights. Furthermore, the developed geometric tools expand the range of applications
and the perspectives of the developed cadastral solution, as they allow the utilization of low
accuracy platforms (aerial photo, OSM etc.) as registration basemaps. Especially, in the absence
of architectural floor plans, the registration of the interior cadastral spaces is weaker. The
utilization of geometric constrains for the identification of hidden features, is indispensable. At
this point, right holders’ participation is of great importance, increasing the reliability of the
collected data, as there is no one more suitable to indicate the property boundaries than its own
resident/occupant (Goodchild, 2007a; b).

During the practical experiments volunteers seemed to be very receptive to the
crowdsourced 3D cadastral project and supportive for its implementation in real circumstances.
As emerged, their will to participate in this crowdsourced procedure was empowered by the
possible reduction of the time, costs and errors of the required cadastral procedures, enabling
the real estate market to start operating again. However, public recruitment in such
crowdsourced procedures is not easy. The contributors/rights holders have to be motivated in
order to participate and produce reliable results. Following gamification strategies, a reward for
the rights holders’ participation in the cadastral procedure, such as a discount on taxes or
registration fees for the most active, may strengthen the rights holders’ motives in order to
ensure the smooth, robust and efficient implementation of the crowdsourced process (Gkeli et
al., 2019; Apostolopoulos et al., 2018). After reviewing volunteers about their opinion on this
matter, there seemed to be a positive reaction about establishing such rewards policy.

After a proper training, volunteers were able to interact and collect data through the
developed applications, quite easily. The volunteers agreed that the developed applications are
easy enough to be learned and used, as their interfaces are designed appropriately, simplifying
the registration procedure. The prototype mobile application, developed in the context of this
doctoral dissertation, utilizes the current algorithms and techniques in 3D reconstruction.
Through using parametric 3D modelling (Model-driven approach) techniques, the 3D
modelling of the cadastral object can be successfully implemented automatically, defying the
known difficulties in 3D modeling that make it a time consuming and tedious process. Both the
developed mobile application and web application, provide a user friendly environment for the
implementation of 3D cadastral surveys. Rights holders / Users do not need to have a certain
level of 3D modelling skills in order to contribute to the registration procedure. The
applications’ interfaces are appropriately configured in order to lead and simplify the
registration procedure, minimizing the inserted errors and therefore increasing the reliability of
the collected cadastral data.

The developed mobile and web applications are distinguished by learnability, efficiency and
memorability, but there are some parameters that need to be reconstructed and updated, in order
to minimize errors and maximize users’ satisfaction during the registration process (Nielsen,
2012). During the data collection process certain bugs, weaknesses and deficiencies were
identified and highlighted from both the volunteers and the team leaders. The main group of
errors related to the functionalities of the mobile application. Its major inability was the delay
or the forced interruption of the application, during the simultaneous data storage by the users.
In this case, data may not be stored in the server of ArcGIS Online, making necessary the
repetition of the registration process. Nevertheless, this problem concerns the waiting and (re-
)connection time between the mobile application and the online database and it can be resolved

219



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

through some minor changes in the source code of the mobile application. Furthermore, another
difficulty was identified in the use of the geometric tools of the mobile application, which
depends a lot on the volunteer’s digital skills, age and perception of geometry matters. The
absence of familiarity with mobile devices, which mainly may refer to elderly people, may have
a negative effect on the procedure’s outcome. The volunteer’s inability to be oriented in the
indoor 3D space and identify known features on the basemap, may lead to incorrect point
selection, affecting greatly the achieved results. Also, the screen size of the mobile device seems
to affect the data collection process. A device with a wide screen, such as a tablet, may facilitate
the identification of the property boundaries and make the registration procedure much easier
for the volunteer.

Due to the heterogeneity of the contributors both the methodology and the technical system,
have to be carefully structured in order to provide a qualitative and reliable outcome. Data
quality is a challenging topic of primary importance for the effectiveness and reliability of a
cadastral procedure. Among various quality standards, 1SO 19157 (2013) present six (6) spatial
data quality elements (completeness, logical consistency, thematic accuracy, temporal quality,
positional accuracy, and usability) in order to assess the quality of a product. As the
crowdsourced technical framework, is structured based on the international standard of LADM,
it turns out that the collected data were well attributed, distinguished and related by logical
rules, maintaining the corresponding time stamp regarding the time period of their capture.
Also, as the responsibility for the initial data collection process is transferred to the rights
holders, who know better the boundaries and location of their properties, the reliability of the
cadastral surveys is increased by the elimination of gross errors (Basiouka & Potsiou, 2012a;
b; Mourafetis et al., 2015; Apostolopoulos et al., 2018; Molendijk et al., 2018; Gkeli et al.,
2016; Rahmatizadeh et al., 2016). Thus, the collected data are characterized by completeness,
logical consistency, thematic accuracy, temporal quality and reliability.

The registration process is fast enough and it is completed successfully without major
problems detected in each practical implementation (Table 3). Through the crowdsourced
approach presented in this research, the registration of each property varies from 3 to 20
minutes, according to the complexity of the property’s shape, the available geospatial
infrastructure and the volunteer’s digital and comprehensive skills. However, the duration of
the 3D crowdsourced cadastral surveys is quite low, which is hard to be achieved with
traditional surveying procedures. The role of the team leader was significant, resolving any
guestions that volunteers had and thus saving valuable time. Considering the simultaneous
registration of several different properties, it is obvious that the time of the required field
surveys can be dramatically reduced in the formal cadastral procedures.

