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Abstract

“Smart cities” is a relatively new scientific field, applied to an increasing number
of application fields. This evolution though, urges data collection and
integration, hence major issues arise that need to be tackled. One of the most
important challenges is the heterogeneity of collected data, especially if those
data derive from different standards and vary in terms of geometry, topology and
semantics. Another key challenge is the efficient analysis and visualization of
spatial data, which due to the complexity of the physical reality in modern world,
2D GIS struggles to cope with. So, in order to facilitate data analysis and enhance
the role of smart cities, the 3'¢ dimension needs to be implemented. Within this
context, standards such as the CityGML and the Industry Foundation Classes
(IFC) although fulfill this necessity, they present major differences in their
schemas, thus rendering their integration a challenging task. On one hand,
CityGML is an open standard that stores and represents information of the
entities that can be addressed in a modern 3D city model, while on the other
hand IFC describes in maximum detail the construction of a building from an
architectural point of view. The aim of this thesis is to investigate the integration
possibilities of the aforementioned standards, starting from generating the IFC
model and ending with generating a CityGML LoD 4 model, able to preserve its
semantic information and be further extended with multiple attributes and
properties.

The 1% step of the methodology is the development of the prototype models in
BIM, which represent real-world objects. The modelling procedure is presented
and analyzed with respect to the key differences that can be noticed between IFC
and CityGML in terms of geometry and semantics. Within this context,
information that are critical for the correct mapping of semantics are extruded
and utilized in the stage of conversion and enrichment. By generating the IFC
model there is an opportunity to investigate common errors that might be
included in a model such as overlapping surfaces and develop a conversion
algorithm that is able to tackle them efficiently.

Secondly, follows the conversion of IFC to CityGML LoD 4 model by
implementing Extract Transformation Load (ETL) process. The entities of the
IFC model are extracted and manipulated separately. The process is divided in
two stages: geometric correction and semantic mapping. With regard to the
geometric correction, it is further sub-divided in geometry processing inside
FME Workbench and geometry processing in Trimble SketchUp. Semantic
mapping occurs inside FME Workbench and complies with the CityGML
principles. The CityGML LoD 4 model is generated and evaluated both
geometrically and semantically. Then, the preservation of semantics is
investigated. The type of semantics that are taken into consideration in this
thesis are: (i) general semantic information that exists in every IFC model, (ii)
semantic information with respect to the texture and material of each boundary
surface that can be implemented for energy management purposes and (iii)
semantics that contain attributes and properties with respect to the legal and
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cadastral aspect of a 3D model. The aforementioned semantic types can be
located in multiple CityGML features. More specifically, the material surface
refers to the boundary surfaces of the model, the generic semantics refer to
components and boundary surfaces of the model and legal information refer to
the interior “free space” of the model. The last step of the developed methodology
involves the transfer of the preserved semantics to the CityGML model. This is
feasible either via (i) Generic objects and attributes or (ii) CityGML ADEs. Both
methods are investigated and the results are clearly presented.

Lastly, an evaluation of the overall process takes place, in response to the
research questions. Additionally, conclusions and general remarks regarding the
advantages and disadvantages of the presented methodology are presented. The
complexity of the process allows for future research work included in 3D
modelling, data conversion and model extension. Concluding remarks for both
standards are briefly presented in the final part of this thesis.
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IMepiAnym

Ye pia emoyr) mov 1) cuAAoyn mAnpodopiag €xel katootel Bxitepa TpocPdotpn,
elvat onpovTiko va epeuvnBolv ta epyadeia pe T omoia pmopei v aglomoinOei, e
oKOTd TOV OAOKANPWHEVO oXeSopd ylo tnv ovamtuén piag meploxng. H
OUYKEKPIUEVT] HETUMTUYIOKY E€PYNOiot €x€L WG OTOXO Vo OLEPEVVIOEL TN
SIOAEITOUPYIKOTNTA OUYKEKPIHEVWY €pydAeiwv kol mpotinmwv ['ewypadikwv
Yvotnudrwyv [TAnpodopuwv mou givat oe B€om v SexToUV Kal var SLog(ELPLOTOVV TNV
umdpyovoa TANpodopic Kal v STLIOUPYIOOUV EVX TPLESLAOTATO HOVTEAD TTOATG.
Avamtooetou pio peBodoAoyia Tou emiyelpel VO AVTIHETWTTICEL TIG IOIUTEPOTNTES
petol twv avorytwv tpotumtwv CityGML kou Industry Foundation Classes (IFC).
To CityGML amoteAel éva avoiytd mpdtumo amobrjkevong kou Swyeipiong 3D
povtédwv moAewv [OGC 12-019, 2012], evw to IFC eivat éva avorytod mpdtumo mou
nepiEyel mAnpodopic ya tov kikAo {wrig evog ktnpiov [buildingSMART, 2007]
Ko vAomoteital péow tng Stadikaoiog Building Information Modelling (BIM). Ta
Bripata TG edappoyng peAétng meptiapdvouy tn dnpovpyic evdg ToAvTAokou
3D IFC povtéAov, tn petatpomn tou oe CityGML LoD 4, tqv épeuvva yio T
datripnon ¢ apyikng mANpodopiag Kol TN ONUACIOAOYIKY) EMEKTAOT] TOU
povtédou pe mAnpodopia mov pmopei va alomomnBel oe StdpopeTikoUg TOpE(S
epappoywv.

CityGML & IFC

To CityGML eivou éva povtédo onpactoAoyikng mAnpodopiag, ylo TNV Giekovion
TPLOSIAOTATWY AVTIKEIHEVWY, Ta omtoia eivat Suvatdv va Stapotpadovton petodl
twv Sdopetikv edappoywv [OGC 12-019, 2012]. H ouykekppévn auty
duvatdtnta, gival Blaitepa xpriotpn 6cov adopd tn ox€on KOGTouG-0PEAOUC TNG
dnuovpyiag evdg TPLoSIAOTATOU HOVTEAOU, HING KL ETITPETEL TNV TWANGCT] TWV
Blwv dedopévwv o avumpoowmoug dadopetikwy mESiwV  ebappoywV.
Evdeiktika medio edpappoywv, mepdapPdvovv, tov oxeSlaopO TOAEWV, TNV
OPXITEKTOVIK] TWV KINPIiwV, TOUPIOTIKEG Kol Puxoywylkeg SpaotnploTnTeg,
mepBaAroviikeg mpooopolwaoelg, dtoyeiplon a&lwv yng, kot mAonynon melwv Kot
odnywv. To CityGML éxe1 oxedxotel wG €vat HOVIEAO OVOLXTOU TOKETOU
dedopevwy, Poaciopévo otn popdn apyeiov XML, y tnv amobnkevon kot
HETADOPA TWV EIKOVIKWV TPLOOIAOTATWY HOVTEAWY TOAewV. Opilel TIC KAXOTELG Kot
TI OYE0EIC YIX TA O oUVNOIopEVH TOTTOYpaAdIKA OVTIKEIPHEVA O Hiot TOAN ME
0€BACHO OTIC YEWUETPIKEG, TOMOAOYIKEG KOl ONHXGLOA0YIKES 1310TNTEG TOug. O
OPLOHOG TNG TTOANG, eV MEPIAXUPAVEL XTOKAEIOTIKA TIG SOUIKEG KATAOKEVESG OTIWG
KNP, OAA& kou T PAdotnon, tig vddrtiveg emdadveleg, k.&. Emiong,
mepAapPdvovtal, ot lepapyikeg Sopeg petadl Twv BeUATIKOV KAATEWY, CYETELS
HETAEY TV aVTIKEIPEVWV Kt oL Ywpikeg 1810tnTeS Toug. To CityGML ebapudletat
TOCO O€ TEPLOYEG TTOAAWV TETPAYWVIKWOV HETPWY OGO KL O PIKPOTEPES KA €LVl
oe 0¢éon va avamaplotd to €3adog Kol T AVTIKEIHEVH TAVW Of oUTo, OF
Stadopetikd emimedo TAnpodopiag Tautd)pova.
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To CityGML vmootnpilel mevte Swadopetika emineda mAnpodopiag(LoD) ta
otmoia SIEVKOAUVOUV TNV ATOTEAECATIKT] OMTIKOTOINOT) KL TNV PEATIOTN atvAAvon
twv dedopévwy (Ekdva 1). Ze éva apyeio CityGML, to i81o avtikeipevo pmopei va
amewkovifetar  oe  Sadbopetikad  emimedo  mAnpodopiag  TOWTOXpOVY,
EVEPYOTIOLWVTAG HLE AUTOV TOV TPOTIO Th SUVATOTITA AVAAUOT|G KoL OTTTIKOTOMonG
TOU QVTIKELEVOU He epdaot oTiq Stadopetikég Pabpideg Tng omTiKnig aVAAUOTG.
EmumA¢ov, dvo dwadpopetikad CityGML oapyeia mov meptdapPavouv to {10
avtikeipevo oe Studopetikd emimeda TAnpodopiag, eivor Suvatd va suvduactoliv
o€ v Kovo povtedo. [apoAa autd, eivor euBuvn tou xprjotn va eéaodorioel Twg
ta dvo avtikeipeva pe Studbopetikd emimedo mAnpodopiag, ameikovi{ouv to idlo
QVTIKEIHEVO OTOV TPAYHATIKO KOGpo. To yaunAotepo eninedo mAnpodopiag LoD
o eivau éva Pnoakd Movtedo Edadoug dvo dixotdoewy, mvw amd To omoio
pmopel vo tomoBetnOei pice agpopwtoypadia 1 évag xdptng. To ktrpla eivon
Sduvatov va ametkovi{ovron oe LoD o péow twv epfadwv toug 1) pe moAlywva Twv
dotaoewv twv okemwv toug. To LoD 1 ameikovilel ta KTHpLot TPIOPATIKK LE
eminedeq okemég. Ev avtiBeoel, éva ktrplo oto LoD 2, epdavilel tig Siadopég
HETaV TwV OKEMWV Kal TNV eEWTePIKT) OMTIKY TANpodopia twv ktnpiwv. To LoD
3 OTEIKOVILEL APYITEKTOVIKA LOVTEAN [LE EVTOVEG AETTTOUEPELEG GTOUG TOLYOUG Kol
TIG OKEMEG Kol oUXVA teptAapBdvet moapdBupa ko dpteg. To LoD 4 cupmAnpavel
évae LoD 3 povtédo, mpooBétoviag eo0wTepIKEG KATAOKEVEG ota KTipla. [
mopadetypa, ta ktple oto LoD 4 amaptilovron ammd SwHATIH, E0WTEPIKES TTOPTEG,
gowTePIKEG okdAeg ko émmAx [OGC 12-019, 2012, ogA. 11].

Ewéva 1: Enineda mAnpodopioag (LoD) oto CityGML [ITnyr: OGC 12-019, 2012]

H Sxdkacior BIM eivan pioe 3D Siadikaoio povredomnoinong n omoio meprypadet
TIC YEWHETPIKEG KL OMHACLOAOYIKEG (OLOTNTEG €VOG KTNPIOU KAl OUGLOCTIKA
mapakoAovBei kat meptypddel Tov kUkAo {wrig Tou ktnpiov. Mmopel emopévwg va
oplotel oav TNV Yndlakni avamopdoTacTt) TWV AEITOUPYIKOV XOPUKTNPLOTIKWOV
€vog ktnpiov kot Tov eupltepou mepidArovtdg tou [Isikdag & Zlatanova, 2009].
YNuepa, N dadikaocioc BIM oamotedel €va moAU onpavtikd epyoAeio yloo tnv
Katovopr) tng mAnpodopiag katd tn AN amoddoewv ot dnplovpyia Kot mopeia
evdg ktnpiov. Emiong, n xpnon wm¢ OSwdwkaciag BIM kabiotd Suvarr tm
ouvepyooio SLpopeTIKWV ESIKOTHTWV UNYAVIK®V KaBdAa Ta 0TAdIa Tou KUKAOU
(wng tou ktnpiovu, Snuovpywvtag €tol pio Pdon ywx v avavéwon Tng
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mANpodopiag Tou KTNpilov e 0KOTO TNV 000 IO SUVATOV KEST] TPOSAPLOYT) TOU
OTIG VEeQ amoutijoelg tou ekdotote oyedloaopol (mpdtlext). Ta BIM povréda
ptopovv va dnpovpyndolv ammd mOAITIKOUG UNYoVIKOUG 1) ApXITEKTOVEG KT TN
daon oxedloopov n ddpunong evdg ktnpiov.

Ot Howell & Batcheler [2005] Sixtimwoav ta mAeovektripoata g Stoadikaoiog
BIM wg €&nc:

o Tewpetpikn akpifelx Tov povrédov

e Avvatotnta dnpoupyiog avTiKeIHEVWY SpOPETIKWOV EISIKOTITWY OF €va
KOLVO HOVTEAO

e Avvatdtnra evkoAng avaPadpiong twv SOUIKWV oToLXElWY EVOG HOVTEAOU
(mopteg, mapdBupa), SlHTNPWVTAG TO PE AUTOV TOV TPOTTO GUYXPOVO OTIG
AAAOYEG TTOU SEXETAUL TO TPAYHATIKO KTHPLO

¢ H ocuykévrpwon ¢ mAnpodopiog oe éva apyeio BIM Sivel tn Suvarodtnta
ylo v €UkoAn mpocOnkn evdexOpevng HeAAOVTIKIG mAnpodopiag,
KaOIoTOVTOG TO HOVTEAO 18laiTEpA EUYPNOTO.

To mo gupews S1dedopévo ONUACIOAOYIKO HOVTEAO TO omoio ehappdlel ™
Stadikasio BIM eivau to mpotumo Industry Foundation Classes (IFC). To mpdtumo
[FC eivou éva povtédo avoiytol Kwdlka To omoio €xel avormtuyBel amd tov
opyaviopd buildingSMART kou Baoiletou otnv yAwooa EXPRESS wg pédog tou:
STandard for the Exchange of Product model data (STEP) standard (ISO 103030)
[buildingSMART, 2013].

To mpdtumo IFC ypnoipomoteitat yix va meprypadel, avtaAAddet, diopotpalet kot
opilel mwg mpemel N TAnpodopio va amoBnkeveTan Kot va StoxelpifeTon KAt Tov
KUkAo {wijg evog ktnpiov [El-Mekawy et al., 2012]. Amotelei to SieBvég mpdtumo
ywx v BIM povtedomoinon kot Xprolpomoteitan yix va Snoupyel To HOVTEAO
piog eykoardotoong mov Oo mepiéyel OAn tnv mAnpodopia kat Tig oxeoelg pHetov
Twv dopikwv tNng otoiyeiwv. Ot 3 faoikég katnyopieg yewpetpiog yix to IFC 2X3
eivou oL akdAouBeg: b-rep, swept volumes ko CSG kou ta emimeSo AemtopépeLog
AMEIKOVIONG €VOC KT piov kupaivovton artd LOD 100 péyxpt LOD 500.

E&€Nién tn¢ epevvnrikiic Spaotnpiotntag puéxpt onuepa

H péxptLonpepa épevva yOpw amo tn Siepevivion tng SIHAEITOUPYIKOTNTAS TwV SU0
MPOTUMWV €0TIALEL OTNV €MIAUCT) TWV ONUAVIIKWOV YEWHETPIKWOV Slxpopwv mTou
ToPATNPOUVTHL HETAEY TOUG. AVaSEIKVUETIL OHWG T) VAYKT) KOL YLO TNV SLXTI PO
NG ONHACLIOA0YIKNG TTANpodOopiag, 1 omoio SV pPeTAdEPETAL KATA TNV HETATPOTN
tou povtrédov. H ouykekpipévn epyacio €xel wg oKomod vo Tpooeyyioel ta
TOPUKATW EPEVVITIKA TTeSio:

1. Anpiovpyio povteéAov oto avwtepo eminedo Aemtopepeiag (CityGML LoD
4).
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2. Awxrrpnon tng onpactoAoyiknig TAnpodopiag mou mepiéyetan o v [IFC
HOVTEAO.

3. Metadopd g onpacioroyikng mAnpodopiog oto TEAIKWOG TapayOHeEVO
HOVTEAO, WoTe va pumopei va alomoinBei o€ didopetikd medio epappoywv.

[Tpokepévou va emitevyBolv ta avwtépw {nTripata, a&lomoteitar n Sadikacio
Extract Transformation Load (ETL), n omoia emtpenet tnyv Sidonaon tov IFC
HOVTEAOU OTIC eMIPEPOUG OVTOTNTEG TOUG Ko Tnv Slokpity Swoyeiplon Kot
petatpory g kabe piag. Emiong, to ouykekpipévo epyoAeio, emtpemel tnv
amoBnkevon kot St pnon tng mAnpodopiog kaBdOAa Ta oTASIA TG HETATPOTNG.
Tédog, eivou Suvarr) 1 S10pBwon Aadwv mov emnpedlouV TO TEAIKWG TOXPAYOHEVO
HOVTEAO, TOCO O€ YEWHETPIKO OO0 KL OE OTIACLIOAOYIKO emMimedo

2TOXOL TG LETATTTUYIAKT]G EpYATiog

To Poaocikd epeuvnTIKO €PWTNHA TOU KOAEITAL VO OTOVTIOEL 1| GUYKEKPLUEVT
epyooio eivat:

«[lwg n mpotewvopevn peBodoAoyia Sioxelpileton tn HETATPOTI TG YEWHETPIOG
KoL TG ONHactoAoyikng mAnpodopiag amd to mpotumo IFC, étol wote va
dnpovpynoet €va ouvpPatd povtédo pe to mpotumo CityGML oe emimedo
Aemtopepetag LoD 4 xou o€ moto Babpd Siatnpeitoun kou a&lomoteitou n vdpyovoa
onpacloAoyikn mAnpodopio;»

[Tpoxelpévou TO TUPUTTEV®W EPWTNHN VA YIVEL TTLO KXTOVONTO Kol VO SIEUKOAUVEL
v tedikn ofloAdynon G epyaoiog, pmopel vo SloTAOTEl OE EMIUEPOUS
EPWTN LT

1. [loeg Boutepdtnteg mapovoid{ovral KATA T HOVTEAOTOINOT HEOW
Building Information Modelling (BIM) og ox€on pe tn yewpeTpio Ko T
onpaoiodoyikn mAnpodopia oto CityGML;

2. Koata tn dwdikacio tng petatpomng, mola peBodoAoyikn mpoceyylon
akoAovBeitou oyetika pe TN Sloyelplon NG YEWHETPIONG Kot TNG
onNHaoloAoyIKnG mAnpodopiog;

3. Kotd mécov o adydpiBpdg mov dnpiovpyeital eivar KATAAANAOG i éva
GAAO KTHPLO KAL TTOLX XELPOKIVITT TTPOCUPHOYT) XPELRLETOL TPOKELUEVOU VO
KOTOOTEL KATAAANAOG Ylot TN HETATPOTTI] TOU VEOU KTnpiov;

4. Me molovg tpoémoug pmopel va emektafei onpacioroyikd to CityGML
HoVTEAO Kal twg tpoatiBetou 1 TAnpodopia oe mepfdriov BIM;

O 0oKOTOG TNG CUYKEKPIUEVNG HETAMTUXLOKNG €pyaoiag eivat 1 Siepeviviion piog
pebodoAoyiog 1 omoia mweptAopPavel TNV HEAELT Ko ov&TTTUEN GUYKEKPLUEVWV
epyoreiwv pE oOKOmMO TNV  TOPAYWYN ONHOCIOAOYIKK  EUTAOUTIOHEVWYV
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TPLOSIAOTATWY HOVTEAWV TOU pmopoUv vo elooyBolv oto mepifdAiov piog
¢&umvng moAng. H pébodog mov avamtiiooetal €xel wg okomd v petatpéPel eva
IFC povtédo oe CityGML Level of Detail (LoD) 4. Eva povtédo CityGML LoD 4,
mepAapfdvel to péyloto G mAnpodopiag mou vmootnpiletar amd TO
ovykekpipévo mpdtumo. [Mapdra avtd, 1 onpacioroyikn mAnpodopio oto IFC
elval onpovtikd mepiocotepn oe oxeon pe to CityGML. e autd to mAaioto,
dlatnpolivtal T ONUACLOAOYIKA OTOLYElX TOU  TepLypadOUV  YEVIKEUUEVES
11otnteg tov IFC, kabwg kot n mAnpodopia mov meptypddel Ty emidpavela Kat To
UVAIKO KOTOOKEUNG TwV KINplwv KabwW¢ Kol TI§ VOUIKEG KOl KTNHOTOAOYIKEG
1016tnTeg £vog povrédov. H ouykekpipévn gpyacio epeuvd Ao T oTASIX Yo TNV
teAkn mopaywyr evog CityGML povtéAou. TTio ouykekpipéva, Eekivdel amd to
otédo t¢ 3D povredomoinong péow BIM kot dnpiovpyolvtal HOVIEAX TOU
QVOUTOPLOTOUV KTHPLX TOU TPAypatikoU kOopov. To emdpevo otddio mou adopd
v petatpomnn yivetou alomoinvrog tn Siadikaocio Extract Transformation Load
(ETL) kot Stoywpileton otnyv S16pOwon Tng YEWHETPING KAl GTNV ONUACIOAOYIKT)
QVTIOTO(Y10T) TWV OVTOTHTWV TwV Vo mpotinmwv. T€Aog, epeuvdTal KATA TOGOV
dwarnpeital 1 apyikn mtAnpodopio kot ov eivo SUVATOV TO TAPAyOHEVO HOVTEAD
VO EUTTAOUTIOTEL [L€ TN CUYKEKPIUEVT) TApOodOpicL.

Ot topeiq €pevvag mou dev e€etdlovton o€ oUTr TNV gpyacia eivat ot €€1¢G: apyIKd,
1 HEALTN YIVETOU QUTOKAEIOTIKA Yl £V KTHPLO pIoG Kot dgv Aapdveton umtdPv 1)
popdoAoyia tng meployng, KaBWw Kol CUCTATIKA OTOLEIX piog TOANG OTtw(g eivou
o 001k0 diktvo, yédupeg, davdapla, BAdotnon. Emiong, n petdfoon amd éva
povtédo LoD 4 oe pukpdtepo LoD dev avtipetwmifeton o outiv tnVv epyocia.
Axopa, mpémel va onpelwdel mWG TO CUYKEKPIUEVO epyodeio Agltoupyel yia éva
povtéAo IFC. Xe mepintwon mov umdpyouvv mePIoaOTEPX A €V KTHPLAL, TPETEL
va mpooappootel avddoyx, 1 va Sixomactel to ouvoAwkd IFC povtédo oe
EMUEPOUC TUNHOTH Kol vo petatporel to kdbe ktiiplo Eexwplotd. Teédog, ta
TOAPXYOUEVA HOVTEAX TEPIAAUPAVOUV ONHacIOAOYIKY TANpodopia, 1 omoia
pmopel va gpmAovtiotel €tol WoTe Vo XPNOLHoTonfolv yiol CUYKEKPLUEVES
ebappOYES.

