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ANNOTATION 

Cit ies attract ind i v idua l s for a variety of reasons, i n c lud ing job possib i l i t ies a n d 
economic growth potential . A s a result , the complex spat ia l dynamics of u r b a n settings 
provide novel obstacles to efficient u r b a n p lann ing . However, t yp ica l two-d imens iona l 
representat ions frequently fai l to capture the intr icac ies of three -d imens iona l systems, 
m a k i n g in formed dec i s ion-mak ing difficult. A s Czech cit ies grow a n d face new issues, 
there i s a n increas ing d e m a n d for creative 3 D model l ing approaches. E s r i C i tyEng ine 
provides a viable answer by a l lowing the p roduc t i on of reusable C G A scr ip ts whi le also 
improv ing the qual i ty a n d speed of 3 D mode l l ing procedures. The app l i ca t ion of th i s 
technology i n u r b a n contexts has the potent ia l to t rans form u r b a n p l ann ing by offering 
a better knowledge of u r b a n morphology. 

The research i l lustrates the feasibil ity of u s i n g E s r i C i t yEng ine w i t h ArcGIS Pro to 
create a systematic, user- fr iendly pipel ine for creat ing L O D 2 (Level of Deta i l 2) models 
w i th m i n i m u m GIS sk i l l s . The pipel ine automates the computa t i on of factors s u c h as eave 
height, ridge height, a n d cer ta in roof k inds , r esu l t ing i n a feature layer that c a n be used 
i n C i t yEng ine to generate automated L O D 2 models. 

The f indings demonstrate the success fu l cons t ruc t i on of LOD2 mode ls for specific 
research areas whi le also suppor t ing a s impl i f ied process ing pipel ine that conceals 
workf low diff iculties f rom users . T h i s created pipel ine provides thorough advice to users , 
f rom in i t i a l da ta gather ing to f ina l accuracy evaluat ion. The created C G A scr ipt now 
suppor ts s imu la t ing 15 of the most popu lar roof shapes i n Czechia . 

Th i s s tudy m a r k s a huge step forward i n u r b a n mode l l ing a n d analys is , prov id ing 
a r igorous a n d scalable framework for creat ing LOD2 s t ruc tures i n O lomouc a n d beyond. 
In add i t i on to address ing current dif f iculties i n bu i l d ing generat ion, th i s s tudy provides 
the framework for future improvements i n the area u s i n g sophist icated GIS technology 
a n d computa t i ona l tools. 
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INTRODUCTION 
People are d rawn to cit ies for a variety of reasons, i n c lud ing the promise of j obs and 

prosper i ty (National Geographic, n.d.). Accord ing to the recent report by the Wor ld B a n k 
(2023), the u r b a n popu la t i on i s projected to reach 7 out of 10 people by 2050 , w i th over 
8 0 % of g lobal G D P generated i n cit ies, emphas is ing the potent ia l for susta inab le growth 
th rough effective u r b a n management, innovat ion, a n d increased product iv i ty . Accord ing 
to a report pub l i shed by U N D E S A (2019), the u r b a n popu la t i on i s predicted to go beyond 
the 6 b i l l i on mark , whi le the r u r a l popu la t i on i s predicted to decrease sl ightly. 

Urban isa t ion ' s r ap i d pace a n d scope, however, present dif f iculties i n meet ing 
the growing demand for jobs , bas ic services, affordable hous ing , a n d a workable 
in f rastructure , especial ly for the near ly one b i l l i on u r b a n poor who reside i n in formal 
settlements. A s a resul t , Ci t ies ' phys i ca l layout a n d pat terns of l a n d usage c a n be 
permanent for m a n y generations, resu l t ing i n unsus ta inab l e sp raw l toward s u b u r b s a n d 
exurbs (Liu a n d Yang , 2015 ; A l -B i l b i s i , 2019). Accord ing to the f indings of Rahaman , 
K a l a m a n d A l - M a m u n (2023), uncontro l l ed development i n D h a k a C i ty h a s resul ted i n 
a variety of pub l i c hea l th problems, i n c lud ing air po l lu t ion , insuff ic ient san i ta t i on a n d 
water suppl ies , ineffective waste d isposa l , overpopulat ion, s lums , a n d unsu i t ab l e hous ing 
condit ions. 

In terms of the Czech Republ ic , suburban i sa t i on i s impacted by several variables, 
s u c h as chang ing h o u s i n g a n d lifestyle choices, better t ranspor ta t ion networks, a n d 
economic growth. The growth of res ident ia l ne ighbourhoods a n d in f rastructure 
cons t ruc t i on outside of large cit ies are clear ind ica tors of the trend. There h a s been 
a noticeable increase i n migra t i on to Prague East , Prague West, B rno Countrys ide , a n d 
Pi lsen's no r the rn a n d sou the rn d is t r i c ts (Šašek, Hlaváček a n d Ho lub , 2019). T h i s h a s led 
to a n increas ing t r end of suburban i sa t i on . A s a result , the cap i ta l city has seen the 
greatest propor t iona l popu la t i on loss from migrat ion. Šašek, Hlaváček a n d Ho lub (2019) 
further h ighl ighted that i n the Czech Republ ic , suburban i sa t i on h a s a considerable 
inf luence o n dwel l ing const ruct ion ; it changes the soc ia l env ironment a n d outsk i r t s of b ig 
cit ies a n d causes uneven development i n towns w i th selective growth of cer ta in soc ia l and 
demographic categories. 

W i t h i ts diverse spat ia l dynamics , u r b a n sett ings b r ing un ique prob lems a n d 
possib i l i t ies for efficient u r b a n p lann ing . T rad i t i ona l two-d imens iona l representat ions 
frequently fai l to capture the complexit ies of three-d imens iona l systems, r educ ing the 
accuracy needed for in formed dec i s i on-mak ing (Franz, Scho lz a n d Hinz , 2015). A s the 
Czech cit ies cont inue to grow a n d confront new diff iculties, there i s a r i s ing demand for 
innovative 3 D model l ing techniques. E s r i C i t yEng ine provides a potent ia l so lu t i on for 
creat ing reusable C G A scr ipts , as wel l as a tool for improv ing the qual i ty a n d efficiency of 
3 D mode l l ing procedures. The use of th i s technology i n cit ies h a s the potent ia l to 
t rans form u r b a n p l a n n i n g techniques by prov id ing a more thorough grasp of the city's 
u r b a n form. 

Th i s research in tends to investigate the backg round of 3 D b u i l d i n g mode l l ing i n u r b a n 
p lann ing , h igh l ight ing the un ique i ssues a n d prov id ing a rat ionale for u s i n g E s r i 
C i t yEng ine to automate roof generat ion as a step towards efficiently address ing 
the chal lenges emphas ised above. Fur thermore , embrac ing the broader appl icab i l i ty of 
3 D mode ls i n fields l ike as history, t our i sm, a n d other cu l tu ra l ini t iat ives improves the 
d i s cuss i on by emphas i z ing their importance outside t rad i t i ona l p l ann ing domains . Th i s 
emphasizes the potent ia l of advanced u r b a n mode l l ing tools to improve not j u s t 
susta inab le u r b a n development, bu t also c u l t u r a l unde rs tand ing a n d resource al locat ion. 

11 



1 OBJECTIVES 
The a i m of th i s thes is i s twofold: f irstly, to address the exist ing research gap i n 

the O lomouc region, where there i s current ly no reusable a n d automated method for 
creat ing a Level of Deta i l (LOD) 2 model ; secondly, to create a Computer -Generated 
Archi tecture (CGA) procedura l p rog ramming scr ipt w i t h E s r i C i tyEng ine , thereby 
developing a scalable a n d transferable model . The goal i s not only to enhance 
the repl icabi l i ty of 3 D bu i l d ing model l ing i n O lomouc bu t also to check the usab i l i t y of 
the generated models for solar energy potent ia l assessments . T h r o u g h th i s integrated 
approach, the research a ims to contr ibute to advanc ing 3 D mode l l ing i n E s r i C i tyEng ine , 
prov id ing prac t i ca l so lut ions for O lomouc whi le offering ins ights appl icable to diverse 
u r b a n environments. 

• Primary objective 

Develop a systematic methodology to automat ica l ly generate L O D 2 bu i ld ings i n 
the city of Olomouc. 

• Specific objectives 

1. Determine the bu i l d ing roof types, roof components a n d bu i l d ing height. 

2. Develop CGI scr ip ts i n E s r i C i t yEng ine to automate bu i l d ing generation. 

3. Accuracy assessment of the generated 3 D roof models. 

4. Uti l ize the developed mode l to estimate solar energy potential . 

The scope of th i s research i s defined by i ts focus o n the integrat ion of 3D bu i l d ing 
mode l l ing methodologies w i t h i n the context of O lomouc ' s chang ing u r b a n landscape, 
u t i l i s ing E s r i C i t yEng ine as a centra l technological tool. Geographical ly , the research is 
bounded by the u r b a n dynamics of O lomouc, encompass ing diverse areas s u c h as the 
city centre, r u r a l zones, a n d apartment regions. The tempora l scope is const ra ined by 
the avai lable da ta sources, s u c h as L i D A R da ta a n d opt ica l imagery pub l i shed by the 
State Admin i s t r a t i on of L a n d Survey ing a n d Cadastre (CUZK). 

The resu l ts of the work w i l l en r i ch the mu l t id i s c ip l inary fields of Geographic 
Information Systems (GIS), 3 D bu i l d ing mode l l ing i n u r b a n landscapes. The implemented 
workf low al lows use rs to generate a L O D 2 bu i l d ing model , w h i c h w i l l open doors for 
a mu l t i tude of appl icat ions, i n c lud ing bu t not l imi ted to 3 D v i sua l i sa t ion , Solar energy 
cadastre preparat ion, noise propagat ion, et a l . research, w h i c h i s c r i t i ca l i n dec is ion­
m a k i n g to resolve intr icate prob lems i n a n u r b a n environment. 

12 



2 STATE OF THE ART 
In the for thcoming l i terature review chapter, several key topics relevant to bu i ld ing 

mode l l ing are d iscussed . These inc lude a n explorat ion of the h i s to r i ca l development a n d 
diverse appl icat ions of bu i l d ing model l ing , as we l l as a n examinat ion of the accuracy of 
models produced i n var ious domains . The review w i l l also encompass specific aspects of 
bu i l d ing model l ing, s u c h as bu i l d ing footprint detection, height determinat ion, roof slope 
analys is , a n d the ident i f icat ion of roof edges. Addi t ional ly , the range of software tools 
used for bu i l d ing mode l l ing w i l l be analysed, a n d a l i terature review w i l l be conc luded 
w i th a n ana lys is of methods for assess ing the accuracy of generated models. 

2.1 The importance of 3D building model l ing 
Based on empi r i ca l evidence, the u t i l i sa t i on of 3 D mode l l ing i n establ ished cities 

proves to be a h igh ly efficient tool for resolv ing chal lenges a n d enhanc ing u r b a n p l ann ing 
a n d development. In a per iod where we are experiencing a n energy cr is is , 3 D model l ing 
is widely used i n est imat ing solar energy potent ia l research. Ch iabrando et a l . (2017) 
h ighl ighted the importance of renewable energy, t h u s identi fy ing appropriate locat ions to 
leverage solar energy. In the study, they ut i l i sed dig i ta l photogrammetry techniques a n d 
tested the avai lable open-source software systems. The resu l ts of the ana lys is ind icated 
that the 3 D s t ruc tures generated from Structure from Mot i on (SfM) software are accurate 
enough to m a t c h the col lected g r ound t r u t h data. Machete et a l . (2018) examined the 
impact of u r b a n context on bu i ld ings ' solar energy potent ia l u s i n g 3 D GIS. The s tudy was 
conducted on a city b lock i n downtown L i sbon du r ing summer a n d winter w i t h vary ing 
degrees of contextual detai ls. The s tudy also demonstrated the great capabi l i ty of the 3D 
approach to fully assess solar energy potent ia l i n intr icate u r b a n layouts, cons ider ing the 
i r rad ia t i on of a l l bu i l d ing surfaces exposed to the s u n . Whi le 3 D mode ls have proved to 
be a n excellent approach for solar da ta model l ing, Wi l lenborg, Pul tz , a n d Kolbe (2018) 
argued that i ts ana ly t i ca l capabi l i t ies are l imi ted due to the s imple da ta models. Thus , 
they proposed a semant ic 3 D city da ta mode l ins tead of the convent iona l 3D m e s h model . 
Their approach was appl ied for a solar potent ia l analys is , w h i c h showed a signif icant 
increase i n es t imat ion qual i ty as a resul t of m e s h integrat ion. 

Over several decades, the use of 3D mode ls i n noise propagat ion research h a s greatly 
advanced our unde rs tand ing of how sound propagates t h rough complex environments. 
Hewett (2010) conducted a comprehensive ana lys i s of s o u n d propagat ion i n a n u r b a n 
environment. Whi le the p r imary goal of the ana lys is i s to examine how s o u n d spreads i n 
u r b a n environments , t ak ing into account elements l ike energy absorpt ion by wa l l s a n d 
the s u r r o u n d i n g environment, r ed i s t r ibut i on at intersect ions, etc., the s tudy also 
emphas ises how c ruc i a l i t i s to have a three-d imens iona l mode l of the city for s tud ies on 
noise propagat ion. Deng, Cheng a n d A n u m b a (2016) argued that convent ional 2 D maps 
fal l short of cap tur ing the fu l l spec t rum of noise level var iat ions, par t i cu la r l y p ronounced 
i n h igh-r ise bu i ld ings , where the difference between the first a n d top floors c a n be 
signif icant; 3 D Geographic Information System (GIS) mode ls have emerged as 
a sophist icated so lu t i on for represent ing rea l -wor ld traffic noise impact . Another 
impor tant s tudy o n noise propagat ion was done by C a i , Yao a n d Wang (2018). They 
implemented a methodology to s impl i fy the computat ion- intensive noise propagat ion 
t asks i n 3 D space. They contended that, despite the d istance a t tenuat ion pr inc ip le of 
sound , a bu i ld ing ' s upper floors s h o u l d have quieter levels t h a n i ts lower floors; th i s is 
frequently not the case. T h i s d ispar i ty resu l ts f rom ne ighbour ing bu i ld ings obstruct ing 
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noise o n the lower floors whi le leaving the upper floors clear. T h i s emphas ises even more 
ho w c ruc i a l it i s to have 3 D mode ls avai lable for ana lys i s i n noise propagat ion studies. 

Based on empi r i ca l evidence, 3 D models have proven to be use fu l not only for 
address ing noise level var ia t ions w i t h i n mul t i - s tory bu i ld ings bu t also for Urban Planning 
and Zoning. A s it offer a thorough depict ion of u r b a n landscapes , these models are 
inva luable resources for architects, po l i cymakers , a n d u r b a n p lanners . They make it 
possible to evaluate prospective bu i l d ing projects, v isual ise a lready-exist ing s tructures , 
a n d analyse i n three d imens ions how these might affect the s u r r o u n d i n g area. In the work 
of Dan i l i na , Slepnev a n d Chebotarev (2018), they emphas ised the detai led real i ty that the 
3 D mode l shows c a n not only m i r ro r the stat ic state bu t also be a bas i s for model l ing 
dynamic processes i n different areas of u r b a n life, w h i c h inc ludes mobi l i ty of vehicles a n d 
non-motor ized vehicles, emergency escape rout ing et cetera. Users c a n now r u n 
s imula t i ons that let t hem communica te w i t h the v i r tua l mode l i n a manner s imi la r to 
what they wou ld do i n real life because 3 D da ta a n d v i s u a l representat ion are available 
w i t h i n a 3 D city mode l (Alam, 2011). E x a m i n i n g the u r b a n system at different reso lut ions 
or levels of detai l c a n benefit f rom the enhanced a n d s impl i f ied user interact ions prov ided 
by 3 D mode ls (Allen a n d Berkley, 1979). 

In emergency response, 3 D bu i l d ing mode l l ing has proven to be a n inva luable tool. 
It i s essent ia l for d isaster management, preparedness, a n d qu ick response t imes. 
The abi l i ty of f irst responders, emergency managers , a n d dec is ion-makers to hand le 
a variety of emergencies - f rom man-made cr ises to n a t u r a l d isasters - h a s been 
substant ia l l y improved by th i s technology. B y combin ing C C T V da ta w i t h a 3 D mode l of 
a city, Hong, L u a n d C h e n (2019) demonstrated a novel approach that has the potent ia l 
to go beyond the t rad i t iona l methods a n d improve da ta col lect ion, management, and 
dec i s ion-mak ing du r ing emergency response. Also, Hong a n d Tsa i (2020) suggested 
a web-based dec is ion suppor t system (DSS) that made use of a 3D bu i l d ing framework. 
W i t h i n the D S S , use rs cou ld enter hypothet ica l or a c tua l disaster scenarios, a n d the 
system wou ld automat ica l ly produce in format ion o n damage assessment that cou ld be 
v isua l ised . 

3 D mode l l ing has emerged as a s t rong tool for tourism and cultural heritage. V i r t u a l 
reconstruct ions may b r ing h i s to r i ca l locat ions to life, prov id ing immers ive experiences for 
bo th tour is ts a n d academics. These mode ls enable the safeguarding a n d documenta t ion 
of h is tor ic bu i ld ings , as we l l as in -dep th explorat ions of ancient cu l tures a n d h i s to r i ca l 
events. In addi t ion , 3 D models are impor tant educat iona l mater ia ls , offering interactive 
p lat forms for l earn ing about other cu l tures a n d locations. 

In summary , 3 D bu i l d ing models have s h o w n to be a n incred ib ly use fu l a n d adaptable 
tool i n a variety of fields. 3 D models have proven inva luable i n a variety of appl icat ions, 
f rom improv ing our unders tand ing of noise propagat ion a n d i ts effects o n u r b a n 
env i ronments to opt imis ing solar energy harness ing th rough precise shad ing analys is . 
Fur thermore , they have he lped make wel l - informed decis ions a n d contr ibuted to the 
development of more susta inab le a n d peaceful cit ies i n the field of u r b a n p l ann ing and 
zoning. The ir importance i s further h ighl ighted by the fact that they he lp allocate 
resources, enhance disaster preparedness, a n d offer s i tua t iona l awareness w h e n it comes 
to emergency response activit ies. The empi r i ca l da ta exhib i ted i n these four appl icat ions 
h igh l ights the signif icant inf luence of 3 D bu i l d ing models on var ious domains , render ing 
them a priceless resource for scholars , dec is ion-makers , a n d pract i t ioners i n search of 
data-dr iven solut ions. 
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2.2 Study area 
Olomouc i s a signif icant city i n Morav ia a n d the administrat ive centre of the O lomouc 

region. It i s the country 's s i x th biggest city a n d the most signif icant city i n Moravia 's Haná 
area. Its wel l-preserved O l d T o w n is one of the most p ic turesque i n the country A l though 
it receives m a n y loca l a n d in ternat iona l tour is ts , the city nevertheless appears to be 
underrated. 

2.2.1 History 
T h o u s a n d s of years ago, prehistor ic h u m a n s explored the region where O lomouc now 

stands, a n d archaeological f indings reveal that the ancestors of today's O lomouc 
res idents have roots dat ing back to the Stone Age (Holpuch, n.d.). The fertile l oca l so i l 
suppor ted early ag r i cu l tura l activit ies, at t ract ing bo th Celt ic a n d German i c settlers 
(Information Centre O lomouc, n.d.). Notably, the Romans establ ished a mi l i tary camp i n 
Neředín i n the second ha l f of the second century A D , strategical ly pos i t ioned dur ing 
confl icts w i th the Marcomann i , m a r k i n g the nor thernmost evidence of R o m a n presence 
i n Cen t ra l Europe (Holpuch, n.d.). 