Nonetheless, in such crowdsourced projects there is a trade-off between time and achieved
accuracy. As it proved by the practical experiments, the achieved (average) accuracy of the
collected data may not reach the high accuracy level of traditional topographic field surveys,
but it was very satisfactory considering that the data were collected by non-professionals and
with low-cost equipment (Table 4). It is important to state that the achieved accuracy may meet
the accuracy specifications of several countries, as Greece, where the current accuracy
specifications of the Greek Cadastre for urban areas is 0.71 m (RMSEXxy). This requirement is
covered in the majority of the implemented case studies, enhancing the reliability and
perspectives of the developed technical framework. The existence of some accuracy outliers,
such as the maximum accuracy deviation of 1.17 m and 1.71 m, is due to either a damaged
mobile phone’s screen or misunderstanding of the depicted elements of the basemap, leading
to false boundary identification and digitization. However, as has been highlighted previously
(Apostolopoulos et al., 2018; Gkeli et al., 2016), the results of a crowdsourced procedure may
be greatly improved after a proper training and briefing of the volunteers/right holders by a
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trained team leader or a professional surveyor prior or during the 3D cadastral surveys.
Nevertheless, the main objective of this fit-for-purpose approach, is to safeguard citizens' rights,
while the accuracy may be improved gradually.

3-5

Test 1

Test 2 3-7

Cartographic - Oriented Test 3 5-7
Test 4 10-12

Test5 7-12
Geometric - Oriented Test 1 15-20
BIM - Oriented Test 1 7-15

“Manual Selection’:
. 8-20
Hybrid s “BIM Selection”:
7-14
Test1 5-10
BIM - Oriented

Test 2 6-12

Table 3. Duration of the implemented 3D practical experiments.

Average Min Max
Test 1 0.15 0.03 0.36
_ Test 2 0.17 0.01 0.42
Cartographic - L. o 0.17 0.03 0.49
Oriented
Test 4 0.21 0.03 0.75
Test5 0.34 0.03 1.17
Geometric - Test 1 0.48 0.07 1.71
Oriented
. BIM BIM BIM
BIM - Oriented s accuracy accuracy accuracy
BIM BIM BIM
. accuracy accuracy accuracy
Hybrid Test 1 & & &
0.19 0.01 0.48
BIM BIM BIM
Test 1
BIM - Oriented accuracy accuracy accuracy
BIM BIM BIM
Test 2

accuracy accuracy accuracy
Table 4. Achieved accuracy of the implemented 3D practical experiments.

Furthermore, the produced 3D models were properly placed in 3D space, while some small
shape defects were caused either by the imported errors in the digitization process or by
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irregularities of the utilized DTM. These irregularities usually refer to incorrect altitudes of
certain points in the DTM, leading to significant errors. However, this drawback may be
resolved through utilizing a more accurate DTM adapted to the local surface of each country
and not to the entire globe, such as the one provided by ESRI and used for the current practical
implementations. Besides that, it is worth mentioning that the generated 3D models were
accompanied by the corresponding descriptive cadastral information, stored in a correctly
structured (LADM-based) DBMS, facilitating the post-processing and querying procedures,
which are useful in various applications.

7.5 Conclusions

A short presentation was given on the operation of the developed technical framework for
the initial implementation of 3D crowdsourced cadastral surveys. Based on this experience, it
appears that the developed framework has many Strengths, Weaknesses, Opportunities and
Threats (SWOT) (Table 5).

Strengths Weaknesses
- Various platforms may be used (orthophoto, - Depends on volunteer’s digital skills, age,
aerial photo, OSM) knowledge

- Lower geometric accuracy depending on the

- Low-cost equipment basemap used

- Dependence on visible cadastral

- Fast implementation features/boundaries

- Reliable/Crowdsourced data - Need for a wide screen device

- Immediate data collection/ create up-to-date
DBMS

- LADM standard

- M-services/ IT tools — easy-to-use
-Automated 3D modelling

- Produce preliminary 2D/3D cadastral data

Opportunities Threats

- Conflicted expert opinions for the reliability of
the derived data in the case of using low
accuracy basemaps

- Development of initial 3D cadastres
everywhere

- Acceptance of lower geometric accuracy-if
basemaps of lower accuracy are used- based
on the countries’ accuracy specifications

- Low investment cost for the commencement of
2D/3D cadastral surveys

- Potential to reduce property disputes / - Misalignment with official records or existing
transparency systems