Aourj tng epyaociog

Yto xedpdAauo 2, yivetou pia mapovsioon tng €Eumvng TOANG, TWV SOMIKWY TNG
ototyeiwv ko avadetkvietal n avdykn ylo tnv epappoyn g 3" Sidotaong (3D)
HECW eDAPLOYWV OE TOMEIC EpEUVAG OTIWG T Sloyeiplon evépyelag, 1 aélomoinon
¢ NAwkng oaxtivoBoAiag kat 1 dnpovpyia evég 3D KrnpoatoAoyiouv. Xto
kebaialo 3, mapovoiadovral T TPATUTTK TNG CUYKEKPIPEVNG HeAgTnG, to IFC
[buildingSMART, 2007] xou to CityGML [OGC 12-019, 2012], Ta XOpoKTNPLOTIKA
Toug, KaBwg kat mAnpodopia yia Tov TpoOTo Sioyeiplong TG YEwHETPIaG Ko TNG
onpaotoAoyiog oto kabéva. Katom, pe pioa ebappoyn peAetdrar n duvatotnra
emkovwviag petadl twv dvo mpotinmwv. Ot 1utepdTNTEG Kot T TPOPApTL
mov evtomifovtot eTIA{OVV OTNV EMIAVOT TWV YEWHETPIKWV SLpopwV PHeTAED TwV
dV0 mMPoTUTWV. XT0 KEPAANLO 4, YiveTal it AETTOpEPTIG ALVEAVGT) TNG €PEVVAG TTOU
éxel mponynOei, kaTnyoplomolovvTal Kot KATOypAddovTal To TAEOVEKTIHATH KOl
pelovektnpato tng kabe pe@dSovu ko evromi{ovral To KEVA, HEPIKA €K TWV OTOIWV
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KOAEITHL QTAVINOEL T) CUYKEKPLUEVT] gpyaoia. XTo kebdAwto 5, mapovotdletal n
epappoyn, 1 omoiot apy K THPOUCLIAlEL TIG TTEPLOYEG HEAETNG TTOV €ivou TaL KTHpLa
twv HAextpoddywv Mnyovikwv & Mnyovikwov YmoAoyiotwv tou EOvikov
MetadBrov TMoAvteyveiov, kabwg kat eva ktrplo oto Anpo Xoiavdpiov. Kot ta
dvo povtéda oxedidlovrat kat ametkovi{ovron Yndlokd o Tplodidototn popdn pe
) péBodo povredomoinong BIM, pe Bdon ta apyitektovikd toug oxédio. Katdmuy,
epevvwvtal ot Suvatdtnteg petafaong petody twv dVo mpoTUMWV pe  pio
SadIKaoiot HETATPOTING TNG YEWHETPIKNG KL OTLAGLOAOYIKNG TOUG TAnpodopiog
2T OUVEXELN, TTPOYHKTOTOLEITAL T) EMEKTACT] TOU HOVIEAOU HE TIG MHXPEYXOUEVES
duvatdtnteg touv CityGML. Xto kedpdAaio 6, mpaypatomoleital n aéloAdynon tng
OUYKEKPLUEVNG EpYaoiog e Bdon Tta epwTrhpata mou €xouv tebei, Siatumwvovtal
TEAIKA CUUTTEPACHATH KO TTAPOUCLALOVTL TTPOTATELS VIOt LEAAOVTIKT] €PEVVAL.

MebBodoAoyikn mpoogyyion

H pebodoroyia tng Siadikaoiag €xel wg okomd va Siepeuvoel T TPoPAR AT TTOU
evromi{ovrar petall twv V0 MPOTUTMWV OFf YEWHETPIKO KXl ONUACLOAOYIKO
emimedo. 'l autd to AdYO, apy ik SnlovpYEiTAL TO HOVTEAO HEOW TNG SLXSIKNTING
BIM kot €€ayetou oto mpdtumo IFC 2X3. Xtn ouvéxelwn, ewoayetoaw oto FME
Workbench kau ekteAeitan n petarpornr tov oe popodn CityGML, 6mov o pwrn
bdon mpaypatomoteitou n yewpetpikn S10pOwaon tou HoVTEAOU Ko €V GUVEXEIX )
onpaocloAoyikn avtiotoiyion petadly twv ovrotitwyv tov IFC kot tov CityGML.
Télog, Siepeuvdtal 1 Slxtrpnon TG ONHACIOAOYIKNG TANpodopiag kal ot
duvatdtnreg eméktaong touv mapaydpevou CityGML povtédov péow twv 8o
pebodwv mou mpoteivel to mpdétumo tou CityGML. To Sidypoappa porg g
dtadikaoiog TapoucIAleTal TNV EIKOVA 2.

Building
Information Model

Trimble SketchUp

Geometric
Correction

FME Workbench

}

Semantic Mapping CityGML Model Semantic Extension

|
!

Generics

g '

Ewdva 2: Aicypoppa porig tng dradikaociog



_19_

Eqappoyij

H edbappoyn g ovykekpipévng epyaciog pmopei va Stoywplobel oe 3 dpdoeig:
HOVTEAOTOINOT), HETATPOT] KAl €MEKTAOT. XN dAOT TNG HOVTEAOmOINnong, To
mpwto Prjpa givau 1 yewavadbopd twv ktnpiwv. I'a to okomd autd, pe ™ xprion
yewoavadpeppévwy opbodwtoypadiwv Yndlomolovvral ta 2A dpLx Twv KTnpilwv o€
neptBdArov AutoCAD kat ot ouvéxela eloqyovtal oTo Aoylopiko Autodesk Revit.
To lewypadiko Zvotnua Avadopdg Twv poviéAwy givat To EAANviKS yewdoutikd
Yvotnua Avadopdg 1987. To emdpevo Bripa eivan 1 Snpovpyia Twv oPewy, €tot
WOTE VA UTOPOUV Vi 0ploTovV ta emimeda mov Oa ammoteAolv tar dpla Twv
emdoveiwv. o mapdderypa, €vag e&wtepikdg toixog €xel w¢ KATw Oplo TO
emimedo: Admedo kot w¢ mAvw Oplo Tto emimedo: 1°5 Sdpodog. AkoAovOwg,
dnplovpyeital yewHETPIKA TO HOVTEAD pe Paom Ta apyltekTovikd oxédio. TéAog,
EUMAOUTI(eETOU HE QVTIKEIHEVA OMWG YL TUPASEYHX EMITAN, E0WTEPIKEG Kol
ewtepikéq okdAeg, KaBWE KAl HE ONUACIOAOYIKT] TANpOdOpia KTNHATOAOYIKOU
KO EVEPYELKOV TUTTOU HE TN Xprjon ¢ Aettovpyiog Schedules mov mapéyetoun ammd
T0 Tpdypappa Ko yivetoun eoywyn} tou povtédov oe popdn IFC 2X3 (Ewova 3).

Ewova 3: [Tapoyopevo IFC 2X3 povrédo

Katd tn ¢ddon g petatpomng, to povrédo elcayetot oto Aoyopikd FME
Workbench, to omoio alomotei tn Sadikaoio Extract Transformation Load (ETL)
Kot Eekvdel 1 petatpom tou poviedou. To 1° otddlo eival 1 YEWHETPIK
d16pBwon, €tol wote N vea yewpeTpia va eivar cupfatr pe to TPATUTO TOU
CityGML. H yewpetpikn 316pbwon tou povtédouv mpoypatomoleital o §0o
empépoug daocelg. Kata tnv 1" ddorn, yivetar n edoywyn TwV YEWHETPLWV TWV
Toiywv, TG opodrig kau tov damédov ae popdr .skp, n omoia vmoatnpileton amd
to mpoypappa Trimble SketchUp. O Adyog tng mopamdvw evépyelag eivar to
yeyovdg mwg ot vbiotapeveg Aettoupyieg tov FME Workbench, ev eivou o 0¢on
VO OVTIHETWTIIOOUV TANPWG OMOTEAECHATIKA TI( OUVOETEC YEWMETPIEG TWV
OUYKEKPIUEVWY HOVTEAWV. MOAIG oAokAnpwbOel n 816pOworn oto trimble
SketchUp, to povtédo emaveiodyetou oto FME Workbench. Katd t 2" ddon,
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yivetou 1 Sioyeiplon tng YEWHETPING TWV UTOAOITWY OVTOTHTWV TOU HOVTEAOU,
dNAadn Tig mopTeG, T MopaBupa, Ta EMITAN, T SWHUATIA KAl TIG €EWTEPIKEG KOl
E0WTEPIKEG EYKATAOTAOELG (OKAAEG, KATL.), 1) OTOIX TTPAYHATOTOLEITAL PE EMITUY I
oto mepiBdAiov tou Feature Manipulation Engine (FME) Workbench. To 2°
otédio adopd T ONHACIOAOYIKT] avTioToixlon Ttwv ovtothitwyv tou IFC pe to
npétumo tou CitygGML. Xe outd to onpeio, afifel va avadepbel mwg 1
ONHXCI0A0YIKT] TANpOodOpia TOU UTIPXE OTIC eMIPAVELEG TwWV TOIXWV, 0podTI§ KAt
damédov, dev vmootnpifetar amd to Trimble SketchUp. T awtd to Adyo,
gyypadetou Eexwplotd o€ €va apyeio .csv Ko oTh) GUVEXELR, opOU TO HOVTEAO €XEL
dopBwbel, emaveloayetar oto mepipdArov tou FME Workbench «au
avtiototyifetou pe TNV aroOnKeupEVn onUacloA0YIKT TAnpodopiag. Me tn xprion
TWV KOUTEAANAWY petatporméwv (transformers) 1 onpaoloAoyikr) avtiotoiyion
mpaypotomoleital pe emitvyio evrdg tou mepiBdArovrog tov FME Workbench ko
nopdryetou to teAko povtédo oe CityGML LoD 3 kot 4 (Ekdveg 4 & 5).

Ewova 4: CityGML povtédo oe LoD 3

Ewova 5: CityGML povtédo og LoD 4

To tedevtaio oTtddl0 €ival 1) OTHACIOAOYIKT) EMEKTAOT] TOU HOVTEAOU. ApPYIKA,
diepeuvatal N daTrpnon TG OnNUHACIOAOYIKNAG TANpodoplag TOou pHOVTEAOU,
eetdlovtag TIg ovtotnTeg Eexwplotd. Awmiotwvetal Twg 1 mAnpodopio €xel
mapopeivel avémadn Kot T PETATPOTN Kal eivat o Béon va epmAovtiostl To
mapoaydpevo povtédo. H eméktoon tov povrédov yivetal pe toug do TpoToug mov
vmootnpilet kou mpoteivel to mpotumo CityGML: (i) pe tn Snpovpyio Generics
attributes kau (ii) pe tn dnuovpyia Application Domain Extension (ADE). Ocov
adopd tnv 11 pebodo, ta dvo povreda epmAoutifovrar pe Siapopetikov eidoug
mAnpodopia. To 1° povrédo, to ktipto twv HAekTpoAdywv pnyavikwv, d€xetot T
YEVIKT] onpactoAoyikr mAnpodopioc mov mepiéxel éva apyeio IFC koatd
Snpiovpyia TOu Kot TEPIAXUPAVEL XUPAKTNPLOTIKE OYETIKA HE TIG 8LOTNTEG TWV
eMbAVEIDV Ko TwV ovVTIKEIPEVWV (€i80¢ avtikelpévou, e€wTepIKT)/E0WTEPIKT
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xpnon, Beppodiomtepdtnra, povddeg pétpnong, kAm.). Epmdovtiletou emumAéov pe
onNpootoAoyikn mAnpodopic 1 omoi adopd TO VAKS KoTAOKEUNG €VvAg
avTikelpévou KaBwe kot TNy udr) ¢ kabe emibavelng, IGIOTNTES ATAPAITNTES YIX
v aélomoinon Tov HovtéAou oe evepyelakég edappoyeg. To 2° povrédo, to KTrpLo
oto XoAavdpl, gpmAoutifetoan oakoAovBwvtag tnv Sl péBodo pe VOpKn Kot
KTnuatoloyikn mAnpodopia. Mo ovykekpipéva, elodyovral 1810TNTEG OTWG O
Kwdikdg ApiBpog EBvikov Krnuoatodoyiov (KAEK), i xprion yng tou xtnpiov,
evleyopeveg dovAeieg kou Bdpn kabwg kat o Timog ¢ Wloktnoiag. [Mpdkertal yio
évay Topéa otov omoio ta 3D povréda €xouv mMOAU ONUAVTIKT] XPTOIHOTTA KAl
epappoyn kot Tov omoio dev KAAUTTEL OTNV UTAPYXOUOK KATAGTHOT] TO TPOTUTIO
tou CityGML. Ze autd to mAaioto, e€etaleton kou 1 2" peBodog mov mpoteivel To
CityGML. H dnpovpyia evég ADE cuviotatar TpoKeeEVOU Vo XVTIHETWTIOEL
OUVOAIKG& €vat {NTNHY, Yt ouTtO To A0Yo edboppoletal pHOVO OTO 2° HOVTEAO.
Anpiovpyeitan emopévwg, eva ADE, to omoio B petadéper tnv moapomdvw
Ktnpotoroywkn mAnpodopia oto CityGML povtédo. To mpotewvopevo ADE
Bpioketon umd avdmtuén pog kot eivon ovoykaio va mepLAdpPavel emTAgov
mANpodopic TPOKELHEVOU VX AVTIHETWTIIGEL TNV TTOAUTAOKOTITH TWV VOUIKWDV KL
buok®V ovtotiTwy Tou mpaypatikol koopov (Exdva 6).

AbstraaCiryObject «CodeList»

«featureType» Ownership

Building::Room
+ Own

class: RoomClass [0..1] +  Partnership

function: RoomFunction [0..*] + Rent

lod4MultiSurface: GM_MultiSurface [0..1]

lod4Solid: GM_Solid [0..1]

usage: RoomUsage [0..%] «CodeList»
Type of Weight

PR

+ Clean
Confiscated

+

+ Loan

j& + Mortgage

«ADEElement»
Building::Room

CadastralCode: int [0..1]
Level: char [0..1]
Ownership: char [0..%]
Type of Weight: char [0..%]

oo+t

Ewova 6: ZnpacioAoyikn eméktaon péow ADE

‘Ocov adopd tnv o&loAdynon TNnG OUYKEKPIPEVNG epycoiag pmopel vo
npaypatomon0ei e Bdon TH 4 EPWTHHATA TTOU TEBNKAV APYIKA. ZXETIKK € TO 1°
EPWTNHA, OTNUXVTIKEG SLPOPOTIOOELS TAPATNPOUVTAL KAT& TN dnplovpyia Twv
opodwv tou k&Be opddou. Zro IFC yapaktnpilovrar wg floors, avtiBeta oto
CityGML Siaotdvrou ot ceilings kou floors. [pémel emopévwg v AndOei vtddv
auth) N WBlTePOTNTA KATA Tr ONUOCLOAOYIKY HETATPOTH], KATL OTO OTOIOo
TAEOVEKTEL 1] ouyKeKpIEVN HEBOSOG Evavtt o autopaTomonpéveg dladikaaieg ot
omoleq evOEYETAL VA UNV TETUYKIVOUV TAVTA TNV oKpLBn OnpacloAoyikn
petarponr|. Emiong, ouxvd pic ovtotnta oto IFC (m.y. okdAeg) evdéyetou va
nepAapfavel mopartdvew amd pia Siudopetikeg ovrdtnteg (.. slabs kou railings).
Yto CityGML dpwg, 6Aeq owtég ol Aeitouvpyieg amekovilovtaw wg building
installations, emopévwg mpémel va dopolvvtal onpacloAoyikd avaroya. TéAog,
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avdAoya pe To okomo edpappoyng tou kdbe ktnpiov, eivou Suvarr n Studopetikn
YEWHETPIKT] KOl ONUACIOAOYIKT] HOVTEAOTOINOT, évat GAVOPEVO TO OToio T
eveAlio TNG ouykekpipévng pebddov eivau oe Bgon vor avTIpeETWTioEL. ZYETIKA HE
TO 2° €pWTNU, gival YEYOVOS WG 1) YEWUETPIKT S10pBwaon tou povtéAou eivat
moAUTAok” Sdikaoior kol avorykalel Tov Xprotn va eivot e§0IKEIWHEVOCG e
apketd Stadopetikd Aoylopkd. [MapoAia autd, n Sidikacio tng S16pBwong dev
eivor 1Slaitepar xpovoPopa kot €xel To TMAgOVEKTNHK Twg eivou og Oféon va
JopBwholv yewpetpieg oL omoie¢ A0yw evdexOpevwy AcBwv oTO HOVTEAO Vo
TOPAYOUV ETIPAVELES 1) AVTIKEILEVA TTOU XAVOUV YEWUETPLIKT] TANpOodOpict. LYeTIKE
[LE TN ONHACLOAOY(Q, LLE TNV XPT)OT) TWV KATAAANAWVY aAyopiBpwy, eivan og Béon va
Swarnpeitan pexpt ko to otado mpwv v gyypadn oe CityGML. Emiong, eivou
duvatn) 1 e€xywyn g onpoctoAoyikng mAnpodopiag oe popdn .csv, yeyovdg to
omoio emtpémel TNV Oloyeiplon kot emeepynoiot TNG Yl TNV OVILHETWTLON
evoeXOLEVWV OPUAPATWV KOTd TN Sl IKaTia TG HOVTEAOTIOINONG. ZXETIKA L€ TO
3° gpwtnpa, 1 mpotewvopevn peBodoAoyio eivor oe Béon va petatpeel
omotodnmote ktripto. [Tapdia avtd, dev eivou avtopatomonpévn Stadikaoio, pag
Ko 0g €VOEXOUEVT] XAAXYT) TOU HOVTEAOU, O XPNOTNG Tpémel va TapepPel oe
OUYKEKPLULEVA OTElR, WoTe v Sloelplotel cwaotd tnVv petatporr). TéAog, oxeTikd
HE TO 4° EPWTNHA, O ONHACIOAOYIKOG EUTAOUTIOHAC TOU HOVTEAOU gival SUVATOG
pe tn ovykekpipévn pebodoAoyio. H mAnpodopia Siatnpeital kot petadépeton pe
emmtvyio. [Moapoda oavtd, dev pmopei vo e€oyBel GUVOAIKO CUUTEPATHX VIt OAEG TIG
edpoappoyég mou éxet éva BIM povtédo, aAA& Stadpaivetan auotd30én mpoomtik yio
T SNHIoVUPYIK HOVTEAWV YIX EVEPYELNKOUG KO KTIHATOAOYIKOUG GKOTIOUG.

20V YEVIKO CUUTTEPAGHO TTPOKUTITEL IWG 1) TPOTEIVOpEVT Sladikaoia eivon oe B€on
v mapdyet LoD 4 povtéAa mou eivou oupPatd pe to mpdtumo tou CityGML.
Emiong, xatd tn petatpomn eivar oe Oéon va avtipetwmifel yEWHETPIKE Kol
ONHAOI0A0YIKE obdApata T omoi O8ev  avTIpeTwmi{ovTal TAVTOTE oo
autopatomotnpéves pefddoug mou €xouv avantuyBei éwg onpepa, yia tnv eaywyn
oe LoD 3. T¢Aog, eivau oe B¢on va Satnpel kot vor peTadEpel onUACIOAOYIKN
nmAnpodopix, n omoia Sopeitat 6To GTASI0 TNG HOVTEAOTOINOTG. ZTA APVNTIKA TNG
ddikaoiog gival mTwG omoteAel it HETHTPOTN) 1) oMol YpeldleTal XeLpOKivTn
mapépPocn oe CUYKEKPIHEVH ONElR, KATL TOU auédvel To XpOVO HETATPOTN.
Emiong, mapatnpouvtou {ntrjpata oxetikd pe tn dloyeiplon TG YEwHETpiag oe
entinedo LoD 4, 6cov adopd tor KTrplx T omoioe Holpa{ovTat KOLveG emipAVeLES.
Y€ QUTN TNV EPIMTWOoT, MPETEL 0 E0WTEPIKOC TOIYOG EVOS KTNPIOU Vo atoTeAEL TO
ewtepikd ToOiYo TOU dAAOU KTNpiou kou avtiotpoda. Adyw Tou €idoug Twv
yewpetpiwv oto [FC kou oto CityGML, to ouykekpipévo Bgpa eivar vmo €peuva
HLoG Ko HEXpL ofjepa 1) ouykekpipévn pebodoroyia avikel otig Afyeg ekeiveg mou
dnplovpyovv povtéAa LoD 4.

MeAdovrixij épevva

‘Ocov adopd TPOTATELS Yl LEAAOVTIKT] €pEUVA, PUTOPOUV Vo KaTnyoplomotnfouv
maAL pe Bdon ta otadia tig peBodoAoyiag. ' T povredomoinon, eivat onpovtikd
vo epeuvnBei 1 Snpovpyi povtéAwv pe okomd TtV ebappoyr TOUg Of
OUYKEKPLHUEVO TOUEX, £TOL WOTE VA EUTTAOUTIOTOUV HE TNV KVAAOYT] OT|LACLOAOYIKT)
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mAnpodopia. ' tn petacpomnr) eivat onpovtikd va avtopotomotndei n Siadikaoia,
To omoio pmopel va oupPel pe TN YPpNonN TPOYPUUHATIOHOU HECH OO TO
nepparrov tov FME Workbench. Ertiong, {ntrjpota oxetikd e tnv tomoAoyia o
LoD 4 eivou onpavtiko va SiepeuvnBouv. TéAog, mpoteivetan v StepeuvnBei n 1
dnuovpyia povtéAwv xapunAotepwv LoD, amd povréda oe vPmAdtepo LoD. Ocov
adopd TN ONPACIOAOYIKT] EMEKTOCT) TWV HOVTEAWY, 1) Statripnon Tng mAnpodopia
avoiyel eva véo kedhaAato otny emkovwvio HeTaél Twv §U0 TPoTUMWYV. X€ quTod TO
mAaiolo, mpoteivetar 1 Oiepevvnon yie tn dnpiovpyia povtéAwv mou Ba
QVTIPETWTI{OUV CUVOAIKA KTNHATOAOYIKA Kot VOpka {ntripoata. Puoikd, avdAoyo
[L€ TO OKOTO ¥p1iong Tou kd&Be povrédov, n diepevvion pmopei va emextabdei o
TMOIKIAOUG TOEIC TPOOHEPOVTAG OUCINOTIKA OCUUTEPAOHATH OXETIKK HE TN
dtatripnon g mAnpodopiag oe dradopetikd medio epapUoy®V.
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Abbreviation Terms

ADE
AEC
B-rep
BIM
CAD
CityGML
CSG
DSM
GML
ETL
FME
GIS
GPS
ISO
IoT
IFC
LoD
LOD
O0GC
RFID
STEP

UBM

Application Domain Extension
Architecture, Engineering & Construction
Boundary-representation

Building Information Modelling
Computer-Aided Design
CityGeographyMarkupLanguage
Constructive Solid Geometry

Digital Surface Model

Geogrpahy Markup Language

Extract Transformation Load

Feature Manipulation Engine
Geographical Information Systems

Global Positioning Systems

International Organization for Standardization
Internet of Things

Industry Foundation Classes

Level of Detail

Level of Development

Open Geospatial Consortium

Radio Frequency Identification

STandard for the Exchange of Product model data.