O lomouc 's archi tecture i s a wonder fu l comb ina t i on of h i s to r i ca l styles f rom different 
ages. It i s home to a wea l th of a rch i t ec tura l marve ls dat ing back to the medieval per iod 
a n d con t inu ing th rough the Baroque a n d Renaissance. The city 's h is tor ic centre i s made 
u p of lovely cobblestone lanes f lanked by v iv id facades of Goth ic , Renaissance, a n d 
Baroque bu i ld ings (Radio Prague Internat ional , 2012). The T o w n Ha l l , w i t h i ts elegant 
tower a n d exquisite pa int ings , i s a fine example of the Renaissance style a n d serves as 
the centre of the m a i n p laza. Figure 1 demonstrates some of the signif icant h i s to r i ca l 
attract ions. 

Figure 1: A t t rac t ions in O l o m o u c (A. C o l u m n o f Ho ly T r i n i t y ; B. St 
Wenceslas ' Cathedra l ; C . T o w n hall) 

However, there were dif f iculties throughout th i s t ime, as O lomouc lost i ts univers i ty 
for a lmost eight decades, only to be restored after Wor ld War II (Palacký Univers i ty 
O lomouc, n.d.). Nonetheless, the city suffered dif f iculties under bo th Naz i a n d C o m m u n i s t 
to ta l i tar ian governments, w h i c h resul ted i n the des t ruct ion of the synagogue a n d the 
erect ion of prefabricated hous ing . O lomouc saw a terrible flood i n 1997, w h i c h was pa ired 
w i th the des ignat ion of the Baroque C o l u m n of Honour of the Holy T r in i t y as a U N E S C O 
Wor ld Heritage Site, demonstrat ing the city 's perseverance i n the face of bo th n a t u r a l 
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catastrophes a n d h is to r i ca l t r ia ls , especial ly d u r i n g the 1713 - 1715 plague (UNESCO, 
2000). 

2.2.2 Areas of Interest (AOI) 
Figure 2 depicts three research areas of vary ing complexity. Accordingly , the city 

centre represents the most complex w i t h different arch i tec tura l a n d roof s t ruc tures , whi le 
the r u r a l reg ion h a s more semidetached dwell ings. F ina l ly , i n res ident ia l area, 
most s t ruc tures consist of apartment complexes w i t h flat roofs. 

Figure 2 Se lected s tudy areas for the analys is 
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2.3 Bui lding footprint detection 
In 3 D bu i l d ing model l ing, the ident i f icat ion of bu i l d ing footprints i s c ruc i a l s ince it 

serves as the bas i s for m a n y impor tant appl icat ions. Precise bu i l d ing footprints guarantee 
that 3 D models accurate ly depict a c tua l s t ructures , w h i c h makes in f rastructure 
development, zoning, a n d u r b a n p l ann ing easier. M a n y techniques have been used for 
bu i l d ing footprint detect ion over t ime, w h i c h reflects h o w da ta sources a n d technology 
are always changing. W i t h the increas ing complexi ty a n d accuracy of these methods, i t 
i s now possible to detect bu i l d ing footprints i n a variety of contexts w i t h greater accuracy 
a n d efficiency. The empi r i ca l s tud ies indicate three m a i n ways of de l ineat ion of bu i l d ing 
footprints (manual , semi-automated a n d automated). 

2.3.1 Definition of building footprint 
The t e rm "bu i ld ing footprint" takes on diverse def init ions depending o n the specific 

app l i ca t ion or the themat ic focus of the study. Accord ing to Lawins ider (n.d.), the 
hor i zonta l area vis ible on a p l an , measured from the outer borders of a l l external wal ls 
a n d suppor t ing co lumns , i s k n o w n as the bu i l d ing footprint; moreover, It inc ludes houses 
a n d connected garage spaces larger t h a n 200 square feet; however, it does not inc lude 
detached garages, carpor ts a n d other aux i l ia ry s t ructures . In the field of construct ion , 
bu i l d ing footprint refers to the extent of the g round occupied by the bu i l d ing (ECC, n.d). 
Several ins t i tu t i ons a n d researchers also defined the bu i l d ing footprint i n var ious ways. 
B i l j eck i et a l . (2021) ment ioned that bu i l d ing footprint i s depicted as complete b locks , 
whole bu i ld ings , bu i l d ing components , or, i n cer ta in c i rcumstances , n u m e r o u s levels; 
however, he further emphas ised that it i s somet imes amb iguous a n d may change between 
areas, w h i c h c a n lead to interoperabi l i ty chal lenges a n d no isy f indings i n large-scale 
models. F igure 3 demonstrates the captured bu i l d ing footprint by Ecop i a B u i l d i n g 
Footpr int - DigitalGlobe. 

Figure 3 :Captur ing bu i ld ing footprint - Source: Digita lGlobe (2017) 
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2.4 Methods of building footprint detection 

2.4.1 Manual digitising 
M a n u a l d ig i t is ing of bu i l d ing footprints i s one of the oldest methods of extract ing 

bu i l d ing footprints f rom h igh-reso lut ion remotely sensed images, w h i c h involves mov ing 
a digit iser o n captured features (Huang a n d L i u , 1997). 

M a n u a l on-screen dig i t isat ion c a n be a n extremely labour- a n d t ime-intensive 
process. B u i l d i n g footprints c a n be d i s t ingu ished wi thout a h i g h degree of expertise, bu t 
the operator 's level of experience does inf luence how qu ick ly the d ig i t isat ion process 
moves along. Even though it c a n be u s e d across a large city, the t ime required for 
d ig i t isat ion i n the app l i ca t ion of B u i l d i n g Information Mode l l ing (BIM) i s labour- intens ive 
a n d t ime-consuming (Wang, Cho a n d K i m , 2015 ; Bass ier , Vergauwen a n d V a n 
Genechten, 2017 ; Pa l iwa l et ah, 2021). Hav ing several GIS operators spl i t u p the work 
a n d compi le the resu l ts at the end cou ld he lp w i th scalabi l i ty . W i t h th i s approach, y o u 
have complete contro l over the outcome a n d c a n achieve the highest level of accuracy i n 
your digi t ised bu i l d ing footprints. 

Over the years, m a n y researchers compared m a n u a l d ig i t is ing w i t h other approaches 
to bu i l d ing footprint extract ion. S a h i n et al. (2008) conducted a s tudy to compare feature 
extract ion u s i n g Object Based Image Ana l ys i s (OBIA) a n d m a n u a l dig i t is ing. They 
conducted a comprehensive ana lys is invo lv ing the m a n u a l d ig i t isat ion of bu i l d ing 
boundar i es a n d road centrel ines jux taposed w i t h the object-oriented c lassi f icat ion 
process w i t h i n the same geographical area. The s tudy area encompassed bo th orderly 
a n d disordered zones, d iscern ing between areas const i tuted by bu i ld ings and 
independent houses . The resul ts ind ica ted that bo th methods possess inherent 
drawbacks . Overal l , they conc luded that the OB IA method cou ld not achieve the 
ant ic ipated accuracy; thus , the m a n u a l method is more accurate i n compar i son to the 
OB IA approach. 

Sahar a n d Faus t (2013) also conducted a combined approach w h i c h involve m a n u a l 
d ig i t is ing a n d u t i l i s ing GIS parce l layers. In th is s tudy, they used parce l geometry to 
locate bu i l d ing locat ions, w h i c h was followed by m a n u a l or automat ic extract ion. Later, 
they compared the resu l ts u s i n g the fol lowing approaches: 1- Fu l l y m a n u a l (Manua l 
d ig i t is ing from the entire scene), 2- S impl i f ied m a n u a l (Manua l d ig i t isat ion fol lowing the 
s impl i f i cat ion process). They emphas ised that the m a n u a l procedure is s impl i f ied to 
provide a pragmat ic approach, w h i c h relieves the a rduous task of m a n u a l l y dig i t is ing 
bu i ld ings of any k i n d from imagery by loca l is ing the extract ion to a relatively sma l l area. 

2.4.2 Algorithms and mathematical modelling 
Over the years, n u m e r o u s we l l -known methods a n d a lgor i thms for bu i l d ing a n d u r b a n 

mapp ing have been in t roduced . These developments have been essent ia l i n he lp ing to 
solve the prob lems brought on by the growing scale a n d complexity of u r b a n 
environments. 

M iche l in , Mal let a n d Dav id (2012) implemented a novel 3-step approach to detect 
bu i l d ing edges. The proposed methodology is unde rp inned by the fundamenta l 
a s sumpt i on that bu i ld ings c a n be effectively approx imated by polygons, mean ing they 
c a n be fragmented into segments. Step 1 - bu i l d ing areas are coarsely retrieved a n d 
classi f ied into boundary a n d non-boundary regions; step 2- the 3 D boundary segments 
are est imated u s i n g the s tandard R A N S A C a lgor i thm (Fischler a n d Bol les , 1981); step 3-
B o u n d a r y adjustment, the last stage of the process, involves f ine - tun ing the locat ions of 
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the 3 D segments a n d suppor t ing 3 D po in ts u s i n g a phys i ca l model . The resu l ts ind icated 
that 8 7 % of bu i l d ing edges were detected w i t h 1 2 % of false detect ion rates. However, they 
further ment ioned that the proposed approach exhib i ts a p r imary l im i ta t i on i n that it 
exclusively considers segments, neglect ing the potent ia l i n c l u s i o n of other pr imit ives , 
s u c h as c irc les or curves, that may be more sui table for cer ta in landscapes. 

B a c k g r o u n d D i s c r im inan t Trans format ion (BDT) i s also a technique that i s used i n 
bu i l d ing extract ion. U s i n g BDT , the d i s c r im inant funct ion i s used to improve the 
d i s t inc t i on between the backg round a n d foreground classes. It wo rks especial ly wel l i n 
s i tuat ions where it i s diff icult to d i sce rn bu i l d ing features f rom the background . S o h n et 
al. (2005) used th i s method to reduce the prominence of the backg round to emphasise 
the bu i l d ing as a non-background . Later, Hausdor f f d istance a n d colour index ing 
a lgor i thms were adopted to detect bu i l d ing pa i rs , thereby further enhanc ing the accuracy 
by point match ing . F ina l ly , 3-D bu i l d ing models were generated by u t i l i s ing least square 
image match ing . E m p i r i c a l evidence suggests that the use of B D T i n bu i l d ing detect ion 
appl icat ions has been extremely l imi ted s ince 2010 , w i t h very few pub l i ca t i ons occurr ing 
between 2000 a n d 2010—the majority of w h i c h were wr i t t en by the same author. 

Hough Trans format ion i s another a lgor i thm used for detecting l inear s t ructures , s u c h 
as bu i l d ing edges or out l ines. T h i s me thod has been used i n m a n y s tudies (Overby et al., 
2004; L i u , W a n g a n d L i u , 2005 ; S a n a n d Turker , 2010 ; C u i , Y a n a n d Reinartz , 2012; L i 
et al., 2018) to extract bu i ld ings by identi fy ing the l ines that denote bu i l d ing boundar ies 
as it i s s trong at detecting geometric patterns. S a n a n d Tu rke r (2010) used Hough 
t rans format ion for bu i l d ing extract ion u s i n g satell ite imageries. The resu l t s of the s tudy 
ind icated that the average bu i l d ing detect ion percentages are over 9 3 % for i ndus t r i a l 
bu i ld ings , a n d res ident ia l c i rcu lar a n d rectangular bu i ld ings are over 7 8 % a n d 9 5 % , 
respectively. 

Mu l l e r a n d Z a u m (2005) ut i l i sed a Comb ina t i on of Geometr ic (object form a n d size), 
Photometr ic (most frequent a n d m e a n hue), a n d S t r u c t u r a l Ana lys i s (shadow a n d 
surrounding ) . It cons iders the spat ia l arrangement, radiometr ic properties, a n d 
s t ruc tu ra l pat terns i n the bu i l d ing footprint extract ion process. The method that i s being 
presented only uses aer ia l photos to extract bu i ld ings . The process starts w i t h the entire 
image be ing segmented u s i n g a seeded region growing a lgor i thm. Star t ing f rom seed 
po ints , th i s a lgor i thm expands regions accord ing to pre-establ ished cr i ter ia , thereby 
clearly def ining discrete areas w i t h i n the aer ia l imagery. 

2.4.3 Object-based Image Analysis (OBIA) 
OBIA i s a n alternative to p ixe l by p ixe l approach that uses image objects as 

fundamenta l eva luat ion u n i t s (Lang, 2008 ; B laschke , 2010). B y g roup ing several p ixels 
into forms w i t h a meaning fu l representat ion of the objects, th i s method in tends to avoid 
the prob lem of art i f ic ia l square cells as used i n the per-p ixe l method (Blaschke, 2010). 
OBIA 's goal i s to hand le more compl icated classes defined by spat ia l a n d h i e rarch ica l 
re la t ionships bo th w i t h i n a n d outside of the c lass i f icat ion process (Lang, 2008 ; Wienert 
et a l . , 2013). OB IA is typica l ly d iv ided into three stages: image segmentat ion, feature 
extract ion a n d classi f icat ion. 

Geographic object-based image ana lys i s (GEOBIA) i s a modif ied OB IA approach to 
remote sens ing image ana lys i s that identi f ies a n d investigates image-objects: g roups of 
adjacent p ixe ls represent ing rea l -wor ld geographical features (Blaschke, 2010). Recent 
reviews compar ing G E O B I A a n d p ixe l -based methods showed methodological i ssues a n d 
emphas ised how G E O B I A surpasses the p ixe l -based methodology that has been a r ound 

19 



for more t h a n three decades, especial ly for h igh-reso lut ion imag ing (Kucharczyk et a l . , 
2020). The efficacy of u s i n g G E O B I A i n the appl icat ion of bu i l d ing footprint extract ion 
has been consistent ly demonstrated by empi r i ca l evidence (Kumar a n d Bhardwaj , 2020; 
P ra th iba et a l . , 2020 ; Zhang , H a n a n d Bogus, 2020 ; No rman et a l . , 2021). 

The in t r ins i c heterogeneity of u r b a n env i ronments h a s l imi ted the accuracy of 
convent ional p ixe l -based approaches i n extract ing bu i l d ing footprints, w h i c h has led 
researchers to investigate alternative approaches. In address ing these challenges, the 
s tudy of P ra th iba et a l . (2020) employs OBIA as a robus t technique for bu i l d ing footprint 
extract ion, specif ical ly u t i l i s ing Cartosat-2 series data. The synergy of superv ised nearest-
ne ighbour c lass i f icat ion dec is ion ru les h a d y ie lded a compel l ing resul t demonstrat ing a n 
accuracy su rpass ing 8 2 . 5 % i n bu i l d ing footprint extract ion. The work of Zhang , H a n a n d 
Bogus (2020) also shows the appl icabi l i ty of OBIA i n bu i l d ing footprint extract ion i n three 
different s tudy areas. In th i s work, features s u c h as trees a n d bu i ld ings were extracted 
u s i n g aer ia l L i D A R da ta based o n height in format ion. Afterwards, trees were separated 
a n d e l iminated from the identi f ied i tems u s i n g co lour- infrared aer ia l photographs. Then, 
bu i l d ing footprints were defined u s i n g OBIA. The accuracy assessment ind ica ted 
a success rate of 7 5 % for two s tudy areas a n d a 5 0 % success rate to detect bu i ld ing 
footprints i n one s tudy area. 

Ce r ta in s tud ies h ighl ighted the advantage of u t i l i s ing OB IA ru le -based c lassi f icat ion 
methods (decision ru les based on object pr imit ives a n d fuzzy rules) i n bu i l d ing footprint 
extract ion. The work of K u m a r a n d Bhardwaj (2020) used a comb ina t i on of orthoimages 
a long w i t h the Dig i ta l E levat ion Mode l (DEM) to create a ru le -based c lass i f icat ion guided 
by object pr imit ive a n d fuzzy rules . The resu l ts showed that overal l accuracy was higher 
t h a n 9 3 % , especial ly i n regions w i t h more subs tan t i a l bu t sparsely popula ted s t ructures . 
O n the other h a n d , regions w i t h denser popula t ions a n d smal ler bu i ld ings showed 
marg ina l l y worse overal l accuracy. T h i s impl i es that the suggested method performed 
exceptional ly we l l i n correctly recognis ing a n d categorising bu i ld ings , especial ly i n areas 
that were less populated a n d h a d larger s t ructures . Another interest ing s tudy was 
conducted by No rman et a l . (2021), where they used med ium-reso lu t i on sent ine l 2 B 
images ins tead of h igh-reso lut ion images l ike most studies. They carefully chose features 
that are essent ia l for bu i l d ing detect ion a n d establ ished the appropriate segmentat ion 
parameters (scale, shape, a n d compactness) . They used mach ine l earn ing (ML) 
a lgor i thms, specif ical ly the Suppor t Vector Mach ine (SVM) a n d Dec is ion Tree (DT) 
classi f iers a n d found that the S V M classif ier performed better t h a n the DT classifier, 
y ie ld ing a n amaz ing 9 3 % accuracy w i th a k a p p a va lue of 0.92 a n d a notable 2 0 % increase 
i n accuracy. T h i s resu l t demonstrates how we l l app ly ing M L a lgor i thms to improve 
c lass i f icat ion methods i n OB IA works , especial ly for med ium-reso lu t i on images. 

2.4.4 Deep learning 
Deep Learn ing (DL) a lgor i thms have wi tnessed a remarkab le surge i n popular i ty for 

remote-sensing image ana lys i s over the past few years, revo lut ionis ing the field w i th their 
capacity to automat ica l ly l ea rn h i e ra rch i ca l representat ions of data. Deep learning 's 
remarkab le capacity for h i e ra rch ica l l earn ing of representative a n d d iscr iminat ive 
features h a s spa rked a fresh wave of exci t ing work on the process ing a n d ana lys i s of 
Remote Sens ing b ig da ta (Chi et a l . , 2016 ; Parente et a l . , 2019 ; Sedona et a l . , 2019). 

Whi le the remarkable success of D L i s h igh l ighted i n m a n y studies, there are few 
studies that emphasise the concerns a n d chal lenges of D L methods i n terms of da ta 
avai labi l i ty a n d i ts qual i ty , computa t i ona l resources, explainabi l i ty , sensor variabi l i ty, 
etc. For t ra in ing , deep l earn ing models frequently need a lot of label led data, w h i c h can 
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be h a r d to come by i n remote sens ing (Ahmed et a l . , 2023 ; Cheng et a l . , 2023 ; J a n g a et 
a l . , 2023). In terms of computa t i ona l resources, deep Neura l network t ra in ing requires 
a large amount of process ing power. Large-scale remote sens ing datasets, par t i cu lar ly 
those obta ined at h i gh reso lut ions, need a robust computer in f ras t ructure to provide 
effective t ra in ing a n d inference (Hong et a l . , 2 0 2 1 ; Cheng et a l . , 2023 ; J a n g a et a l . , 2023 ; 
Safonova et a l . , 2023). Deep l earn ing mode ls are often considered "b lack boxes" due to 
their complex architectures, w h i c h ra ises the quest ion of how m u c h we c a n t rus t A l 
systems i f we don't comprehend how they make their dec is ions (Eschenbach, 2021). DL 
models t ra ined on da ta from one remote sens ing sensor may not generalise wel l to da ta 
from a different sensor (Wold a n d Sand in , 2023); thus , Transfer l earn ing techniques are 
essent ia l for adapt ing models to var ious sensors (Donges, 2022). 