- Reliable/Crowdsourced data

Table 5. SWOT analysis results on the proposed crowdsourced technical solution

222



Chapter 7 — Experimental Practices

The developed framework aims to provide a more generalized procedure adjustable to the
available cartographic infrastructure and financial situation of each country, including even
regions that still lack a 2D cadastral data registration. It consists an example of a reliable,
affordable, fast, qualitative and easy way for the initial implementation of a fit-for-purpose,
well-functioning 3D cadastre, even in developing countries. Depending on the availability of
the cartographic infrastructure, the accuracy of the results may vary. In countries where an
orthophoto can be provided, the achieved accuracy of the parcel units is similar to the accuracy
of “triple A” 2D cadastres. If the rights holders have floor plans that are compiled by engineers
who have constructed the buildings, the achieved accuracy of the 3D cadastre is satisfactory.
In case where BIM data are available, the achieved accuracy reach high requirements, providing
fundamental data for the implementation of an accurate and reliable 3D cadastral system. If
BIM data or floor plans compiled by engineers do not exist, there are other options to proceed
with 3D registration (i.e. geometric tools) but with reduced geometric accuracy of the final
product. However, it is always an option to improve it at a later stage. What is most important
in order to meet the Sustainable Development Goals (SDGs) in time is not the final geometric
accuracy of the 3D property unit models, but the completion of the registration of all units and
rights as quickly as possible by an affordable and inclusive method, while providing security
of rights in the most reliable way according to existing funding.
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Chapter 8

General Conclusions

8.1 Discussion and Contribution Highlights

The overwhelming technological revolution of recent decades has affected intensively the
way that geospatial data acquired, maintained, analyzed, visualized, used and disseminated.
These massive changes could not but influence the way that National Mapping Agencies
(NMAs) work, to develop modern Land Administration Systems (LAS). So far, traditional
Cadastres are mainly based on 2D maps which are inadequate to provide information about the
legal status of real estate in cases of multi-storey land use with overlapping and complex
property issues, retaining some significant gaps. Incorrect registrations, mistaken declarations,
misunderstandings and multiple disputes concerning these property rights, are only some of the
consequences of the poor management of the increasing multidimensional property rights. The
sustainable management of this complex reality requires transparency and credibility in the
determination of property rights at every level, in vertical and horizontal dimensions, above and
below the ground surface.

To get closer to resolving these issues a 3D LAS is needed in order to provide Accurate,
Assured and Authoritative (AAA) information about the multi-dimensional property RRRs.
With the advent of 3D Cadastres, 3D property RRRs of stratified objects can be described in
detail, creating a secure and transparent framework for more effective management and use of
3D space. Despite the introduction of the international standard of LADM (LADM ISO 19152)
in 2012, no restrictions have been placed on the accepted data types, 3D geometries and
representations of the cadastral objects, retaining the investigation in this field still active. The
adherence to traditional cadastral surveys with high financial and time requirements prevents
the immediate completion of such a property registration system, intensifying current problems
and prohibiting the well-function of property markets in several countries. A fit-for-purpose
approach may constitute a potential solution, ensuring that both the developed and developing
countries may appropriately build functional LASs within a relatively short time frame and
affordable costs, in order to meet the 2030 UN Agenda SDGs.

Low-cost equipment, IT tools, crowdsourcing techniques, artificial intelligence, automation,
mobile services (m-services), web services, open-source software (OSS), technical models and
international standarts, are some of the key drivers supporting this effort; while simultaneously
lay the foundations for a widely coveted ‘smart’ future world. In this context, the aim of this
dissertation has been to harmonically integrate the current research trends and technological
innovations, to provide an affordable, timely and flexible technical framework and a
methodology for the initial registration, modelling and visualization of 3D crowdsourced
cadastral data anywhere, exploiting the available geospatial infrastructure of each country and
including regions that still lack registration of 2D cadastral data. The research explored in depth
the theoretical and technological background that required to support this venture, ensuring its
alignment with the global efforts towards this direction. The precise investigation and
identification of the different types of legal objects was out the scope of this study.

The research has been focused on the most expensive and time-consuming phase of the
implementation process, which is the 3D cadastral data acquisition including the semantic
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information of the ownership status and other rights, as well as the 3D modelling and the visual
representations of the property units. As the available geospatial infrastructure, financial
resources and Cadastre progress differ from country to country, the main objective of this
dissertation was to provide an approach adaptable to the current situation of each country. In
this context, one of the first issues that have been addressed from the research was the
investigation of the alternative data sources that can be utilized for the collection of 2D and 3D
crowdsourced cadastral data. The type of the registration geospatial background is crucial as it
directly affects the quality of the collected data and the final outcome. A recent orthophoto
overlaid with the architectural floor plans of the buildings units, an updated cadastral map or
BIM data — if available — consist the best geospatial options studied in this research. In the
absence of such accurate registration background, other options may be also utilized, such as
aerial photos taken from various platforms (e.g., UAVS), other maps, or even the
OpenStreetMap (OSM), with gradually descending precisions.

At the same time, the significant advances that have been made so far in the field of digital
technology, photogrammetry and computer vision have created the conditions for the
impressive development of innovative algorithms and techniques for buildings detection,
extraction and reconstruction, providing valuable 2D and 3D geospatial information. 3D
cadastral data acquisition and modelling presupposes the establishment of a cooperative
connection between the fields of Cadastre, photogrammetry and computer vision. In the
cadastral context, photogrammetric methods have been mainly utilized for the compilation of
basemaps, namely orthophotos, for recording physical features of the landscape that are visible
from the air. In this context, this dissertation has explored the current reconstruction algorithms
and techniques, investigating: (i) the potential provision of accurate and reliable 2D and 3D
geospatial data able to assist 3D cadastral surveys; and (ii) the most appropriate 3D modelling
approaches that can manage succesfully weak and incomplete data, as crowdsourcing data are
typically characterized. The main focus of the developed methods has been on man-made
scenes, namely buildings, which are the receptacles of the individual property units.