Unified Building Model



UML

XML

2D

Unified Model Language

Extensible Markup Language

Two Dimensions

Three Dimensions
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1 Introduction

ur era is characterized by an enormous amount of available data that

needs to be properly processed in order to optimize its efficiency. Thus,

it is critical to investigate the tools that are able to utilize the encrypted
information in petabytes of data, with regard to an integrated approach towards
urban development and sustainability. The prospective master thesis aims to
investigate the communication of two standards, Industry Foundation Classes
(TFC) and CityGML. Both of them support 3D models that represent objects of
the real-world and are open data models that can be enriched with additional
information in order to be utilized in 3D city modelling.

The rapid urban growth in association with the population expansion that is
projected to increase by 1 billion during the upcoming 15 years [United Nations,
2015] and the internal and external migration that is noted globally, affects
vigorously the modern cities. Therefore, urban areas are forced to put up with a
constantly increasing number of people, an occurrence that leads to the
escalation of demands in dwellings, nourishment and energy consumption
among others. The consequences of those demands deteriorate the global
climate change, affect intensely the priorities of the modern cities and worsen
the overall quality of residents’ life. In order to address that phenomenon, the
advancement of technology serves an important role. More specifically,
technology offers the capability of collecting huge amounts of data which include
information that can be utilized to improve our standard of living, productivity,
environmental protection and project management among others. This
capability derives from deploying proper tools such as informatics, 3D modelling,
modern techniques of data mining and Geographical Information Systems (GIS).
The consistency of technological evolution renders urban planning in every level
(domestic, international, global) of paramount importance. Within this context,
GIS is able to process that information, analyze it with regard to a certain issue
that needs to be tackled and manufacture a product that transfers those services
to the user (i.e. Global Positioning Systems). Furthermore, GIS elaborates an
issue far more comprehensively and holistically than static maps, due to the facts
of in depth analysis as well as interactive visualization of conclusions, that
provide a much more vivid and detailed experience to the user. In combination
with the available free data GIS is vital for pinpointing where the real problem is
and its surrounding context, analyze the proposed solutions and highlight the
optimal solution for each scenario in a dynamic environment [Tao, 2013].

The sustainability of a modern city can be affected by economic, environmental,
social and technologic/technical parameters. Within this context,
Geoinformatics can analyze patterns and trends that take place in a city in order
to extract the required feedback to deal with, or even better predict future
situations. For example, monitoring and analyzing the activities of a specific
target group, provides valuable information for a specific area in terms of land
use and land use change detection, connectivity with its transportation options,
walkability and even criminality. The rapid urban growth has led not only to an
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increase in constructions, but also to an increase in the production of
construction waste. A regular attempt is occurring from the government and the
private sector for the optimization of a project’s construction stages and the
reduction in construction waste. The implementation of GIS is critical in many
levels. Firstly, it allows real time vehicle monitoring and designation of the
optimal routes in terms of distance, traffic congestion and time, thus reducing
significantly the costs of transport. Also, another important characteristic of GIS
is monitoring the surrounding area that is affected by a specific project, in terms
of noise and air pollution. Furthermore, the connection of geographical
information with large databases is feasible, concerning the regular maintenance
and constant upgrade of the information that derive from a project in a dynamic
environment.

The various GIS application fields, highlight the necessity for the collection of
big data, by using (i) traditional survey methods or (ii) technology advancements
including drones, Internet of Things (IoT), Big Data Analysis and Cloud
Computing, with promising potential. Big data enables a city to receive big
amounts of data from various sources, while [oT enhances the ability of an object
to “listen, observe and communicate”, all at the same time [Rathore, 2013]. One
of the most important challenges nowadays is the implementation of IoT for the
generation and proper function of a smart city. The concept of a smart city has
derived as an assemblage of ideas about how descriptive and geographic
information can be integrated in order to enhance the efficiency, ameliorate the
competitiveness and upgrade the sustainability of a smart city [Batty et al., 2012].
From that point of view, the hypothesis can be made, that in an environment of
free information, the residents of the city may utilize that information in order
to promote innovation and creativity aiming to provide sufficient solution that
tackle holistically various issues that arise in a city. One of the major
characteristics of a smart city, is its capacity to receive the proper information in
the proper time and in the proper device, in order to make a decision with ease
that will benefit the affected residents accurately and efficiently.

Nevertheless, despite the importance of collecting data with the aforementioned
methods, it is also mandatory to possess the required tools in order to utilize this
amount of information and fully exploit its value. Furthermore, analysis and
visualization of big data require an environment with more than two dimensions,
which also supports the rise in the complexity of structures and buildings in a
city which calls for a regular and accurate recording of their legal properties, a
field that is unable to be fulfilled by the current two-dimensional cadastre or
registration system. Also, the visualization of complex 3D models, gives the
opportunity for a more comprehensive understanding of the 3D structures and
their spatial relationship with the surrounding environment. The necessity of the
modern world, to depict with greater detail the real entities and phenomena of
a city, leads to the implementation of the 3'¢ dimension in the environment of
Geoinformatics. This is heavily highlighted in 3D city models that are
implemented for urban and regional planning, environmental protection and
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energy management, estimation of land values, taxation purposes and
monitoring the life-cycle of projects.

In general, a 3D city model aims to combine spatial information with the natural
and built environment. However, 3D city models are characterized of complexity
in terms of their geometry, while in order to be fully efficient and not just for
visualization purposes, a semantic basis is essential to describe their geometric
and topological characteristics. Within this context, there are various tools that
serve those demands and are, among others, 3D modelling software packages,
open source standards that utilize 3D GIS and IFC and platforms that enable the
visualization of a 3D model including its semantics. However, in order to
generate a 3D model for analysis and not just for visualization purposes, there
are various difficulties that need to be tackled, such as the communication
between the different standards. Furthermore, questions arise with regard to the
effectiveness of integrating semantic enrichment in 3D modelling. More
specifically, a modern city encloses uncountable entities and their semantic
characteristics need to be included in a 3D city model. CityGML standard aims
to fulfill that purpose and connect 3D GIS with the generation of 3D models that
are geometrically, semantically and topologically concrete [OGC 12-019, 2012]. A
major characteristic of CityGML is the fact that includes many entities that
compose a city, such as bridges, tunnels, transportation networks, vegetation,
etc. It could be stated that CityGML does not focus solely on the building
structure, even if current versions provide more detail for buildings, but it also
focuses on the general concept of a city. For that reason and for the research
purposes of the current thesis, the IFC standard is also investigated
[buildingSMART, 2007] which in contrast with CityGML focuses on describing
how the information should be structured, stored and managed during the life-
cycle of a building [El-Mekawy, 2012]. So, on one hand CityGML aims to describe
a whole city and on the other hand IFC delves into the structure of a building.
The communication between those standards is of paramount importance and
this formulates the basis on which this thesis is developed.

1.1 Research Questions

The current thesis aims to investigate and propose an integrated methodology
which firstly generates two IFC models by implementing Building Information
Modelling (BIM). Then, the conversion of the IFC models to valid CityGML Level
of Detail (LoD) 4 models is presented and the evaluation of the models in terms
of semantics and geometries is highlighted. Lastly, the enrichment of the
generated model from a semantics perspective is investigated. With this in mind,
the main research question addressed in this thesis is:

“How does the proposed methodology handle the conversion from IFC to
CityGML LoD 4 models and to what extent the enrichment of the generated
model is feasible in terms of semantic properties?”
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The aforementioned question provides a wide perspective of the challenges this
thesis aims to address. In order to provide some insight and facilitate its
evaluation, the research problem is further formed in the following key -
questions:

1. What issues may occur and what are the characteristics of the process when
designing a model with BIM in order to match the geometries and semantics
of the CityGML standard during the conversion process?

2. During the conversion, how are the different geometries and semantics
between the two standards handled?

3. What is the level of suitability of the generated algorithm in case different
building need to be converted? What are the requirements and manual
intervention -if required- in order to render it usable for another model?

4. How can a CityGML Model be extended in terms of semantics and whether
the proposed methodology is capable of doing so or not. Also, how is the
semantic modelling in BIM differentiated according to the intended use of
the generated model?

With respect to the aforementioned research questions, the current master
thesis is developed and evaluated. The case study and the conclusions specifically
address these questions and aim to form a ground for further research.
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1.2 Scope

The purpose of the thesis is to formulate a framework that enables the generation
of geometrically correct and semantically enriched 3D models that could be
implemented in the environment of a 3D smart city. The proposed methodology
aims to facilitate the conversion of IFC models to CitytGML LoD 4 models. The
[FC models are generated via BIM, not from external sources or existing libraries
and therefore, the modelling procedure from scratch is presented including, not
only the geometric representation but is enriched with semantic information in
order to examine in detail the challenges that occur. A CityGML LoD 4 model
contains the maximum amount of information that is supported by the CityGML
standard, thus a successful geometric conversion including the interior spaces of
a building is a challenging issue. Additionally, the semantic information in IFC
is considerably richer than in CityGML. Within this context, it is also investigated
how to preserve the additional information during the conversion to a CityGML
model and afterwards, how to transfer these information to the generated
CityGML model. In order to evaluate the advantages and the limitations of the
developed methodology, to each IFC model semantic information is assigned
corresponding to different application fields. As a starting point the phase of 3D
modelling is considered. The result of the 1% phase is I[FC models that represent
buildings of the real world. During the 2" phase, the conversion of the models
utilizes Extract Transformation Load (ETL) process and the flexibility of the
developed algorithm allows the conversion of multiple buildings that may have
dissimilarities in terms of their geometry and semantics. Moreover, the proposed
framework is an integrated research approach towards the communication
between the two standards, since it does not focus solely on the conversion, but
also on the generation of the IFC models, as well as the processing and
enrichment of the generated CityGML models. Lastly, the semantic enrichment
of CityGML models from IFC sources is examined with properties and attributes
that are not supported by the CityGML standard.

Nevertheless, there are certain issues that are outside the scope of this thesis.
First of all, the study is conducted solely for specific buildings, thus the
surrounding environment as well as the terrain morphology are not taken into
account. Furthermore, the IFC models are enriched with semantic information,
but further investigation needs to be made in order to be implemented for
specific application fields. There are demonstrated as examples in order to
investigate how IFC handles semantics and how those semantics can be
successfully transferred to CityGML. Additionally, the generalization of a fully
detailed CityGML model, at a lower LoD requires a generous amount of manual
intervention in the algorithm and constitutes an interesting field for further
research, not included in the current thesis. Finally, it should be noted that the
proposed algorithm converts one IFC model at a time. In case that there more
than one buildings that are not connected with each other in the model, the
algorithm should be adjusted accordingly, or the IFC model should be
decomposed in unique buildings and convert each one separately.
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1.3 Outline

Chapter 2 presents the structural elements of a smart city alongside its
characteristics. The necessity of implementing the 3¢ dimension in visualization
and analysis is pinpointed with the use of relevant examples from various
application fields. The goal of this chapter is to bridge the concept of smart cities
with 3D GIS. In chapter 3, the theoretical background of the methodological
approach is presented. The two standards (IFC & CityGML) that are
implemented for the purposes of this thesis are presented and analyzed in terms
of how they store and process geometry and semantics. In order to further
illustrate the differences and challenges between those two standards, a
conversion of a generic IFC building to a CityGML LoD 3 building is
demonstrated and explicitly analyzed. The goal of the 3" chapter is on one hand
to describe briefly the two standards and on the other hand to provide an
example of the challenges that must be addressed during a conversion. The
findings of the conversion have constituted a basis for the development of the
main algorithm that will be presented in chapter 5. Chapter 4 aims to analyze in
detail the state of the art in 3D data integration and pinpoint advantages and
limitations of the developed methodologies so far. The result of such analysis is
utilized to develop a methodology that could contribute in the field of 3D data
integration by addressing specific limitations between the communication of the
two standards. Chapter 5 presents the case study of the thesis in which the three
phases of the methodology are explained in detail. More specifically, the
modelling procedure of two real world buildings in BIM is presented, focusing
not only on the geometric representation but also on the implementation of
semantics. Then, the conversion algorithm of IFC to CityGML takes place and
the results are visualized and evaluated both geometrically and semantically.
Lastly, the implementation of additional semantic information to the generated
CityGML is examined. Finally, chapter 6 summarizes the key findings of the
thesis and evaluates the developed methodology based on the research questions
that are set in this chapter. Also, future areas of research fields and
recommendations for the two standards are proposed. In order to facilitate the
transition between the chapters of this thesis, a brief conclusion in the end of
each one is provided, summarizing the most important findings so far and
forming the ground for the research activity that follows.
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2 Role of Smart Cities & GIS

mart cities constitute a concept that up to today has several meanings. Nam

& Pardo [20u] define a smart city by taking into consideration its

technological, social and institutional dimensions that are further
subdivided into categories such as digital, integrated and learning city. A smart
city can be implemented in various application fields. For example, it can be
utilized as a government tool to provide access to open data to the residents of a
city as an attempt to enhance innovation and creativity. Moreover, it can be used
to boost the economy of a city and promote various products with e-commerce.
Furthermore, a smart city assists the environmental protection, is able to
regulate energy demand and facilitates daily transportation especially during
peak hours. It can also provide a valuable insight regarding the weather
conditions of an area in order to inform the potential affected citizens before a
specific incident. In general, a smart city has a significant role in improving
aspects of everyday life such as healthcare, green energy and education [Nam &
Pardo, 2011]. Another definition according to Caragliu, Del Bo and Nijkamp [2011]
is that a smart city emerges as a synthesis of technological infrastructure, digital
communication and social identity of a specified area is defined through 6
dimensions: (i) smart economy, (ii) smart environment, (iii) smart
transportation, (iv) smart citizens, (v) smart way of living and (vi) smart
government and is mainly based on three pillars: economic development,
environmental protection and social equity and a sustainable development can
only be achieved if every pillar is taken into consideration. A smart city operates
as a tool that aims to improve the competitiveness of a city in a way which
ensures that the quality of the city’s residents is improved as well [Batty et al.,
2007]. More specifically, a smart city that focuses solely on economic
development is not so smart. It should always consider the social and
environmental dimension. To fulfil that purpose, it is essential for the
development of a new system that will be able to receive the whole amount of
information that is available in a city, store and process it. The following
procedures are indicative of the characteristics that the new system should
possess [Batty et al., 2007]:

e Data collection from multiple sources.

e Management of data streams.

¢ Integration of multiple data formats in a cohesive database.
e Data conversion.

e State of the art methods of data collection.

e Management of the generated models.

¢ Evaluation tools for the generated model.

e Services of processing, analysis and visualization.

e Generation of simulation and forecasting models.

From the Geoinformatics’ perspective, a smart city is a mix of a digital city and
technologies such Internet of Things and Cloud Computing. A digital city
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provides a spatial background and encloses the amount of information that
ensures a stable and effective function of the city. It aims to organize the received
information in a geolocated system of reference, which renders feasible the
visualization of natural and social interactions that occur in a city environment.
Furthermore, a digital city, as an accurate replica of the real world, includes all
that social, economic, environmental and technological information that is
related with the physical environment of a city [Li, 2013]. More specifically, a
digital city consists of 2 Dimension (2D) maps, 3D city models, spatiotemporal
4D databases and certain points of interest. Based on the advances in GIS, the
techniques of generating a digital city are [Li, 2013]:

e Sensors for the collection of terrestrial and airborne data.

e 3D/4D Modelling.

e Multiresolution, multiscale, and multidimensional visualizations of
geospatial data.

e Spatial analysis.

The ultimate purpose of a digital city is, with the assistance of the
aforementioned technologies, to provide the right data to the right person at the
right moment in time. The spatial background is the fundamental framework of
the digital cities. Within this framework, every kind of information can be
modelled kai synthesize the basis of a smart city that will have the capabilities of
monitoring, managing, controlling and analyzing [Li, 2013].

2.1 Big data & Cloud Computing

The rapid evolution of smart cities has generated the need of receiving more and
more amount of data. Therefore, data of such volumes, well known as big data
are combined with technologies such as [oT and Cloud Computing. The concept
of big data is characterized from volume, speed during the transition and variety
of data formats [Gani et al., 2016; Khan et al., 2014]. They offer a unique
opportunity for a city to mine important information from a relevant amount of
data that have been collected from various sources. Figure 1 illustrates the
connection among smart technologies, big data and cloud computing. More
specifically, numerous “smart applications” exchange information by deploying
integrated sensors and devices that are connected with cloud computing
platforms in order to generate large amount of unstructured data. Those data are
collected and stored in a cloud by utilizing distributed fault tolerant databases
such as Not Only SQL, in order to improve a specific kind of service or
application [Borgia, 2014].
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Figure 1: Smart City, Big Data & Cloud Computing [Source: Hashem et al., 2016]

Nowadays, a considerable amount of data derives from various sources, such as
smartphones, computers, sensors, cameras, GPS tools, social networking sites,
commercial transactions and video games. With the notion that the generated
data are constantly multiplied, the efficient storing and processing are important
challenges for the traditional data mining and analysis platforms. Also, in order
for big data to improve the services of smart cities, certain tools and methods of
sufficient data analysis are required. One of the most promising technologies
with significant potential to enhance the role of smart cities is big data analytics
[Al Nuaimi et al., 2015]. Within this context, big data analytics are able to extract
valuable information from the data streams produced by the aforementioned
devices [Yaqoob et al., 2016].

The implementation of big data in a smart city has several advantages but also
contains certain challenges, such as the capability of large computational and
storage facilities to process the data streams that are generated in the
environment of a smart city [Hashem et al., 2016]. A potential route of addressing
that challenge is the utilization of cloud computing services. Cloud computing
[Mell and Grance, 2011] is applied to describe a variety of computational models
that include numerous computers or clusters, connected via real-time
communication network and offer services such as the extraction of big social
network data from smartphones’ applications [Chang et al., 2010; Chang et al.,
2013].
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211 Big data Applications

Big data are stored, processed and mined in smart cities to produce information
that aims to improve the offered smart services. Furthermore, big data can assist
urban planners to make a decision about a potential extension in services,
resources or areas of a city. Indicative application fields of big data are presented
below [Hashem et al., 2016]:

Smart Grid

In a smart grid environment, a large amount of data is generated from multiple
sources, such as the regular energy demands of the residents and the data of daily
consumption that are collected by smart sensors [Lai and McCulloch, 2015]. An
efficient utilization of the big data collected from the aforementioned sources,
can facilitate the decision-making regard to the real needs of the users, as well as
the future energy demands of a city.

Smart Healthcare

The rapid evolution of the global population has enabled major changes in the
field of prevention and treatment of numerous diseases and many decisions
behind those changes have come up due to the increase in data availability. By
implementing proper analysis tools, doctors are able to collect and analyze the
medical data of a patient, highlight patterns and prevent the deterioration of a
medical situation, resulting in saving hundreds of lives. The amount and type of
collected information can be enhanced by deploying intelligent gadgets
connected with the patient’s home or clinic, in order to track his/her behavior
and understand more accurately the medical records [Roy, Pallapa and Das,
2007].

Smart transportation

Patterns that derive from traffic data assist in the improvement of transportation
networks and reduce traffic congestion during peak hours, by proposing
alternative routes towards a destination. Additionally, those patterns can reduce
the amount of accidents by analyzing the feedback of certain happenings with
regard to speed limits and causes of accidents. Also, transportation data are able
to upgrade cargo transits [Ju et al., 2013]. Finally, they provide certain
environmental benefits, such as noise monitoring in an area, as well as air
pollution.

Smart governance

Big data analytics can be a useful tool for the government as well, since the
actions and measures that need to be implemented, could be well designed to
address holistically an issue of interest in order to improve the everyday life of
the citizens. In accordance with information regarding the environmental status
of specific areas, or medical records, or traffic congestion records, the future
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policies will be able to face the problem directly and accurately.

2.2 Internet of Things

A significant number of objects is connected every day to the Internet,
constituting the technology Internet of Things. 10T is applied in numerous fields
such as transportation, healthcare and every-day chores. One of the most
intriguing challenges is how loT can be utilized to serve the concept of a smart
city, since it provides the interlink between the different devices that are
connected to the Internet.

2.2.1 Implementing IoT

Li [2013] illustrated an application of IoT that pinpoints its value. Firstly, by
establishing sensors in various places it is possible to extract and analyze
numerous data formats. The ultimate goal is to generate “smart cities, parking,
weather, hydration systems, transportation, environmental protection and
surveillance systems”. The main framework of a smart city that is based on loT
is demonstrated in figure 2 and can be further analyzed in the following phases
[Li, 2013]:

Intelligent New Intelligent Smart Rapid Environmental
logistics energy transportation travel response  monitoring

Intelligent
application layer

Service-oriented
middleware
layer

Ubiquitous
network layer

Distributed
sensor layer

" .,‘."i;” = ﬁ .

RFID Fingerprint Smoke \\atcr Camera \lclmrologncnl Smart Other  « -
reader sensor monitoring sensor mommring sensor  phone  sensors
b ad \ v .

Figure 2: Smart City & IoT [Source: Li, 2013]

e The distributed sensor layer includes the sensors deployed for data collection
in real time. Such sensors are smartphones, laptops, cameras and fire sensors.
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e The ubiquitous network layer allows the transfer of collected data and
information to the service oriented middleware layer by utilizing the Internet
network.

e The service-oriented middleware layer is responsible for data processing and
analysis, with the assistance of cloud computing and data mining.

e The intelligent application layer is responsible for transferring the required
data to the appropriate user by providing an open access platform that all
users can receive and manage information.

“Generally, the Internet of Things can be defined as follows: adopting radio fre-
quency identification (RFID), infrared sensors, GPS, and information sensing
devices (e.g. cameras and scanners) connecting any items or things that can be
connected via the Internet based on agreed protocols of information exchange and
communication” [Li, 2013].

A smart house is able to provide multiple utilities for the residents. The
implementation of sensors enables the collection of data that afterwards are
being uploaded in order to monitor signs of temperature, air pollution, noise or
the fire risk hazard of the property. Thus, the reaction of the proper services such
as the fire department, or the energy company can be immediate and tackle these
issues immediately. Also, monitoring air pollution and noise provides great
benefits for the residents since they will be aware in case an index bypasses a
certain safety threshold.

A smart parking is able to count the vehicles that arrive from different parking
zones. That way, a parking can be planned by considering the number of vehicles
in a designated area, or by locating certain blocks that require an additional
parking lot, facilitating that way the everyday life of the citizens. Apart from that,
this system is prompted to reduce environmental pollution by decreasing the
amount of time spent in a car, but also by lowering the time an individual spends
looking for park instead of participating in a more productive activity.

Information regarding water composition and weather conditions can also
improve the functionality of a smart city by providing weather data such as
temperature, humidity, rain, pressure, visibility and water levels which are
collected via deployed sensors in proper locations. For example, in real world,
most floods are occurred due to rain, while some others due to snow melting.
Therefore, by utilizing calculating sensors not only the forecast of such events is
feasible, but also an estimation of the water supply for future demand.