Despite the mere l imi ta t ions of the deep l earn ing approach, it has been widely used 
i n BIM-re lated appl icat ions. Recently, Convo lu t i ona l Neura l Networks (CNN) have been 
successful ly appl ied for bu i l d ing footprint extract ion appl icat ions . Cha f i q et a l . (2021) 
conducted a U-Net-based deep l earn ing approach for bu i l d ing boundary extract ion, where 
it u s ed images cap tured from a drone. One of the n u m e r o u s benefits of the mode l 
presented i n th i s research is i ts capacity to provide more precise ident i f icat ion a n d 
automated detect ion of bu i l d ing footprints u s i n g the t ra in ing model . Furthermore , i t 
demonstrates how A l has advanced to the po int where it i s advantageous to use better 
g r ound t r u t h labels for segmentat ion const ruc t ion w i thout the need for h u m a n 
part ic ipat ion. Rastogi , B o d a n i a n d S h a r m a (2022) proposed a novel C N N mode l cal led 
UNet-AP, a n improved U-Net archi tecture where they u s e d Cartosat -2 series m u l t i -
spectra l images to extract bu i l d ing footprints. The outcomes showed that th i s innovative 
archi tecture consistent ly improves the resul t a n d outperforms bo th SegNet a n d UNet 
architectures. 

Compared to the aforementioned methods, there are un i que approaches that ut i l ise 
a comb ina t i on of C N N architecture for automated bu i l d ing footprint extract ion. Li et al. 
(2021) proposed a combined architecture that uses U-Net (create segmentat ion maps), 
Cascade R - C N N (detection of bu i l d ing bound ing boxes) a n d Cascade C N N (detection of 
bu i l d ing corners) for each ind i v i dua l step of the process. Later, a De launay t r iangula t ion 
method was used to b u i l d f ina l bu i l d ing footprints based on the resu l ts of the prev ious 
steps. Li et al. (2022) emphas ised that a l though C N N s provide encourag ing resu l ts on 
a smal ler scale, one of their typ ica l f laws i s that they are unab le to precisely identify 
bu i l d ing borders, w h i c h b l u r s the result . Therefore, Li et al. (2022) proposed a novel C N N 
architecture w i th two models: 1- Img2AFM (Enhance bu i l d ing surface a n d suppress 
background) a n d 2- A F M 2 M a s k (predict segmentat ion m a s k s of bui ldings) . They tested 
the approach i n three different datasets a n d conc luded that i t per forms bu i l d ing detect ion 
signi f icantly better t h a n other methods. 

2.4.5 Existing data sources 
B u i l d i n g footprint data, w h i c h out l ines the shapes a n d d imens ions of s t ructures , c a n 

be sourced from var ious channe ls w i th l itt le to no post-processing. Government open da ta 
porta ls are p r imary resources, offering bu i l d ing footprint in format ion processed through 
aer ia l surveys a n d satell ite imagery. Addi t ional ly , geospatial da t a repositories l ike 
OpenStree tMap (OSM) provide col laborative mapp ing da ta where users contr ibute and 
edit geographical detai ls, i n c lud ing bu i l d ing footprints. Moreover, commerc ia l da ta 
providers s u c h as E s r i (living at las web portal), Maxar a n d Nearmap a lso provide ready-
to-use bu i l d ing footprint datasets. 
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W i t h i ts vast a n d ever-expanding col lect ion of geographic data, O S M i s one of the 
world 's biggest a n d most active open da ta suppl iers . For instance, Ch ina ' s O S M bu i l d ing 
da ta increased 20 t imes between 2012 a n d 2017 (Tian, Z h o u a n d F u , 2019). Based on 
the completeness check done by Bi l j eck i et a l . (2021) of O S M da ta w i th respect to 
government open da ta i n 28 countr ies , coverage of O S M h a d a 9 5 % (ratio of bu i ld ings 
recorded i n E U R O S T A T to the n u m b e r of bu i ld ings retrieved from O S M i n February 2021). 
Es tab l i shed i n 2004 , O S M funct ions as a cooperative, c rowd-sourced mapp ing plat form 
where a g lobal c ommun i t y of contr ibutors actively engages i n mapp ing the surface of the 
planet (OpenStreetMap, 2023). S ince O S M da ta is pub l i c l y avai lable a n d free to use, 
a wide range of people, i n c lud ing academics, developers, companies , a n d nonprof i ts , may 
access it. W i t h i n the geographic communi ty , creativity a n d cooperat ion are encouraged 
by th i s open-access ideology. 

As O S M coverage grows worldwide, several s tud ies have examined the use of O S M 
da ta for B I M appl icat ions. Bagher i , Schmi t t a n d Z h u (2019) conducted a comprehensive 
assessment of the feasibil ity of app ly ing O S M b u i l d i n g footprint da ta as source da ta to 
generate 3 D models of bu i ld ings . They also h ighl ighted that one of the major i s sues i n 
O S M da ta i s that b u i l d i n g footprints are generated as a whole even though the bu i l d ing 
has mul t ip l e b locks of different heights; thus , a preprocess ing step i s necessary to spl i t 
into mul t ip l e b locks . In a s tudy conducted by G i r i n d r a n et a l . (2020) on the generat ion of 
3 D mode ls from open data, they real ised that 3 D mode ls cou ld be generated by a fus ion 
of O S M w i t h D S M data. However, i t i s impor tant to highl ight that th i s s tudy d id not 
consider available topological errors i n O S M data. 

Whi le OpenStree tMap (OSM) provides several benefits as a major open da ta source, i t 
i s c r i t i ca l to recognise specific l imi ta t ions a n d concerns related to i t s use. These 
diff iculties may inf luence O S M ' s appropr iateness for var ious appl icat ions and 
environments. The qual i ty of O S M da ta is one of the p r imary prob lems w h e n u t i l i s ing it. 
Because the majority of O S M da ta is contr ibuted by non-professionals , b o th the coverage 
a n d the qual i ty of the da ta are dub i ous (Haklay, 2010 ; Senaratne et a l . , 2016). Even 
though a sharp rise i n O S M da ta is observed, the t h i r d d imens i on is very poorly 
represented i n O S M data , specif ical ly for bu i l d ing height (Masson et a l . , 2020 ; B e r n a r d 
et a l . , 2022). Accord ing to Lao et a l . (2018)- cited i n B e r n a r d et a l . (2022), less t h a n 3 % 
of bu i ld ings wor ldwide have a height value, a n d less t h a n 4 % have a number-of -
floor value. Whi le O S M i s a n excellent resource, users s h o u l d be aware of i ts l imi tat ions, 
w h i c h inc lude potent ia l da ta mis takes , inadequate coverage, re l iance on volunteers, 
l imi ted attr ibute in format ion, a n d the need for ongoing maintenance . Therefore, when 
cons ider ing i f O S M is the best da ta source for 3 D bu i l d ing model l ing, these cr i ter ia m u s t 
be carefully considered. 

The exist ing body of research often focuses on evaluat ing the qual i ty of O S M da ta and 
assess ing factors s u c h as completeness, consistency, a n d pos i t i ona l accuracy. However, 
there appears to be a scarc i ty of s tudies specif ical ly dedicated to propos ing a n d test ing 
methodologies to actively improve the accuracy of the da ta w i t h i n the O S M plat form, 
w h i c h m a r k s a potent ia l research gap i n the l i terature. The work of Zhuo et a l . (2018) is 
a signi f icant con t r ibut i on i n th i s d o m a i n as it focuses o n the opt imisa t ion of O S M 
footprints u s i n g U A V images. The ir approach of u s i n g a deep l earn ing neu ra l network 
proved to produce a large offset i n terms of qual i ty w h e n compared w i th or ig ina l O S M 
bu i l d ing footprints. 

Government open da ta websites throughout the European U n i o n , i n c lud ing the Czech 
Republ ic , are use fu l sources of rel iable bu i l d ing in format ion. These por ta ls often inc lude 
a variety of geographic data, s u c h as bu i l d ing footprints, w h i c h may be used for u r b a n 
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p lann ing , in f rastructure const ruct ion , a n d a variety of research purposes . Czech na t i ona l 
mapp ing agency cal led State Admin i s t r a t i on of L a n d Survey ing a n d Cadastre (CUZK), 
w i th the l a u n c h of the na t i ona l onl ine porta l , h a s h a d a major inf luence on the avai labi l i ty 
of geographical data. C U Z K started offering direct access download services for RUIAN 
data, i n c lud ing d ig i ta l cadas t ra l m a p s i n the dig i ta l format, on J a n u a r y 1, 2014 , on the 
bas i s of the uni f i ed Creative C o m m o n s C C B Y 4.0 l icense (CUZK, 2023). 

H r o n a n d Ha lounova (2019) conducted a s tudy on creat ing roof models from bu i l d ing 
footprints i n the Czech Republ ic . In th i s s tudy, they ut i l i sed bu i l d ing footprints pub l i shed 
by the L a n d Survey Office (NMA) of the Czech Republ ic , w h i c h i s responsible for manag ing 
the na t i ona l GIS database. The au thors conducted tests on a l imi ted dataset compr is ing 
a r o u n d 30 bu i ld ings w i t h diverse character is t ics , i n c lud ing different shapes (vertices 
rang ing from 4 to 16) a n d vary ing roof complexit ies (roof types, w h i c h ranged from 1 to 
3) a n d ment ioned that excellent resu l ts demonstrated par t i cu lar ly for s imple and 
moderately complex bui ld ings . 

2.5 Bui lding height detection 
The precise ident i f icat ion of bu i l d ing he ights i s a c ruc i a l component i n 3 D bu i l d ing 

mode l l ing as it forms the bas i s for m a n y impor tant appl icat ions. B u i l d i n g heights m u s t 
be precisely determined to guarantee that 3 D mode ls accurate ly depict the rea l bu i ld ings , 
w h i c h w i l l suppor t the dec i s ion-mak ing process. Determin ing the he ights of bu i ld ings 
becomes especial ly impor tant i n s i tuat ions w h e n vert ica l d imens ions are cr i t i ca l to the 
overal l sense of space. B u i l d i n g height detect ion has been done u s i n g a variety of 
methodologies over t ime, demonstrat ing the ongoing development of technology a n d da ta 
sources. The complexi ty a n d accuracy of bu i l d ing height ident i f icat ion have signi f icantly 
increased w i t h the improvements i n these approaches, enabl ing more accurate a n d 
efficient resu l ts i n m a n y scenarios. 

2.5.1 Definition of building height 
The def init ion of bu i l d ing height varies across different s tudies a n d contexts, 

reflecting the n u a n c e d considerat ions a n d objectives w i t h i n each field a n d the 
appl icat ion. Accord ing to Amer i c an Legal Pub l i sh ing (n.d.) In mul t i fami ly res ident ia l 
bu i ld ings bu i l t i n compl iance w i t h uni f ied res ident ia l development regulat ions, the height 
i s determined by measur ing from the top of the completed s lab to the top of the tal lest 
wa l l top plate (Figure 4). They further ment ioned that i n bu i ld ings other t h a n mul t i - fami ly 
homes, the height w i l l be measured accord ing to Figure 5. 

Building 
Height 

Figure 4: Height in 

mul t i f ami ly res ident ia l 

(ALP, n.d.) 

F igure 5: Measur ing bu i ld ing height (ALP, n.d.) 
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2.6 Methods of building height detection 

2.6.1 Deep learning 
The advent of deep l earn ing neu ra l ne tworks has s igni f icantly in f luenced the field of 

bu i l d ing height est imat ion, leading researchers to increasingly adopt these advanced 
techniques. A s bu i l d ing s t ruc tures react differently to mul t ip l e v iewing angles, s u c h as i n 
terms of spectra l a n d s t ruc tu ra l changes, mul t i - v i ew satell ite images c a n exp la in the 
vert ica l in format ion of bu i ld ings . However, deep learning-based bu i l d ing height est imates 
have not made use of these images. A s a novel approach , Cao a n d H u a n g (2021) 
in t roduced M3Net, w h i c h uses mul t i - v i ew ZY-3 images w i t h a spat ia l r eso lut ion of 2 .5m 
to estimate bu i l d ing height. After test ing the methodology i n 42 Chinese metropo l i tan 
areas hav ing diverse bu i l d ing types, the resu l ts ind ica ted lower root m e a n square error 
t h a n the r a n d o m forest me thod a n d van i l l a single/ mu l t i - t a sk models. The approach also 
verifies the scalabi l i ty of the methodology further s ince the test was also done i n 
a comparab ly broader region of extent. Another n e u r a l network-based approach 
implemented by L i , C h e n a n d L i n (2022) shows that single images c a n be used to restore 
height in format ion, u n l i k e the method implemented by Cao a n d H u a n g (2021). L in 's 
(2022) approach cons is ts of two m a i n stages: 1. Rotat ion shadow detection, 2. B u i l d i n g 
height ca lcu lat ion. The ir methodology s tands out f rom the rest due to i ts s impler 
implementat ion, fewer sources of data, a n d greater accuracy. 

2.6.2 Open data sources 
One of the major i ssues i n bu i l d ing height es t imat ion is the unava i lab i l i ty of open da ta 

sources. To address th i s issue, i n recent years, m a n y researchers have focused on 
implement ing methodologies to estimate height in format ion f rom open data, s u c h as 
Sent ine l 1/2, for large-scale mapp ing appl icat ions. S ince Koppe l et a l . (2017) found 
a s t rong corre lat ion between height in format ion a n d Sent ine l 1 backscatter 
character ist ics , a whole new rea lm of appl icat ions was in t roduced i n large-scale 3D 
model l ing. L i et a l . (2020) used these corre lat ion character is t ics to implement 
a comprehensive methodology to estimate bu i l d ing height f rom Sent ine l 1 data. First , 
they implemented a height ind icator u s i n g dua l -po lar i za t ion ( W a n d VH) a n d generated 
a bu i l d ing height mode l f rom the indicator . The R M S E was 1.5 meters w h e n compar ing 
the outcomes w i t h a l idar -based model ; th i s va lue also outperformed the prec is ion of the 
da ta released by Advanced L a n d Observ ing Satell ite (ALOS) D S M (X. L i et a l . , 2020). Even 
though very h i gh accuracy was obta ined i n terms of R M S E , H u a n g et a l . (2022) ment ioned 
that due to layout, h i gh reflectivity f rom some meta l mater ia ls , double-bounce scattering, 
a n d other factors, backscatter coefficients f rom Sentinel-1 da ta were not consistent i n 
some areas. C a i et a l . (2023) implemented a mul t i - spec t ra l a n d Synthet ic Aper ture Radar 
(SAR) da ta fus ion approach that ut i l i ses Sent ine l 1 a n d 2 pub l i c l y avai lable data. Their 
method employs a mu l t i -moda l selective kerne l (MSK), w h i c h c a n r each a n R M S E of less 
t h a n 5 m after test ing it i n 63 Chinese cities. Therefore, cons ider ing the R M S E of 
methodologies of C a i et a l . (2023) a n d L i et a l . (2020), u s i n g the dua l -po lar i za t ion method 
seems more accurate. 

H u a n g et a l . (2022) emphas ised that there are two major i ssues even though the above 
methods from A L O S a n d Sent ine l 1/2 da ta sources suppor t the field of large-scale 
bu i l d ing height est imat ion: 1. Lack ing cons ider ing the topographic environment, 2. Prior 
research most ly concentrated o n pred ic t ing bu i l d ing height at coarse reso lut ion; further 
work i s required to estimate bu i l d ing height at fine reso lut ion on a b road scale. Therefore, 
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the methodology implemented by H u a n g et a l . (2022) i s composed of u t i l i s ing A L O S Wor ld 
3 D - 3 0 m (AW3D30) D S M a n d other supplementary da ta w i t h a novel slope correct ion 
a lgor i thm for height est imation. 

Google E a r t h is a web-based geospatial app l i ca t ion that gives use rs a n interactive a n d 
thorough representat ion of the surface of the planet. W i t h the use of aer ia l photography, 
satellite imaging, a n d GIS data, Google E a r t h provides a three-d imens iona l view of the 
world 's cities, s t ructures , a n d landscapes. In the context of bu i l d ing height est imat ion, 
Google E a r t h proves to be a va luable resource. The p lat form integrates 3 D mode ls to 
represent bu i ld ings a n d s t ruc tures w i t h real ist ic elevation data. Q i , Z h a i a n d Dang (2016) 
implemented a comprehensive methodology to calculate bu i l d ing height u s i n g Google 
E a r t h . The i r methodology ut i l i ses the shadow of the bu i l d ing to estimate bu i l d ing height 
u s i n g the length of the shadow a n d the t e r ra in slope. In s i tuat ions where the bu i l d ing 
shadow i s not clearly vis ible, they proposed a new step w h i c h considers celest ial 
geometry. 

2.6.3 LiDAR data processing 
B u i l d i n g height es t imat ion has been t ransformed by Light Detect ion a n d Ranging 

(LiDAR) technology, w h i c h provides precise a n d comprehensive elevation da ta for a wide 
range of appl icat ions. L iDAR technology operates by send ing laser pu lses f rom a n aer ia l 
or g round-based plat form a n d measur ing the t ime it takes for the laser to r e tu rn after 
co l l id ing w i th a surface (Wasser, 2023). T h i s me thod enables L i D A R to produce very 
precise three-d imens iona l po int c l ouds that capture the topography of the Ear th ' s 
surface, i n c lud ing bu i ld ings a n d other s tructures . 

Ut i l i s ing L i D A R da ta for 3 D appl icat ions has been a r o u n d for more t h a n two decades. 
One of the earliest s tud ies was done by Morgan a n d Tempf l i (2000), where they used 
a L i D A R dataset of 2-3 po ints per m 2 w i th Lap lac ian a n d Sobel operators to separate 
bu i ld ings from trees. Rottensteiner a n d Br iese (2003) retrieved the bu i ld ing ' s top surface 
to create a po lyhedron model , thereby ca l cu la t ing bu i l d ing height u s i n g region growth 
a n d curvature-based segmentat ion technologies from a D S M generated from L i D A R data. 
Erener, Sarp a n d K a r a c a (2020) used a da ta fus ion approach that used aer ia l imageries 
a n d L i D A R da ta to estimate bu i l d ing height. In their s tudy, Normal ized Dig i ta l Surface 
Mode l (NDSM) was created cons ider ing the first a n d last r e t u r n of the L i D A R dataset. The 
def init ion of bu i l d ing height i s considered to be the m a x i m u m height value w i t h i n the 
bu i l d ing footprint outl ine. A l though the s tudy d isp lays the accuracy eva luat ion for the 
predicted n u m b e r of floors i n re la t ion to g r ound t ru th , there i s no accuracy assessment 
for the bu i l d ing height. 

In order to calculate bu i l d ing height, some researchers u t i l i s ed s tat is t i ca l approaches 
s u c h as zona l stat ist ics a n d n o r m a l d i s t r i bu t i on funct ions. Zhang , H a n a n d Bogus (2020) 
conducted a s tudy to extract bu i l d ing height and footprint extract ion from L i D A R a n d 
Aer ia l imagery. In their s tudy bu i l d ing height i s considered as the m e a n of the N D S M 
covering the bu i l d ing footprint. They used zona l stat ist ics ca l cu la t i on to determine the 
height of the bu i ld ing . However, w h e n model l ing 3 D models of exist ing bu i ld ings , it is 
impor tant to have a c tua l height in format ion of bu i ld ings , s u c h as highest a n d lowest 
po ints rather t h a n m e a n value. 