For the provision of accurate and reliable registration backgrounds, the interest of this
research has been focused on the utilization of geo-referenced aerial imagery and dense point
clouds, produced through dense image matching techniques. Two distinct methodologies have
been developed: (i) a deep learning algorithm and a methodology able to automatically detect,
extract and vectorize buildings outlines, utilizing a relatively small dataset of aerial
georeferenced imagery, and (ii) a methodology the automated detection, extraction and
reconstruction of noisy buildings’ roof tops in densely urbanized areas, using dense point cloud
data and photogrammetric techniques. In addition, the research exploring the best-fitted
approach for 3D modelling of crowdsourced data, has focused on promoting the aspect of
automation in the modelling processes with the aim to enable non-experts to contribute. A 3D
parametric modeling algorithm was developed to provide the 3D models of the registered
cadastral objects. The algorithm receives as input: (i) the digitized polygon representing the
footprint of the declared cadastral object, and (ii) a numeric value representing the vertical
extent of the cadastral object (height). The algorithm processes the inserted data through a
footprint-based parametric modelling approach, and provide the 3D volumetric geometry of the
current cadastral object, at LoD1.

The designed technical framework was based on GIS, database and network technology,
which cooperation provides better organization, access, maintenance, and updating of global
GIS systems, such as Cadastres. Especially, the use of mobile GIS technology and wireless
services extends the recording capabilities of 2D and 3D information, since not everyone has
access to wired internet. This facilitates, simplifies and speeds up the registration procedure.
The development of the crowdsourced methodology was based on the lessons learned from
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recent crowdsourced mapping projects and findings concerning the influencing factors
affecting the motivation, the recruitment of citizens and the quality of the collected data. In this
context, the research has explored the potentials of crowdsourcing techniques and mobile GIS
technologies in 3D cadastral surveys and developed an alternative methodology, aiming to
establish an active cooperation between right holders, technicians and professionals through the
introduction of team leaders, briefing/motivation/training sessions and real-time assistance
during the cadastral registration.

The utilization of crowdsourcing techniques and m-services has already been achieved in
developing 2D cadastral surveying procedures. However, their introduction into 3D Cadastres
poses additional challenges, especially in the modelling of the 3D objects and the information
related to the 3rd dimension. So far, there is a limited number of cadastral-oriented mobile
applications, which is almost eliminated when the third dimension is entered in this context.
This dissertation explores the current 3D crowdsourced applications of the real world, m-
services, web services and open-source softwares and platforms, investigating the prerequisites
and requirements for the development of a 3D crowdsourced cadastral application. Two
discrete cadastral applications with different functionalities have been developed: (i) a mobile
application, and (ii) a web application. The mobile application serves the identification and
collection of 3D geometric and descriptive data, utilizing the available 2D or/and 3D geospatial
information, along with digitization and geometric tools; the automatic generation of 3D land
parcel and property unit models as block models (LoD1), using Model-driven approach — when
needed; the generation of the corresponding KML objects (land parcel, building unit) — when
needed; the registration of the cadastral data and their relationships within a 3D (LADM-based)
cadastral geodatabase; the visualization of 3D cadastral objects in real-time, on the mobile
phone’s screen. In addition, the web application includes less functions but offers some
essential tools needed for viewing and manipulating technical models, such as BIM data; tools
for collecting, storing and updating the 3D cadastral information regarding the properties RRRs
and the right holders; enables the addition of new or updatance of already existed registrations
and relationships within an LADM-based cadastral geodatabase. The development of these
applications was carried out with the aim of supporting the developed framework. Nevertheless,
this dissertation mainly supports the use of the mobile application for the implementation of
cadastral works. The development of the web application was carried out in order to explore
the possible alternative platforms that can be exploited.

The rapid development and expansion of smartphones with various integrated sensors,
cameras and internet access facilitates the 3D cadastral registration process, promoting their
further development in this field. In particular, the GPS / GNSS sensors included in
smartphones have contributed significantly, as a key supporting factor, to several location-
based mapping applications. However, in terms of the indoor environment their function is
problematic, as the GPS / GNSS signal is weak, introducing large positioning errors. It is
obvious that in the case of the 3D Cadastre the separation of the interior of the building and the
definition of the individual 3D cadastral objects included in it, is crucial. Especially in cases of
the absence of an accurate and qualitative registration background, this process is more
difficult. However, the recent evolution of inertial navigation systems and radio signals, such
as WiFi, Bluetooth, 3G, UWB sensors, etc., may facilitate the confrontation of this indoor
positioning weakness. In this context, the research has explored new methods for the reliable
indoor positioning, investigating the potential integration of innovative machine learning
techniques and Bluetooth technology for the establishment of an IPS; in order to automatically
provide the position of the mobile device within an indoor environment, aiming to add more
intelligence to the developed 3D crowdsourced cadastral framework.
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Another issue addressed in this research was about the effective management, maintenance
and updating of 3D cadastral data and models. The selection and use of a commonly accepted
data structure is recommended, to enable data interoperability and facilitate their potential
integration into the current official cadastral systems. The international standard of LADM has
selected to structure the collected crowdsourced data. As LADM does not define the acceptable
3D geometries and representations for the 3D cadastral objects, this research has focused on
exploring the potential modifications and extensions of the basic LADM schema, to incorporate
not only the descriptive cadastral information but also the 3D geometry of the cadastral objects.
In this context, the developed LADM-based conceptual schema was extended in order to embed
the geometry of (i) an open polygonal structure, representing the 3D spatial extent of the RRRs
relating to the land parcel, and (ii) two individual closed polygonal structures, representing the
spatial extent of the RRRs referring to the property / building units. The latter two relate to the
volume of the property unit and each one is defined as: (i) a set of polygonal features that
constitute a closed polygonal structure, and (ii) a multi-patch feature.