2.3 Examples of «smart cities»

In this section, three examples are presented in order to demonstrate how smart
cities and IoT technologies relate with each other harmonically [Li, 2013]:
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Stockholm

Stockholm recently implemented smart management and applications in order
to tackle environmental and transportation issues. More specifically, the vehicles
that operated within the city to collect waste followed routes that encountered
serious issues such as traffic congestion and air pollution. Therefore, a significant
amount of data was collected with regard to the waste collection points in
accordance with the initial transportation routes. As soon as the analysis was
completed, a fleet of waste collection vehicles with reviewed routes was
suggested as an alternative satisfying solution [Shahrokni et al., 2014].

Helsinki

The development of Helsinki as a smart city emerged from the availability and
quality of free data. Those data are accessible from the private sector, academic
or research institutions and the government. By 2013, more than 1030 databases
were functional and covered a considerable number of urban phenomena such
as transportation, economics, unemployment and well-being. An example of the
aforementioned statement is the “Helsinki region Infoshare Project”, which as a
platform of open data is giving the opportunity to the citizens to participate and
express their opinions with regard to everyday problems [Caragliu et al., 2011;
Manville et al., 2014].

Copenhagen

Nowadays, Copenhagen is implementing a range of new and innovative solutions
in the fields of transportation, waste management, heating and alternative
energy sources, in order to be the carbon-neutral capital by 2025. Copenhagen
has built an extensive cycling network and aims to further expand it with
facilities such as a smooth transition from a bicycle to the public transit, actions
that in order to be effective and efficient require a generous amount of
information in order to upgrade cycling infrastructures with regard to the
collaboration of the current transportation network [Manville et al., 2014].

2.4 Challenges of smart cities

As mentioned in previous sections, the concept of smart city is in an increasing
state of development. Such a development though, heavily boosts the demands
of collecting and integrating information. Therefore, major issues arise that is
mandatory to be tackled. They can be issues of any kind such as financial or
social, but for the purposes of this thesis, the technological concerns and more
specifically concerns regarding the fields of planning, data collection and
integration and GIS technologies will be examined [Hashem et al., 2016].

Planning

An important arising challenge in the field of planning is the generation of a
unified system that will receive big data and will be able to store and process
them. The designation of such system will enhance the planner’s work and
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decision making with regard to future spatial interventions, improving that way
the quality of life of the affected citizens [Hashem et al., 2016].

Data integration

One of the most important challenges is the heterogeneity of data. The role of a
smart city is to receive and store a big amount of data from multiple sources that
produce different data formats. Although, steps have been made towards that
direction, the quality of those remains an important consideration, especially if
those data derive from unique standards and differ in terms of geometry,
topology and semantics [Hashem et al., 2016].

Cost of acquiring smart city

Another tricky issue for a smart city is the cost of data collection that is translated
either in financial terms or cost in time, speed and efficiency. With the notion
that a smart city demands the integration of multiple data formats, their
collection might be proven significantly expensive, because of limitations in
natural or physical resources [Hollands, 2015]. Within this context, open
standard frameworks and technologies are in position to facilitate those
challenges and provide valuable tools to enhance the role of a smart city.
Furthermore, various open standards will improve the integration and exchange
of data between different devices, applications and services.

GIS-based visualization

GIS is broadly used to map and analyze spatial data. For that reason, it is
considered a valuable tool in urban and environmental planning, traffic
monitoring, land use and land cover change detection. An effective visualization
of a specific issue is critical for a smart city since GIS can bridge the gap between
the analysis and visualization in a smart city, constituting the procedure much
more user-friendly and interactive. The information that will be mined from the
model will be manageable according to the user’s preferences. The creation of
effective and functional devices and applications that will be based upon the
aforementioned technology form an interesting area of research around smart
cities [Li, 2013]. Nevertheless, we feel that the 3’4 dimension should be included
in the building process of such platforms.

2.5 But, why3D?

The need of the modern world to better comprehend and enhance the perception
of the real entities and phenomena has led to the description of our environment
in a higher dimensionality. The generation of complex 3D models allows for a
more sophisticated understanding of the objects and their spatial interactions
with their surrounding environment. This is evident especially in 3D city
modeling applications, in areas such as smart city planning or environmental
simulation. 3D city models are characterized by complexity, while a semantic
basis is required to complement their geometric and topological aspects. In
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recent years, the integration of semantics into 3D city models has been widely
accepted [Zhu et al., 201]. The type and amount of information that can be
implemented rises drastically, a condition that promotes the necessity of
generating semantically enriched 3D models and highlights the demand for
collecting massively huge data which is handled either by (i) the collection of big
data, (ii) by the knowledge via Internet of Things (IoT). That collected amount
of data needs to be properly stored, edited and visualized, issues that GIS science
is able to deal with. The massive amount of free data that are available globally,
has enhanced the capabilities of addressing critical issues in an integrated and
functional way. Hence, GIS is vital for addressing spatial issues and their
surrounding context, analyze the proposed solutions and highlight the optimal
solution for each scenario in a dynamic environment [Tao et al., 2013]. That way,
a prominent utilization of a 3D model seems mandatory. Semantic 3D city
models [Chaturvedi, 2016] join the spatial information with the physical entities
in cities and allow an interaction via spatio-semantic queries. They also provide
a description of the physical and built environment [Kolbe, 2009]. Semantics
have gradually attracted international scientific interest due to their ability of
storing data that describe relations between different object parts and their
environment [Diakité et al., 2014]. Therefore, semantic based modeling has
grown very popular internationally, incorporating a variety of applications of
different scientific fields including energy applications, urban planning, indoor
navigation, noise propagation simulation and mapping, disaster management
and homeland security, cultural heritage, water management, environmental
and real-time simulations [Groger and Pliimer, 2012]. Semantic modeling is also
promising for depicting relations between legal and physical space which is
required to 3D Cadastre applications, where formal definition of 3D space and its
containing elements is still an abstract concept, while volumetric parcels are not
conceivable in reality but are established via connections to physical objects
[Aien et al., 2013]. 3D models’ semantic enrichment allows for direct correlation
between legal and physical property, improving the accuracy that legal spaces’
volumes or locations are defined [Dimopoulou et al., 2014]. More specifically, 3D
models are capable of representing entities such as Buildings, Transportation
Networks, elements of a real city such as Bridges, Tunnels and City furniture
(Traffic signs, Lights), Vegetation and Water Bodies. Those entities can be
semantically enriched with a variety of attributes that vivify a virtual 3D model.
Furthermore, 3D models can be created, edited and visualized in different scales,
from basic shapes up to fully detailed both internally and externally real-looking
objects. Another significant advantage is the tracking of their life-cycle and the
constant monitoring of the project. Within this context, the role of an object is
enhanced by adding specific equipment that depends on the project’s purpose

(Fig. 3).

“A 3D Model can be implemented to the environment of a 3D Smart City aiming to
integrate descriptive and geographic information in order to enhance its efficiency
and sustainability” [Batty et al., 2012].
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Figure 3: Application fields of 3D Smart cities [Inspired by: Biljecki, 2015]

2.5.1 Applications of 3D Smart Cities

In order to further emphasize the importance of 3rd dimension in a smart city,
several examples of 3D models in various application fields are illustrated
[Biljecki, 2015]:

Solar Radiation

A field of implementing 3'¢ dimension that is constantly evolving is the
estimation of solar radiation in a building. In accordance with the global effort
towards Renewable Energy Sources, a 3D model can become a useful tool to
assist that purpose (Fig. 4). In the field of Geoinformatics, this kind of analysis is
tackled by implementing Digital Surface Models (DSM). However, the rapid
technological evolution with respect to new methods of data collection, present
the opportunity of modelling buildings including their structural elements, such
as their boundary surfaces. In a 3D model, it is feasible to calculate the amount
of heat that each surface receives during the day and therefore estimate the
suitability of placing for example photovoltaic systems. Furthermore, 3D models
provide information regarding the slope, orientation and area of the roof, data
that should be taken into consideration in empirical solar models. Additionally,
scientific interested is noted on the capability of recognizing the surface material
alongside with its characteristics.
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Energy demand

As mentioned previously, 3D models should be heavily semantized. Examples of
such information are -among others- the usage, function, land use, age of
construction of a building. By implementing 3'¢ dimension it is feasible to further
process and upgrade its semantic information, since the model is able to portray
the effect of terrain morphology, the topology of a building in regard with the
surrounding area and possibility of sharing common surfaces. During the last
years, noticeable progress is detected in the field of energy management and
more specifically, in Germany (Fig. 5) 3D models are applied aiming to combine
data relevant with the volume, type and storeys of the buildings in order to
estimate energy demand for heating and cooling [Bahu, 2013].
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Figure 5: 3D Model & Energy Management [Source: Bahu, 2013]
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Smart Building Evacuation & Indoor Navigation

Another important field of deploying 3D model is the field of indoor navigation
and building evacuation [Hancke et al., 2012]. Regular evacuation systems
activate the alarm in terms of emergency but fail to take into consideration the
fact that inside the building might be people that are not aware what is the
closest emergency exit or they cannot reach it. By implementing a 3D indoor
navigation model, it is possible to visualize the best route to escape safely the
building, thus performing an evacuation in a much more efficient way. Also,
the best route will be subject to change depending in the congestion that can
be noted in certain exit points with the help of special sensors that will upload
the information to the smart evacuation model.

Environmental Monitoring

Environmental monitoring and protection is one of the most important
challenges of our time. By utilizing GIS, it is possible to monitor air and water
quality, as well as other parameters such as humidity, temperature and carbon
dioxide levels aiming not only to locate anomalies in our surrounding
environment, but also try to prevent them from happening. Environmental
monitoring requires the implementation of sensors to the outer environment
and areas that are being usually visited by people such as parks, and lakes. Up
to a certain point, 2D GIS is able to handle that kind of necessity. However, 3™
dimension can increase the amount of received information but more
importantly improve its credibility and accuracy, because it is capable of
locating and visualizing the levels of pollution or noise in more than a planar
altitude.

Noise estimation

The previous conclusion is presented in figure 6. 3D Data are able to create
models that illustrate how much are the citizens affected by noise pollution and
how to confine it by establishing noise barriers.
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Figure 6: 3D Model & Noise Estimation [Source: Biljecki, 2015]
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3D Cadastre

Cadastre serves an important role in the development and planning of a
country. However, physical reality demonstrates the need of implementing the
3" dimension, since the complexity of the modern buildings as well as the
structures that exist above and beyond the earth surface, cannot be tackled
efficiently by a 2D Cadastre. 3D Cadastre is actually a system of establishing
rights, restrictions and responsibilities, in which the objects will be represented
also with their height. The aim for 3D Cadastre is to constitute a integrated 3D
model of physical reality, without alienating its legal aspect. Certain examples
that pinpoint the need of 3D Cadastre are [Stoter and Salzmann, 2003]:

¢ Construction that overlap with each other.

e Underground and over ground infrastructure.

e Location and ownership of cables and pipes (water, electricity,
telecommunication, natural gas).

e Apartments (one building with many apartments and different owners).

e Mines and underground activity.

e Monuments of historical value and places of archaeological interest.
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2.6 Conclusions

The purpose of this chapter is to illustrate the characteristics of smart cities, as
well as their application fields. Several examples have been presented that
demonstrate the importance of that concept. Apart from that, the scientific
interest is focused in methods of building, managing and upgrading a smart city.
Those methods include various technologies, providing an opportunity for
different scientific fields to contribute towards that direction. Two of the most
important technologies described are cloud computing and IoT, which in
combination with big data encapsulate several challenges for researchers.
However, the field of investigation of this thesis circles around the necessity of
implementing the 3¢ dimension in a smart city and more importantly how to
tackle the challenges that arise around the subject of data integration. Thus, in
the following chapter are presented two of the most popular standards, that
implement 3™ dimension and can contribute in the environment of a 3D smart
city. Those standards are CityGML and IFC. In a period that the collection of data
is characterized by heterogeneity issues, exploring methods of communication
between them is necessary, a challenge that aims to be tackled by this thesis.
Within this context, each of the standards has different characteristics,
advantages and disadvantages as it will be in detail explained. However, in order
to establish a 3D smart city, not only the data integration, but also a more
holistically approach towards the generation and management of 3D models is
required. All in all, this chapter aimed to constitute a basis in order to realize
why 3D modelling, data integration and spatial management is essential in order
to tackle multiple issues in application fields such as Energy management, 3D
Cadastre and Urban Planning.



Chapter 3
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3 3D GIS & CityGML

city modeling used to focus on visualization of datasets which

resulted in cumbersome data bases and technical difficulties in
3 processing. Within this context, challenges and questions raised,

concerning the effectiveness of the integration of the semantic aspects
in 3D modeling. This semantic enrichment is crucial, due to the structural
complexity and the multiplicity of space within the multidimensional urban
environment, especially in fields such as land administration in which a range of
different RRRs (Rights, Restrictions and Responsibilities) intersect with the
corresponding land parcels. This range of land rights, restrictions and
responsibilities requires proper 3D registrations complying with each legal
structure [Dimopoulou and Elia, 2012]. Additionally, the semantic modeling of
cities requires the appropriate qualification of 3D data [Groger and Pliimer, 2012].
Current trends focus on the semantic enrichment of distinctive city objects or
3D geometries which can be decomposed into their structural elements
including attributes and their correlations. The semantic modeling approach
along with the appliance of 3D geometry and topology of real-world objects is
realized by the CityGML open data model [Kolbe, 2009]. However, questions
arise about the most effective way to integrate geometries and semantics of
different standards or how to efficiently extract semantics from pure geometric
models [Zhu et al., 20u], issues which can be tackled by the concept of
interoperability. The emergence of novel 3D modeling methodologies and
techniques in computer graphics as well as the development of a range of 3D file
formats has certainly assisted in this direction. Nevertheless, data integration
and interoperability is a great challenge towards the advancement of 3D city
modeling.

3.1 CityGML

CityGML is an open data model, based on XML format that aims to store, manage
and exchange virtual 3D city models. It is an application schema for the
Geography Markup Language version 3.1.1 (GML3), the extendible international
standard for spatial data exchange issued by the Open Geospatial Consortium
(OGC) and the ISO TC2n [OGC 12-019, 2012, p.9]. CityGML was developed in
order to facilitate a thorough and sophisticated analysis of real-world objects
alongside their semantic properties and relationships. Its structure allows for the
implementation of the same 3D model in multiple application fields, thus
rendering it an efficient tool for the sustainable management of 3D city models.
A few examples of application fields are city planning, building architecture,
environmental modeling and simulation, land use management and evaluation
and indoor and outdoor navigation. CityGML defines the thematic classes and
relationships for the most common topographical objects in a city with respect
to their geometric, topological and semantic properties. The represented
features are not limited in the built environment such as buildings, tunnels and
bridges but is extended to the natural environment such as vegetation and water
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surfaces. Also, CityGML defines the hierarchical structure among the thematic
classes, as well as the relationships and the spatial properties of the objects.

3.1.1  Characteristics of CityGML

CityGML standard is defined by classes for the most important types of objects
that can be found in a 3D city model. It is compiled by the core model and its
thematic extensions. The core model describes the structural elements of the
CityGML standard; thus, it should be strictly followed by any system that intends
to create or edit a CityGML dataset. Based on the core model, every thematic
extension aims to cover a specific thematic part of 3D City Models. CityGML
introduces the following 13 thematic extensions [OGC 12-019, 2012, p.17]:

e Appearance: this thematic extension offers the capability of modifying
objects in CityGML.

e Bridge: facilitates the representation of thematic and spatial
characteristics of bridges and their structural elements.

¢ Building: facilitates the representation of thematic and spatial
characteristics of building and their structural elements.

e CityFurniture: represents various city objects such as traffic lights, signs,
etc.

¢ C(CityObjectGroup: this thematic extension facilitates the grouping of
components in one model.

¢ Generics: provides general extensions to the main CityGML Schema that
can be implemented in order to model and manage additional
information and attributes that cannot be covered in the rest of the
thematic classes.

e LandUse: facilitates the representation of the land uses in a 3D City
model.

o Relief: facilitates the integration of the terrain and its attributes in a 3D
City model.

e Transportation: represents the transportation network of a city.

e Tunnel: facilitates the representation of thematic and spatial
characteristics of building and their structural elements.

e Vegetation: represents the vegetation and its attributes in a 3D City
model.

e WaterBody: represents the thematic properties and the 3D geometry of
rivers, lakes and other water surfaces.

¢ TexturedSurface: facilitates the visual differentiation of the objects by
applying colors and textures on the 3D surfaces.

3.1.2  Multi-scale Modelling

CityGML standard supports 5 different Levels of Detail (LoD) (Fig. 7). The
concept of multiple LoDs aims to facilitate an effective visualization and an
efficient spatial analysis of the 3D models [OGC 12-019, 2012, p. 11]. An object of a
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dataset can be represented in multiple LoDs, facilitating the capability of
managing the object according to the necessities of the project. Moreover, two
different CityGML datasets that contain the same object in different LoDs can be
combined and integrated. In that case, the user is responsible to ensure that
those objects despite their different LoDs represent accurately the same real-
world entity. The lowest LoD is LoD o which forms a 2D Digital Terrain Model
and can be utilized as a background of an orthophoto or a map. Buildings can be
represented in LoD o via the area of their surfaces or via polygons of the rooftops.
LoD 1 represents a generic shape of 3D buildings. A building in LoD 2 includes
information regarding its roof and boundary surfaces. LoD 3 represents
architectural models with detailed exterior information in terms of surfaces
textures and openings such as doors and windows. LoD 4 completes a LoD 3
model by adding interior structures and spaces for buildings. For example,
buildings in LoD 4 are formed from rooms, interior doors, stairs and furniture
[OGC 12-019, 2012, p. 11].

Figure 7: Level of Details in CityGML [Source: OGC 12-019, 2012]

3.1.3 Semantics, Geometry & Topology in CityGML

Modelling the semantic basis and implementing the 3D geometry and topology
of the real-world objects is facilitated via the concept of CityGML, which
constitutes the standard of 3D semantics. Kolbe [2009] stated that CityGML does
not represent only the shape and the graphical appearance of the city models,
but delves into the semantic characteristic of the objects. As mentioned,
CityGML includes an advanced concept in order to utilize in full the 3™
dimension of the objects, the LoD. The most important aspect of that concept is
that LoDs are not referred solely to the geometry, but are furthered in the field
of semantics: a higher LoD increases the amount of semantics in a model. One
of the most critical design principles of CityGML is the modelling of semantics,
geometries and topological properties in a model. In terms of semantics, the real-
world objects are represented by features such as buildings, wall surfaces,
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windows, rooms, bridges, and tunnels. This representation also includes
properties and relationships between those features. Therefore, the part of
relationships between those features can be analyzed separately in terms of
semantic, with the absence of geometry. Nevertheless, on a spatial level,
geometry objects are assigned to features representing their spatial location and
extent. So, the model is compiled of two hierarchies: semantics and geometry.
The advantage of this method is that the model can follow one of the two routes
in order to address geometric or thematic queries. Even though that both
hierarchies exist separately for the same object, they should also be connected
between each other. For example, if the wall of a building has two windows and
a door at the semantic level, the geometry that represents the wall should also
include the geometry of the windows and doors [OGC 12-019, 2012, p. 12].

The geometric model of CityGML consists of primitives that can be combined in
order to create complexes, composite surfaces or aggregates [OGC 12-019, 2012,
p.25]. For each one of the four dimensions, there is a relevant geometry: an object
with no dimensions is named as Point, an object in one dimension is named as
Curve, an object in two dimensions is named as Surface and an object in three
dimensions is named as Solid. A solid is formed from surfaces and a surface is
formed from curves. In CityGML, a curve is necessarily a straight line and the
surfaces are represented by polygons (Fig. 8).

MultiSurface GeometricComplex CompositeSurface
Figure 8: Geometry in CityGML [Source: OGC 12-019, 2012]

CityGML provides explicit structure for topology. A part of space that is already
represented by a geometry object should be referenced by the features or the
geometries that are related with this geometry object. Practically, topology can
be separated in three cases: firstly, two classes that can be spatially defined by
the same geometry. Secondly, the geometry can be shared between a class and
another geometry. More specifically, a geometry that defines the wall of a
building can be represented with two ways: from the solid geometry of the
building and the feature Wallsurface. Thirdly, two geometries can refer to the
same geometry that consists a boundary for both of them [OGC 12-019, 2012, p.
26].
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3.1.4 Core model of CityGML

The core module of CityGML defines the elemental concepts and components of
the CityGML standard. It forms the basis of CityGML, thus it is essential if any
extension of the schema needs to be implemented. The main purpose of the core
module is to provide abstract base classes from which the thematic classes with
their extensions derive. The base class of all CityGML objects is the abstract class
CityObject which includes several attributes that define a model such as the
creation and termination date of the project, or information about the position
of the model with regard to the surrounding environment.

The Building model is one of the most detailed thematic extensions of CityGML
(Appendix I). It facilitates an explicit representation of the thematic and spatial
properties of the buildings and their elemental structures in 5 LoDs. The Building
model is specified by the thematic extension Building. In case there are building
complexes, they should be grouped as CityObjectGroups. The primary building
of the complex can be highlighted by assigning specific values in the attribute
“role name”. The feature classes Building and BuildingPart inherit all the
properties of the AbstractBuilding class. More specifically, they inherit
properties such as the class of the building, the function, the usage and the year
of construction among others. A LoD o building is represented solely from
horizontal 3D surfaces. Those surfaces can depict the area of the building and
the area of the roof separately. A LoD 1 building consists of a generalized
geometric object of the outer shell. This geometric representation is enhanced in
LoD 2 by implementing the MultiSurface and MultiCurve geometries which are
utilized to model architectural details such as columns. Additionally, in a LoD
2+ Building the outer shell of the building can be semantically differentiated by
implementing the classes BoundarySurface and Buildinglnstallation. The
BoundarySurface class represents a part of the outer shell of the building such as
a WallSurface, a RoofSurface, or a GroundSurface among others. The
Buildinglnstallation class is utilized for elements of the buildings such as
chimneys, stairs and balconies; objects that greatly affect the outer shell of the
building. The buildingInstallation class inherits the attributes class, function and
usage. In a LoD 3 Building model, openings such as doors and windows are
represented as thematic objects. In LoD 4, the highest LoD, the interior space of
the building is represented which is formed of the class Room. Elements of the
interior building such as stairs or immovable objects are represented by the class
IntBuildinglnstallation [OGC 12-019, 2012, pp. 62-66].

3.1.5 CityGML Boundary Surfaces

The Boundary Surfaces class is the general class of multiple thematic classes that
form the outer shell of a building, as well as the visible surfaces of rooms and
interior and exterior installations. It is a subclass of the class CityObject, thus
inherits all its attributes. From that class, derive some of the most important
subclasses of a building: RoofSurface, WallSurface, GroundSurface,
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OuterCeilingSurface, = OuterFloorSurface, = ClosureSurface,  FloorSurface,
InteriorWallSurface and CeilingSurface [OGC 12-019, 2012, pp. 69-73].