Ca l cu la t ing bu i l d ing height by integrat ing L i D A R da ta w i th bu i l d ing footprints poses 
challenges, notably w h e n g r ound pixels i n the N D S M overlap w i t h the footprint. Th i s 
s i tua t ion c a n lead to inaccurac ies i n roof va lues, in t roduc ing errors i n metr ics s u c h as 
m i n i m u m a n d m a x i m u m roof heights. To address th i s issue, out l iers resu l t ing f rom these 

25 



discrepancies m u s t be identi f ied a n d removed to ensure the prec is ion of the height 
est imat ion. A so lu t i on proposed by H r o n a n d Ha lounova (2019) involves u s i n g the 9 5 t h 

percenti le as the top height value w i t h i n the footprint. S imul taneous ly , the roof bot tom 
value is determined as the t h i r d percenti le w i t h i n a 1-meter r ad ius bo th ins ide and 
outside the bu i l d ing footprint. B y adopt ing th i s approach, the overal l roof height i s 
ca lcu lated as the difference between the top height a n d the bot tom height, mi t igat ing the 
impact of out l iers a n d enhanc ing the re l iabi l i ty of the bu i l d ing height es t imat ion process. 

2.7 Roof model l ing 
Roof mode l l ing s tands as a p ivota l facet i n a rch i t ec tura l a n d geospat ia l research, 

prov id ing a comprehensive unders tand ing of the bu i l t environment 's intr icate details. 
Th i s process involves the dig i ta l representat ion of rooftops, cap tur ing their diverse forms 
a n d features. Beyond mere v i s u a l aesthetics, Its appl icat ions, rang ing from u r b a n 
p l ann ing a n d energy efficiency to te l ecommunicat ions a n d disaster management , 
h ighl ight i t s signif icance as a mult i faceted tool i n enhanc ing our unde rs tand ing of the 
bu i l t env ironment (Hron a n d Halounova , 2019). 

Va r i ous s tud ies have explored a n d proposed diverse methods for identi fying the type 
of roof i n roof model l ing, leveraging advancements i n technology a n d da ta analys is . One 
of the most c o m m o n methodologies i s to ut i l i se slope a n d aspect ca lcu la t ions to identify 
the type of roof. In the GIS domain , the rate of change between each cel l a n d i ts 
ne ighbours is est imated v i a raster-based slope comput ing a lgor i thms, whi le the aspect 
refers to the compass d irect ion that a slope faces (wiki.gis.com, n.d.). Gergelova et al . 
(2020) used these tools to identify different types of bu i l d ing roofs as a n in i t i a l step for 
the reconst ruc t ion of roofs. The s tudy used m e a n slope va lues of the roof to identify flat 
roofs a n d p i tched roofs; thus , slope <=10° are flat roof bu i ld ings ; i n contrast, 10° < slope 
<45° are p i t ched roof bu i ld ings . In their work, they considered s ix types of roofs, as 
ment ioned i n F igure 6. 

+ + + + ^ 
Figure 6: T y p e s o f roofs cons idered by Gergelova et al. (2020) 

Another impor tant step i n roof model l ing involves identi fy ing the shape of the roof and 
roof p lanes. M a n y researchers used the floor d irect ion a lgor i thm- a method orig inal ly 
used for der iv ing the d irect ion of the flow a n d the vo lume of the flow. The eight 
ne ighbour ing cel ls that f low might enter have eight appropriate output direct ions 
associated w i th them, as ment ioned i n Figure 7. T h i s method, somet imes ca l led a n eight-
d i rect ion (D8) flow model , i s based o n a strategy that J e n s o n a n d Domingue (1988) 
int roduced. 
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Gergelova et a l . (2020) used th i s approach to identify the form of the roof ridge and 
determine the n u m b e r of p lanes a n d their slope direct ions, thereby determin ing the type 
of roof. In the work of H r o n a n d Ha lounova (2019), they used a l ine segment detector 
(LSD) a lgor i thm w h i c h detects straight contours on grayscale images w i thout tun ing 
parameters. They c l a im that the edge detect ion technique, w h i c h i s a component of the 
Open-Source Computer V i s i o n L ibrary (OpenCV), i s incred ib ly fast a n d produces good 
resu l ts w i thout the need to modify any parameters. They have also h ighl ighted certa in 
d rawbacks of their approach, s u c h as the current implementat ion does not al low 
mode l l ing of roof ridges except i n the midd le or o n the out l ine of bu i ld ings a n d obstacles 
resu l t ing from ass ign ing ru les for i nd i v i dua l roof types. 

R a n d o m sample consensus (RANSAC) i s another approach that mul t ip l e researchers 
used to extract roof p lanes (Tarsha-Kurd i , Landes a n d Grussenmeyer , 2007 ; Kleineberg, 
2018 ; Gonu l tas , A t i k a n d D u r a n , 2020 ; Mohammadzadeh , 2020 ; C h e n et a l . , 2021). 
Accord ing to F ischler a n d Bol les (1981) - the founders of the a lgor i thm, R A N S A C takes 
the least amount of in format ion possible a n d then expands it w i th consistent da ta po ints 
i n contrast to t rad i t i ona l samp l ing approaches that ut i l i se as m u c h da ta as feasible to 
generate a n in i t i a l answer a n d then proceed to t r i m outl iers. Mul t ip l e researchers have 
used the R A N S A C a lgor i thm to extract roof p lanes f rom L i D A R data. Mohammadzadeh 
(2020) appl ied the R A N S A C a lgor i thm to a L i D A R point c l oud of a bu i l d ing dataset and 
determined the op t ima l p lane th rough the candidate po ints that comprise the roof p lane 
based o n the geometric locat ion of the po ints a n d distance to the plane. Kle ineberg (2018) 
also u s e d the R A N S A C a lgor i thm to detect roof p lanes, w h i c h i s a n in i t i a l step i n 
generat ing 3 D meshes of bu i l d ing roofs u s i n g a L i D A R po int c loud. Later, he created 
a new a lgor i thm to generate convex roofs i n a un i t y engine. Therefore, cons ider ing the 
f ina l resu l ts of Mohammadzadeh (2020) a n d Kleineberg (2018), it i s evident that the 
R A N S A C a lgor i thm looks p romis ing for f ind ing roof p lanes, w h i c h is a n in i t i a l step i n 
generat ing 3 D models of roof s t ructures . However, accord ing to Canaz Sevgen a n d Ka r s l i 
(2020), the R A N S A C a lgor i thm has cer ta in l imi ta t ions i n s i tuat ions w h e n some po ints are 
located w i t h i n the roof p lane w h i c h are not part of the roof plane. To mitigate th i s problem, 
they developed I -RANSAC, a modif ied a lgor i thm that searches j u s t po ints o n the surface 
based o n a specific thresho ld value, exc lud ing out l iers over the thresho ld value. 

C lus t e r ing i n roof model l ing i s a da ta ana lys i s technique that involves grouping 
together roofs w i t h s imi la r character ist ics , patterns, or attr ibutes. Th i s process is 
par t i cu lar l y va luable for identi fy ing commonal i t i es among roofs w i t h i n a dataset, a id ing 
i n the c lassi f icat ion, segmentat ion, a n d ana lys i s of diverse roof types. M a n y researchers 
have u t i l i s ed n u m e r o u s c luster ing methodologies to identify roof p lanes (Sampath a n d 
S h a n , 2008 ; Kong, X u a n d L i , 2013 ; L. L i et a l . , 2020 ; Hong et a l . , 2021). One of the 
earliest s tud ies that used c luster ing techniques for roof segmentat ion was done by 
S a m p a t h a n d S h a n (2008). They used eigenvalue a n d eigenvector ana lys is to determine 
locat ions that lie a long the roof edges, i.e. a long the l i n k s of mul t ip l e roof p lanes , a n d 
thereby create a 3 D mode l of the roof. , a n d L i (2013) used a combined approach us ing 
two c luster ing methods: K-plane a n d K-means a lgor i thms. In order to identify the in i t i a l 
c luster centres, they also implemented a new in i t ia l i sa t ion method that uses 
mathemat i ca l morphology a n d the Hough t rans form technique. 

2.8 Software and built - in workflows for 3D model l ing 
3 D mode l l ing software p lays a p ivota l role i n the field of archi tecture a n d bu i ld ing 

design, offering architects, engineers, a n d designers powerful tools to v isual ise , analyse, 
a n d communica te complex ideas. These software appl icat ions enable professionals to 
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create detai led 3 D representat ions of bu i ld ings , faci l i tat ing a more comprehensive 
unders tand ing of spat ia l re lat ionships , aesthetics, a n d funct iona l aspects. 

Es r i ' s A r cG IS Pro is a ful l- featured commerc ia l desktop GIS program that al lows users 
to explore, view, a n d analyse data, as we l l as compi le 2 D a n d 3 D m a p s (Esr i , n.d.b). 
Addi t ional ly , A rcGIS Pro provide step-by-step automated workf lows w i t h m i n i m a l user 
interact ion for var ious app l i ca t ion domains , i n c lud ing 3 D model l ing w i t h L i D A R point 
c l oud data. Accord ing to E s r i (2023), 3D bu i l d ing so lut ions provide automated workf lows 
for extract ing norma l i s ed elevation surfaces, creat ing bu i l d ing footprints and 
subsequent ly generat ing 3 D models, creat ing bu i l d ing floors a n d pred ic t ing the type of 
bu i l d ing roof. However, there h a s been little to no empi r i ca l proof of the workflow's 
performance for model l ing 3 D s t ruc tures s ince it was in i t ia l l y announced i n J u l y 2023 . 

E s r i C i t yEng ine i s another commerc ia l u r b a n p l ann ing a n d mode l l ing software that 
enables the creat ion of real ist ic c ityscapes. It s t reaml ines the des ign process by 
generat ing detai led u r b a n env i ronments a n d enhanc ing spat ia l ana lys i s for architects, 
u r b a n p lanners , a n d GIS professionals. Oskoue , Babae i a n d T e y m u r i (2023) noted that 
the m a i n aspect of mode l l ing w i t h Es r i ' s C i t yEng ine software i s employ ing c ommands a n d 
rules , as we l l as scalabi l i ty , to create large cit ies as easily as s m a l l cit ies w i thout 
sacr i f ic ing quality. S ince i ts incept ion, n u m e r o u s researchers have extensively tested E s r i 
C i tyEng ine , af f irming i ts prowess as a potent tool for city mode l l ing (Edvardsson, 2013 ; 
H u et a l . , 2013 ; Badw i , E l l a i thy a n d Youssef, 2022). The software consistent ly 
demonstrates robus t capabi l i t ies , earn ing recogni t ion as a n asset for researchers and 
professionals i n u r b a n p l ann ing a n d design. Badw i , E l l a i thy a n d Yousse f (2022) 
conducted a recent s tudy w i t h C i tyEng ine , the m a i n objective of w h i c h was to h ighl ight 
the importance of 3 D procedura l mode l l ing a n d i ts capabi l i t ies. They ana lysed a n d tested 
the C i t yEng ine p rocedura l model l ing idea i n Beni-Suef , Egypt, a n d conc luded that 
C i t yEng ine i s a powerful 3D-GIS mode l l ing program that creates real ist ic 3D models from 
2 D spat ia l data. However, i t i s impor tant to emphasise that more complex scenar ios 
shou ld be investigated (Badwi, E l l a i thy a n d Youssef, 2022). Another impor tant highl ight 
of E s r i C i t yEng ine is i ts capabi l i ty to b a t c h create 3 D models (Esr i , 2015). Un l ike 
t rad i t i ona l model l ing plat forms, C i t yEng ine i s capable of creat ing reusable Computer 
Generated Arch i tec ture (CGA) scr ip ts a n d integrat ing semant ic ru l es (Hu et a l . , 2013). 
Also, E s r i R & D Center Z u r i c h (2010) created recommended C G A references a n d updated 
i n 2014 to guide users to generate different bu i ld ing ' s roof types a n d incorporat ing 
different textures. 

Tr imble Inc.'s Ske t chUp i s a flexible 3 D mode l l ing program that i s extensively used i n 
architecture, inter ior design, a n d other industr i es . Ske tchUp ' s user- f r iendly interface 
al lows users to qu ick ly generate a n d modify 3 D mode ls (Sketchup, n.d.). Accord ing to 
S ingh , J a i n a n d M a n d l a (2013), photogrammetry a n d laser s cann ing are c o m m o n image-
based approaches w i t h l imi tat ions . To overcome these l imi tat ions , they proposed 
a s imple , low-cost method for creat ing v i r tua l 3 D campuses for educat iona l inst i tut ions . 
The mode l may be generated i n a variety of formats, pub l i shed on the web, a n d exported 
to Google E a r t h (Singh, J a i n a n d Mand l a , 2013). Ske t chup also facil itates the automat ic 
creat ion of models w i thout p r imar i l y depending on m a n u a l p u s h a n d p u l l methods. Since 
Ske t chup suppor ts Ruby programming language, users have the abi l i ty to automate 
workf lows w i t h m i n i m a l user interact ion. A l i zadehashra f i (2015) used Ruby language 
w i t h i n Ske t chup to generate w indows a n d doors automatical ly . Y ing , L i a n d G u o (2011) 
used a comb ina t i on of software workf lows s u c h as ArcGIS a n d Ske tchup to create a 3D 
cadast ra l system parameter is ing 2 D survey p lans . Y ing , L i a n d Guo (2011) further 
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ment ioned that as long as the or ig ina l 2 D set of polygons follows the Ruby cr i ter ia, the 
reconst ruct ion cou ld be made automat ic . 

Apar t f rom the above software, n u m e r o u s 3 D mode l l ing appl icat ions are avai lable on 
the market . Autodesk Revit i s a popu lar B I M program that inc ludes 3 D model l ing, 
parametr ic model l ing, col laborative capabi l i t ies, a n d documentat ion . It c a n hand le 
compl icated geometries a n d huge projects. Bent ley Systems is also a popu lar B IM 
software w h i c h comes i n edit ions i n c lud ing PowerDraft, Connec t Ed i t i on , a n d V 8 i . 
Graphiso f t A r c h i C A D i s renowned for i ts user- f r iendly interface, capacity to manage 
compl icated projects, a n d other impor tant capabi l i t ies , i n c lud ing parametr ic model l ing, 
3 D model l ing , documentat ion , a n d co l laborat ion tools. 

2.9 Accuracy assessment of 3D models 
Accuracy assessment i s a n impor tant aspect of 3 D city a n d bu i l d ing model l ing, 

p lay ing a c ruc i a l role i n ensur ing the re l iabi l i ty a n d usefulness of these models. Assess ing 
the accuracy of these mode ls involves evaluat ing the fidelity of the representat ion of rea l -
wor ld s t ruc tures a n d features. T h i s process a ids i n identi fying d iscrepancies between the 
v i r tua l mode ls a n d the ac tua l phys i ca l environment. Sanz-Ablanedo et a l . (2018), 
a fundamenta l way of assess ing 3 D mode l accuracy i s by compar ing the R M S E of G r o u n d 
Cont ro l Po ints (GCP) or by measur ing coordinates i n the rea l wor ld a n d the model . 
Unfortunate ly , th i s method c a n be used only for mode ls created u s i n g photogrammetr ic 
methods. Therefore, it i s evident that most of the accuracy assessment s tud ies conducted 
for the models w h i c h were generated by photogrammetr ic methods. 

W h e n conduc t ing a n accuracy assessment of 3 D models, it i s impor tant to 
character ise types of errors a n d their sources. B o r k o w s k i a n d J o z k o w (2012) focused on 
th i s aspect a n d identi f ied s ix sources of errors associated w i t h 3 D model l ing: errors of 
Terrestr ia l a n d Aer ia l Laser Scann ing (TLS a n d ALS) , errors of integrat ion of datasets, 
errors due to general isat ion a n d topology correct ion a n d f inal ly tex tur ing errors. O n the 
other h a n d , M i che l i n et a l . (2013) h ighl ighted three m a i n sources of errors i n 3D 
model l ing: 1. footprint error- errors i n bu i l d ing outl ine, 2. reconst ruct ion errors- errors 
associated w i t h a lgor i thms a n d mathemat i ca l funct ions, 3. vegetation errors - when 
canopy covers the bu i l d ing a n d m a k i n g difficult to mode l the 3 D structure . However, 
G a b a r a a n d Saw ick i (2021) argued that a new error category s h o u l d be added to address 
prob lems associated w i t h object complexity due to mul t i -par t roofs, roof texture a n d type. 

Over the years, m a n y researchers in t roduced methods for the accuracy assessment 
of 3 D models. C h e u k a n d Y u a n (2009) implemented a s imple method to evaluate the 
accuracy of generated 3D models accord ing to a reference dataset. They t rans formed the 
referenced 3 D bu i l d ing mode l into a g r id s t ructure , u t i l i s ing the elevation attr ibute of 
bu i l d ing polygons. Subsequent ly , the bu i l d ing height g r id was subtrac ted from the l idar 
data, a n d the resu l tant differences were categorised into five d is t inct classes. B o r k o w s k i 
a n d J o z k o w (2012) also created mul t ip l e 3 D models of bu i ld ings from different sources of 
data: A L S a n d T L S data, bo th represent ing ident i ca l locat ions. Subsequent ly , 
a comparat ive ana lys is was conducted to assess the errors inherent i n the A L S a n d T L S 
datasets (Borkowsk i a n d Jozkow, 2012). Moreover, they proposed that the correctness of 
the models might be assessed by compar ing the coordinates of the character ist ic po ints 
i n the models w i t h the corresponding coordinates of these places o n rea l s t ructures . They 
gathered reference po in ts on bu i ld ings u s i n g a Le ica tota l s ta t ion a n d compared them to 
ma t ch ing mode l points. G a b a r a a n d Saw i ck i (2021) conducted a comprehensive ana lys is 
to compare the accuracy of the same 3 D mode l f rom two different sources: 1. Po l i sh 

29 



Nat iona l Geoporta l , 2. Tr imble Ske t chUp Warehouse. They u s e d the R I E G L po int c loud 
as the reference dataset for assess ing the qual i ty a n d accuracy of 3 D bu i l d ing models. 
Th i s methodology prov ided a comprehensive ana lys is , combin ing v i s u a l ins ights from 
heat m a p s w i t h quantitat ive metr ics f rom histograms, to ensure a thorough assessment 
of the 3 D bu i l d ing models ' qual i ty a n d accuracy against the reference R I E G L point c loud. 
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3 METHODOLOGY 
In th i s chapter, the impor tant stages of the research methodology w i l l be presented 

briefly. Addi t ional ly , the tools a n d software ut i l i sed for gathering, analys ing , and 
interpret ing da ta w i l l be out l ined. Subsequent ly , a n abstract representat ion of the overal l 
methodology w i l l be provided, offering readers a comprehensive overview. F ina l ly , the s ix 
m a i n stages of the methodology w i l l be further expla ined, h igh l ight ing the purpose and 
signif icance of each. 

3.1 Data and software used 
To achieve the research goals, a variety of software tools a n d da ta sources have been 

used to facilitate da ta col lect ion, analys is , a n d v isua l i sa t ion . These resources are 
essent ia l to our methodology's resi l ience a n d effectiveness. 