8.2 Main Conclusions

In this section, the basic conclusions carried out in the context of this dissertation are
presented. These conclusions concern the methodology and technical framework for the initial
acquisition, registration, management, maintenance, modelling and visualization of 3D
crowdsourced cadastral data; as well as, the potentials of the developed methods,
methodologies and algorithms for the detection, extraction and reconstruction of buildings, to
be integrated in the developed 3D crowdsourced cadastral framework. Initially, some general
conclusions are reported, while then the main findings related to the developed methodology,
technical framework and data quality are presented.

8.2.1 General outcomes

» The research indicated that crowdsourcing techniques may be a good practice for assisting
viable projects and fit-for-purpose solutions requiring the fast and economic acquisition of
2D or/and 3D geospatial information. Crowdsourcing claims a key position as a tool for
collecting and sharing geospatial information through the internet.

» Mobile devices and especially smartphones, have a prominent role as a data capturing tool
in the majority of crowdsourced projects, enabling the acquisition and dissemination of data
remotely, facilitating users to contribute from distance.

» The generation of 3D models can be accomplished by individuals without special skills
through open source solutions with enhanced automation. So, a person just needs to be
interested in contributing, to easily create a 3D building model.

> Especially for crowdsourced applications, the use of Model-driven instead of Data-driven
reconstruction methods is usually preferred, since they are characterized by higher stability,
maintenance of the topology, less computational costs and offer an easy solution for 3D
modelling that can be adopted by non-experts, leading to reliable results.

» Low-cost equipment, crowdsourcing techniques, autonomous surveying techniques,
automated feature extraction, m-services, web services, OSS, machine learning techniques,
BIMs and LADM, are some of the key technological drivers of a coveted ‘smart’ future
world; that signify a new era of acquiring, recording, modeling, visualizing, maintaining,
updating, exchanging and disseminating of both 2D and 3D cadastral data, reducing the
costs, time and human resources needed for the compilation of the cadastral surveys.
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The establishment of a 3D cadastral system able to represent and manage property rights in
a uniform, standardized and reliable way, both above and below the land surface, is of great
importance. Such a system may support the government administration and provide an
effective and transparent system for securing property’s RRRs, facilitating property
valuation, managing real estate markets in modern cities, as well as other necessary urban
reforms.

Through the developed technical solution, the initial establishment of a functional 3D
cadastre is feasibly in a short time-frame, supporting the government administration to
provide an effective and transparent system capable of securing property rights, facilitate
property valuation, managing real estate markets in modern cities, as well as other
necessary urban reforms.

It is noted that with some minor alternations, the developed technical framework may be
exploited for the fast and reliable generation and dissemination of 2D and 3D geospatial
context for a wide variety of applications beyond 3D Cadastres, such as Digital Twins,
urban planning, GIS, security applications, navigation, risks management, etc.

8.2.2  Outcome over methodology

>

The developed methodology consists an innovative approach, as it is the first attempt
introducing crowdsourcing in 3D cadastral surveys. The proposed process consists of a
series of simple and flexible stages, that can be completed quickly with the aid of low-cost
technologies, by non-professionals.

Introducing citizens’ participation, low-cost modern IT tools and crowdsourcing techniques
in the cadastral procedures showed that the participation of right holders, who know better
the boundaries and location of their properties, in this process can minimize the time and
costs of the cadastral surveys and more important it can eliminate the gross errors.

Our research indicated that through the developed crowdsourced framework the
registration of each property can be completed in minutes (for typical properties from 3 to
20 minutes), based on the complexity of the property’s shape, the available geospatial
infrastructure and the volunteer’s digital and comprehensive skills. The duration for the
registration is obviously shorter than that of traditional topographic processes. Considering
the simultaneous registration of several different properties, it is obvious that the time of
the required field surveys can be dramatically reduced in the official cadastral procedures.

The establishment of a two-way model of cooperation between right holders/citizens,
volunteers, technicians, experts/surveyors, inspectors and the national mapping agency,
speed up the implementation processes and increase their reliability.

Through the establishment of briefing and training sessions as well as the infield active
support by the team leaders, the reliability of the collected 2D and 3D data can be increased,
reducing at the same time the duration of the cadastral process.

The research showed that the recruitment of right holders to participate in a cadastral
crowdsourced project can be empowered by providing appropriate incentives. Rewarding
right holders with a discount on taxes or registration fees seemed to be a powerful incentive.
Following gamification strategies, a reward policy can be established, strengthening the
rights holders’ motives in order to ensure the smooth, robust and efficient implementation
of the crowdsourced cadastral process.