3..6 CityGML Room & Room Furniture

If an object belongs to a specific area, such as a desk, then it is connected with
the class Room. A CityGML Room can have attributes such as class, function and
usage. The attribute class facilitates a categorization of the rooms with respect
to their real use, for example personal rooms or shared rooms. The attribute
function reveals the original identity of the room such as kitchen or living room,
while the attribute usage depicts the current use of the room in case it is different
from its original use. The visible surface of a Room is represented geometrically
with Solids or MultiSurfaces. Semantically, a Room is composed by boundary
surfaces such as FloorSurface, CeilingSurface InteriorWallSurface and
ClosureSurface. The furniture of a Room, such as chairs and desks can be
represented within the CityGML standard with the class Room furniture, which
inherits the properties class, function and usage [OGC 12-019, 2012, pp. 74-76].
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Figure 9: Building representation in CityGML [Source: OGC 12-019, 2012]
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3.1.7 Options for enriching a CityGML Model

CityGML standard is a universal topographic information model that aims to
provide certain rules and constraints to the real-world objects. However, there
are multiple applications that need to implement objects or information that are
not supported by the thematic classes of CityGML [OGC 12-019, 2012, pp. 15-16].
In order to tackle that issue, CityGML supports the extension of its geometry and
semantics via the following ways:

Generic city objects and attributes

The generic city object concept facilitates the enrichment of a CityGML model
thematic classes with additional attributes, properties and values without the
requirement to change the basic CityGML XML schema. Additionally, the
enrichment in terms of geometry can be achieved via utilizing the thematic
extension Generics of CityGML [OGC 12-019, 2012, pp. 15-16]. Even though they
provide an extension of the CityGML model, there are several limitations such as
the informality of their specification, the limits in data types and the conflicts
that may occur between the existing and the additional objects
[www.citygml.org].

Applications Domain Extensions (ADE)

The concept of an ADE is to provide an extension to the CityGML schema with
regard to a specific application field. A few examples of such additions could be
adding various information regarding the properties of a surface, the land value
of a building, or define a new object type. The major difference compared to the
method of extending a CityGML schema with generic city objects and attributes,
is that an ADE is defined via a separate XML schema that must be connected
with the main CityGML schema. The advantage of creating an ADE is that the
extension can be utilized in specific application fields and recognized globally.
CityGML supports the simultaneous implementation of more than one ADE
schemas. ADEs can extend any of the CityGML modules, providing an option of
adding multiple information to the CityGML model [OGC 12-019, 2012, pp. 15-16].
ADE are widely used in field such as energy modelling, modelling topographic
data, indoor modelling and noise modelling [www.citygml.org].

It can be concluded that each method has advantages and disadvantages. On one
hand, Generic city objects and attributes provide a quick route to enrich a
CityGML dataset but the depth of the type of information that can successfully
add to the model is questionable. For example, if a model needs to be enriched
with a special city object that is not covered by CityGML, then the generics
method could be proven quite valuable. Similarly, if there are specific attributes
or properties that need to be added in a model, the generics method can facilitate
the extension. However, if the IFC model is able to provide the CityGML model
with an amount of data or objects that covers an entire application field, then
the Generics method can be proven quite inefficient. On the other hand, ADEs
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are more complicated and their implementation might be more beneficial if they
form a schema that covers holistically a specific application field, while it is
doubted if an ADE should be formed to address a generic issue. It should not be
neglected though the fact that the extension of the CityGML model will happen
by utilizing semantic information of IFC entities. CityGML was not designed to
support IFC [Luut and v. Berlo, 201], therefore the capability of preserving
semantic information with either of the two aforementioned methodologies can
form the ground for additional future research. Furthermore, it is of particular
interest the connection of the semantics and the geometries in IFC in order to
be successfully extended in CityGML. Another interesting topic is that CityGML
provides limited semantic information to its boundary surfaces. The boundary
surfaces inherit the attributes of the _CityObject such as gml:name. While the
current state of the boundary surfaces can tackle the lack of additional semantic
information, in a fully detailed model it can be proven quite unsuccessful, since
the gml:name attribute could be utilized to characterize the orientation of a
specific surface in a complex building. IFC surfaces are capable of enriching
semantically a CityGML with information that could be implemented in multiple
application fields. Another field of investigation is the capability of CityGML to
represent the legal aspect of a city model. Up to today, CityGML is successful at
modelling and managing the built environment, but lacking in the field of legal
land administration [Aien et al., 2015]. BIM provides great capabilities of
representing information with regard to the legal aspect of a model [Atazadeh et
al., 2017]. They need to, however, be created and stored according to the legal
environment as instructed by the cadastre of each country. The legal semantics
can also be exported in IFC format; hence it is of particular interest to examine
not only the type and the amount of information that can be converted to
CityGML, but the limitations that may occur in terms of geometric
representation can discourage the successful transition of all legal semantic
information. For the purposes of this thesis, we believe that is worth to
investigate both methodologies in order to determine the most efficient one in
terms of handling the semantic information of a CityGML model. The generated
building provides the opportunity of investigating the enrichment of the
CityGML boundary surfaces with semantic information that can be utilized for
smart energy management systems, determines the extent that a transition of
semantics is feasible and the constraints and limitations that may arise in terms
of the different geometric structures of the two standards.
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3.2 IFC & BIM

Building Information Modelling (BIM) is a 3D modelling procedure that
describes the geometric and semantic properties of a building and monitors its
life-cycle. A BIM may therefore be defined as a digital representation of the
physical and functional characteristics of buildings and their surrounding
environment [Isikdag and Zlatanova, 2009]. Nowadays, BIM consists a valuable
tool for sharing information and assisting in the decision-making of a building
construction. Additionally, utilizing BIM renders feasible the collaboration of
multiple engineering fields throughout the life-cycle of the building and creates
a dynamic environment that can address the changes that may occur to the
project.

“BIM (Building Information Modeling) is an intelligent 3D model-based process
that gives architecture, engineering, and construction (AEC) professionals the
insight and tools to more efficiently plan, design, construct, and manage buildings
and infrastructure” [www.autodesk.com].

Howell and Batcheler [2005] have expressed the advantages of BIM:

e Consistency of plans, elevations and section drawings.

o C(Capability of creating objects of different types in one model.

e Smooth upgrade of the building’s structural elements (doors, windows)
in order to synchronize the model with the changes that take place in the
real-world entity.

e C(ollecting information in a single BIM file renders the addition of
additional information feasible.

BIM is implemented in the current thesis in order to generate the prototype
buildings. The following conclusions can be made:

e BIM can contain a plethora of semantic information. Despite the accuracy
of the geometric representation, which is expected from a 3D modelling
software such as Autodesk Revit, the capability of adding semantics
according to the need of the projects renders it a valuable tool for the
investigation purposes of this thesis.

e The interoperability with 2D CAD software improves considerably the
amount of time needed to generate a model, since by importing 2D
drawings it is possible to extrude the model in 3D.

e Multiple visualization methods of the constructed model allow the user
to monitor and correct where necessary the modelling process.

BIM complies with the Industry Foundation Classes (IFC) standard. Today, there
are several CAD/AEC applications (such as Archicad, AutoCAD and Bentley
MicroStation) as well as business analysis applications (such as SAP 2000) that
have the abilities to import and export their internal models according to the IFC
standard [Isikdag and Zlatanova, 2009]. IFC is a standardized open data model



- 62 -

developed by the international organization buildingSMART. The IFC data
format is based on the EXPRESS language as a part of the STandard for the
Exchange of Product model data (STEP) standard (ISO 103030) for product data
exchange [buildingSMART, 2007].

IFC is a data format that is used to describe, exchange, share and define how
information should be stored throughout the building industry’s life-cycle [El-
Mekawy et al., 2012]. It is the international standard for Building Information
Modelling (BIM) and is used to create a model of a facility that contains all its
information and relationships among its parts and facilitates their sharing
among the project members (Appendix II). It can hold data for geometry,
quantities, facility management and equipment for various professions. IFC is
comprised of a set of schemas and each schema belong to one IFC layer. The
content of the schema represents a specific concept of the facility (equipment,
geometry, costs). IFC has a full range of geometry classes (solids, surfaces,
curves) and a full range of topology classes (shell, point, path). Finally, IFC
supports the Level of Development (LoD) from 100 up to 500.

3.21 IFC Geometry

The 3 elemental geometry categories of IFC 2X3 are the following:

e B-rep:asolid is represented as a collection of connected surface elements
[Donkers, 2013]. Compared to CSG, it is a more flexible method and is
used for complex geometry objects such as ‘IFCDoor’ and ‘IFCWindow’.

e Swept volumes: a solid is defined by a 2D surface and a path which is used
to extrude the model [Donkers, 2013].

e (SG: it is utilized to generate solids with one or more Boolean operators.
An operator of such kind between two geometries generates a new
geometry that is formed with the operation of intersect, difference or
union [Kolbe and Pliimer, 2004].

Compared to IFC which utilizes mostly swept volumes and CSG, CityGML
utilizes exclusively b-rep geometry [Donkers, 2013].

3.2.2 [FCLOD

[t is a common phenomenon to confuse the term: Level of Detail in CityGML
with the term: Level of Development in IFC. In reality, they have completely
different meanings and representations. CityGML LoD, which is presented in a
previous section, basically describes how much information is contained on the
CityGML Model. On the contrary, Level of Development in IFC determines how
much can the user rely on the information provided by the current model. The
LoDs in IFC are categorized as follows [Bedrick and Vandezande, 2013].
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LOD 100: The model element can be graphically represented, it does not
however comply with the LOD 20o0.

LOD 200: The model element is represented as a generalized model, with
approximate area, location, orientation, volume.

LOD 300: The model element is represented as a specific model with
accurate area, location, orientation, volume.

LOD 400: The model element is represented as a specific model with
accurate area, location, orientation, volume and possessing additionally
detailed information for the objects, components and materials.

The LOD has no influence on whether it is possible to convert the model to
CityGML, though models with higher LODs are recommended as they contain
more accurate information.

3.2.3 [FC Entities & Semantics

Figure 10 represents the most relevant IFC entities with GIS [Nagel and Kolbe,
2007].
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Figure 10: IFC entities [Source: Nagel and Kolbe, 2007]

IFC Door: An element that closes an opening. Its properties are defined by
the IFCPropertySet, while the geometric representation of IFCDoor is given by
the IFCProductDefinitionShape, allowing multiple geometric representations
[www.buildingsmart-tech.org].

[FC Window: An element closing an opening on a wall. Its properties are defined
by the IFCPropertySet, while the geometric representation of IFCDoor is given by
the IFCProductDefinitionShape, allowing multiple geometric representations

[www.buildingsmart-tech.org].
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IFC Wall: A construction from a specified material that bounds vertically the
model. Its property sets are defined by the IFCPropertySet and the use of
'‘SweptSolid', 'Clipping’, and 'Brep' representations is currently being supported
[www.buildingsmart-tech.org].

IFC WallStandardCase: It is a subtype of the super type Wall and its properties
and geometries are defined by IFC Wall [www.buildingsmart-tech.org].

IFC Slab: A component that encloses a space vertically. Its property sets relating
are defined by the IFCPropertySet and the use of 'SweptSolid', 'Clipping’, 'Brep'
and 'MappedRepresentation' representations is supported [www.buildingsmart-

tech.org].

IFC Roof: A construction enclosing the building from above. Its property sets
IFCRoof are defined by the IFCPropertySet [www.buildingsmart-tech.org].

IFC Space: Represents the free space of a building bounded actually or
theoretically. Its property sets are defined by the IFCPropertySet, while the use
of a 2D 'FootPrint' representation of type 'Curve2D' or 'GeometricCurveSet' and
a 3D 'Body' representation of type 'SweptSolid, 'Clipping' and 'Brep' is currently
supported [www.buildingsmart-tech.org].

IFC building: A construction that aims to provide shelter of its occupants. Its
property sets are defined by the IFCPropertySet and its geometric representation
(if the building has an independent geometric representation) is defined using
faceted B-Rep capabilities [www.buildingsmart-tech.org].

IFCBuildingElement: An important part of the building from a structural point
of view such as floor, roof, wall. Any IFCBuildingElement can be represented by
one or several geometric representations [www.buildingsmart-tech.org].

IFCBuildingStorey: Represents the storeys of the building. Its property sets
IFCBuildingStorey are defined by the IFCPropertySet. Currently, the use of a 2D
'FootPrint' representation of type 'GeometricCurveSet' and a 3D 'Body'
representation of type 'Brep' is supported [www.buildingsmart-tech.org].

IFCOpeningElement: Represents the elements that bound an opening. Its
property sets are defined by the IFCPropertySet [www.buildingsmart-tech.org].
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3.3 Communication of IFC & CityGML

The interoperability between IFC and CityGML is considered essential since it
could address issues such as cost reduction that is also translated in a time-
efficient management of projects, advanced data analysis and a unified view of
the details of an area [El-Mekawy, 2010]. Nevertheless, it renders a particularly
challenging process due certain parameters. Firstly, it should be taken into
account that there is not only one way of 3D modelling, on the contrary more
and more software companies develop 3D modelling software tools (Autodesk
Revit, Trimble SketchUp, ESRI Cityengine). The aforementioned modelling tools
follow different rules during modelling procedures and are often created for
different application fields and address different type of users (government,
academics, private sector). So naturally, the integration of those systems
encrypts major difficulties. By implementing open source standards such as IFC
and CityGML, those difficulties can be partly tackled. There are however,
important dissimilarities between the structure of those standards that are
especially noticeable in their geometric, semantic and topologic properties,
forming an intriguing field of research. Nagel and Kolbe [2007] and El-Mekawy
et al. [2012] highlighted the most relevant relationships in IFC models that can
be applied in geospatial analysis and a part of them is investigated in the specific
master thesis. As mentioned previously, the different schemas as well as the
handle of geometries and semantics in each standard render the integration
quite complex. For example, IFC focuses on the construction of a building and
provides structural elements such as Beams, Tiles and Walls. On the contrary,
CityGML describes the Buildings as observed and used. Moreover, IFC focuses
solely on the building, while CityGML represents a more complex city model that
is compiled of LandUse, Transportation Objects, Vegetation and Water Bodies.
Finally, unlike CityGML, IFC does not support the multi-scale modelling, since
its objects are represented in one Level of Detail [Groger and Pliimer, 2012]. In
order to fully highlight the challenges that occur during the conversion between
IFC and CityGML, a prototype IFC generic model has been implemented and is
converted to a CityGML LoD 3 model, forming the basis for more complicated
and semantically enriched conversions.

IFC to CityGML LoD 3 conversion

The methodology proposed is categorized as follows: Firstly, the geometric
adjustment of the model takes place, in order to be compatible with the CityGML
specification for LoD 3 Buildings. Secondly, semantic information based on the
CityGML standard is added and then descriptive information defined by the
CityGML standard is implemented. Afterwards, the generated model is validated
in Val3Dity and finally, it is evaluated in terms of complexity. The workflow of
the process is presented in figure 11.
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The building in figure 12 is modelled via BIM in Autodesk Revit 2017 software. It
is georeferenced by linking a CAD georeferenced file of the 2D boundaries of the
site, based on the Greek Geodetic Reference 1987 coordinate system. As soon as
the modelling process and the geolocation of the model were completed, it was
exported to IFC Format 2x3. The IFC entities utilized for the conversion were I[FC
Building, IFC WallStandardCase, IFC Slab, IFC Window and IFC Door. The
exported IFC model was visualized in FME Data Inspector and inserted in FME

Workbench.

Figure 12: IFC model in FME Data Inspector
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Geometric Adjustment of the model

A key characteristic of an IFC model is that each surface appears as a solid in
contrast with CityGML LoD 3 specification. So, in order to achieve the geometric
adjustment of the model the following process was implemented. The 1% step of
the process was to render the IFC geometries compatible with CityGML LoD 3
geometries. More specifically, the interior shell of the building had to be
removed. As soon as the exterior shell of the building is extracted, the geometry
of the model had to be adjusted, in order to fit the b-rep specification of GML.
Therefore, the produced geometries fit the gml:MultiSurface geometry
specification of CityGML.

Extraction of geometry: It should be mentioned that each IFC Entity had to be
manipulated separately due to the complexity of the schema. The algorithm
created for the extraction of the geometry for IFC slab is presented in figure 13.

Geometr...actor 3 {5 Geometr...ercer 3 {5

P> Processed '
P Untouched (> P> Untouched [>

Deaggregator_3 <5t

> Deaggregated

Figure 13: Algorithm for the extraction of slabs

Firstly, with the implementation of the GeometryPartExtractor transformer, the
IFC Slabs are extracted (Fig. 14). Then, the GeometryCoercer transformer
converts the solid surface to a composite surface in order to be de-aggregated in
its structural elements. The algorithm to convert the IFC WallStandardCase
follows the same principles with the IFC Slab at this stage of the process.

Figure 14: Extraction of slabs

For the IFC Door, the Geometry Extraction is less complicated, since the model
consists of only one door. A challenging task is the extraction of the [IFC Windows
that has to be filtered by attribute characteristics in order to be handled
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separately on latter stages. Afterwards, the GeometryPart extractor is
implemented and the extracted geometry is de-aggregated in order to be
converted in a MultiSurface geometry type (Fig. 15).
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Figure 15: Algorithm for the extraction of windows

Geometry Refinement: After the phase of the extraction, the geometry should
be refined to fit the requirements of CityGML. The part of the algorithm
responsible for the refinement of the IFC Slab is presented in figure 16. The
extracted geometries are inserted in the GeometryCoercer Transformer, which
allows the conversion of the geometries in features. The surfaces are converted
from Solids to MultiSurfaces. Then, by implementing the AttributeFilter
Transformer, the surfaces are categorized based on their attributes to Floor and
Roof, which represent the CityGML GroundSurface and RoofSurface
respectively. The same algorithm is applied to the IFC WallStandardCase, IFC
Window and IFC Door in order to convert the geometries to MultiSurfaces.
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Figure 16: Algorithm for the geometric refinement of the model

Semantic Mapping of the Model and Descriptive information

In order to achieve the semantic mapping of the CityGML, the IFC Building is
utilized as input and is converted to CityGML Building. The GeometryRemover
transformer is used and then by implementing the AttributeCreator and
CityGMLGeometrySetter, the Building is assigned a specific gml_id in order to
render its connection with the Boundarysurfaces feasible. The
CityGMLGeometrySetter set the Geometry type to LoD3MultiSurface and the
feature role to boundedby. It should be noted at this point, that the
aforementioned transformer does not accept as valid input geometries that do
not meet the b-rep specifications. The AttributeCreator is used to connect the
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surfaces with the CityGML Building by matching the gml parent_id of
RoofSurface and GroundSurface with the gml id of the Building. Figure 17
presents the generated CityGML RoofSurface and GroundSurface.

Figure 17: Generated CityGML surfaces

The semantic mapping of the BoundarySurfaces is more complicated because of
the fact that the WallSurfaces should be matched with the corresponding
Openings. The FeatureMerger transformer ensures that each opening is placed
on the appropriate WallSurface. The previously geometrically adjusted surfaces
of the Windows serve the role of the Requestor, while the corresponding
WallSufaces serve the role of the Supplier. The same algorithm was created for
the successful conversion of the Door. The CityGMLGeometrySetter
transformers ensure the geometry type of the openings which is
LoD3MultiSurface and the feature role Opening. The model is enriched with
attributes in accordance with the CityGML standard, such as gml_name, class,
function and usage. This is feasible by utilizing the AttributeCreator Transformer
as a final stage of the conversion. The generated CityGML model is inserted in
the Valsdity software, a validation tool of 3D GML primitives, created by TU Delft
in Netherlands (Fig. 18).

<gml:MultiSurface> found: 15
XLinks found, resolving them...done.
nput file correctly p without

WMARY ++++++++++++ -+

rimitives validated: MultiSurface

of primitives: 15
15 (1
invalid: @ (0.0%)
I e o e o e

Figure 18: Evaluation of the model with Val3Dity
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The model is inspected in terms of semantics in FZK Viewer. The output is
considered satisfactory, since the semantic hierarchy that is structured by
CityGML in LoD 3 is preserved (Fig. 19).
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Figure 19: Semantic examination in FZK Viewer

Lastly, the final CityGML model is visualized in FME Data Inspector, as well as
in FZK Viewer (Fig. 20).

Figure 20: Visualization of the CityGML LoD 3 model in FME and FZK Viewer

3.4 Conclusions

The presented methodology aims to provide the concept that should be followed
during the conversion from IFC to CityGML. The geometric conversion of the
surfaces is prioritized compared to semantic mapping. There are however several
limitations that should be taken into consideration. First of all, the generated
CityGML LoD 3 model is a generic model in term of geometry. It consists of
BoundarySurfaces and Openings (Windows, Doors), but outer installations are
not included. The geometric adjustment of the model is the most challenging
task of the conversion algorithm. The implemented software does not support
the sophisticated tools that are required for such a conversion and more
specifically to convert a solid geometry to b-rep geometry. For this reason, a
solution must be investigated in order to convert geometrically complicated
buildings. Regarding the semantic mapping, the differences between the IFC and
CityGML entities that are addressed during the conversion of slabs should be
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considered. Also, in case a more complicated model is to be converted, the
semantic mapping between more entities needs to be examined. Lastly, the
evaluation of the model with validation software tools formulates the basis of a
feasible conversion, that needs however to be expanded for more complicated
models in terms of geometry and semantics.
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Chapter 4
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4 State of the Art in 3D Data Integration

the spatial relationships between the features of the model that vary in

terms of type of objects, while BIM delves into the building process of the
model and its structural characteristics. Moreover, the main characteristic of GIS
is that the model is geolocated and often it is being approached from a
geographic perspective, while BIM facilitates construction projects, thus it is
being approached from a building/architectural perspective. There are multiple
differences between GIS and BIM, that derive from different kind of users,
different application fields, different handling of geometry and semantics,
different representations and scaling, different focus on the objects of physical
reality and different methods of storage and management [Liu, 2017]. Therefore,
it is evident that the integration of GIS and BIM, or more specifically 3D GIS and
IFC is of paramount importance, since it can provide unlimited benefits to a
majority of users, planners, professionals and ultimately compile a solid tool of
data processing and visualization in order to aid towards the goal of generating
semantized 3D Smart Cities. The most popular approach for 3D data integration
is the unidirectional transformation between IFC and CityGML models, which is
argued to remain the only valid method that integrates efficiently BIM with
geospatial technology [Isikdag and Zlatanova, 2009]. This chapter, aims to
provide an insight regarding the state of the art in the field of 3D data integration.
There are multiple options of how to summarize the state of the art such as
geometry-semantics, unidirectional-bidirectional and open source-commercial
software [Liu, 2017]. Amirebrahimi et al. [2015] proposed that the integration
between IFC and CityGML can be classified into three categories: data level,
process level and application level. El-Mekawy [2012] categorized IFC and
CityGML data integration as follows: (i) unidirectional approaches, (ii) extension
of CityGML and (iii) implementation of a new model. Within this context and
for the purposes of this thesis, the state of the art is classified based on the
aforementioned characteristics of each developed methodology. That way,
limitations and advantages of each method can be presented clearly and be
directly compared with our proposed methodology. So, the structure is divided
as follows: firstly, the theoretical and technical approaches that facilitate a
unidirectional or bidirectional methodology are examined. Furthermore,
limitations of those frameworks as well as future recommendations are included
in order to demonstrate the upcoming topics of scientific research. Secondly, the
methodologies that integrate IFC and CityGML data by implementing an
Application Domain Extension (ADE) in CityGML are examined. Afterwards,
methodologies that require a 3" party as an integration tool are presented and
analyzed.