3.1.1 Data Sources 
• LiDAR data 

L i D A R da ta has been used as the major da ta source due to i ts abi l i ty to acquire 
extremely detai led a n d precise elevation data. L i D A R da ta gives exact three -d imens iona l 
reconstruct ions of the Ear th ' s surface, m a k i n g it possible to identify topographica l 
features, l a n d cover character is t ics , a n d u r b a n bu i ld ings w i th unprecedented accuracy. 
The da ta was created as part of the M O S P R E M A project ht tps ://mosprema.upol .cz/ . It 
cons is ts of da ta from aer ia l laser s cann ing conducted by P r im is company. The da ta was 
created i n 03/2023 w i t h a po int density of 20 po ints per square meter of the last r e turn . 

• Ortho imagery 

These h igh-reso lut ion aer ia l images offer detai led v i s u a l representat ions of the Ear th ' s 
surface, prov id ing va luable context a n d spat ia l in format ion for the analys is . The imagery 
sourced from the C U Z K Geoporta l i s renowned for i ts qual i ty a n d rel iabi l i ty, m a k i n g it a n 
ind ispensable asset i n our research. However, a h i gh degree of para l lax error i s observed 
i n cer ta in cases. 

• Building footprints 

B u i l d i n g footprint da ta offers c r i t i ca l in format ion on the geographical d i s t r i bu t i on and 
features of developed bu i ld ings i n the research area. It i s also the key da ta ut i l i sed to 
calculate L O D 2 bu i ld ings i n research locat ions. The datasets were also col lected from the 
C U Z K Geoportal . 

3.1.2 Software and programming languages 
• ArcGIS Pro 

ArcGIS Pro, a sophist icated GIS p lat form bui l t by E s r i , i s the foundat ion of our spat ia l 
analyt ic methodology. ArcGIS Pro's advanced geoprocessing capabi l i t ies a n d intui t ive 
interface make it easy to integrate, v isual ise , a n d analyse a wide range of spat ia l 
in format ion, s u c h as L i D A R point c louds, orthoimages, a n d bu i l d ing footprints. 

• Esr i CityEngine 

E s r i C i t yEng ine al lows for the p roduc t i on a n d s tudy of detai led 3 D u r b a n models. 
C i t yEng ine uses p rocedura l mode l l ing approaches w i t h C G A to generate accurate 
representat ions of u r b a n landscapes , i n c lud ing bu i ld ings , topography data, a n d 
vegetation layers. T h i s software tool a l lows u s to mode l u r b a n development scenar ios a n d 
evaluate the spat ia l effect of p l ann ing init iat ives. 
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• Python 

Python i s a popu lar p rogramming language w i t h i n the scientif ic communi ty . In the 
study, mul t ip l e Py thon packages were used for accuracy assessment a n d v i sua l i sa t i on 
(Matplotl ib, Pandas , Sc ik i t - l ea rn a n d mplcursors ) . Matp lo t l ib i s a sophist icated Python 
char t ing package. It suppor ts a broad range of customisable p lots a n d charts , s u c h as 
l ine plots, scatter plots, bar charts , h is tograms, a n d others, mp l curso r s i s a Py thon 
module that improves the interact iv i ty of Matp lo t l ib g raphs by in c lud ing cursor 
annotat ions. It lets use rs see further detai ls about po in ts of da ta w h e n they hover over 
them w i t h the cursor . Sc ik i t - l ea rn i s a Py thon mach ine- l earn ing package that provides 
easy-to-use da ta m i n i n g a n d ana lys is capabi l i t ies. In th i s s tudy, i t was u t i l i s ed to assess 
the accuracy of parameter ca lculat ions. 

3.2 Abstract representation of the methodology 

Li D AR dala j— 
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Figure 8: Abstract methodo logy 
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3.2.1 Stage 1 - Initial data extraction and data processing 
• Generate elevation surfaces (DTM, DSM and NDSM) 

E s r i pub l i shed a workf low to automate the generat ion of 3 D mu l t i - pa t ch bu i ld ings 
(Esr i , 2023). A l though the f ina l output cou ld be more accurate, one of the steps involves 
r u n n i n g a Python-based scr ipt w i t h i n ArcGIS to extract the above-mentioned elevation 
surfaces by process ing .las files, w h i c h i s the most c o m m o n L i D A R da ta storage format. 
Th i s s tudy uses th i s scr ipt to extract elevation surfaces for further processing. These 
surfaces provide va luable ins ights into the topography of the s tudy area, the d i s t r ibu t i on 
of above-ground features, a n d the morphology of bu i ld ings a n d structures . 

• Generate slope and slope direction of each building. 

The B u i l d i n g Slope Ana l ys i s Model , created u s i n g Mode l Bu i lde r i n E s r i A r cG IS Pro, 
is designed to assess the slope of bu i l d ing s t ruc tures based on h igh-reso lut ion elevation 
data. The mode l compr ises four p r imary steps: create a 2 m Buffer for bu i ld ing , extract 
N D S M raster by mask , f i l l voids, generate flow direct ion, a n d evaluate slope. 

3.2.2 Stage 2 - Building footprint database preparation 
• Calculate eave height, ridge height and roof slope. 

Another c r i t i ca l stage of 3 D bu i l d ing mode l l ing involves extract ing roof parameters 
s u c h as ridge height, eave height, a n d roof slope. The mode l employs the "Zona l Stat ist ics 
as a Table" as the pr imary tool to generate the above parameters. Instead of re ly ing on 
t rad i t i ona l m e a n ca lcu la t ions w h i c h may be suscept ib le to outl iers, the mode l adopts 
a more robust approach by evaluat ing percenti le va lues a n d med i an u s i n g the Zona l 
Stat is t ics as Table tool. Th i s methodology ensures that extreme va lues do not u n d u l y 
inf luence the ana lys is , r esu l t ing i n more rel iable a n d representative resul ts . After 
ca lcu la t ing these parameters, the va lues w i l l automat ica l ly update the attr ibute table of 
the bu i l d ing footprint feature layer. Table 1 shows the conf igurat ion used to calculate the 
above parameters. 

Table 1: Statistical values and methods for calculating the above parameters 

Parameter Me thod Stat is t i ca l value 

Eave height 1 - Cons ider N D S M heights 0 .25m o n either 
side of the bu i l d ing boundary 

1 

J 

! ! 
! 5 0 t h percenti le, 

1 i 
5 0 t h percenti le, 

2 - Cons ider N D S M heights w i t h i n a 0 .5m 
med ian , 9 0 t h a n d 
9 5 t h percenti le 

i n w a r d buffer f rom the bui ld ing 's edge. 

med ian , 9 0 t h a n d 
9 5 t h percenti le 
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Ridge height Cons ider the entire bu i l d ing footprint w h e n 
evaluat ing w i t h N D S M a n d slope raster. 

Med ian , 7 5 t h , 9 0 t h 

a n d 9 5 t h percenti le 
for ridge height. 

Ridge height Med ian , 7 5 t h , 9 0 t h 

a n d 9 5 t h percenti le 
for ridge height. 

R o o f s l ope 
Med ian , mean , 9 0 t h 

a n d 9 5 t h percenti le 

R o o f s l ope 
Med ian , mean , 9 0 t h 

a n d 9 5 t h percenti le 

• Evaluate the roof form 

Class i fy ing roof types i s a c ruc i a l aspect of 3 D bu i l d ing model l ing. The methodology 
out l ined below presents a systematic approach to classify roof types, incorporat ing bo th 
slope character is t ics a n d d irect ional ana lys i s of roof s tructures . 

Step 1: Identification of sloped and flat roofs 

Ridge height and eave height difference: The first step involves d i s t ingu ish ing 
between s loped a n d flat roofs. T h i s i s p r imar i l y achieved by evaluat ing the difference i n 
elevation between the ridge height a n d the eave height of bu i ld ings . A signi f icant d ispar i ty 
between these two heights typical ly indicates a s loped roof s tructure . 

Slope calculation: Addi t ional ly , m e a n slope ca lcu la t ions are employed to further 
differentiate between sloped a n d flat roofs. Higher m e a n slope va lues correspond to s loped 
roof s t ructures , whi le lower va lues suggest flat or near ly flat roofs. 
Step 2: Classification of different pitched roofs: 

After identi fying s loped roofs, the next step focuses o n classi fy ing different p i tched 
roof types, s u c h as Shed, Gable , a n d H ip roofs. T h i s c lass i f icat ion is achieved by ana lys ing 
the d i s t r i bu t i on of roof pixels i n eight different d irect ions relative to the bu i l d ing footprint 
by conduc t ing flow d i rect ion ana lys i s a n d ca lcu la t ing overal l p ixe l percentages i n each 
direct ion. 

3.2.3 Stage 3 - Accuracy assessment 
Step 1 - Select a set of random buildings from the study area. 

Th i s step randomly selects a representative set of bu i ld ings f rom the s tudy area. Th i s 
selection a ims to ensure a diverse sample that adequately represents the var iabi l i ty of 
bu i l d ing s t ruc tures w i t h i n the s tudy area. T h i s step i s done automat ica l ly by r u n n i n g 
a Py thon scr ipt w i t h i n a mode l bu i lder code block. 

Step 2 - Digitize and generate eave lines and ridge lines of the selected buildings. 

Once the r a n d o m bu i ld ings are identi f ied, their respective eave l ines (the lower edge 
of the roof where it meets the walls) a n d ridge l ines (the highest po int of the roof) are 
m a n u a l l y dig i t ised from available bu i l d ing footprints or po int c l oud data. The dig i t isat ion 
process ensures a n accurate representat ion of the roof geometry, enabl ing precise 
ca lcu la t ions of ridge height a n d eave height for accuracy assessment. 
Step 3 - Update roof forms based on ortho imageries. 

After d ig i t is ing the eave a n d ridge l ines, a new field i s added to update the roof forms 
based o n the ortho imageries. T h i s step he lps validate a n d adjust the accuracy of the 
in i t ia l l y detected roof forms by compar ing them w i t h v i s u a l evidence from the imagery. 
Any d iscrepancies or inaccurac ies between the detected roof forms a n d the Ortho imagery 
are identi f ied a n d corrected, ensur ing the re l iabi l i ty of subsequent analyses. 
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Step 4 - Calculate error statistics. 

Erro r stat ist ics are ca lcu lated to quantify the accuracy of the ridge height a n d eave 
height ca lculat ions , as wel l as the automat ic detect ion of roof forms. C o m m o n error 
metr ics inc lude: 

Mean Absolute Error (MAE): The average absolute difference between the detected a n d 
g r ound - t ru th ridge heights a n d eave heights. Lower M A E va lues indicate higher accuracy. 
Root Mean Square Error (RMSE): The square root of the average of the squared 
differences between the detected a n d g r ound - t ru th heights. R M S E measures the overal l 
deviat ion between the predicted a n d ac tua l values. 

Confusion matrix: The proport ion of bu i ld ings for w h i c h the automat ica l ly detected roof 
forms m a t c h the updated forms based on ortho-imagery. 

These error s tat is t ics provide ins ights into the prec is ion a n d re l iabi l i ty of the ridge 
height a n d eave height ca lculat ions , as wel l as the effectiveness of the automated roof 
form detect ion a lgor i thm. 

3.2.4 Stage 4 - Develop CGA script in Esri CityEngine 
• Modelling basic roof types 

E s r i C i t yEng ine provides C G A syntax for four m a i n types of roofs (Hip, Gable , Shed and 
Pyramid) i n add i t ion to flat roofs (Figure 9). Th i s syntax c a n be adopted to generate several 
other roof types, as expla ined i n the E s r i C i t yEng ine tu tor ia l series. 

CABLE HIP SHED PYRAMID 
ROOF ROOF ROOF R 0 0 F 

Figure 9: Bas ic types o f roofs that can be generated 

• Modelling complex roof types 
In add i t i on to the five bas ic roof types, i n c lud ing flat roofs, ten add i t iona l roof types are 
implemented. Figure 10 v isua l i ses each of the t en roof types, i l lus t ra t ing their dist inct ive 
shapes a n d arch i tec tura l character ist ics . 

G a m b r e l Hal f -h io Gable-hit) Gablet Dome 

Mansard- f la t M a n s a r d Gambrel- f lat Vau l t Butterf lv 

Figure 10: C omp l ex bu i ld ing roo f types cons idered 
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• Implement a Graphical User Interface (GUI) for user interaction 

A user interface i s implemented to a l low users to interactively man ipu la te 33 parameters 
related to the 3 D bu i l d ing model l ing. These parameters encompass var i ous aspects of the 
3 D mode l l ing process, i n c lud ing v i sua l i sa t i on options, bu i l d ing attr ibutes, roof-related 
attr ibutes, s ingle-dormer attr ibutes, a n d double-dormer attr ibutes. 

• Modelling CGA rules for texturing 
Two d is t inct methods of v i sua l i s ing roofs a n d facades are implemented: real ist ic 

v i sua l i sa t i on a n d so l id co lour representat ion. Real ist ic v i sua l i sa t i on ut i l i ses textures 
impor ted from the E s r i C i t yEng ine b u i l t - i n l ibrary. These textures enable intr icate 
detai l ing a n d lifelike render ing of roofs a n d facades, enhanc ing the v i s u a l appeal a n d 
rea l i sm of the models; however, these textures do not correspond to the ac tua l 
appearance of the models. Conversely, so l id co lours provide a s impl i s t i c yet customisable 
approach, a l lowing users to interact ively adjust co lours accord ing to their preferences 
a n d requirements. 

3.2.5 Stage 5 - Generate 3D model 
Stage 5 of the methodology for generat ing 3 D models u s i n g E s r i C i tyEng ine begins 

w i th impor t ing essent ia l geospat ia l data, i n c lud ing shapefi les deta i l ing bu i l d ing 
footprints, D E M s cap tur ing te r ra in elevations, a n d orthophotos prov id ing aer ia l imagery. 
Th i s da ta forms the foundat iona l framework for subsequent mode l l ing steps. Next, the 
impor ted shapefi les are al igned w i t h the t e r ra in to ensure spat ia l accuracy, faci l i tat ing 
proper p lacement of bu i l d ing s t ruc tures atop the t e r ra in surface accord ing to the D E M . 
Later, accord ing to Figure 11, C G A ru le parameters are l i nked w i t h shapefile attr ibutes, 
automat ing 3 D bu i l d ing mode l generat ion based on predefined ru les a n d attr ibute values. 
Th i s l inkage enhances adaptabi l i ty a n d responsiveness to bu i l d ing attr ibute var iat ions. 
Fur thermore , the generated 3 D models are ref ined u s i n g add i t i ona l parameters to 
enhance r ea l i sm a n d accuracy, i n c l u d i n g ad justments to bu i l d ing heights, roof styles, 
facade textures, a n d arch i tec tura l detai ls l ike dormers. Th rough these systematic steps, 
the methodology a ims to create accurate a n d v i sua l l y compel l ing representat ions of the 
bu i l t environment. 

5̂ Attr ibute C o n n e c t i o n Editor X 

Select source for attribute 'RidgeHeigh' 
CD Tip: Select layer in the scene edi tor to edit the attribute m a p p i n g in the inspector, 

O Object attribute (with name RidgeHeigh") 

Shape parameter (none with n a m e "RidgeHeigh") 

O Layer attribute Select layer v 

Terrain Residential D T M 5514 M O S A I C full 
Shapes tity_center_buildirigs U> 
Shapes Resident iaLBui ldings_test_with_addit ional_f ie lds 
Graph Network rnerge_line_5514_edited 
Select layer 

Figure 11: Parameters - attr ibute l i n k i n g 

3.2.6 Stage 6- Prepare systematic workflow 
ArcGIS Pro al lows users to create tasks , g iv ing users a st reaml ined a n d easy approach 

to automate workf lows a n d execute repetitive activit ies quick ly . Accord ing to E s r i (n.d.), 
a task i s a preset series of steps to lead use rs th rough a workf low or bus iness process. 
Thus , i t may be u s e d to create interactive tutor ia ls , increase workf low efficiency, or help 
apply best pract ices. T h i s s tudy used ArcG IS Pro task imp lementa t ion to create 
a systematic pipel ine so users cou ld easily execute the steps accordingly. 
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4 ROOF PARAMETERS CALCULATION 

4.1 Initial data processing 
Ini t ia l da ta process ing cons is ts of four m a i n steps, each essent ia l for prepar ing 

geospatial da ta for analys is . These steps inc lude creat ing a 2-meter buffer a r o u n d 
bu i l d ing footprints, extract ing N D S M raster da ta w i t h i n the buffered area, f i l l ing voids 
w i t h i n the N D S M raster, a n d generat ing flow d i rect ion whi le eva luat ing slope. To 
streamline the entire workflow, the mode l represented by Figure 12 was implemented. 

1. Create a 2m Buffer for Building: In th i s step, a 2-meter buffer zone i s generated 
su r r ound ing the out l ines of bu i l d ing footprints. T h i s buffer defines the area of 
interest for subsequent analys is , w i t h a specific focus o n the sur round ings of the 
bu i ld ings . The buffer i s used as the foundat ion for further process ing a n d analys is , 
ensur ing that the relevant geographic features are encompassed w i t h i n the 
designated zone. Crea t ing a buffer i s cr i t i ca l to identify i f the roof s t ruc ture i s 
expanded beyond the boundar i es of the in i t i a l bu i l d ing footprints. 

2. Extract NDSM Raster by Mask: The buffer created i n the prev ious step serves as 
a c l ipp ing m a s k for extract ing the N D S M raster da ta corresponding to the defined 
area of interest. The N D S M provides c ruc i a l elevation in format ion relative to 
g round level, w h i c h i s essent ia l for conduct ing detai led slope analys is . B y iso lat ing 
the N D S M data w i t h i n the buffered area, a focus is p laced solely on the terra in 
su r r ound ing the bu i ld ings , enabl ing meaning fu l ins ights to be derived. T h i s step 
ensures fast execut ion i n later steps since it only focuses o n specific regions. 

3. Fi l l Voids: A n y voids or m i ss ing da ta w i t h i n the N D S M raster are addressed to 
ensure the completeness a n d accuracy of the dataset. Vo ids or m i s s ing da ta c a n 
arise due to var ious factors, s u c h as da ta acqu is i t i on errors or inconsistencies. 
Th i s step is c r i t i ca l w h e n conduc t ing flow direct ion ana lys is i n the next step. 

4. Generate Flow direction and evaluate slope: The f ina l step involves comput ing 
the flow d i rect ion based on the fi l led N D S M raster a n d evaluat ing the slope of the 
bu i l d ing surfaces u s i n g specia l ised tools s u c h as the Surface Parameter tool. 
Va luab le ins ights into the steepness or gradient of the bu i ld ing ' s t e r ra in are 
obta ined by ana lys ing the flow d i rect ion a n d slope, w h i c h w i l l u t i l i sed du r ing roof 
c lassi f icat ion. 

Fill Fill_Rural_n2 i*- Flow Direction 
f 
Extract by Mask -

Surface Rm Mm 

Flow Oi 
Output 

Figure 12: Mode l generated for ext ract ing in i t i a l data 

In the in i t i a l da ta process ing phase of 3 D model l ing , one c ruc i a l step involves 
address ing bu i l d ing footprints that exhibit mul t ip l e roof types. T h i s scenario often arises 
i n u r b a n env i ronments where s t ruc tures composed w i t h heterogeneous roof designs 
w i t h i n a single footprint. To ensure accuracy a n d fidelity to the or ig inal s t ructures , it i s 
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impor tant to spl i t these complex footprints into d is t inct components , each represent ing 
a un ique roof type that i s suppor ted by the system. 