In this dissertation the use of a mobile GIS application is preferred. The selection of a
mobile GIS application is very helpful as a mobile device allows the right holders to move

229



Automated urban modeling and crowdsourcing techniques for 3D Cadastre

throughout the property and collect directly the necessary information/measurements. The
selection of a mobile application and wireless services widens the implementation range of
the developed crowdsourced approach as not everyone has access to a wired internet. Thus,
this approach may be applied for both the developed and developing countries, allowing
their access to a trusted land registry, ensuring their rights.

» The exploitation of various 2D and 3D data sources as registration background, increase
the flexibility and the adaptability of the developed methodology to the current needs,
legislation and proprietary situation of each country.

= Exploiting the rich 3D content of BIM can lead to very accurate registrations laying the
foundation for the implementation of a highly-accurate 3D cadastral system.
Especially, through the re-usage of already existed BIM can also retain the cost of the
implementation process low. Either way, the utilization of BIM can provide a better
visual representation of the real environment facilitating the right holders to locate and
indicate their properties on the model.

= The utilization of architectural floor plans or orthophotos of high accuracy or even
cadastral maps, strengthen the reliability and the accuracy of the final outcome, as they
depict elements that represent the outline or/and the fragmentation of the cadastral
objects.

= In adverse situation of basemap availability other platforms with lower accuracy can
be used, such as UAV images, OSM, etc. These alternatives can assist the registration
process but they do not guarantee the accuracy and reliability of the final outcome,
especially when it comes to registering property units that are not visible in the
available basemap and have complex geometry. To overcome this drawback, the
developed technical framework proposes three solutions:
(i)  the use of geometric tools provided from the mobile application;
(if)  the exploitation of the GPS/GNSS sensor of the mobile device, for the outdoor
environment;
(iii)  the establishment of IPS, for the indoor environment where the GPS/GNSS
signal is weak.

The research showed that the combined use of all the available 2D or 3D data sources into
a single solution, can further accelerate the required cadastral processes and lay solid
foundations for the initial implementation of 3D Cadastre, both in the Greek territory but also
in other countries, regardless of whether they have already established a complete 2D cadastre
or not.

Specifically, for the development of image-analysis and reconstruction techniques, the
following conclusions have emerged:

» The exploitation of modern innovative image-analysis techniques can be considered as a
good alternative for producing 2D and 3D geospatial basemap, with relatively low financial
and computational costs.

» Computer vision technology in combination with low-cost innovative photogrammetric
techniques can provide qualitative 2D and 3D information concerning the built
environment, that competes the outcome of highly-expensive LiDAR systems. The
utilization of 3D point clouds derived from dense matching techniques can be combined
with photogrammetry-based methodologies to generate valuable 3D geospatial content for
3D Cadastre.
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» The developed methodology for the detection and reconstruction of noisy building roof
tops, processes a dense point cloud and classify it into points sets representing: (i) the
structural elements of the building roof tops, and (ii) the non-roof tops elements. After the
removal of the non-roof elements, proceeds with the imposition of several general
constrains referring to the structure and the shape of the buildings. Finally, the
reconstruction of the buildings roof tops is achieved through the partial reconstruction of
the buildings roof tops structural elements. The outcome of this process can be exploited to
provide accurate 3D information regarding the buildings structure or utilized for the
complete 3D modelling of the buildings. This information can support the implementation
processes of 3D Cadastres and 3D crowdsourced cadastral surveys, in case that the
geospatial resources are sufficient. The developed methodology consists a reliable, cost-
effective solution for the fast generation of 3D geospatial information or/and 3D models of
buildings. Through the visual observation of the 3D reconstruction, the process of
identification of the building in which the respective property is located is facilitated. This
is significant in densely urbanized areas where the separation and identification of buildings
and properties is very difficult by using only a cartographic background (orthophoto, aerial
image).

» Deep learning techniques can improve the performance of building detection, playing a
critical role in promoting the accuracy of applications of automatic mapping. The
developed methodology for buildings detection, extraction and vectorization is based on
this finding. It exploits the capabilities of the U-NET++ deep learning algorithm; propose
an alternative loss function, aiming to optimize the identification of buildings outlines; and
provide an automate extraction and vectorization framework for buildings outlines. To
work, a geo-referenced orthophoto of the study area is required as input, while as output it
produces the geo-referenced vector outlines of the buildings with satisfactory accuracy. The
developed methodology consists a cost-effective solution for the fast generation of a
valuable georeferenced vector background, that can be utilized as registration basemap for
the implementation of 3D crowdsourced cadastral surveys. However, this particular
methodology is best suited to residential or industrial areas with sparsely distributed
buildings.

» The data produced through the developed image-analysis methodologies, can be utilized
by a wide variety of applications besides 3D Cadastre, such as urban planning, GIS, etc.

8.2.3  Outcome over the technical system

» The developed mobile application is designed appropriately to lead and simplify the
registration and 3D modelling procedure. It includes the necessary tools and functionalities
for the: (i) visualization of the available 2D and/or 3D geospatial backgrounds; (ii)
determination, digitization and automated 3D modelling of the cadastral objects; (iii)
generation of the corresponding KML objects; (iv) visualization of the declared cadastral
objects in real time, both above and below the ground surface; (v) storage of the geometry,
KML representation, descriptive information and relationships between the registered
cadastral objects, within a 3D LADM-based online cadastral geodatabase - if an internet
connection is available. The generation of the KML representation simplifies the
visualization of the registered 3D property models on a variety of different platforms, such
as GIS, etc.