GIS and BIM present 3D models from different perspectives: GIS focuses on
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4.1 Unidirectional methods

Nagel [2007] presented a unidirectional conversion algorithm for the automatic
generation of valid CityGML LoD 1 models. In order to do so, the complex IFC
model should be in accordance with the simplified geometries of a LoD 1
CityGML model. So, as a 1* step a geometry simplification of the model had to
take place. Secondly, by utilizing 2D planar view, the footprints of each floor were
separated and then the 3'¢ dimension for the boundary surfaces was extracted
producing the final CityGML model. However, limitations of the method arise
especially in the field of generating higher LoDs models and the fact that the
proposed methodology was focused on handling differences between the
geometries of [FC and CityGML without delving into the field of semantics. With
respect to Nagel’s findings, Isikdag and Zlatanova [2009] proposed a
unidirectional framework for generating CityGML models using BIM. The
framework is characterized by two critical steps: the semantic mapping and the
geometry simplification of the model. Based on those principles, several
examples have been presented, generating CityGML models from LoD 1 up to
LoD 4, proving that an IFC model is fully capable in terms of geometric
representation and semantics to produce a CityGML model of any detail.
However, significant issues raised, that were highlighting dissimilarities of the
two standards, such as the weakness of CityGML to address semantically an
opening that is not consisted of doors or windows. Also, occasionally the
granularity of the model can become a considerable challenge to tackle during
the conversion since the levels of representing structural elements is more
detailed and sophisticated in IFC compared to CityGML. Nagel, Stadler and
Kolbe [2009] proposed reconstruction methods for 3D city modelling in order to
enhance the efficiency of BIM which was applied mostly on new constructed
projects. The process encloses two stages of reconstruction. During the 1 stage,
the 3D model which derives from multiple sources, such as photogrammetry,
laser scanning, or manual drawings (CAD) is converted to a CityGML model,
based on specific spatio-semantic principles. Depending on the source of the
model, in order to handle and refine geometry various sources are proposed. The
2" gtage is the conversion of the CitygGML model to IFC. During this stage,
important differences are highlighted in the geometry of the model. While
CityGML follows strictly the boundary representation geometry, IFC is more
flexible and supports, CSG, sweep volumes and boundary representation.
Therefore, the generated geometries are often ambiguous and provide a ground
for further research. With regard to unidirectional conversion, El-Mekawy [2012]
analyzed the semantic mapping between IFC and CityGML as well as pinpointed
the key differences between the two formats. He concluded that despite the fact
there are enough IFC classes to serve GIS purposes, there are noticeable
differences with the geometric and semantic structure of CityGML. For example,
an IFC Building can be separated in storeys and spaces that form a specific storey,
while in CityGML, the concept of storeys is not yet supported. Furthermore, the
geometric representation of IFC spaces is mostly CSG or sweeping volumes,
while in CityGML the boundary representation is followed. Additionally,
boundary surfaces such as Walls, in IFC are represented as solids, while in
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CityGML are represented as multi surfaces, which generates obstacles during the
process of conversion. Within this context, Ellul et al. [2015] investigated a
unidirectional conversion from BIM to GIS elaborating further on the differences
of the geometries between the two standards and especially on the issues that
arise for the conversion of space geometries and boundaries. Donkers [2013]
presented an automatic process of converting an IFC model to a LoD 3 CityGML
that is evolved in three stages: semantic filtering and mapping, geometric
transformations and geometric and semantic refinements. The generated models
successfully follow the principles of CityGML. With regard to limitations of the
process, the generated models contain only semantic information that is relevant
with the CityGML standard, thus the additional IFC semantic properties are
discarded. It is also noted the necessity of expanding the conversion not only to
CityGML LoD 4 models but also to other city objects such as tunnels, bridges and
roads. Geiger [2015] demonstrated the importance of generalizing IFC 3D
models, correlating it with the concept of Level of Detail in CityGML. The
developed process aims to reduce geometric and semantic redundancy of the
model in order to facilitate the extraction of a LoD 1-3 representation without
missing critical information. With regard to limitations of the process, it could
be mentioned that the tested objects could be more complex, while the need for
generating LoD 4 models remains. Furthermore, questions arise with regard to
the efficient mapping not only of geometry but also semantics. Zlatanova et al.
[2013] stated that one of the limitations of the conversion between IFC and
CityGML is the missing semantics that are stored in enriched IFC models.

4.2 Extension of CityGML

Apart from the unidirectional conversion, the integration between IFC and
CityGML is also feasible by CityGML with an Application Domain Extension
(ADE). Cheng et al. [2013] propose a framework that supports bidirectional
translation between IFC and CityGML in different Levels of Detail. In order to
facilitate a lossless conversion of geometric and semantic data a CityGML ADE
named Semantic City Model (SCM) was developed. Afterwards, a conversion
algorithm is utilized by implementing reference ontology and instance-base
mapping rule generation [Cheng et al., 2016]. Laat and van Berlo [2011] developed
a methodology that aimed to generate CityGML models by utilizing the semantic
pluralism of IFC models and assigned each IFC entity to a relevant entity that
could be applied in a geospatial environment in order to cover the enrichment
of the model with semantic information. CitytGML GeoBIM extension allows the
semantic enrichment of a CityGML model with IFC data, is developed as an ADE
for CityGML and is implemented on BIM server. With regard to the 2"¢ approach
there are clearly significant limitations that need to be considered. First of all,
the extension of a CityGML schema in order to process the IFC data results in
huge CityGML files that complicate the implementation and management of a
3D city model in multiple application. Secondly, the improvident use of IFC data
in a CityGML format can render the file inefficient to use in a smart city and lastly
it should always be taken into consideration that the two standards serve
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different purposes. The communication is important, but it should be targeted
in specific application fields.

4.3 3" party Integration methods

Another approach of 3D data integration is the implementation of a new model
that serves a specific purpose. Benner et al. [2005] presented a 3D building model
for urban applications. The QUASY system presents many similarities with
CityGML but it is more flexible than CityGML due to the application of
Quvariants [Liu, 2017], since it is semantically enriched with extensions such as
storeys, passages and opening objects. IndoorGML is another framework
developed by the IndoorGML Standard Working Group in an OGC GML 3.2
application schema. It facilitates indoor navigation but can also provide valuable
insight to the IFC and CityGML. More specifically, the capability of providing
indoor data to the aforementioned standards can enhance its role in the
integration between IFC and CityGML. El-Mekawy [2012] proposed another
framework: Unified Building Model (UBM) for 3D GIS aims to tackle data
integration. UBM encapsulates both the geometry and semantic aspects of
CityGML and IFC, thus facilitating a smoother communication of the two
standards. Aien et al. [2015] proposed a data model that encapsulates both the
physical and legal aspects of the environment. The 3DCDM model is developed
on the basis of a cadastral system and is extended to support objects from the
urban environment. This methodological approach has been utilized in multiple
applications as well. Karran et al. [2013] present a BIM-GIS collaboration aiming
to assist the integration process of construction supply chain management by
implementing a plugin in Revit software. A web based visualization system is
developed by Niu et al. [2015] that aims to integrate BIM and GIS in order to
monitor the energy performance of a building. This methodological approach
can solve efficiently an integration problem, however it is limited to provide a
solution from one particular view, for example energy management or
construction logistics [Liu, 2017].

4.4 Available data conversion tools

There are numerous conversion tools available that convert IFC to CityGML such
as BIMserver, KIT IFCExplorer and Feature Manipulation Engine (FME) by Safe
Software [Donkers, 2013]. BIMserver and IFCExplorer are able to convert
successfully the [FC Geometry but lack in semantic mapping [Donkers, 2013].
Recently, a semi-automatic process of converting BIM and GIS data was
developed by implementing Extract Transformation Load process, which
imports the original source of data in a digital workbench environment and
allows the manipulation of their features in order to convert them in various data
formats [Liu, 2017]. The mapping process during ETL is characterized of
flexibility and allows for a fully customized conversion between BIM and GIS
[Liu, 2017]. There are however, serious limitations. First of all, it should be noted
though, that since ETL process involves a lot of manual data handling of the
operator as well as the process is based on his/her interpretation of the model’s
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entities, there is a large room for error. Moreover, the conversion progress
requires a significant amount of time and supports the model that has been
originally created for. Customization is available and recommended, which is a
major advantage of the procedure, however it is not characterized as cost-
efficient. A software tool of such purpose is Feature Manipulation Engine (FME)
[Safe software, 2017]. An advantage of FME is that supports bidirectional reading
and writing between IFC and CityGML, so in theory a bidirectional conversion is
feasible. Also, inside the environment of FME, the geometries and semantics
retain their original attributes, an issue that arises often in unidirectional
methodological approaches [Zlatanova, 2013]. The converters from FME that are
available up to today, are not capable of converting IFC models to valid CityGML,
even though there is an output in .gml format. Various errors such as the
geometric inaccuracy and semantic incoherence of boundary surfaces as
structured by CityGML are addressed in the generation of a LoD 2 CityGML
model. Additionally, the CityGML output of the conversion in LoD 3 contains
thickness in the WallSurfaces, while in LoD 4 both geometries and semantics do
not follow the CityGML standard.

With respect to the aforementioned methodological approaches and available
integration tools, the following table summarizes the findings of the presented

categorization.

Table 1: Summary of the integration approaches

Integration method Advantages Challenges
Unidirectional Successful geometry | Lack of semantic mapping
approach conversion

Generation of valid LoD 4
Time-efficient CityGML models

Generation of lower LoDs
from a LoD 4 model

CityGML Extension Efficient solution of Offered solution for a
integrating data in specific application field
terms of geometry

and semantics Wasteful in terms of time

and money

3" party system Efficient data Offered solution for a
integration specific application field
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4.5 Conclusion

The developed methodology can be categorized in the field of unidirectional
approaches due to the fact that one of the most important goals of the thesis is
to generate a CityGML model in the highest LoD and transfer successfully
additional semantic information from IFC sources. The conversion algorithm is
intended to be developed by utilizing ETL process via FME software. The reasons
enabling the selection of such tools are the following: first of all, the up to date
developed conversion algorithms in FME workbench do not generate valid
CityGML models, therefore there is plenty of room for improvement and is an
intriguing challenge. Secondly, based on previous experience of the author and
the paradigm presented in chapter 3, it is highly estimated that the selected tools
can preserve and map successfully semantic information. On top of that, the
flexibility of the procedure might be able to tackle certain issues that automatic
approaches are not always able to deal with and can occasionally mess up the
model. Moreover, the bidirectional capabilities of the software render it a
valuable tool for future investigation in order to fully understand the
communication between the two standards. Within the context of future
research, it may be possible to create an algorithm in the FME Workbench that
is able to generate simultaneously from one IFC model, different LoDs of
CityGML models, contributing significantly in another challenge of the
unidirectional approach.
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5 Case Study

5.1 Study area

model is located in the municipality of Zografou in Athens, Greece. The

generated model depicts a building of the School of Electrical Engineering
in the campus of National Technical University of Athens, with an area of
approximately 200om?. The technical department of the university provided
digital and architectural plans of the building, which facilitated the accurate
modelling of the building. The building is characterized by great complexity due
to its outer facade and rich interior space. Additionally, information with regard
to the materials and textures of the surfaces have also been utilized to form a
building as close to the reality as possible. Therefore, the specific building is
suitable for investigating the integration capabilities between IFC and CityGML,
by implementing a conversion algorithm that takes into consideration a
significant number of features that exist in both standards (Fig. 21).

For the case study two prototype models have been implemented. The 1%

Figure 21: Location of the models

The 2" model is located in the municipality of Chalandri in Athens, Greece and
depicts a building that is being used primarily for commercial purposes. In terms
of geometry, although significantly smaller than the 1°* model, the complexity of
its outer facade can confirm the accuracy of the developed conversion algorithm.
Furthermore, it is enriched with cadastral information in order to examine the
semantic preservation and transfer during the conversion. The model is based
on architectural plans and covers an area of approximately 3oom=.
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5.2 Software & Tools

Within this research work, the various open source and commercial software
that have been utilized, can be categorized as follows: with regard to modelling
aspect the software that have been implemented are: AutoCAD Civil and
AutoCAD Map 2018, Autodesk Revit 2018 and Trimble SketchUp 2017. With
regard to spatial processing and analysis the open source software QuantumGIS
2.14 has been utilized. For the conversion of the IFC model, the commercial
software Feature Manipulation Engine 2017 has been used, while for the
examination and visualization of the generated CityGML models, FZK Viewer
and FME Data Inspector have been implemented. Lastly, for the generation of
the ADE, Enterprise Architect software has been utilized. An educational license
has been received for each commercial software.

5.3 Methodological Approach

The methodology developed in the current thesis aims to provide an insight
regarding the geometric and semantic issues that derive between IFC and
CityGML in the maximum possible Level of Detail. Firstly, the model is designed
in Autodesk Revit following Building Information Modelling. When the
modelling process is completed, it is exported to IFC Format 2x3 and then
inserted in FME Workbench in order to be further processed. The building’s
geometry and mapping of the semantics have been separately manipulated
between the two standards. With regard to the geometry management, a part of
the model is handled inside the workbench, while the rest is inserted and
corrected in Trimble SketchUp. The semantic mapping is achieved inside the
FME Workbench and attributes and properties of the features in IFC are
maintained until the generation of the CityGML model. The generated model
consists of CityGML features in Level of Details 3 and 4. As soon as the conversion
is complete, an enrichment of the CityGML model with the extra semantic
information of the IFC model is investigated via two different approaches as
structured by CityGML. Finally, results, key findings as well as recommendations
for future research work are thoroughly presented. The workflow of the process
is presented in figure 22.



Building
Information Model

Geometric
Correction

Semantic Mapping

CityGML Model Semantic Extension

l

Generics

Figure 22: Workflow of the process

fi n



-86 -

5.4 Building Information Modelling process in Revit

The modelling of the building in Autodesk Revit 2018 can be decomposed in 4
critical stages: the geolocation of the model in order to acquire the appropriate
coordinates, the setting of the element views’ parameters, the creation of
geometries, openings and structural elements and the semantic enrichment of
the model with information such components and openings, the material of
boundary surfaces and the assignment of legal information to the interior spaces
of the model.

Georeference of the Model

Autodesk Revit provides the option to link a georeferenced AutoCAD file with
the Revit model and acquire its coordinates. In order to do so, it is mandatory to
model the physical boundaries of the building in AutoCAD in order to link them
with the Revit file. The digital architectural plans provided by the technical
department of the NTUA are not referred to coordination system, so the linking
between them and the Revit file is not feasible. Therefore, a new AutoCAD
drawing should be modelled that will depict the physical boundaries of the
building in the proper coordination system. In order to achieve this, firstly a true
orthophoto is downloaded from the Hellenic Cadastre website (www.ekxa.gr).
The orthophoto is then imported in QGIS 2.14 and georeferenced, by linking
known ground points to the relevant points in the orthophoto, and then
imported in AutoCAD Map 2018 where the boundaries of the model are digitized.
Finally, it is inserted in AutoCAD Civil 2018 and linked with the Revit model. The
coordination system of the model is the Greek Grid Reference System '87 (GGRS

'87).
Setting element views

An important step of the modelling process is setting the element views. By doing
so, the top and bot constraints of each object are immediately defined, therefore
the geometric accuracy of the model is preserved. The building consists of a
ground floor and two additional floors. The element views are set to match both
the ceiling and floor view of each floor in order to facilitate the conversion to a
CityGML model. Additionally, interior and outer building installations such as
stairs or furniture also need base and top constraints, thus the views have been
set accordingly as shown in figure 23.
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Figure 23: Element views in Autodesk Revit

Generating geometries, openings & components

As soon as the elements view are set, the building is designed based on
architectural plans in 2D for greater accuracy and efficiency. As mentioned
before, BIM complies with the IFC standard in terms of geometry, semantics and
topology. Therefore, the structure of the wall is presented as a solid geometry
that although connects with another wall, each geometry maintains its original

form as shown in figure 24.

O

Figure 24: Geometry structure in BIM

The latter constitutes one of the greater differences between the two standards
in terms of geometry, especially when the interior wall surface has to be taken
into consideration for a generation of a CityGML LoD 4 model. Similarly, surfaces
such as floors and roofs require special modelling approach. The boundaries of
those surfaces can be attached either with the interior, or the exterior of the wall
surfaces, which causes significant geometric issues during the conversion
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process. Furthermore, due to the fact that roofs and floors are solid geometries
as well, the ceiling of the ground floor constitutes the floor surface of the 1* floor.

When the boundary surfaces and interior of the building are modelled, openings
and multiple components are to be installed. Autodesk Revit provides a library
that allows the selection of the appropriate element depending on the project’s
needs. For the purposes of this research, the elements installed are various types
of doors and windows depending on their usage externally or internally, stairs
and rail cases connecting the floors of the building and classroom equipment
such as desks and chairs in order not only to vivify a high LoD model, but also
investigate the conversion limitations and challenges that may or may not occur
during the conversion of IFC to CityGML (Fig. 25).

AN

Figure 25: Model enrichment with components in BIM

Semantic enrichment & Properties

A challenging task in 3D data integration between IFC and CityGML is the
preservation of semantics. An IFC model is enriched with critical semantic
information, even in its most simple form. A building designed in Autodesk Revit
is composed of multiple information that currently cannot be stored in CityGML.
In order to achieve interoperability option between the two standards and to
generate models that are enriched with multiple types of information, the
presented methodological approach aims to address the semantic enrichment of
a CityGML model. Research and development on IFC standard ensures that an
estimated number of 9oo classes meets the building industry’ s requirements.
However, as it has been previously mentioned only a small portion of those data
is relevant with GIS applications [Luut and v. Berlo, 2011]. This thesis, aims to
provide a method that not only produces a CityGML model, but also preserves -
if not all- a significant amount of IFC semantics. So, in order to investigate this
amount and types of semantics that can be stored in IFC and properly mapped
to CityGML, the models are created from scratch in Autodesk Revit. BIM is
heavily utilized in project management among other application fields, therefore
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the accurate geometric representation of objects and features is often not
sufficient. Each and every one of the elements that are included in the model
have been semantically enriched up to a certain extent. More specifically,
boundary surfaces such as walls, roof and floor are assigned the material which
they are made of. Accordingly, openings, such as windows and doors include
information with regard to the main and secondary material they are consisted
of, their reflectivity, and whether they are external or internal objects of the
building. The 2"! model, has been enriched with legal information in order to
examine whether the stored semantics can be preserved and successfully
transferred to CityGML or not. Autodesk Revit provides the capability of setting
specific areas as rooms. Within this context, 4 rooms are created and the
semantic enrichment took place by creating corresponding schedules. Inside
those schedules, cadastral information has been assigned and more specifically
the following columns have been generated: Cadastral Code Number, Ownership
Properties, LandUse and TypeofRestriction. These attributes constitute a small
part of the key-element legal information included in the Hellenic Cadastre.
Additionally, they are not assigned to an object or a surface, but on a semantically
enclosed space, thus they satisfy the criterion of examining the semantic
conversion that are located in non-geometric elements.

After the last stage is completed, the model is exported to IFC 2x3 coordination
view format and visualized in FME Data Inspector (Fig. 26).

Figure 26: Generated IFC 2X3 model

The modelling procedure unravels important issues that should be considered
prior to the conversion of the model in CityGML. First of all, the flexibility of the
software, for example in designing roofs and floors can differentiate the same I[FC
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model when created by multiple sources and therefore render the conversion to
CityGML more complicated. More specifically, the footprints of a slab that are
designed based on the exterior footprints of the wall facilitate a smoother
conversion to LoD 3 CityGML, but can complicate the conversion to a LoD 4
CityGML. Another important characteristic is the fact that a component might
be consisted from multiple IFC entities, such as a staircase, which can include
slabs and railcases. However, in CityGML, these objects are mapped as
BuildingInstallations, which limits their efficiency and functionality in various
applications, such as indoor navigation and evacuation systems. Moreover, BIM
proves capable for adding multiple semantic information to the model, even in
its simplest form. In the buildings generated, information that can be used for
construction and energy management as well as for cadastral purposes have been
attached. This information needs to be examined if maintained throughout the
conversion progress, and whether they can be written in CityGML format or not.
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5.5 Conversion algorithm between IFC and CityGML

The generated IFC model is imported in FME Workbench to be manipulated and
converted to a CityGML LoD 4 model (Appendix III and IV). Inside FME
Workbench, it is decomposed to its structural elements that follow the IFC
standard and contain geometric and semantic information. The automatic
decomposition of the model is of significant importance, since it facilitates the
separate manipulation of each entity. The IFC model consists of the following
IFC entities, as presented in table 2. They are categorized based on whether they
contain solely semantic information or combine geometry and semantics. This
table forms a primary distinction of the model’s entities towards the semantic
mapping that will be implemented on later stages.

Table 2: IFC entities of the generated model

IFC Entity Geometry & Semantics Semantics
Building v
BuildingStorey v
Door 4
FurnishingFlement v
Member v
OpeningElement v
Project \
Railing v
Roof 4
Site v
Slab v
Space v
Stair v
StairFlight v
WallStandardCase v
Window v
PropertySetDefinition v

IFC Building: serves a similar role as the _AbstractBuilding in CityGML and
contains semantic information.

IFC Door: matches the Door from CityGML and contains both semantic and
geometric information.

IFC FurnishingElement: matches the BuildingFurniture from CityGML and
contains both semantic and geometric information.

IFC OpeningElement: represents the void created by the existence of an
opening such as a door or window.
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IFC Railing: alongside with IFC Stairflight and IFC Slab form exterior or interior
stairs that match the outer or interior Buildinglnstallation in CityGML. IFC Stair
supplies the geometry with additional semantic information.

IFC Roof: contains semantic information of the roof surface that should be
joined with IFC slab during the conversion.

IFC Site: contains information regarding the surrounding environment.

IFC Slab: matches boundary surfaces in CityGML such as ceiling surfaces, floor
surfaces or ground surfaces. Additionally, matches any surface that forms a
component and might be considered as a floor or roof. Such an example is the
landing slab at the end of a staircase.

IFC Space: serves a similar role with CityGML Room. It can be heavily enriched
with semantics that contain multiple type of information about the specific
space.

IFC WallStandardCase: matches the WallSurface and InteriorWallSurface in
CityGML and contains both geometric and semantic information.

IFC Window: functions similarly with CityGML Window.

IFC PropertySetDefinition: contains semantic information with regard to the
properties and attributes of each IFC entity.

Even though the mapping of semantics follows the geometric correctness of the
model, it is essential to distinguish “a priori” the geometries and the semantics
of IFC and how they should be mapped according to the CityGML standard,
because inside the workbench they need to be filtered and stored accordingly.
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Geometric compliance with CityGML standard

The geometric compliance can be further separated in two processes. The 1%
process includes the adjustment of IFC WallStandardCases and IFC Slabs outside
the environment of FME Workbench and more specifically in Trimble SketchUp,
while the 2" process includes the adjustment of the rest of the geometries inside
the FME Workbench environment. In order to achieve the required
compatibility between the two standards, each IFC feature is manipulated
separately.