4.2 Slope, ridge and eave height calculation 

4.2.1 Evaluation of roof slope 
In the ca l cu la t i on of slope, the Z o n a l Stat is t ics tool of A rcGIS Pro was ut i l i sed , w i th 

the bu i l d ing slope raster generated i n the prev ious step serving as the i npu t raster 
dataset. B u i l d i n g footprints were employed as the zone layer parameter for the Zona l 
Stat is t ics tool, def ining them as the zones for w h i c h slope stat ist ics were to be computed. 
Th i s approach al lowed for the aggregation of slope va lues w i t h i n each bu i l d ing footprint, 
prov id ing ins ights into the overal l character is t ics of the bu i l d ing roof. 

Fo l lowing the execut ion of the Zona l Stat is t ics tool, s tat ist ics s u c h as med ian , mean, 
9 0 t h percenti le a n d 9 5 t h percenti le slope va lues were computed for each bu i l d ing 
footprint. To enhance the interpretabi l i ty of the output , a l terat ions were made to the field 
names associated w i t h these stat ist ics w i t h i n the attr ibute table, ensur ing c lar i ty a n d 
consistency. Subsequent ly , the modif ied field names were j o ined back to the bu i ld ing 
footprints as new fields i n the attr ibute table, fac i l i tat ing further ana lys is and 
v i sua l i sa t i on of the ca lcu lated slope parameters alongside other pert inent at t r ibutes of 
the bu i ld ings . Figure 13 shows the sub-process of the mode l that i s used to automate the 
above workflow. 

Figure 13: Ca lcu la t ion o f s lope o f each roof 

4.2.2 Evaluation of ridge height 
A s imi la r process was conducted for the ca l cu la t i on of ridge height. Instead of u s i n g 

the bu i l d ing slope raster, N D S M was ut i l i sed as the i npu t raster dataset. The N D S M 
provides elevation in format ion relative to g r ound level, w h i c h is essent ia l for ana lys ing 
ridge heights. B u i l d i n g footprints were aga in employed as the zone layer parameter for 
the Zona l Stat is t ics tool, de l ineat ing the areas for w h i c h ridge height stat ist ics were to be 
computed. T h i s approach faci l i tated the aggregation of elevation va lues w i t h i n each 
bu i l d ing footprint, a l lowing for the determinat ion of ridge heights across the s tudy area. 
Figure 14 represents a c ruc i a l part of the process, depict ing a v i sua l representat ion or 
d iagram i l lus t ra t ing the steps involved i n ca l cu la t ing ridge heights. 

Figure 14: Ca lcu la t ion o f ridge height o f each roo f 
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U p o n execut ing the Zona l Stat is t ics tool, s tat ist ics s u c h as med ian , 7 5 t h percenti le, 
9 0 t h percenti le, a n d 9 5 t h percenti le ridge height va lues were computed for each bu i l d ing 
footprint. These stat is t ics provide a comprehensive unders tand ing of the var ia t ion i n ridge 
heights across the landscape. D u r i n g the accuracy assessment stage, the most suitable 
ind icator among these stat ist ics was selected, ensur ing the re l iabi l i ty a n d relevance of 
the ridge height measurements for subsequent steps. 

4.2.3 Evaluation of eave height 
• Method 1 

For the ca l cu la t i on of eave height, the bu i l d ing footprints were converted to poly l ines 
to facilitate further spat ia l analys is . Subsequent ly , a buffer of 0.5 meters was created 
a r o u n d each polyl ine. T h i s buffer del ineated a n area a r o u n d the roof, focusing specif ical ly 
on the eave region. The Zona l Stat is t ics tool was then employed to compute relevant 
stat ist ics for eave height est imat ion. In th i s case, the N D S M was u s e d as the i npu t raster 
dataset, prov id ing elevation in format ion relative to g r ound level. However, to ensure that 
only the eave region was considered for analys is , the zones for the Zona l Stat is t ics tool 
were defined as the buffer features a r o u n d the boundary of each bu i l d ing footprint. 

Mul t ip l e s ta t is t i ca l approaches, i n c lud ing the 5 0 t h percenti le, med ian , 9 0 t h percenti le, 
a n d 9 5 t h percenti le, were ut i l i sed to capture the var iabi l i ty i n eave height across the s tudy 
area. Incorporat ing these s tat is t ica l va lues he lped to determine w h i c h method was more 
responsive to outl iers. F igure 15 demonstrates the generated mode l to automate the 
steps. 

Figure 15: Eave height eva luat ion mode l (method 1) 

• Method 2 

For the second method, a d is t inct approach was adopted. Initial ly, a negative buffer 
of 0.5 meters was created a r o u n d each bui ld ing ' s footprint. T h i s negative buffer 
del ineated a por t ion s u r r o u n d i n g the eave area ins ide the footprint. Subsequent ly , the 
Pairwise Erase tool was ut i l i sed to extract the difference between the or ig inal footprint 
a n d the negative buffer. T h i s process resul ted i n the generat ion of a ref ined area 
corresponding to the eave region ins ide each bu i l d ing footprint. Fo l lowing th i s step, the 
Zona l Stat is t ics tool was employed once again. Accordingly , different s tat is t ica l un i t s , 
i n c lud ing med ian , mean , 9 0 t h percenti le, a n d 9 5 t h percenti le, were ut i l i sed to compute 
relevant stat ist ics for eave height est imat ion. Figure 16 represents the entire workf low 
implemented to automate the process. 

Figure 16: Eave height eva luat ion mode l (method 2) 



4.3 Percentage of pixels in each direction 
To assess the percentage of p ixe ls covering the bu i l d ing footprint i n each direct ion, 

the mode l represented i n Figure 17 was implemented. Init ial ly, the Tabulate A r ea tool 
was u t i l i s ed to determine the extent of p ixe ls covering the roof i n each direct ion. T h i s step 
prov ided va luable ins ights into the spat ia l d i s t r i bu t i on of p ixe l coverage across the 
bu i l d ing footprint. Fol lowing the determinat ion of p ixe l extents i n each direct ion, the tota l 
area was ca lculated by s u m m i n g the extents i n a l l d irect ions u s i n g the Ca lcu la te F ie ld 
tool. T h i s cumulat i ve tota l represented the overal l area covered by p ixe ls on the roof, 
serving as a reference for normal i sa t ion . 

To facil itate compar i son a n d analys is , i t was essent ia l to normal ise these values. Th i s 
was achieved by ca lcu la t ing the percentage of p ixe ls i n each d i rect ion relative to the tota l 
area. E a c h direct ion's extent was div ided by the tota l area a n d mu l t i p l i ed by 100 to 
express the coverage as a percentage. T h i s norma l i sa t i on process ensured that a l l va lues 
were brought to a c o m m o n reference, enabl ing the creat ion of c o m m o n classi f icat ion 
rules. 

Figure 17: Roo f d i rec t ion extent ca lcu la t ion 
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5 CLASSIFICATION OF ROOF TYPES 
Roof type categorizat ion i s a n impor tant stage i n the 3 D mode l l ing workf low since it 

a l lows for proper representat ion of L O D 2 models. T h i s sect ion provides a ful l exp lanat ion 
of the processes for automat ica l ly recognis ing var ious roof types. 

5.1 Classification of flat roofs and pitched roofs 
The c lass i f icat ion of roofs into p i t ched a n d flat categories re l ied on a key indicator : the 

slope of the bu i ld ing . Th i s methodological approach a imed to d iscern the s t ruc tu ra l 
character is t ics of roofs w i t h i n diverse geographic regions (residential, r u r a l a n d city 
centre). Init ial ly, da ta col lect ion involved impor t ing Exce l files conta in ing comprehensive 
bu i l d ing in format ion for each s tudy area. These files served as the foundat ion for 
subsequent ana lys is a n d have in format ion s u c h as the slope of the roof ca lculated u s i n g 
different methods, roof area, percentage of pixe ls i n eight different direct ions, a n d the 
ac tua l s ta tus of the roof, whether it i s p i t ched or flat. 

The most impor tant step was to f ind the most sui table ind icator for slope ca lcu lat ion. 
Accordingly , four stat is t ica l methods were ut i l i sed (95 t h percenti le, 9 0 t h percenti le, med ian 
a n d mean). To quantify a n d decide the most effective s tat is t i ca l method, a n accuracy 
score was ca lcu la ted to assess the c lassi f icat ion's performance. It measures the ratio of 
correctly classi f ied roofs to the tota l n u m b e r of roofs. B y p lot t ing eva luat ion metr ics 
against vary ing thresho lds for each s tudy area, the g raph ica l representat ion faci l i tated 
a comprehensive unde rs tand ing of the c lass i f icat ion accuracy across different thresho lds 
a n d select the best indicator . 

Accord ing to Figure 18, it i s evident that M e a n (around 24°) a n d Med i an (around 15°) 
s tat is t ica l ind icators provide the best separat ion for p i tched a n d flat roofs for a l l s tudy 
areas. However, the Med ian give s l ight ly more accuracy w i t h respect to the m e a n 
(Table 2). 
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Table 2: Accu r acy score o f mean and med ian 

S tudy area Indicator Th re sho ld A c c u r a c y score 

R e s i d e n t i a l M e d i a n <15° 0 . 8 5 5 2 R e s i d e n t i a l 

M e a n <24° 0 . 8 4 4 8 

R u r a l M e d i a n <15° 0 . 8 7 5 4 R u r a l 

M e a n <24° 0 . 8 1 9 0 

C i t y c e n t r e M e d i a n <15° 0 . 7 9 8 4 C i t y c e n t r e 

M e a n <24° 0 . 7 3 4 5 

5.2 Classification of pitched roof types 
Accord ing to Figure 19, cer ta in roof types c a n be d i s t ingu ished by the d i s t r i bu t i on of 

p ixe l percentages. T h i s dif ferentiation was achieved by ana lys ing the d irect ional p ixe l 
percentages derived from mul t ip l e r ad i a l g raphs for each type of roof. 

Flow Direction Analysis: The direct ions for ana lys is are obta ined th rough flow 
d irect ion analys is , w h i c h del ineates the flow p a t h of surface water runof f (Esr i , n.d). Th i s 
d i rect ional raster i s u t i l i s ed to determine the n u m b e r of dominant direct ions, w h i c h is a n 
ind i ca t i on of the n u m b e r of roof direct ions. 

Percentage Calculation: For each direct ion, the propor t ion of roof p ixe ls i n the 
associated segment i s determined. T h i s research sheds l ight on the prevai l ing or ientat ion 
of the roof surface a n d a ids i n the c lass i f icat ion of p i tched roof types based o n their 
var ious shapes a n d conf igurations. 
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Gable roofs predominant ly exhib i ted p ixe l percentages i n opposite direct ions, whi le 
Shed roofs predominant ly accounted for p ixe l percentages i n a single d irect ion. Th i s 
observat ion was made by ana lys ing r ad i a l g raphs generated for each type of roof. After 
identi fy ing these re la t ionships between roofs, a Py thon code was used to mode l th i s 
re lat ionship. 

The code (Figure 20) ut i l i sed a funct ion cal led c h e c k r o o f to classify the roof types 
based on specific cr i ter ia. For instance, the funct ion categorised roofs as Shed , Gable , or 
Hip based o n the d irect ional p ixe l percentages a n d other factors s u c h as the s u m of p ixe l 
percentages a n d the presence of p ixe l percentages i n opposite direct ions. 

def c h e c k r o o f ( r o w ) : 
if r o w [ 1 r o o f _ s t a t u s " ] == " P i t c h e d 1 : 

nums - [ r o w [ * V A L 1 P C T " ] , r o w [ 1 V A L 2 P C T " ] t m w [ ' V A L 4 P C T ' ] , r o w [ ' V A L _ 8 P C T ' ] , r o w [ ' V A L 1 6 P C T ' ] , 
r o w [ " V A L _ 3 2 P C T ' ] J r o w [ 1 V A L 6 4 P C T 1 ] f r o w [ ' V A L 1 2 8 P C T ' ] , r o w [ ' V A L 1 P C T ' ] , r o w [ " V A L 2 P C T ' ] ] 

n u m s _ s u m = s u m ( n u m s [ : 3 ] ) # Initialize sum for first 3 consecutive numbers 
for i in range ( i . e n ( n u m s ) - 2 ) : # Iterate through the array 

if riuiTis_surri >= 6 0 : # Check if sum is greater than or equal to 60 
return " S h e d " 

nums sum -= n u m s [ i ] # Remove the first number from the sum 
nums sum += n u m s [ ( i -f 3 ) % t e r j ( n u m s ) ] # Add the next number to the sum 

# Get the values from the row 
v a l u e s - [ r o w [ " V A L I P C T " ] , r o w [ 1 V A L 2 P C T 1 ] f r o w [ ' V A L 4 P C T ' ] t r o w [ " V A L S P C T ' ] , r o w [ 1 V A L 1 6 P C T 1 ] , 

r o w [ " V A L _ 3 2 P C T ' ] J r o w [ , V A L _ 6 4 P C T " ] , r o w [ ' V A L _ 1 2 8 P C T ' ] ] 
s t d d e v i a t i o n = p d . S e r i e s ( v a l u e s ) . s t d ( ) 

# Check if there are two sets of two values in opposite directions 

o p p o s i t e p a i r s - [ ( 0 ^ 4 ) ^ ( l j 5), ( 2 , 6 ) , ( 3 j 7 ) ] # Pairs of indices corresponding to opposite directions 
D a i r c o u n t - Q 

3 a i r _ c o u n t l = 0 

for p a i r i n o p p o s i t e _ p a i r s : 
if p a i r [ 0 ] in t o p _ f o u r _ i n d i c e s and p a i r [ l ] i n t o p _ f o u r _ i n d i c e s : 

p a i r c o u n t 1 

for p a i r l in o p p o s i t e p a i r s : 
if p a i r l [ 0 ] in l a s t t w o i n d i c e s and p a i r l [ l ] i n l a s t t w o i n d i c e s : 

p a i r _ c o u n t l +^ 1 

# Check if both conditions are satisfied 
if s u m _ t o p _ f o u r >= 60 and p a i r _ c o u n t >^ 2 : 

return " G a b l e " 
etif sum t o p t w o >= 4 0 and p a i r c o u n t >= 1 : 

return " G a b l e " 
etif sum l a s t t w o <= 15 and p a i r c o u n t l <= 2 : 

return " G a b l e " 
else: 

return " H i p " 
else 

return " F l a t " 

Figure 20: P y t h o n funct ion to classify roof types 

Th i s funct ion takes a row of da ta as input , typical ly represent ing a single roof, and 
re turns the classi f ied roof type. T h i s condi t iona l statement checks i f the roof s ta tus is 
' P i t c h e d ' . If it is , the funct ion proceeds w i t h further analys is ; otherwise, it categorises 
the roof as 'Flat' . W i t h i n the loop, i f the s u m of the three percentages' consecutive 
d i rect ion exceeds or equals 60 , the roof type i s classi f ied as 'Shed' . T h i s thresho ld value 
is based on observat ions from the majority of the shed roof types. 

After ana lys ing for Shed roofs, the funct ion proceeds to analyse for Gable a n d Hip 
roofs based on add i t iona l cr i ter ia. T h i s inc ludes check ing for pa i r s of percentages i n 
opposite d irect ions a n d s u m thresholds . In th is stage, the program takes the top 4 
percentages a n d checks i f these are i n opposite direct ions. Accordingly , i f there are two 
opposite pa i rs i n the top 4 direct ions a n d the s u m of the top is over 60 , then that roof is 
classi f ied as Gable. In the second cond i t i on for Gable , the top 2 percentages are 
considered, a n d i f i t s s u m i s greater t h a n 40 a n d i s also a n opposite pair , i t i s classi f ied 
as Gable . A s per the last condi t ion, the program checks that the lowest percentages are 
less t h a n 15 a n d are pairs . 
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6 GENERATE CGA SCRIPT AND LOD2 MODEL 

6.1 Model l ing roof types 

6.1.1 Basic roof types 
The implementat ion of different roof types, namely shed, gable, h ip , a n d p y r a m i d roofs, 
based o n the C i t yEng ine C G A rules , i s integra l to the generat ion of the L O D 2 model . 
F igure 21 demonstrates a part of the C G A scr ipt that i s used to implement the following 
bas ic types. 

Shed Roof: defined i n the C G A ru les as 'roofShed'. It i s character ised by a single 
s loping surface w i t h a n adjustable angle parameter. The 'RoofExtentReform' operat ion 
is app l ied to refine the roof extent a n d height, prov id ing add i t iona l contro l over i ts 
appearance a n d al ignment. 

Gable Roof: represented by 'roofGable' i n the C G A rules , features two s loping 
surfaces meet ing at a ridge. Key parameters inc lude the angle of the roof slopes, overhang 
d imens ions , a n d the opt ion to change the or ientat ion of the ridge u s i n g the index 
argument. The 'RoofExtentReform' operat ion i s aga in ut i l i sed to f ine-tune the roof extent, 
ensur ing opt ima l integrat ion w i th the bu i l d ing geometry. 

Hip Roof: i n contrast to the gable roof, the h ip roof, defined as ' r o o f Hip ' i n the C G A 
rules , features mul t ip l e s lop ing surfaces converging to form the ridge. The angle 
parameter dictates the slope of each surface, w i t h uni formity cont r ibut ing to the 
character ist ic appearance of the h ip roof. 

Pyramid Roof: implemented as ' r o o f P y r a m i d ' i n the C G A ru les , i s character ised by 
mul t ip l e s lop ing surfaces w i th the same angle converging to form a point at the top. L ike 
the h ip roof, the angle parameter governs the slope of the roof surface. 

# b a s i c r o o f types 

ShedRoof ( I n d e x ) —> 
roofShed(15, Index) RoofExtentReform # 15 - angle but angle r e a d j u s t e d based on r o o f h e i g h t 

GableRoof(Index) — > 
roofGable(45,0,0,false,Index) RoofExtentReform 
p r i n t ( " s c o p e . s y "+scope.sy) 
prin t ("scope.sz "+scope.sz) 
/'angle,overhangX,overhangY,Make the r o o f g a ble even or not, 
Edge Index t o c o n t r o l the o r i e n t a t i o n */ 

HipRoof — > 
roofHip(45) RoofExtentReform 

PyramidRoof — > 
roofPyramid(45] RoofExtentReform 

Figure 21 : Imp lementat ion o f basic roo f types wi th C G A rules 

6.1.2 Complex roof types 
In C G A model l ing , the implementat ion of complex roof types involves the combinat ion 

of pr imit ive roof s t ruc tures defined above. Figure 22 a n d the fol lowing descr ipt ions 
explore the methodology b eh ind implement ing different roof types u s i n g C G A rules , 
showcas ing the f lexibil ity of th i s approach i n creat ing complex roof types u s i n g C G A . 
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Gambrel roof- s tar ts w i th a gable roof of a specif ied angle. It t h en spl i ts the roof 
vert ical ly a n d appl ies a m a s s to the lower part whi le invok ing a gable roof on the upper 
part at a different angle. 

Half-hip roof- s tar ts w i th a gable roof of specif ied angles a n d sets i ts height 
accordingly. It t h en sp l i ts the roof vert ical ly a n d appl ies a mass to the lower par t whi le 
invok ing a h ip roof on the upper part. 

Gable-hip roof- combines elements of bo th gable a n d h ip roofs. It i s implemented by 
creat ing a n envelope w i t h a n o r m a l d i rect ion a n d specifying different components for the 
sides a n d front of the roof. Whi l e one side of the roof i s n o r m a l to the eave, the other side 
has a specific angle, w h i c h corresponds to a h ip roof. 

Gablet roof- l ike the Hal f -h ip roof, th i s begins w i th a h ip roof a n d sp l i ts it vertically. 
It sets the height of the upper par t a n d appl ies a gable roof to it. 