» The research showed that in addition to a mobile GIS application, a web GIS application
via a desktop computer can also be selected, but prohibiting the user from moving around
the property to acquire directly data/measurements. Nevertheless, the increased software
and hardware capabilities of a desktop computer combined with the larger screen are the
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undoubted advantages of this option. However, the choice of the most appropriate capturing
tool is always related to the purpose of each application.

» The developed web-based application was focused on the manipulation and registration of
BIM data. It includes different functions compared to the mobile application, which offer
a better view of both the exterior and interior environment of the BIM. This is achieved
through (i) the layer management tool, that allows the user to choose which feature layers
to be show or hide, and (ii) the building slicing tool, that allows the user to create a section
on the BIM and view the interior environment. To confirm or capture important
measurements concerting property metrics, the web application provides a 3D measuring
tool that allows the user to measure 3D lengths or areas within the 3D virtual environment.
All the numeric and descriptive information are registered through the editor tool to create
new or update the current declaration cadastral information into a cadastral online LADM-
based database.

» The developed mobile and web applications are easy enough to be learned and used from
non-experts. The compilation of the registration process through the applications is affected
by three main factors: (i) the volunteer’s digital skills, age, perception of geometry matters,
(ii) the good operation of the capturing device and especially the screen condition of the
mobile device, and (iii) the quality of the internet connection. For the first category of
factors, the research indicated that through proper training, online tutorials and real-time
assistance, the usage of the mobile application is possible even from elderly people with a
moderate relation to smartphones and internet. However, the second and third category of
factors refer to unbalanced parameters which cannot be avoided but rarely occur.

> Both applications support processes and operations that allow them to tolerate and manage
different data types, and more specifically geometric and parametric structures such as
points, lines, planes, surfaces, volumetric objects and BIMs.

» The choice of ESRI product to proceed with the development of the mobile and web
applications is only one possible implementation of the developed approach. Other open
source platforms can also be used for the development of such software applications.

As for the integration of LADM into 3D crowdsourced cadastral surveys, the following
conclusion have emerged:

» Through the integration of LADM standard, a common communication language is
established, enhancing the exchangeability of data both between the involved parties within
the same country as well as among different countries. Thus, the collected data are
characterized by completeness as they are appropriately attributed, distinguished and
related by logical rules and maintain the corresponding time stamp regarding the time
period of their capture. This, allows the timeless monitoring of the collected crowdsourced
data.

» The research showed that until now the LADM lacks of a connection with widely known
spatial models, such as BIM; and, does not define the acceptable 3D geometries and
representations for the 3D cadastral objects, consisting still an active research subject.

» Another important aspect affecting the uniform integration of BIM data in the cadastral
process, is the identification of the exact location of properties boundaries, following a
standard framework. The detailed definition of the location of the properties boundaries is
not precisely described in the current legislation, contacting their definition to the
interpretation of the respective laws and the main principles of the Customary Law. The
development of a commonly accepted standard concerning the imposition of a uniform way
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for defining the location of the properties boundaries, is needed, facilitating the inclusion
of BIMs in 3D Cadastre.

The future world of smart cities needs proprietary BIMs as a clarifying tool, providing a
clearer picture with relation to property RRRs. While BIM may be used to provide the
geometry of the complex physical buildings’ spaces for 3D Cadastre, it should also be
connected with a legal model and especially LADM. The establishment of this linkage can
provide a better understanding regarding the spatial extent of the legal RRRs, ensuring
clarity to legal issues and avoiding improper behaviors and disputes between the
stakeholders.

The developed database schema proposes an alternative extent to the current structure of
LADM conceptual schema, including: (i) a simple description of the geometric
representation of the cadastral objects, as polygonal objects (open or closed), and (ii) a
potential linkage between LADM and BIM/IFC standards, focusing on the connection of
the legal spaces defined in BIM through the IFC standard and specifically through the
IfcSpace entity. This connection concerns only the legal spaces defined in BIM, assuming
that they are corrected delimited. The establishment of a more solid connection between
LADM and BIM including also the physical counterparts of BIM and the identification of
the different types of legal objects was out of the scope of this study.

The developed framework results in the generation of an up-to-date 3D cadastral database,
which may be further processed by the cadastral agency in order to proceed with the
necessary evaluation and control of the submitted data.

Exploiting the capabilities of a web server to store and maintain the collected geospatial
data is significant. It allows the immediate import of new records, the updating of existing
records in real time, and facilitates their management from remote environments. The
development and maintenance of such a platform has several benefits for the efficient and
sustainable management of the land, real estates and a variety of other services.

8.2.4 Outcome over the data quality

>

In order to be able to evaluate and criticize the quality of a crowdsourced project, we should
first consider the purpose of its implementation. For this particular research the
fundamental question that need to be addressed in order to evaluate the quality of the
crowdsourced data is: “Is the achieved quality adequate according to the purpose for which
the data are collected?” The answer to this question is that safeguarding the property RRRs
is imperative even if the achieved accuracy does not satisfy the high precision specifications
of the current 2D land registers. A fast, reliable but not highly accurate solution can be a
starting point for the initial collection of cadastral information, which accuracy may be
improved at a later stage of the cadastral procedures.