Process in Trimble SketchUp

As illustrated in previous chapters, a challenging task is the conversion of solid
geometries to geometries that comply with the CityGML standard. During the
conversion of a generic building to a CityGML LoD 3, the transformers in FME
are sufficient to facilitate the conversion. However, when the complexity of the
building increases, the current transformers are not capable of generating
geometries that comply entirely with the CityGML standard. The main issues
concern LoD 4 models and models of multiple LoDs with greater complexity in
their boundary surfaces, such as “niches” in the walls. In order to tackle this issue,
the IFC WallStandardCase and the IFC Slab have been extracted and via a
separate algorithm (Appendix V) have been written in a .skp file, in order to be
imported in Trimble SketchUp 2017 (Fig. 27). The coordination system that is set
to EPSG: 2100, ensures that remains unaffected during the extraction of the
entities. The algorithm firstly implements the GeometryPartExtractor
transformer in order to extracts the “Body” geometry of the IFC entities. Then
the GeometryCoercer transformer coerces the solids to composites surfaces and
the Deaggregator transformer breaks up the composite surfaces into faces. Then,
the OverlaySurface transformer detects the overlapping geometries inside the
model and a Tester transformer removes the redundant geometry. A unique id
is then set to all faces and by implementing the GeometryPropertySetter
transformer the unique id is set as the geometry trait: “sketchup_layer_name:” in
order to write the model in .skp format.

Figure 27: Generated Trimble SketchUp model
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It should be noted that the semantic functionality of modelling in Revit and the
IFC properties have been maintained, while the methodology will be presented
in more detail in the stage of the semantic mapping. As soon as the model is
inserted in Trimble SketchUp, the correction of the geometries is performed by
utilizing specific tools such as the extrusion of objects and the grouping of
components. Trimble SketchUp is mentioned as the modelling tool able to
generate valid CityGML models (www.citygml.org). It is a 3D modelling software
that includes limited BIM capabilities, but in terms of handling geometry, it
presents multiple similarities with CityGML. First of all, objects such as walls, are
represented as multisurfaces and not solid geometries. This is a significant
advantage, since it facilitates the geometric correction by implementing the
erase tool in order to discard the redundant geometries (Fig. 28).

Figure 28: Geometry of wall in IFC, Trimble SketchUp and CityGML respectively from
left to right.

Furthermore, it has been documented by previous works [Dimopoulou et al.,
2014; Floros et al., 2015], that Trimble SketchUp is able to generate CityGML
models via FME Workbench. The functionality of the software, as well as
previous experience with the conversion algorithms between .skp and .gml
render the conversion efficient. However, a major disadvantage of Trimble
SketchUp is that lacks semantic enrichment and functionality, even though it is
connected to an online warehouse and is able to import in the model
components that can be used in multiple applications. So, in order to address the
aforementioned issues, an erase of the redundant geometries is sufficient. An
example of such correction is illustrated in figure 29. Additionally, it should not
be taken as a fact that an IFC model will always be geometrically correct, since
each IFC building may be employed to various application fields, thus the
modelling procedure in each case may differ. Also, an IFC model might be
unintentionally consisted of minor geometric errors, such as disjointed surfaces
or geometric misshapes that do not, however, render the IFC model invalid
[Donkers, 2013].
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Figure 29: Geometric correction of the model in Trimble SketchUp. Before (left figure)
and after (right figure)

Therefore, the extraction of the geometries in Trimble SketchUp is able to
overcome and solve such issues in order to ensure geometrically concrete
surfaces and objects. This process aims to fix the geometric accuracy of the wall
surfaces and the slabs. This issue arises in LoD 4 models, since the roof or the
ground surface should be further decomposed in ceiling and floor surfaces
respectively. In order to solve it, the roof surface is “moved inside” and the
attached wall surface is extruded up to the level of the roof surface (Fig. 30).

Figure 30: Geometric correction of roof and ground surfaces

Finally, the redundant geometries are erased and the process of correcting the
slabs is completed so the model fits the geometry principles of CityGML (Fig. 31).
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Figure 31: Fixed SketchUp model

Process in FME Workbench

As soon as the geometries are fixed via SketchUp, the model is inserted in FME
Workbench as a .skp file and the conversion to CityGML Surfaces takes place.
Each entity is manipulated separately, thus the stages of the geometric
conversion of each entity must be presented distinctively along with the key
findings and issues that arise. It should be noted, that the geometric process
refers to the IFC entities that contain both geometry and semantics based on
table 2. The rest of the entities will be explicitly analyzed during the stage of the
semantic mapping.

IFC WallStandardCase & IFC Slab: The boundary surfaces are already corrected
via Trimble SketchUp. Therefore, the critical step in FME is to extract the
relevant geometries with respect to the CityGML surface they belong to. More
specifically, by implementing the GeometryPartExtractor and filtering with the
geometry trait: “sketchup_layer_name” the geometries that form the
GroundSurface, the RoofSurface and the WallSurface are separately
distinguished and stored. As a final step, the GeometryRefiner transformer is
implemented in order to address potential minor geometric errors and the
geometries are now available for semantic mapping with the CityGML features.

As mentioned previously, IFC WallStandardCase contains both the exterior and
interior WallSurface in terms of CityGML structure. Similarly, I[FC Slab can be
further categorized in CeilingSurface and FloorSurface. Therefore, the geometric
correction in Trimble SketchUp benefits the interior wall surfaces, the ceilings
and the floors. By implementing the GeometryPartExtractor transformer,
filtering based on the geometry trait: “sketchup_layer name” and the
GeometryRefiner transformer the geometries are converted to fit the CityGML
standard and are stored for the semantic mapping as the next step of the process

(Fig. 32).

IFC Door & Window: The IFC openings match the openings Door and Window
in CityGML. However, in order to comply with the CityGML geometry
specification and more specifically with lodXGeometry or lodXMultiSurface they
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need to be geometrically manipulated. First of all, by implementing the
Deaggregator transformer, the components are split in their elemental parts.
Afterwards, the geometry trait: “Body” is extracted and by implementing the
GeometryCoercer transformer their geometry is converted to composite surface
and the GeometryRefiner transformer fixes potential minor geometric errors.
The UUID generator transformer creates a unique ID for each object and based
on that, the Aggregator transformer joins the disaggregated parts to form the
final components. Lastly, they are filtered based on their attributes and are
stored until the stage of the semantic mapping.

IFC Furnishing Element: In case the furnishing elements are connected solely to
the BuildingFurniture feature in CityGML, the conversion steps of their geometry
match the steps of the IFC openings. After the geometric correction, they are
filtered and stored separately in order to be assigned to the appropriate rooms.

IFC Stairflight & Railing: These IFC entities should be matched with the interior
or the outerbuildinginstallation feature in CityGML. Therefore, the geometry
processing starts with the Deaggregator transformer in order to split the objects
into their elemental parts. Afterwards, the GeometryPartExtractor transformer
distinguishes the interior from the outer building installations. Since an IFC stair
may be consisted by IFC slabs, it is important during the conversion, to include
them as well. The GeometryCoercer transformer converts the geometry to
composite surface, the objects are aggregated based on a unique id attribute and
are stored in order to be semantically mapped.

Figure 32: Geometrically fixed model pending semantic mapping
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Semantic Mapping

The semantic mapping between the entities of the two standards can be proven
quite complicated especially in higher LoDs. On one hand, CityGML can possess
semantic properties at three levels of geometry: solid, face and curve/line level.
On the other hand, IFC allows the connection of an object with multiple other
objects in order to obtain semantic information [Donkers, 2013]. The IFC schema
holds around goo classes and most of them are irrelevant for GIS purposes. Luut
and v. Berlo [2011] have presented an approximate number of 60-70 classes that
are considered appropriate for GIS applications. Within this context, there are
IFC entities that are irrelevant to the CityGML Building, hence they are excluded
from the conversion. Furthermore, Luut and v. Berlo [2011] have defined certain
entities that are able to be mapped directly in CityGML such as the IFC building,
IFC Wall and IFC Door. However, the semantic mapping between the two
standards is not always a straightforward process and should be taken into
consideration that an IFC entity may contain other IFC entities alongside their
semantics (i.e. landing slab in a staircase).

[FC Building provides similarities with the CityGML Building in terms that both
serve semantics. CityGML Building is formed by boundarysurfaces, such as walls,
ceilings and floors. Therefore, the IFC Building entity is mapped semantically
with the CityGML Building. In order to accomplish the aforementioned mapping
the AttributeCreator transformer is implemented to convert the IFC_unique_id
to gml_id, which is set as an attribute to the CityGML Building with the name
“fme_shmmy”. Following that, the CityGMLGeometrySetter transformer is
applied which sets the feature role as a “CityObjectMember” and the CityGML
LoD Name as LoD4MultiSurface.

IFC Space is used to model the interior free space in a Building, similarly as the
feature Room in CityGML. The Rooms in CityGML are compiled of
CeilingSurfaces, InteriorWallSurfaces, FloorSurfaces and Closuresurfaces.
Therefore, the semantic mapping between IFC Space with CityGML Room takes
place by utilizing firstly the AttributeCreator transformer. More specifically, each
room is assigned a gml id (i.e. fme_Roomi1) and a gml_parent_id that links the
room to the CityGML Building it belongs to, which in our case is “fme_shmmy”.
Lastly, the CityGML GeometrySetter transformer is applied, which sets the
feature role as “Interior room” and the CityGML LoD Name as
“Lod4MultiSurface”. For the purposes of this thesis, a total of nine (9) rooms has
been created.

When the semantic mapping of the Building and the Rooms is completed, the
rest of the objects need to be mapped as well. As mentioned above, the IFC
WallStandardCase and IFC Slab have been extracted, written and fixed
geometrically in Trimble SketchUp. Within this context, a logical argument
arises stating what is the purpose of modelling in Revit in the 1* place, instead of
modelling in Trimble SketchUp, since the geometries are simpler and the
semantics are discarded. However, in our case, all of the semantic information is
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stored. More specifically, when the IFC entities are converted to .skp file
(Appendix V), they are assigned a specific id. Simultaneously, the semantic
information that is contained in IFC Slab and WallStandardCase is stored in a
separate .csv file. Firstly, the same id that is assigned to all geometries is assigned
to each of their properties as well, in order to share a common attribute.
Secondly, the BulkAttributeRemover transformer ensures that unnecessary
attributes are removed and the final writing in a .csv file takes place. So, as soon
as the geometric correction in Trimble SketchUp takes place, the .skp file is
imported in FME Workbench. Simultaneously, the .csv file is imported as well
and by implementing the FeatureMerger transformer and linking the properties
with the corresponding geometries via the aforementioned common id, the
result is a model that is geometrically corrected in Trimble SketchUp and
preserving the semantic information from BIM (Fig. 33). It should be noted that
during the geometric correction, there are certain geometries that are being
erased. Even though the surface is discarded from the model, the
“sketchup_layer_name” which sets the common id between the semantics and
the geometries remain unaffected. Therefore, in those cases the preservation of
semantics is prioritized over the geometric correctness.
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Figure 33: Preservation of semantic properties throughout the process. On the left side,
the wall surface inside Trimble SketchUp is missing semantic information. On the
right side, it is reinserted in FME Workbench alongside its stored semantic
information

In order to map correctly the surfaces to the relevant CityGML feature types, the
AttributeFilter transformer is utilized to distinguish its geometry. From that
point, the semantic mapping of the process is split in two stages. The 1% stage
includes the semantic mapping of the outer fagcade of the building and more
specifically the mapping of the geometries that are detected in a LoD 3 model.
Hence, the AttributeCreator transformer links each surface (WallSurface,
RoofSurface, GroundSurface) to the relevant CityGML Building, by creating the
gml_parent_id and setting the value “fme_shmmy”. Afterwards, the
CityGMLGeometrySetter is implemented which ensures that the feature role of
the objects is set to “bounded by” and the CityGML LoD Name is set to
LoD3MultiSurface. The 2" stage includes the semantic mapping of the interior
surfaces. Thus, the AttributeCreator sets as a gml_parent_id the relevant room
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that each surface belongs to (i.e. fme_roomai), in order to connect the rooms with
the interior surfaces (CeilingSurface, InteriorWallSurface, FloorSurface and
ClosureSurface). Finally, the CityGMLGeometrySetter transformer sets the
feature role of the objects as “bounded by”, while the CitytGML LoD Name as
LoD4MultiSurface. At this point, it should be noted that the “IsExternal”
semantic property of IFCWallStandardCases is not always accurate [Donkers,
2013]. This is depicted in figure 34, where a part of the wall is exterior, while the
rest of it is part of the interior building. The proposed methodology considers

such issues and addresses them by mapping the objects to the appropriate
CityGML surfaces.

Pl

/1 /1 /1 A1 /1

Figure 34: Highlighted (red) part of the wall is considered an exterior wall

Another challenging task is the appropriate mapping of IFC openings, such as
windows and doors. According to the CityGML standard, if the surface of the
wall contains openings, then this relationship must also be depicted semantically
[OGC, 2012, p. 12]. Within this context, the implementation of the FeatureMerger
transformer is mandatory. In order to do so, in the AttributeCreator transformer
an attribute named “_join” with value “1” is created for both the wall surface and
the opening. Then, those two features are merged to be semantically connected,
and the result is inserted in the CityGMLGeometrySetter transformer and the
feature role is set as “opening” and the CityGML LoD Name of the object is set as
“LoD4MultiSurface”. However, since the generated CityGML model is LoD 4, the
openings must be semantically connected with the interior surfaces as well in
order to enables a connection of adjacent rooms. Therefore, each opening is
connected semantically with the interior surfaces by implementing the
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FeatureMerger transformer and a common attribute, before it is linked with the
aforementioned CityGMLGeometrySetter transformer (Fig. 35).

Figure 35: Semantic mapping of openings and boundary surfaces

With regard to the semantic mapping of IFC Furnishing Elements, a connection
between the furniture and the room they belong to must be established. This is
feasible by the AttributeCreator transformer and setting the gml_parent_id the
value of the corresponding room (i.e. fme_Roomi). Finally, the
CityGMLGeometrySetter transformer sets the feature role as “Roomfurniture”
and the CityGML LoD Name of the objects as LoD4MultiSurface.

Lastly, the IFC Stair Flight, Railing and Stair need to be semantically mapped as
outer and interior building installations. With regard to the
outerBuildingInstallation, in the AttributeCreator transformer the
gml_parent_id matches the gml_id of the Building, which is “fme_shmmy”. In
CityGML, an interiorinstallation can belong to either the whole building or to a
specific room [OGC, 2012, p. 76]. For the purposes of this case study, the interior
building installations have set as gml parent_id the gml_id of the Building.
Finally, the CityGMLGeometrySetter transformer sets the feature role as
“outerbuildinginstallation” and “intbuildinginstallation” and the CityGML LoD
Name of the objects as LoD3MultiSurface and LoD4Multisurface respectively.
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IFC Entity

Ifc Building
Ifc Door

Ifc Railing

Ifc Slab

Ifc Space
Ifc Stair

Table 3: Semantic mapping between IFC and CityGML

Ifc Window

Ife FurnishingElement

Ifc Stairflight

Ifc WallStandardCase

Outer
Interior
Roof
Ground
Ceiling
Floor
ClosureSurface
Landing slab-Outer
Landing slab-Int

QOuter
Interior
Outer
Interior
Wall Surface
Interior WallSurface

CityGML Mapping

CityGML Building

CityGML Door

CityGML BuildingFurniture
CityGML Outerbuildinginstallation
CityGML Intbuildinginstallation
CityGML RoofSurface

CityGML GroundSurface

CityGML CeilingSurface

CityGML FloorSurface

CityGML ClosureSurface

CityGML Quterbuildinginstallation
CityGML Intbuildinginstallation
CityGML Room

CityGML Outerbuildinginstallation
CityGML Intbuildinginstallation
CityGML QOuterbuildinginstallation
CityGML Intbuildinginstallation
CityGML WallSurface

CityGML InteriorWallsurface
CityGML Window

CityGML LoD Name Feature Role

LoD4MultiSurface
LoD4MultiSurface
LoD4MultiSurface
LoD3Geometry
LoD4Geometry
LoD3MultiSurface
LoD3MultiSurface
LoD4MultiSurface
LoD4MultiSurface
LoD4MultiSurface
LoD3Geometry
LoD4Geometry
LoD4MultiSurface
LoD3Geometry
LoD4Geometry
LoD3Geometry
LoD4Geometry
LoD3MultiSurface
LoD4MultiSurface
LoD4MultiSurface

CityObjectMember
Opening

Building Furniture
outerbuildinginstallation
intbuildinginstallation
bounded by

bounded by

bounded by

bounded by

bounded by
outerbuildinginstallation
intbuildinginstallation
interiorRoom
outerbuildinginstallation
intbuildinginstallation
outerbuildinginstallation
intbuildinginstallation
bounded by

bounded by

Opening
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5.6 Visualization & Results

CityGML supports multiscale modelling. In a CityGML model, the same object
can be modelled and visualized in different LoDs, while maintaining its
attributes and characteristics. That way, a deeper analysis and understanding of
the objects is facilitated. Additionally, CityGML supports the co-existence of
multiple LoDs in the same CityGML dataset. Concretely, an object that complies
with multiple LoDs in CityGML can be modelled in the lowest LoD in order to
enhance the efficiency of the model [OGC, p. 1, 2012]. Depending on the
intended use of the model, the full complexity of the dataset is often not
required. During the conversion of the model, the aforementioned function of
CityGML has been taken into consideration. The generated model consists of
LoD 3 and LoD 4 objects. For example, while the WallSurface could be generated
as a LoD 4 Multisurface geometry, it is generated as a LoD 3 Multisurface
geometry. The utility of this method is illustrated in figure 36, where the
CityGML model is visualized in LoD 3.

Figure 36: Generated CityGML LoD 3 model

The LoD 3 model generated is evaluated based on the geometric accuracy and
the semantics coherence. According to Ledoux [2013] and Donkers [2013],
specific criteria have been set to ensure the geometric correctness of the model.
Therefore, in order to evaluate the geometry of the model, the
GeometryValidator transformer is implemented prior to the final writing in
CityGML. Figure 37 presents the selected criteria for the geometries inside FME
Workbench.

Contains NaN (Not a Number) or Infinity - Yes
Contains Null Geometry Parts - Yes
Duplicate Consecutive Points e Yes
Degenerate or Corrupt Geometries he Yes
Self-Intersections in 2D e Yes
Non-Planar Surfaces A Yes
Invalid Solid Boundaries e Yes
Invalid Solid Voids e Yes
Fails OGC Simple S No
Fails OGC Valid < No
Missing Texture Coordinates he Yes
Missing Vertex Normals e Yes
Invalid Area Orientation e Yes

Figure 37: Geometric validations of the models



_104_

Additionally, Valzdity software [http://geovalidation.bk.tudelft.nl] has been
employed in order to double check the generated model. The model returns no
errors.

With regard to the semantic coherence of the model, based on the principles of
CityGML standard that have been presented in previous chapters, results can be
drawn by examining the model in FZK Viewer. Figure 38 illustrates the structure
of the model. The boundary surfaces such as Walls, Roofs and Ground and the
outer building installations are contained inside the CityGML Building, while the
openings are semantically connected to the appropriate surfaces.

Figure 38: Semantic coherence of the 1st model in FZK Viewer

Next follows the model in LoD 4, as presented in figure 39. The general
conclusion is that a CityGML LoD 4 has been created, which complies with the
CityGML standard. More specifically, the Rooms are composed of the interior
boundary surfaces as instructed by CityGML, while the openings are attached to
the interior wall surfaces as well and are depicted as LoD 4 Multisurfaces.

Figure 39: Generated CityGML LoD 4 model

The previous validation with regard to the geometric accuracy of the model is
applied in the LoD 4 model as well, since it is included in the same dataset. The
GeometryValidator transformer has also been implemented for each LoD 4
object.

With regard to the semantic coherence of the model, it is examined via FZK
Viewer (Fig. 40) The interior space of the building has been mapped to form the
CityGML Room feature, which is contained by interior boundary surfaces as
proposed by CityGML. Additionally, the openings are semantically connected
with the relevant interior wall surfaces they belong to.
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Figure 40: Semantic examination of the CityGML LoD 4 model in FZK Viewer

Similarly, the generated CityGML model of the 2" building is presented in figure
41. Despite the GeometryValidator transformer, the model has been evaluated
with the Val3Dity as well, ensuring its geometric compliance with the CityGML
standard.

Figure 41: Generated LoD 3 CityGML model

Regarding the semantic coherence of the model, figure 42 illustrates a part of the
generated CityGML model within the FZK Viewer. More specifically, the
windows and the openings of the model in general, semantically belong to the
relevant boundary surfaces.

Gl Walbutace
S blda:Window
= blda:Window

blda:GroundSurface

O s CitubAndal

Figure 42: Semantic examination of the 2nd model in FZK Viewer
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The LoD 4 CityGML model is presented in figure 43 as well. The interior model
consists of Rooms with the appropriate boundary surfaces and the furniture that

are placed in the building.

Figure 43: Generated CityGML LoD 4 model

Semantically, the Rooms are composed of InteriorWallsurfaces, CeilingSurfaces
and FloorSurfaces. Each interior wall contains the relevant opening as instructed

by CityGML (Fig. 44).

Figure 44: Semantic examination of the 2nd model in FZK Viewer

Each Room has been assigned the attribute gml name in order to properly
identify each space. There are four Rooms and the furniture have been connected
with each room by matching the gml_parent_id of the furniture with the gml_id
of the appropriate Room (Fig. 45).



_107_

ldaWindow

= bldginteriorWallSurface
= bldginteriorWallSurface
= bldginteriorWallSurface

= pldginteriorWallSurface
= blda:FloorSurface:

1
C:(_nlel!nc! Room 2

EEEEEEEEEES << e
£

Figure 45: Semantic mapping of CityGML Rooms and Furnitures

5.7 Semantic extension of the model with Generic attributes

According to CityGML, the property element _genericAttribute augments the
base class _CityObject. As a result, the subclasses of _CityObject inherit the
generic property and can be enriched with multiple attributes in order to
represent adequately information that cannot be covered otherwise by the main
CityGML schema. However, since extending a model with generic attributes is
not always an optimal solution, there are certain conformance requirements that
need to be met. Concretely, they must be utilized to describe properties of
features that are not covered by any of the thematic classes in CityGML and the
existent properties of a feature is not sufficient for the additional information.
The aim of this thesis is however, to examine the interoperability between IFC
and CityGML semantics during a conversion and not to extend the CityGML
model for a specific application purpose. Figure 46 proves that the methodology
not only preserves the semantics, but is able to enrich a CityGML model with the
maintained information.
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™ ¢ GML Attributes
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Figure 46: Preservation of semantics in boundary surfaces

In order to achieve this result, two critical issues need to be considered during
the conversion:

1. Semantic information must be kept intact throughout the whole process.
However, this is not always easy. The geometric parts that are extracted
in order to be fixed should be matched afterwards with the relevant
semantic information.

2. The semantic extension of the CityGML model is feasible by modifying
the CityGML writers inside the FME Workbench. More specifically, each
extended CityGML feature type must implement the relevant IFC
attribute alongside the data type of the information (i.e. integer, Boolean,
string).