Mansard roof- The roof begins w i t h a h ip roof a n d sp l i t s i t vert ical ly. It sets the height 
of the upper part a n d appl ies a h ip roof to it, creat ing the character ist ic double-s loped 
profile of a M a n s a r d roof. 

Gambrel-flat and mansard-flat roof- types start w i t h a gable roof a n d a h ip roof, 
respectively. Later, a flat top is p laced over bo th roof forms. 

Vault and dome roof- s t ruc tures rely on a recursive design pat tern. V a u l t roofs ut i l ise 
a series of gable roofs. In contrast , dome roofs employ s tacked h ip roofs to form 
a spher i ca l shape. 

GambrelRoof — > 
ro o f Gable {70,0, 0, false, Jndex) 
s p l i t ( y ) { RooF_Htl*0.7: RoofMass(true) 

comp(f){ bottom: NIL | h o r i z o n t a l : s e t [RoofHtl, Roof_Htl*0.3) GableRoof (Judex] } ( 

HalfHipRoof —> 
roofGable(45,0,0,false, Jndex) s (' l,Roof_Htl, ' 1} 
s p l i t ( y ) { '0.5: RoofMass(true] 

conpff]{ bottom: NIL I h o r i z o n t a l : s e tW o o f H t l , Roof_Htl*0.5) GableHipRoof(Index) 1 } 
G a b l e H i p R o o f ( d i r e c t i o n ) —> 

envelope {normal, 1000, coirp{fe] { a l l : 0), coirp(fe) { d i r e c t i o n : 30 | d i r e c t i o n + 2 : 90 | a l l : 30 )) 
comp(f) { a l l : RoofPlane ) 

MansardRoof —> 
roofHip (70) 
s p l i t { y ) { R o o f _ f f t l * 0 _ 7 : RoofMass (true) 

comp(f){ bottom: NIL I h o r i z o n t a l : s e t (Koof~_H"tl, Roof_H"tl*0.6) HipRoof } ) 

G a n i b r e l F l a t R o o f — > M a n s a r d F l a t R o o f — > 
r o o f G a b l e ( 4 5 , 0, 0 , f a l s e , J u d e x ) r o o f H i p ( 4 5 ) 
s p l i t ( y ) { Roof H t l : R o o f M a s s ( f a l s e ) } s p l i t < y ) { BoofHtl: R o o f M a s s ( f a l s e ) } 

GabletRoof —> 
roofHip (45) s (• 1, Roof_Htl, '1) 
s p l i t ( y ) { '0.5: RoofMass(true] 

comp(f] { bottom: NIL | h o r i z o n t a l : set {Roof_Htl, Roof_Htl-*0.5) GableRoof (Jndex) } ) 

VaultRoof(n) — > 
caa* n > 0: roofGable(n*curvedAngleResolution,0,0 (fal««, Index) 

p r i n t ( n ) 
s p l i t ( y ) ( (calcSegmentHt(n)): RoofMass(n!=l) 
corap(f)( bottom: NIL I h o r i z o n t a l : VaultRoof(n-1) ) ) 

DomeRoof(n) — > 
c*s* n > 0: roofHip(n*curvedAngleResolution) 

s p l i t ( y ) ( {calcSegmentHt(n)): RoofMass(n!=l) 
conp(f){ bottom: NIL I h o r i z o n t a l : DomeRoof(n-1) ) ) 

Figure 22: Imp lementat ion o f C G A rules for comp lex roo f types 
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6.3 Implement user interface for user interaction 
Figure 23 represents a GUI implemented to a l low use rs to interact ively man ipu la te 33 

parameters related to the 3 D bu i l d ing model l ing. These parameters encompass var ious 
aspects of the 3 D mode l l ing process, i n c lud ing v i sua l i sa t i on opt ions, bu i l d ing attr ibutes, 
roof-related attr ibutes, s ingle-dormer attr ibutes, a n d double-dormer attr ibutes. Table 3 
represents a l l the parameters a n d their var iable names that c a n be control led by users 
w i t h i n C i t yEng ine GUI. 

Table 3: 3D mode l l ing parameters supported by user interface 

Parameter 
category Parameter name Remarks 

V i sua l i s a t i on 
opt ions 

Representat ion So l id co lour or real ist ic representat ion 

V i sua l i s a t i on 
opt ions 

Roof colour 
Hexa-dec imal co lour code V i sua l i s a t i on 

opt ions W a l l colour 
Hexa-dec imal co lour code V i sua l i s a t i on 

opt ions 
C l eanup Whether shape errors shou ld be corrected 

V i sua l i s a t i on 
opt ions 

Out l ine s ta tus A d d bu i l d ing edges 

B u i l d i n g 
at t r ibutes 

E v H G T _ 2 Height of the eave from the g r ound 

B u i l d i n g 
at t r ibutes 

Ridge Heigh Height of the roof ridge 

B u i l d i n g 
at t r ibutes 

AccuRoofFo Type of the roof 

B u i l d i n g 
at t r ibutes 

D r m F r m Whether a single dormer, double dormer 
or tr iple dormer 

B u i l d i n g 
at t r ibutes 

D r m D r c Or ienta t ion of the dormer 

B u i l d i n g 
at t r ibutes 

DrmRoo f Type of the roof of dormers 

B u i l d i n g 
at t r ibutes 

d rmRot Rotate the or ientat ion of the dormer 

Roof related 
at t r ibutes 

Index Or ienta t ion of the m a i n bu i l d ing roof 

Roof related 
at t r ibutes 

G a b H i p S i d l / 
G a b H i p S i d 2 

The slope of the s ides i n Gab le -h ip roofs Roof related 
at t r ibutes 

G a b H i p F r n t The slope of the front i n Gab le -h ip roofs 

Roof related 
at t r ibutes 

Saltbox_rat io Ratio of the d iv is ion i n Sal tbox roofs 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmLen Length (Width i f the index i s 1) of the 
dormer 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmWid W i d t h (Length i f the index i s 1) of the 
dormer 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmHgt Height of the dormer 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmbdHt Dormer body height Dormer related 
at t r ibutes 

(Sng/Db l )DrmDtEd Distance to the dormer from the roof edge 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmDtEv Distance to the dormer from the roof eave 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmHtEv Height to the dormer bot tom from eave 

Dormer related 
at t r ibutes 

(Sng/Dbl )DrmAngl Dormer roof slope 
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Doub le - Da rmer at tr ibutes 

DblDrrr iLeri Z v 

D b I D r m W i d Z v 

DbIDrrnHgt Z v 

j - j D r n B d R Z v 

j - j D r n D t E c 0 (Object) v 

Db lD rn iD tEv 0 (Object) 

Do D r n h t E ' / 0 (Object) 

D b l D r n i A n g l 53.434949 v 

R o a f re lated attr ibutes 

^ r o t - c t 0 (Object) V 

Index 0 (Object) V 

G a b H i p S i d l 0 (Object) V 

G a b H i p S i d 2 0 (Object) V 

GabHipFrn t 0 (Object) V 

sa t: jox_rat'o 0.333 V 

Visua l i za t i on O p t i o n s 

Represen ta t ion s o l i d c o l o r 

R o o f C o l o u r #A67B5B V 

W a l l C o l o u r #F5F5DC 

C l e a n u p TRUE 

Out l inestatus FALSE V 

Single - Do rmer attr ibutes 

SngDrrnLen 2 V 

SngDr rnWid 2 V 

SngDr rnHgt 2 V 

S n g D r i ^ B d H t 2 V 

SngDr rnDtEc 0 (Obfect) V 

SngDrrnDtEv 0 (Object) V 

S n g D r n h t E v 0 (Object) V 

SngDr rnAng l 63,434949 V 

Bui ld ing Att r ibutes 

Evhgt_2 3.169876 (Object) V 

s e h e ' g h 3.391194 (Object) V 

A c c u R o o f F a G a b l e H i p V 

DrrnFrrn T r i p l e D o r m e r •V 

0 •V 

BID 166 (Object) •V 

DrrnRaof H ip •V 

drrnRot 0 (Object) 

Figure 23 : GUI parameters for 3D mode l l ing 

6.4 Generate LOD2 model 
After conduct ing the prev ious process ing steps ins ide A rcG IS Pro, the generat ion of 

the L O D 2 mode l was conducted i n E s r i C i tyEng ine . The process i s carr ied out th rough 
a series of systematic steps a imed at creat ing accurate a n d v i sua l l y compel l ing 
representat ions of the s tudy area. 

Step 1: The process commences w i th the impor ta t i on of essent ia l geospat ia l data, 
i n c lud ing pre-processed shapefi les de l ineat ing bu i l d ing footprints w i t h supplementary 
in format ion, D E M cap tur ing t e r ra in elevations, a n d orthophotos prov id ing aer ia l imagery. 
Th i s da ta serves as the foundat iona l f ramework for the subsequent model l ing. 

Step 2: The impor ted shapefi les are al igned to the t e r ra in to ensure spat ia l accuracy 
i n the generated 3 D models. T h i s a l ignment process facil itates the proper p lacement of 
bu i l d ing s t ruc tures atop the te r ra in surface, ensur ing that the models conform to the 
under l y ing topography captured by the D E M . 

Step 3: A s captured i n Figure 15, C G A ru le parameters are l i nked w i t h shapefile 
attr ibutes. Th i s c ruc i a l step enables the automated generat ion of 3 D bu i l d ing models 
based on predefined ru les a n d attr ibute va lues derived from the shapefile data. B y 
estab l i sh ing th i s l inkage, the generat ion process becomes h igh ly adaptable and 
responsive to var iat ions i n bu i l d ing attr ibutes. However, i f the parameter a n d attr ibute 
name are the same, th i s step w i l l be appl ied automat ica l ly once the C G A rule file is 
appl ied to the shapefile. 

Step 4: The generated 3 D models undergo ref inement u s i n g add i t i ona l parameters 
ment ioned i n Table 3 to enhance their r ea l i sm a n d accuracy. T h i s ref inement stage may 
involve ad justments to bu i l d ing heights, roof styles, facade textures, a n d other 
arch i tec tura l detai ls s u c h as dormers. B y f ine- tuning these parameters, the 3 D models 
achieve a higher level of fidelity a n d coherence, closely resembl ing rea l -wor ld s t ructures . 
Figure 24 i l lustrates some of the dormers added du r ing the f ina l ref inement stage. 
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Figure 24: Dormers added dur ing f inal re f inement stage. 
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7 ACCURACY ASSESSMENT 

7.1 Accuracy assessment of ridge height 
Ridge height, w h i c h i s the height of the roof f rom g r ound level, i s ca lcu lated based on 

a s tat is t i ca l methodology proposed by H r o n a n d Ha lounova (2019), w h i c h involves u s i n g 
the 9 5 t h percenti le as the top height value w i t h i n the footprint. However, i n add i t i on to 
the 9 5 t h percenti le, three more s tat is t i ca l va lues were considered i n th i s s tudy to evaluate 
the most accurate metr ics. 

To val idate the accuracy of the proposed methodology, a n extensive accuracy 
assessment i s conducted. Th i s assessment involves compar ing the ridge height va lues 
generated th rough the stat is t i ca l methodology against m a n u a l l y dig i t ised values. B y 
jux tapos ing these two sets of data, it was evaluated how close each method was to the 
ac tua l va lue of the ridge height. F igures 25 , 26, a n d 27 represent the Abso lute Er ror 
d i s t r i bu t i on of each s tudy area for each method of considerat ion. Accord ing to the error 
d i s t r ibut ion , i t i s evident that i n a l l three s tudy areas, there are some bu i l d ing footprints 
w h i c h have extreme R M S E s . 

RIDGEMEDIAN 
RMSE: 1.48, MAE: 1.09 

RidgeHgh75 
RMSE: 2.19, MAE: 1.53 

RidgeHgh90 
RMSE: 3.34, MAE: 2.39 

RidgeHgh95 
RMSE: 4.03, MAE: 2.88 
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Figure 25 : C i t y area ridge height absolute error d i s t r ibut ion . 
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Figure 26: Rura l area ridge height absolute error d i s t r ibut ion . 
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Figure 27 : Res ident ia l area ridge height absolute error d i s t r ibut ion 



Figure 28 represents the R M S E of each s tudy area for each method of ridge height 
ca lcu lat ion. Overal l , ridge height ca l cu la t i on by med i an gives the least error for res ident ia l 
a n d city centres. However, i n r u r a l areas, ca l cu la t ing ridge height by the 9 0 t h percenti le 
gives a lower R M S E , a r o u n d l m less t h a n the med ian method. 

Ridge Height RMSE by Method 

RIDGEMEDIAN 
RidgeHgh75 
RidgeHgh90 
RidgeHgh95 

Figure 28: R M S E before r emov ing out l iers 

After u s i n g the 9 5 t h percenti le to identify a n d el iminate outl iers, a notable 
improvement was observed i n the R M S E va lues (Figure 29). Across a l l s tudy areas, the 
removal of out l iers led to a subs tan t i a l r educ t i on i n R M S E , br ing ing it closer to 1 meter 
for r u r a l a n d u r b a n locales whi le achiev ing less t h a n 0.5 meters for res ident ia l regions. 
Interestingly, u p o n outl ier removal , the method based o n the 9 0 t h percenti le for ridge 
height es t imat ion exhib i ted the lowest R M S E for r u r a l a n d res ident ia l areas, averaging 
a r o u n d 0.25 meters. However, for u r b a n areas, the R M S E rema ined relatively h igh , 
approximate ly 2.5 meters. 

Ridge Height RMSE by Method (Outliers Removed) 

RIDGEMEDIAN 
RidgeHgh75 
RidgeHgh90 
RidgeHgh95 

Study Area 

Figure 29: R M S E after r emov ing out l iers 
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The med i an method was selected for ca lcu la t ing ridge height due to i ts inherent 
stabi l i ty a n d consistent ly l ow R M S E values, bo th before a n d after the removal of outl iers. 
Even though outl ier removal resu l ted i n lower R M S E va lues for ridge height est imat ion 
based on the 9 0 t h percenti le, the med i an method ma in ta ined i ts appeal due to i ts 
rel iabi l i ty a n d relatively stable performance across a l l scenarios. 

7.2 Accuracy assessment of eave height 
Eave height, w h i c h i s the height of the roof bot tom from g r ound level, i s ca lculated 

u s i n g a stat is t i ca l methodology proposed by H r o n a n d Ha lounova (2019). However, i n 
add i t i on to the 7 5 t h percenti le, three more s tat is t ica l va lues were considered i n th i s s tudy 
to evaluate the most accurate metr ics for eave height ca lcu lat ion. 
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Figure 30: C i t y area eave height absolute error d i s t r ibut ion 
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Figure 32: Res ident ia l area eave height absolute error d i s t r ibut ion 
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Based on the observat ions from Figures 30 , 3 1 , a n d 32, it becomes apparent that 
out l iers are present across a l l scenar ios w h e n ca lcu la t ing eave height u s i n g each 
stat is t ica l method, as out l ined i n the methodology section. These outl iers, w h i c h deviate 
signi f icantly f rom most da ta po ints , c a n potential ly skew the est imat ion process a n d lead 
to inaccurac ies i n the resul ts . T h i s h ighl ights the importance of identi fying a n d 
address ing out l iers to ensure the robustness a n d re l iabi l i ty of the eave height ca l cu la t i on 
methodology. 

F igures 33 a n d 34 represent a compar i son of different eave height ca l cu la t i on methods 
before a n d after removing outl iers. Accordingly , it i s evident that i n a l l cases, the city 
centre s tudy area accounted for the highest R M S E . Apar t f rom that, it i s also impor tant 
to po int out that i n a lmost a l l cases, u s i n g the med i an to calculate eave height i s more 
consistent a n d accurate, except for the city centre, where the t h i r d percenti le 's R M S E is 
s l ightly lower t h a n u s i n g the Med ian . Accord ing to Figure 34, a subs tan t i a l r educ t i on i n 
R M S E i s evident across a l l s tudy areas. Post-outl ier removal , R M S E va lues for the Med ian 
method outperform the 7 5 t h percenti le, except for the res ident ia l region. 
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As a resul t , u s i n g the med i an approach produces the best resu l ts for ridge height and 
eave height ca lcu lat ions . T h i s a s sumpt i on i s substant ia ted by the signif icant drop i n 
R M S E found across several s tudy areas pr ior to a n d fol lowing outl ier e l iminat ion. The 
Med i an method typical ly outperforms other s tat is t ica l approaches, i n c lud ing the 7 5 t h 

percenti le, across areas. A l though the 7 5 t h percenti le outper forms marg ina l l y i n 
res ident ia l areas, i n other areas, the med ian technique outperforms it signif icantly. 
A s a resul t , i n th i s s tudy, the med i an w i l l be u t i l i s ed as the preferred opt ion for est imat ing 
ridge a n d eave heights i n the context of 3 D bu i l d ing model l ing. 

7.3 Accuracy assessment of roof type classification 
In th i s sect ion, a thorough eva luat ion i s conducted for each roof type across different 
s tudy areas. B y ana lys ing these metr ics , it i s possible to ga in ins ights into the model 's 
effectiveness i n correctly identi fying var ious roof types a n d assess any potent ia l b iases or 
chal lenges encountered du r ing the c lassi f icat ion process. Figure 35 represents confus ion 
matr ices ca lcu lated for each s tudy area. 
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Figure 35 : Confus ion mat r i x o f each region 

7.3.1 Residential area 
In the Res ident ia l region, the c lass i f icat ion resu l ts exhibit vary ing levels of accuracy 

across different roof types. Most roofs i n th i s area are categorised as flat, w h i c h 
demonstrates a h i gh producer 's accuracy (PA) of approximate ly 0.89, ind ica t ing that the 
c lass i f icat ion mode l effectively identif ies F lat roofs w h e n they are present. However, it 's 
impor tant to note that the user 's accuracy (UA) for Flat roofs i s sl ightly lower at a r ound 
0.91, suggesting that there may be some misc lass i f i ca t ion of other roof types as Flat. For 
Gable roofs, whi le the PA i s reasonable at 0.80, the U A i s notably lower at approximate ly 
0 .71. Th i s indicates that whi le the mode l correctly identif ies m a n y Gable roofs, there is 
a higher l ike l ihood of misc lass i fy ing other roof types as Gable. The c lass i f icat ion of Hip 
roofs shows a par t i cu lar l y low PA of a r o u n d 0.08, suggest ing that the mode l struggles to 
accurate ly identify H ip roofs w h e n they are present. However, the U A for H ip roofs is 
perfect (1.0), ind i ca t ing that w h e n the mode l predicts a H ip roof, it i s a lmost always 
correct. Regarding Shed roofs, the PA is moderate at 0.50, ind i ca t ing that the mode l 
correctly identif ies approximate ly ha l f of the Shed roofs present. However, the U A i s lower 
at approximate ly 0.29, suggesting that there i s a higher rate of misc lass i f i ca t ion of other 
roof types as Shed. 