It should be noted that most cadastral systems, even some long existing cadastral systems
in developed countries, may need to improve their geometric accuracies in some parts of
their jurisdiction. The most common reason is that long existing systems do not usually
have a unified geometric accuracy, as parts of the country were surveyed at different
periods and most of the cadastral diagrams were digitized from existing analog maps.

Using the current tools, such as UAVS, right holders participation and mobile applications,
it is possible to gradually improve the accuracy as well as completeness -if and where
needed- in a fast and affordable manner. Also, maintenance of the systems may be achieved
more easily in future by using such tools. This may require some legal amendments,
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especially if restrictions in using the cloud are in place. However, this is not the case for
many countries.

» The developed framework follows a fit-for-purpose approach, good enough for managing
current land issues within a specific country or region at an affordable cost, rather than
simply following advanced technical standards. The quality check of the data may be
conducted by a NCMA, which, in this case, can operate as a gatekeeper of the crowdsourced
3D data.

» The research showed that the developed technical solution can provide results of
satisfactory accuracy, e.g., with an average deviation of 0.20 m. Even in adverse cases of
basemap availability, the developed solution provide result with an average accuracy of
0.50 m. The achieved accuracy may seem insufficient but it should be noted that it may
meet the accuracy specifications of several countries, as Greece, where the current accuracy
specifications of the Greek Cadastre for urban areas is 0.71 m (RMSEXxy).

» The developed parametric modelling algorithm can provide reliable results exploiting the
input data, concerning: (ii) the digitized polygon referring to the declared cadastral object
(land parcel or property unit), and (ii) the numeric information regarding the height of the
declared property — when needed. An important parameter for this process to be
successfully fulfilled is the quality of the utilized DTM. A relatively low-quality DTM may
lead to some small shape defects, while this may be avoided with the utilization of a highly
accurate DTM. However, for the purpose of this research the use of the freely available
DTM of ESRI was led to satisfactory results, even including some — rarely occurred —
altitude irregularities (“altitude jumps”).

> It is noted that although the final model appears in its correct position horizontally, some
ambiguities regarding its vertical alignment remain. This is mainly due to the used DTM,
which in our study area appears at a higher altitude than in the real world. The result of this
mismatch is that the ground floor of the building appears to be below the surface of the
ground. However, this problem can be solved by using a more up-to-date and accurate
DTM. Nevertheless, the final result is satisfactory for the purpose of this research.

» As the data were collected by non-professionals and with low-cost equipment the existence
of some gross errors is inevitable. However, all these weaknesses should be identified and
corrected through the control stage by professional surveyors, informing right holders to
take appropriate actions to correct them.

» The use of the mobile application directly by professionals leveraging the knowledge of the
right holders can lead to a further reduction of errors and therefore of the necessary controls.

» Finding the balance in which citizens wish to collect and contribute data through a relatively
simple procedure in a way that quality of the data does not deteriorate.

8.3 Future Research

In addition to the topics covered in this dissertation, there are several aspects that can be
further investigated. In this last section, some thoughts and ideas for future research are
discussed. The main issues that may be considered for the next step of this research include:

» A larger scale implementation of the proposed technical framework aiming the detection
and correction of potential weaknesses that may occur in wide range applications, such as
at city level.
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» The implementation of practical experiments using the 2D or/and 3D outcome of the
developed image-analysis methodologies as cadastral registration backgrounds, to
conclude about their potentials for this process.

» The investigation of the potential controls on the collected data in order to reduce the
manual interference in the control process and automate the procedure.

» The investigation of integrating the developed mobile cadastral application with a
Bluetooth-based IPS, similar to the one explored in this dissertation; the practical
application of the optimized system for Indoor cadastral surveys; and, the exploration of
signals from technologies other than Bluetooth, such as wifi, etc., or the simultaneous
processing of signals by heterogeneous sensors (e.g., Bluetooth and WiFi signals) to
increase the accuracy of Indoor cadastral mapping.

» The further investigation of 3D reconstruction algorithms, methods and techniques, for the
exploitation of images taken by smartphones for the automatic generation 3D
building/property models able to support 3D crowdsourced cadastral surveys.

» The development of a conceptual scheme for the establishment of an integrated link
between the legal model of LADM and the IFC standard, in order the exploitation of BIM
technology in the implementation of the 3D cadastre to become feasible in official basis.
Within this framework, it is also very interesting to explore and establish a common
framework for defining the position of legal boundaries.

Another issue that can be explored is the use of alternative platforms for the development of
cadastral mobile application software. Utilizing ESRI tools is an initial choice but not unique.
The use of other 3D geospatial platforms, such as Cesium (Cesium, 2022), consist a good
alternative that can be investigated at a later stage.

Finally, although this dissertation focuses on the 3D cadastre, the utilization of the developed
algorithms, methodologies and software can be used to support a wider range of applications
related to both 2D & 3D geospatial information acquisition, 3D modeling and change detection.
The adaptation and extension of the developed technical framework to another application area
is of great interest. Other areas of application that can be explored include DTs, risk
management, urban planning, GIS, etc.
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