As mentioned in Chapter 1, the scope of this thesis is to generate a CityGML
model and investigate if the semantics can be preserved and transferred to the
generated model. Figure 46 illustrates the fact that even though the semantic
enrichment of the model is feasible, a considerable amount of those information
is of no particular interest for the Geoinformatics community, such as the units
and certain IFC properties.

The 1* model designed in Autodesk Revit is enriched with semantic properties
that can be implemented for e.g. energy management purposes. Concretely, the
surfaces have been enriched with the material they are made of, a property that
is really important in smart energy management applications, as explained in
chapter 2. Figure 47 presents the roof of the building that is made of Concrete
20/25. The current attributes of the boundary surfaces in CityGML do not allow
the implementation of such information. It could be possibly included in the
gml:name but is not valid, since it opposes the specifications set by CityGML
standard.



_109_

IfcMaterial. Name Concrete 20/25
overlaps 1
IfcMaterialLaverSetUsaae.Of...
timeunit
IfcMaterialLaver.LaverThickn...
luminousfluxunit
luminousintensitvunit

second
0.40000000000000002
lumen

candela

lenathunit metre

multi reader kevword csv2 2

electriccurrentunit ampere

powerunit watt

forceunit newton

electricvoltaceunit volt

multi reader full id 4

multi reader id 4

Name Basic Roof:Generic - 400mm - Filled:45...
Description

ObiectTvpe
Taq

Axis

Bodv

Box
FootPrint

Basic Roof:Generic - 400mm - Filled
457446

manmatn: nama

Figure 47: IFC material of slabs transferred to CityGML model

There is additional information that can accompany the material of the surface
that can be implemented in BIM and be successfully added to a CityGML model.
Figure 48 illustrates a wall surface that is made of bricks. The type of a surface
material is one of the most important attributes in a building because IFC is
designed for AEC purposes and does not excel in texture visualization [Luut and
v. Berlo, 2011]. During the modelling phase, the wall surfaces have been assigned
as material a specific type of brick, which is successfully visualized in the
environment of Autodesk Revit. However, during the export to IFC format, the
texture of the surfaces is lost, hence maintaining this type of information during
a conversion to CityGML format is critical, since it cannot be easily restored.

IfcMaterial. Name

overlaps
IfcMaterialLaverSetUsaae.Of...
timeunit
IfcMaterialLaver.LaverThickn...
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Figure 48: IFC material of walls transferred to CityGML model

However, in complex 3D applications the necessity for increasingly more
semantic information can often excess the functionality of the predefined
attributes that can be found in a BIM software such as Autodesk Revit. More
specifically, the material of a surface and its characteristics such as thermal
resistance, can be useful for various applications but they need to be combined
with additional information so that the model is effective. An application field
that requires a heavily semantized 3D city model is the field of Land
Administration and 3D Cadastre. The space with its constituting elements in 3D
city models is an abstract concept [Aien et al., 2013] and considerable limitations
in representing the legal environment of a city model may occur. Hence, it is
important to investigate if a conversion between IFC and CityGML can enrich
the latter in terms of legal properties. Within this context, the 2" model is
assigned semantic information that can assist towards that purpose. However, it
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should be noted that the model does not represent in full detail a building with
cadastral information, since it is outside the scope of this thesis. In order to
investigate if BIM can enrich a model with legal information and that
information can be preserved and enrich a CityGML model, a different approach
than the previous model is required. Legal information, such as land uses,
property rights and cadastral information cannot be stored on a surface or an
object. Therefore, the utility of IFC Space and CityGML Room is mandatory.
With that in mind, legal properties have been assigned to the model during its
generation in Autodesk Revit software.
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Figure 49: Cadastral properties transferred from IFC to CityGML model (1/2)

Figures 49 and 50 illustrate the semantic extension option of a CityGML model
in the field of Cadastre. It should be noted however, that the cadastral
information tends to differ considerably from country to country. In Greece for
example, an important key-information is the Cadastral Code Number which is
assigned to each land parcel/ entity and sets a unique id that is able to identify
it. If the id cannot be found or is not created, all cadastral transactions are invalid.
It is therefore important to be included and maintained in each building or real-
world object. Another important attribute for land administration is the land use
of the building. CityGML supports that aspect by implementing the attributes
citygml class, usage and function. The citygml_class has been implemented and
filled with the value “Commercial”, following the standard which mandates that
the use of Generic attributes should be implemented in case there are not
relevant extensions of the CityGML that can fill that purpose [OGC, 2012, pp.146-
148]. The building has been enriched with additional legal information. The
Hellenic Cadastre includes information with respect to the restrictions that
accompany the property. Figure 50 contains properties which state that the
current building is assigned a mortgage. Lastly, an attribute that defines the
ownership of the structure has been applied as well. In one case (Fig. 49) the
ownership type is set to “rent”, while in the other case (Fig. 50) the ownership
type is set to “own”. It is clear, that those properties are only a small part of the
cadastral properties that need to be assigned to a building or a parcel, in order
to render CityGML relatively feasible for land administration purposes. However,
the results seem encouraging and form the ground for further research.
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5.8 Semantic extension of the model with an ADE

As mentioned previously, ADEs provide certain benefits compared to the
extension of the model with Generic objects and attributes. They are developed
in order to address specific issues, and within this context, figure 51 illustrates a
basic UML diagram of a legal CityGML ADE. The ADEElement: LegalCadastre
aims to extend the CityGML feature Room with additional semantic properties
and is connected with a Generalization relationship. These properties are:

e (adastralCode: in Greece is 12-digit unique number that identifies the
building or the parcel. The data type integer has been applied. Multiplicity
has been set accordingly to o or1instances, since there is only one number
that can be applied.

e Level: it allows to implement the level of the space inside a building. If it’s
for example the ground floor or the 1 floor. The data type char has been
implemented and multiplicity has been set to o or 1 instances.

e Ownership: it describes the type of the ownership relationship. The data
type char has been applied and multiplicity has been set to o or more
instances. A relevant “Codelist” has been generated which describes the
values that can be set in the specific field, as well as their data type.

AbstraeCiryObject

«featureType»
Building::Room

class: RoomClass [0..1]

function: RoomFunction [0..¥]
lod4MultiSurface: GM_MultiSurface [0..1]
lod4Solid: GM_Solid [0..1]

usage: RoomUsage [0..%]

+ o+ + o+ o+

Figure 51: UML diagram of the under-development legal CityGML ADE
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e Type of Restriction: describes the kind of restriction that accompanies the
property. The data type char is applied and multiplicity has been set to o
or more instances. A relevant “Codelist” has been developed in order to
set the attributes that can be assigned to the Type of Restriction attribute
such as mortgage, loan, clear from weights, or confiscated from a financial
institution.

The specific ADE is currently under investigation in order to be enriched with
additional legal properties and address holistically the legal aspect of the real
world.
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6 Conclusions, Future Work & Recommendations

6.1 Evaluation

1* phase is the geometric and semantic modelling of the buildings with

BIM and its export to IFC format. The 2"! phase is the conversion of the
IFC buildings to CityGML LoD 4 models, which are presented and evaluated. The
3" phase is the enrichment of the models with semantic information that is
originally generated via BIM and maintained throughout the whole process.
Within this context, findings and conclusions can be drawn, which further
evaluate the whole process. The results presented under the research questions,
form the foundations of this thesis, and are presented as follows:

The developed conversion methodology can be divided in three phases. The

1. When designing a model with BIM, what issues may occur and what are the
characteristics of the process, in order to match the geometries and semantics
of the CityGML standard during the conversion?

By generating the IFC model via BIM, there are several conclusions that can be
drawn. First of all, the vertical surfaces that form the floor and the ceiling of each
storey in CityGML, contain different attributes in BIM. More specifically, the
solid geometry that is designed as a roof object, is solely a roof of the model. On
the contrary, in CityGML the lower part is assigned a CeilingSurface feature while
the higher part is assigned a RoofSurface or a FloorSurface feature. The
aforementioned example is of particular importance at the stage of semantic
filtering and mapping, since a roof surface that is mapped as floor will contain
semantic information that correspond to the primary feature. Secondly, the
mapping between BIM and IFC should be taken into consideration when
converting to CityGML. Concretely, an element in BIM, such as a complex of
stairs might be categorized in multiple IFC entities not only semantically, but
also geometrically. Such an example is the distinguish of surfaces that are
labelled as slabs, while in BIM they are labelled as landing surfaces, which are
parts of the stairs. Such an issue should be taken into consideration when
converting to CityGML format, otherwise the building installations in CityGML
will present “holes” due to the missing elements. Another issue that derives when
modelling for CityGML LoD 4 models, is whether the vertical geometries should
be modelled according to the exterior or interior wall boundaries. In LoD 3
models it is less complicated since the upper part of the surface is removed. In
LoD 4 though, the geometry must comply with the CityGML standard and the
slabs should be modelled based on the exterior of the wall boundaries. In case
though, the IFC model is structured otherwise, the conversion algorithm is able
to handle those changes and produce geometrically valid CityGML models.
Additionally, modelling a building in BIM can be quite advantageous, since the
flexibility of the software and the IFC standard allows the enrichment of the
model with structures and information that can be implemented to CityGML.
This conclusion has been demonstrated via the semantic enrichment of the
generated CityGML model. Each element in BIM, either it is geometrically
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defined or not, can be assigned additional attributes and properties. Following
the preservation of semantics, a relationship between BIM and CityGML can be
proven quite beneficial for multiple application fields.

2. During the conversion, how are the geometries handled and the semantics
mapped in order to comply with CityGML specification?

The developed algorithm can become quite complex, especially with buildings
of sophisticated geometry that also contain a plethora of semantic properties and
information. Therefore, it is essential to categorize the steps of the conversion in
order to avoid confusion and possible errors in the generated CityGML model.
So, first of all, as soon as the model is imported in FME Workbench a general
semantic mapping should take place. The user should be aware of the
relationships between IFC and CityGML entities in order to convert the model
in the most efficient way in terms of time and accuracy. This distinction is not a
required step of the process, it is a conclusion that can be made in order to
enhance the functionality of the process. So, the next step of the methodology is
the geometric adjustment, which is further split in two different processes as
presented in detail in chapter 5. The split is required, since FME Workbench
cannot process certain geometries that need to be eliminated in order to
generate valid CityGML geometries. The geometric correction inside Trimble
SketchUp, even though it is not time-demanding, requires a certain experience
with the specific modelling software in order to be aware of how the specific
software handles object’s geometry. However, even though the model is exported
and modified in another modelling software, the preservation of its semantics is
totally feasible. Within this context, there are a few conclusions that can be
made: firstly, the correction of geometry that takes place in Trimble SketchUp,
can include the fix of minor errors that they may not render the model invalid in
terms of CityGML, but can affect its representation. A few examples of that kind
are presented by Donkers [2013] such as a door that misses multiple surfaces due
to the fact that the IFC properties and elements were either damaged or missed
elements in the first place. Another example is the fact that IFC solids can
overlap. In fact, that can be a common mistake since in BIM all components are
placed based on the set elevation views and an unintentional error is possible.
The algorithm which exported IFC entities to Trimble SketchUp includes
transformers that remove overlapping geometry. And if that is not enough,
geometries can be manually handled in the environment of Trimble SketchUp.
Another characteristic of the process is the fact that every component of an IFC
model can be exported and manipulated in Trimble SketchUp, while preserving
its semantic properties. The rest of the IFC entities, are manipulated inside the
FME Workbench. The capability of selecting the relevant geometries that
combine a CityGML feature lowers the risk of making semantic errors. The 2"
stage of the conversion process is the semantic mapping of the elements. In that
case, the mapping of boundary surfaces is a straight forward process. What
should be taken into consideration is that openings, elements mapped as
building installations, or furniture, should be semantically placed into their
corresponding CityGML features. Furthermore, it should be noted that placing
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the attributes in a separate .csv file enhances the maneuverability of the process.
More specifically, in case there are semantic errors in the elements, for example
a surface is assigned a wrong material or attribute, it can be fixed. On a further
extent, it would be feasible to add information from scratch to an IFC element,
but this is outside the scope of the thesis. Moreover, the concept of multiscale
modelling is utilized in full. Concretely, the models are consisted of LoD 3 and 4
geometries, facilitating a sophisticated and advanced management of the model
via a spatial database environment. Lastly, the methodology preserves the
original semantic information and it is up to the user whether to employ them
in the generated CityGML model or not.

3. Is the generated algorithm suitable for a different building that needs to be
converted and at what level? What are the requirements and the manual
intervention -if required- in order to render it usable for another model?

The generated conversion algorithm is pretty flexible when the conversion of
multiple IFC models is required. It includes all the essential CityGML feature
types and their properties and a successful conversion should follow the steps
mentioned in chapter 5. The conversion process though, cannot be characterized
as straight-forward in the case that another building is imported. The
implementation of a 2" test model provided valuable insight with regard to the
suitability of the developed algorithm. Within this context, the results can be
divided based on the defined LoD of the model. A LoD 3 conversion is far more
straight-forward than an LoD 4 conversion. To begin with, even if the model
contains additional IFC entities, the algorithm is capable of a successful
conversion. So, the overall steps regarding the geometry adjustment and
semantic mapping remain unchanged. What must be modified however, is the
extraction of the appropriate geometries that match the relevant CityGML
feature. Afterwards, the implemented transformers are able to process and
convert successfully the model. In a LoD 3 conversion, where the interior of the
model is discarded, the algorithm does not require significant modifications. In
a LoD 4 conversion though, the process is more complicated since the rooms
must be properly composed and the additional geometries require methodical
adjustments in Trimble SketchUp. With regard to the field of semantic mapping,
there is no need for changes. As long as the IFC entities are properly
distinguished they are automatically matched with the corresponding CityGML
entities.

4. How can a CityGML model be extended in terms of semantics and whether
the proposed methodology is capable of doing so or not. In addition, how is
the semantic modelling in BIM differentiated according to the intended use
of the generated model?

It has been clearly presented that a CityGML model can be semantically and
geometrically extended via two different methods: Generics and ADEs. The
generated CityGML buildings are semantically enriched in order to investigate
that capability. The developed methodology is categorized in three phases as
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mentioned above. In the 1** phase, the semantics are generated and are
successfully maintained and exported to IFC format. In the 2" phase, semantics
are successfully imported in order to be converted. Regarding the semantic
mapping of the standard CityGML features, it can be concluded that the
conversion is solid. But what about the additional information? The developed
methodology is capable of preserving the additional semantic information until
the writing in CityGML. Even though a geometric adjustment is interposed in an
external environment from FME Workbench, the information is maintained. It
can be safely concluded, that the developed methodology can preserve semantic
information. It should always be taken into consideration though the application
field that the model is generated for. A characteristic example is the field of
Cadastre and Land Administration. In fact, a model that is designed to be
implemented for cadastral purposes in Greece, could be proven invalid in terms
of semantic properties in the Netherlands for example, since the cadastral
information could differ considerably. Having that in mind, the developed
methodology can adjust to fit the special requirements and limitations of
application fields that serve the same purpose but are required to follow different
rules and protocols.

6.2 Conclusions

Based on the overall process and the research questions that were set, the
following conclusions highlight the pros and cons of the developed
methodological approach:

First of all, the developed methodology can generate valid CityGML LoD 4
models by implementing ETL process. The two prototypes that have been
modelled and implemented are characterized of structural complexity and
semantic enrichment. They represent real-world objects and the generated
CityGML models contain plentiful features of the CityGML Building features.
Furthermore, the developed methodology utilizes the multiscale concept of
CityGML and represents the features in the appropriate LoD. This could be
proven particularly useful during the management of the model, since an
extraction of certain elements based on the LoD within a spatial database is
feasible. Additionally, the modelling process in BIM has highlighted the
capabilities of adding multiple information on multiple elements regardless if
they contain geometry or not. Within this context, certain issues that arise
should be taken into consideration when converting to a CityGML model, such
as the mapping of the elements between BIM and IFC and the role of slabs in
terms of semantic and geometry when converted to CityGML. Moreover, it can
be concluded that BIM is a valuable source of information in order to enrich a
CityGML model in terms of the Building class. The results regarding the semantic
enrichment of the model encourage a detailed investigation about the prospects
and limitations of joining BIM and CityGML in targeted application fields, such
as energy management and 3D Cadastre. Of course, none of the above would be
feasible if semantic information is missing or altered. One of the key advantages
of this methodology is the successful conversion of both geometry and semantics
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from an IFC model to CityGML, where according to multiple sources [Zlatanova,
2013; Luut and v. Berlo, 20u] constitutes a great challenge for efficient
interoperability between the two standards. Additionally, the semantics can be
double-checked and modified to correct possible unintentional errors
throughout the modelling process, since they can be stored on a separate file.
With regard to geometry, it can be concluded from the evaluation of the models,
that the generated CityGML elements comply with the CityGML standard
specifications. On top of that, the geometries can also be checked during two
phases. Initially, during the modelling process via BIM and afterwards stage via
Trimble SketchUp, which results to the fixing of unintentionally damaged
geometries that may alter the representation of the final CityGML model. What’s
more, a collaboration between Revit and Trimble SketchUp can provide a
detailed and heavily semantized building, but also an adequately representation
of other real-world objects. Furthermore, the extension of the generated
CityGML model is investigated via two specified methods. Even though, the
models are not implemented in a specific application field, it can be efficiently
done so by importing semantic information relevant to the designated field of
interest. Lastly, the proposed methodology is able to convert models in lower
LoDs, reducing significantly the complexity in the conversion algorithm and be
able to contribute to application fields that require 3D models in lower LoDs.

There are however, specific disadvantages of the developed methodology. More
specifically, in complex buildings that need to be converted in CityGML LoD 4
models, the overall conversion process can become quite time-demanding.
There are multiple reasons for that: firstly, the separation and manipulation of
the entities in order to generate a LoD 4 model can be quite challenging, since
the interior of a building usually encloses more geometric and semantic
information than the exterior. Moreover, the familiarity of a user with FME
Workbench or Trimble SketchUp should not be implied and thus it may delay
significantly the conversion process. In terms of the conversion process to a
CityGML LoD 4 model, there are certain limitations that need to be investigated.
First of all, how should common surfaces between two buildings be manipulated
during the conversion. In LoD 3 models, that issue can be tackled since there is
only one face of the geometry that needs to be shared as instructed by CityGML.
In LoD 4 though, both the wall surface and the interior wall surface must be
shared and on top of that, they should be mapped accordingly depending on the
examined building part. However, in IFC the walls are solid geometries and in
more complex cases where a shared geometry is part of another geometry and
not an extension of its physical boundaries, the conversion is even trickier and
cannot be tackled at the moment from the developed methodology. Lastly, the
semantics are preserved in the results of the implemented buildings, but it
should not be forgotten that BIM offers unlimited capabilities that have not been
investigated in this thesis, since it is outside the scope of it. Therefore, even
though the first results are promising, it cannot be safely stated that the
methodology preserves the semantic information of all BIM models.
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It can be stated that the proposed conversion methodology is particularly
effective when it is combined with the enrichment of a CitytGML model with
additional semantic information. It is not an automatic process, therefore
compared to methodologies that generate LoD 3 and lower CityGML models, it
is less time efficient. However, the three phases of the conversion provide
enough space to the user to double check the converted model in order to locate
and fix issues that cannot be tackled by automatic conversion methodologies.
Additionally, it extends successfully the generation of CityGML models to the
higher LoD, allowing the introduction of considerably more semantic
information. Within this context, it may not be the most effective approach in
terms of time for generating CityGML models for visualization purposes, even
though it is capable of doing so, but it can be implemented as a holistic process
that is able to generate from scratch a building, enrich it with semantic
information, preserve it and convert it to a CityGML model which can be applied
in targeted application fields in 3D city modelling.

6.3 Future Research

A three-phase process, recommendations for future research can be categorized
as follows:

Phase 1-BIM: Only a small part of BIM capabilities has been investigated so far.
There are multiple fields of research that open up based on the results of the
current thesis. In lower LoDs, both the modelling and the conversion process is
faster. Biljecki [2015] states that it is not always required a CityGML model in
maximum detail depending of course on the application field it is implemented.
Within this context, the type and amount of information that can be
implemented to a BIM model and the application fields that can benefit should
be investigated, thus, setting the extents and the potential limitations of the
current methodology. Additionally, each application field has different needs
and structure in order to be effectively served by BIM, which means that the
structure of the semantics can change as well. Therefore, more and more BIM
models need to be tested.

Phase 2-Conversion: The main challenge of the methodology is to reduce the
amount of manual intervention. Even though it can provide certain benefits, it
can be proven quite time-consuming. The issues in terms of handling the
geometry were tackled by manipulating it separately in Trimble SketchUp, due
to certain limitations of the FME Workbench. However, those limitations can be
tackled by utilizing the API of the software and implement scripts that are able
tackle the challenges presented in chapter 4. Additionally, the topology between
common surfaces in LoD 4 is an intriguing field of future research. Moreover, the
conversion route of CityGML to IFC will assist towards a more thorough
understanding of the communication between the two standards. On top of that,
it is important to investigate the concept of generating lower LoDs CityGML
models from the higher LoDs models and the generalization relationships that
should be taken into consideration.
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Phase 3-Semantic extension: The results of the methodology open up a whole
new field for further investigation in terms of semantics. Within this context, we
intend to investigate the enrichment of a CityGML model in order to be
successfully implemented for cadastral purposes. The generation of an ADE is
essential and the collaboration between BIM and CityGML must be investigated
in order to tackle efficiently and methodically the complexity of the legal space.
A primary approach towards the development of an ADE that contains legal
information has been presented in chapter 4. There is however, a lot of room for
further investigation in order to be tackle efficiently the issues that arise in the
legal environment of a city model. More specifically, the current attributes, even
though they are important cadastral information need to be enriched based on
the structure of the Hellenic Cadastre. Additionally, the extent in which BIM can
successfully represent legal properties must be examined. For example, IFC
Space is generated represents the interior of an area that has been designated as
Room. In Cadastre though, there are legal properties that may include the inside
area of a Room but they are extended up to the party wall surface and not just
the interior wall surface.

6.4 Recommendations

In order to address a problem, a team of multiple professions can collaborate,
and the same applies for software tools and more specifically, when working with
BIM technology, in order to represent buildings, or whole city models. A
combination of detailed buildings and an accurate representation of the
surrounding environment and its contexts can enhance even further the
efficiency of 3D city models. The developed methodology demonstrated the
potential collaboration between Revit and SketchUp in order to generate
integrated models. Over and above, the collaboration between BIM and CityGML
has to be further promoted, since they may learn from each other, source each
other and therefore form an invaluable tool towards the generation of
semantized 3D city models.
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APPENDIX 1
ityGML Building UML Diagram
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Figure 52: CityGML UML Building diagram [OGC 12-019, 2012]
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APPENDIX 11
[FC 2X3 Architecture Diagram

IFC2x platform (] IFC2x3 TC1
- IFCZx part equal to

16730 Amhlhclu'-
non-platform part short form distribution

Figure 53: IFC Architecture Diagram [Source: buildingSMART, 2007]
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APPENDIX III

Conversion Algorithm (1/2)
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Figure 55: Conversion to CityGML Exterior Boundary Surfaces
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APPENDIX 1V

Conversion Algorithm (2/2)
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APPENDIX V
IFC to SKP Algorithm
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