7.3.2 Rural area 
In the R u r a l region, the c lass i f icat ion resu l ts d isplay vary ing accurac ies across 

different roof types. The abundance of Flat roofs i s accurate ly captured by the model , 
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wi th a h i g h PA of approximate ly 0.89 a n d a respectable U A of a r o u n d 0.87. T h i s indicates 
that the mode l effectively identif ies F lat roofs w h e n they are present a n d ma in ta ins a h i gh 
level of accuracy i n i ts predict ions. S imi lar ly , for Gable roofs, the mode l demonstrates 
a h i g h PA of a r o u n d 0.87 a n d a s t rong U A of approximate ly 0.96. T h i s suggests that the 
c lass i f icat ion mode l effectively identif ies Gable roofs a n d ma in ta ins a h i gh level of 
accuracy i n i ts pred ic t ions for th i s roof type. H ip roofs exhibit lower accurac ies compared 
to Flat a n d Gable roofs, w i t h a PA of 0.60 a n d a U A of 0.30. T h i s indicates that whi le the 
mode l identif ies some Hip roofs correctly, there i s r oom for improvement i n accurate ly 
classi fy ing th i s roof type. Shed roofs also show reasonably good accuracy metr ics , w i th 
a PA of 0.75 a n d a U A of approximate ly 0.74. Th i s suggests that the mode l i s relatively 
success fu l i n identi fy ing Shed roofs, a l though there i s s t i l l r oom for improvement. 

7.3.3 City Centre area 
In the C i ty Centre, the c lass i f icat ion accurac ies vary across different roof types, w i th 

noticeable differences compared to the Res ident ia l a n d R u r a l regions. The model 's 
performance i n identi fy ing Flat roofs i s relatively weak, w i t h a PA of approx imate ly 0.54 
a n d a U A of a r o u n d 0.73. T h i s suggests that there i s a higher rate of misc lass i f i ca t ion of 
other roof types as Flat i n th i s area. For Gable roofs, the mode l demonstrates a h i gh PA 
of a r o u n d 0 .81, ind ica t ing that i t effectively identif ies Gable roofs w h e n they are present. 
However, the U A is s l ightly lower at approximate ly 0.76, suggesting some 
misc lass i f i ca t ion of other roof types, s u c h as Gable . H ip roofs exhibit the lowest accuracy 
metr ics i n th i s region, w i th a PA of 0.12 a n d a U A of 0.21. T h i s ind icates that the mode l 
struggles to accurate ly identify H ip roofs w h e n they are present, leading to a higher rate 
of misc lass i f i cat ion. Shed roofs, on the other h a n d , show relatively good accuracy metr ics , 
w i th a PA of approximate ly 0.84 a n d a U A of a r o u n d 0.63. T h i s suggests that the mode l 
is relatively success fu l i n identi fying Shed roofs, a l though there i s s t i l l r oom for 
improvement. 

In summary , the c lass i f icat ion performance varies across different roof types and 
regions. Whi le the mode l demonstrates h i g h accuracy i n identi fying cer ta in roof types 
s u c h as Flat a n d Gable i n the Res ident ia l a n d R u r a l regions, it struggles w i t h accurate 
c lass i f icat ion of H ip roofs, par t i cu lar l y i n the Ci ty Centre. Shed roofs generally exhibit 
moderate accuracy across a l l regions, ind i ca t ing room for improvement i n the model 's 
abi l i ty to classify th i s roof type accurately. 
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8 IMPLEMENTATION OF THE WORKFLOW 
One of the p r imary goals of th i s s tudy i s to provide a systematic workf low that w i l l 

a l low use rs to easily traverse th rough the procedures needed i n designing compl icated 
roof k i n d s u t i l i s ing C G A rules . Whi l e the intr icacy of the models r ema ins inherent , the 
goal i s to sh ie ld users from those models, a l lowing them to easily comprehend the process 
a n d execute it. 

To achieve th is , E s r i t asks were used , a recently added feature i n ArcG IS Pro. 
B y incorporat ing E s r i t a sks into the workflow, use rs have access to opt imised procedures 
a n d intui t ive interfaces that enable the execut ion of compl icated models a n d Python 
scr ipts w i thout reveal ing their complexity. T h i s me thod ensures that users c a n easily 
traverse the implementa t ion process step by step. Figure 36 demonstrates the 
implemented workflow, w h i c h has five m a i n stages. E a c h of these stages i s bu i l t w i th 
sub- tasks a n d provides in format ion a n d ins t ruc t i ons for the users. 
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Figure 36: Implemented pipel ine to st reaml ine the workflow 
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9 RESULTS 

9.1 Results of roof parameters calculation 
Th i s thes is detai ls a comprehensive workf low a imed at automat ing the generat ion and 

c lass i f icat ion of complex roof types th rough the integrat ion of geospatial da ta process ing 
techniques a n d C G A pr inc ip les . The parameter ca l cu la t i on stage, out l ined i n sect ion 4, 
p lays a fundamenta l role i n prepar ing the geospatial da ta for subsequent analys is . In th i s 
stage, N D S M is extracted from L i D A R da ta a n d generates the flow direct ion a n d slope of 
the area. In sect ion 4.2, the ana lys is experiment uses mul t ip l e methods for ca lcu la t ing 
slope, ridge height, a n d eave height. Tables 4 a n d 5 demonstrate a s u m m a r i s e d R M S E 
a n d M A E of different methods used to calculate ridge height a n d eave height. 

Table 4: Ridge height ca lcu la t ion results 
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95th percentile 4.034 1.949 1.380 
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Median 1.093 0.371 1.120 
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75th Percentile 1.531 0.991 0.725 
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90th percentile 2.394 0.332 0.311 
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95th percentile 2.877 0.537 0.837 

Table 5: Eave height ca lcu la t ion results 

City Residential Rural 

Method 1 (Median) 2.494 1.164 0.482 

RMSE Median 2.013 0.560 0.496 

m 
CD 

Method 2 75th percentile 1.949 0.684 0.947 
< fD 
I 95th percentile 3.528 2.266 1.639 eight 

Method 1 
(Median) 

1.532 0.855 0.346 

MAE Median 1.296 0.365 0.320 

Method 2 75th percentile 1.403 0.289 0.658 

95th percentile 2.589 1.028 1.275 

Choos ing the most effective slope indicator i s also a n impor tant part of the procedure. 
Four s tat is t i ca l approaches were tested to es tab l i sh the most efficient slope indicator , and 
accuracy scores were compared. B y compar ing f-scores at different thresholds , M e a n and 
Med i an ind icators were s h o w n to be the most dependable, w i t h Med i an marg ina l l y 
surpass ing M e a n i n a l l research areas. Figure 18 a n d Table 2 show the accuracy va lues 
obta ined for each method. 
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9.2 Results of the LOD2 model 
In th i s sect ion, the p r imary outputs of our research are presented: L O D 2 mode ls of 

three d is t inct s tudy areas - the C i ty Centre, Ru ra l , a n d Res ident ia l regions. These models 
cou ld be considered as the f ina l output of the implemented workf low, showing 
a comprehensive representat ion of u r b a n landscapes. 

Figure 37 depicts s ix photos of L O D 2 models chosen to demonstrate each research 
locat ion 's var ious arch i t ec tura l typologies a n d contextua l detai ls. E a c h s tudy region is 
represented by two photos that provide different v iewpoints of bu i l d ing representat ions 
u s i n g so l id textures a n d real ist ic textures. The li felike textures are not a true depict ion of 
reality. However, it i s merely to emphas ise the bu i l t model 's capacity to inc lude genuine 
textures acqu i red as photographs of real-life facades a n d roofs. The photos w i t h so l id 
textures provide a s imple bu t use fu l representat ion of the bu i l t environment, emphas is ing 
the spat ia l d i s t r ibu t i on a n d s t ructure of bu i ld ings i n the s tudy region. In contrast, 
p ic tures w i t h real ist ic textures create a v iv id a n d immers ive depict ion of the s tudy 
regions, resu l t ing i n a more li felike v i sua l i sa t ion . 

Realistic texture Solid colour texture 

Figure 37: Sample bui ld ings generated from the pipel ine. 
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10 DISCUSSION 
The methodology adopted for the ca l cu la t i on of ridge height occasional ly y ie lds 

u n u s u a l l y h i g h outl iers, w h i c h c a n be at t r ibuted to several factors. One prominent reason 
is the presence of n a t u r a l a n d man-made features w i t h i n the bu i l d ing footprint, s u c h as 
towers, trees, a n d other components. These features c a n s igni f icant ly affect the 
ca l cu la t i on of ridge height, par t i cu lar l y w h e n they extend above the roofl ine of the 
bu i ld ing . A s a result , the a lgor i thm may erroneously attr ibute the height of these features 
to the ridge height, leading to inf lated measurements . However, as s h o w n i n the accuracy 
assessment, by t ak ing the Med i an va lues as a s tat is t i ca l measure , most of these out l iers 
c a n be reduced. Fur thermore , inaccurac ies s t emming from b lunde rs d u r i n g the 
d ig i t isat ion of bu i l d ing footprints contr ibute to the occurrence of out l iers i n ridge height 
ca lculat ions . In some cases, the ac tua l footprint area of the bu i l d ing may be smal ler t h a n 
the digi t ised area due to errors i n de l ineat ing the boundar i es of the bu i l d ing (Figure 38). 
Consequent ly , the methodology may inaccurate ly estimate the ridge height based on the 
larger dig i t ised footprint area, resu l t ing i n exaggerated measurements . 

Figure 38: Bu i l d ing footpr ints wi th extreme R M S E s for ridge height. 

In the work of H r o n a n d Ha lounova (2019), they suggested a n d u s e d the 9 5 t h 

percenti le for ridge height ca lcu la t ion ; however, i n th i s s tudy, the same parameter gave 
the highest R M S E for city centre ridge height ca lcu la t ion . In the case of r u r a l and 
res ident ia l regions, i t d i d not per form considerably as well . S ince the med ian performed 
wel l i n terms of R M S E , i t i s recommended to use it for ca lcu la t ing ridge height across 
three different s tudy areas. W h e n ca lcu la t ing the eaves height, they recommended us ing 
a buffer on bo th sides of the bu i l d ing footprint w i t h the t h i r d percentile. The accuracy 
assessment showed that const ruc t ing a buffer on bo th sides of the footprint generates 
a m u c h higher R M S E t h a n creat ing a buffer solely ins ide the footprint boundary w h e n 
the resu l ts were compared w i t h the buffer bu i l t exclusively inside. 

In the process of mode l l ing complex bu i ld ings , i t i s often necessary to incorporate 
add i t i ona l components w i t h i n the bu i l d ing footprint, s u c h as dormers a n d roof dra ins . 
These arch i t ec tura l features p lay c ruc i a l roles i n the funct ional i ty a n d aesthetic of the 
bu i l d ing bu t are not always adequately represented i n the in i t i a l bu i l d ing footprint data. 
A s a resul t , the omiss i on of dormers, roof dra ins , a n d s imi la r elements c a n lead to 
inaccurac i es i n the b u i l d i n g model . To address these challenges, it becomes necessary to 
m a n u a l l y add these add i t i ona l components w i t h i n the bu i l d ing footprint d u r i n g the 
mode l l ing process. Figure 39 demonstrates a compar i son of the or ig ina l bu i l d ing footprint 
(green colour) a n d the upda ted footprint (red colour) to address these complexit ies. A s 
a resul t of sp l i t t ing the roof into d is t inct components , th i s segmentat ion often resu l ts i n 
var ia t ions i n bo th eave height a n d ridge height across these components. Consequent ly , 
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it becomes necessary to adjust these heights to ensure uni formi ty a n d coherence among 
the different par ts of the same roof w i t h i n the C i t y Engine. 

Figure 39 : Compar i son o f before and after bu i ld ing footprint update. 

The current method employed for roof c lassi f icat ion fal ls short of achiev ing acceptable 
accuracy levels, par t i cu la r l y i n accurate ly c lassi fy ing p i t ched roof types. To address th is 
l imi ta t ion , it i s imperat ive to explore alternative approaches that are combined w i t h the 
current approach a n d other advanced technologies. One promis ing avenue for 
improvement i s the adopt ion of a deep- learning image recogni t ion approach. B y t ra in ing 
the deep learn ing mode l on a diverse dataset conta in ing label led examples of var ious roof 
types, i t c a n l ea rn to recognise key character is t ics indicat ive of p i t ched roofs w i t h h i gh 
accuracy. Furthermore , the deep l earn ing approach h a s the potent ia l to cont inuous ly 
improve over t ime as it encounters new data. 

Figure 40 : A Bu i l d ing located in h igh slope area (Laharchitect , 2020) 
In cer ta in extreme scenarios, bu i ld ings are s i tuated across s loped regions, leading to 

incons is tenc ies i n eave height despite the eaves be ing at the same level. A s depicted i n 
Figure 40 , s u c h s i tuat ions pose chal lenges for the created scr ipt , par t i cu lar l y i n 
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accommodat ing vary ing eave heights w i t h i n the same bu i l d ing s t ructure . To mitigate th i s 
issue, i t i s advisable to implement a strategy of sp l i t t ing bu i ld ings into d ist inct sect ions 
a n d app ly ing C G A ru les separately to each section. B y treat ing each sect ion 
independent ly , we c a n ensure that eave heights are accurate ly represented i n accordance 
w i th the s u r r o u n d i n g terra in. 

S ince i ts l a u n c h i n 2004 , the Copern i cus Atmosphere Mon i to r ing Service (CAMS) has 
been a v i ta l source of in format ion o n solar rad ia t i on levels i n bo th cloud-free a n d ac tua l 
weather c i rcumstances . To assess the overal l solar energy potent ia l of any bu i l d ing , users 

may easily merge C A M S solar rad ia t i on da ta 
w i th 3 D bu i l d ing models created w i t h the 
provided pipel ine. Since solar rad ia t ion 
levels per square meter are prov ided by 
C A M S data, a n accurate eva luat ion of each 
bui ld ing ' s abi l i ty to generate solar energy 
may be obta ined by mu l t ip l y ing th i s number 
by the size of i ts roof. B y enabl ing 
stakeholders to recognise a n d r a n k 
bu i ld ings w i t h the greatest potent ia l for solar 
energy generat ion, th i s capabi l i ty max imises 
the use of solar energy systems. 
Addi t ional ly , as seen i n Figure 4 1 , users may 
dynamica l l y alter the sun ' s a z i m u t h and 
angle w i t h i n the city engine. Us ing th is 
interactive tool, s takeholders may determine 
the best p laces to pu t solar pane ls to 
max imise energy generat ion efficiency a n d 
overal l system performance whi le 
m i n i m i s i n g bu i l d ing shadows. 

Figure 41 : Sun a z imuth and angle Stakeholders may promote susta inable 

development pract ices a n d st imulate innova t i on i n the energy indus t r y by fusing 3D 
models w i t h Cope rn i cus solar data. T h i s integrat ion leads to a more effective use of 
renewable energy resources by improv ing the accuracy of solar energy evaluat ions a n d 
faci l i tat ing in formed dec i s ion-mak ing processes. In the end, stakeholder cooperation, 
a 3 D mode l creat ion pipel ine, a n d C A M S da t a synergy open the door to a more robus t 
a n d susta inab le energy future. 

It i s impor tant to d raw at tent ion to cer ta in constra ints of the methodology. A l though 
the created technique accommodates the majority of the roofs (15 types), there cou ld be 
s i tuat ions that l im i t i ts app l i ca t ion to regions w i th a wider variety of a rch i t ec tura l styles. 
Fur thermore , even w i t h a single footprint, cer ta in s t ruc tures may have vary ing a l t i tudes 
or several types of roofs, w h i c h makes m a n u a l separat ion necessary for precise model l ing. 
The current pipel ine i s designed to automat ica l ly identify flat, shed a n d gable w i th 
acceptable accuracy levels. However, the C G A scr ipt suppor t mode l l ing 15 different roof 
types. Therefore, du r ing the bu i l d ing footprint database generat ion stage end user shou ld 
m a n u a l l y identify a n d f i l l the add i t i ona l roof types. It c a n be l abour -and t ime-intensive to 
m a n u a l l y add m a n y dormers to the bu i l d ing footprint w h e n there are mul t ip l e dormers 
on the roof. It wou ld be idea l to use ex t ra 3 D model l ing tools, l ike Ske tchup , to mode l 
un ique , u n u s u a l bu i ld ings l ike cathedrals . 

The elevation da ta used to generate 3 D models was obta ined by ana lys ing a h i gh -
density L i D A R point c loud . These models were then t rans la ted to coincide w i t h L i D A R -
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derived d ig i ta l elevation mode ls (DEMs). However, w h e n these mode ls were v i sua l i sed as 
a scene o n the ArcGIS On l ine plat form, there was a clear gap between the g r ound and 
the s t ructures . T h i s m i s m a t c h i s due to the in t r ins i c accuracy var iat ions between ArcGIS 
On l ine t e r ra in a n d L iDAR-der i ved terra in . L i D A R technology provides incred ib ly precise 
elevation data, bu t the landscape dep ic t ion i n ArcGIS On l ine may l ack the same degree 
of prec is ion a n d reso lut ion. A s a result , d ispar i t ies between the two datasets might occur, 
caus ing v i s u a l incons is tenc ies s u c h as the v is ible gap between the g round a n d the 
structures . 

There are several future d irect ions that might be t aken to improve the approach and 
address i ts drawbacks . F i rs t off, add ing suppor t for other roof k i n d s wou ld make the 
automated bu i l d ing p roduc t i on process more flexible a n d appl icable. T h i s c a n enta i l 
carry ing out a n in -dep th s tudy to f ind new roof typologies that are frequently observed i n 
u r b a n sett ings a n d incorporat ing them into the current framework. The exist ing approach 
to identi fying roof types needs to be more accurate. Investigating novel methods w i t h deep 
l earn ing to automat ica l ly detect different types of roofs from aer ia l photography or L iDAR 
da ta i s one strategy that may be used . It cou ld be able to create more rel iable a n d accurate 
categorisat ion models by u t i l i s ing mach ine l earn ing a lgor i thms, w h i c h wou ld lessen the 
need for m a n u a l intervention. 
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11 CONCLUSION 
The major goal of th i s project was to provide a systematic process for automat ica l ly 

generat ing L O D 2 bu i ld ings i n the city of O lomouc. Specific goals were establ ished, s u c h 
as determin ing bu i l d ing roof types, roof components, a n d bu i l d ing height, as we l l as 
creat ing CGI scr ipts i n E s r i C i t yEng ine for bu i l d ing generat ion automat ion , assess ing the 
accuracy of the generated 3D roof models, a n d u s i n g the developed mode l to estimate 
solar energy potent ia l . 

To fulf i l these goals, A rcGIS Pro a n d E s r i C i tyEng ine were used , w h i c h enabled the 
bu i l d ing of a reusable C G A scr ipt . T h i s scr ipt ass isted i n the automat ic p roduc t i on of 
s t ructures by identi fy ing roof k inds , components , a n d bu i l d ing height. 

The s tudy f indings provide subs tan t i a l cont r ibut ions to the d isc ip l ines of Geographic 
Information Systems (GIS) a n d 3 D bu i l d ing mode l l ing i n u r b a n environments. The 
developed procedure al lows for the creat ion of L O D 2 bu i l d ing models, w h i c h may be used 
for a variety of appl icat ions, i n c lud ing 3 D geovisual izat ion, solar energy cadastre 
preparat ion, noise propagat ion study, a n d other research cr i t i ca l for u r b a n dec is ion­
mak ing . The outputs w i l l be immediate ly used for a scientif ic project of the Czech Min is t ry 
of Cu l tu re , "O lomouc i n 3 D - A New D imens i on of the Ci ty 's C u l t u r a l Heritage: Past, 
Present, Future " . 

Th i s work establ ished the feasibil ity a n d efficacy of the approach for autonomous ly 
p roduc ing L O D 2 bu i ld ings i n Olomouc. The objectives were met by devis ing a method ica l 
strategy, wr i t ing reusable CGI scr ipts , a n d evaluat ing the correctness of created 3 D roof 
models. Fur thermore , the research opens the door to a wide range of appl icat ions, 
u l t imate ly leading to better u r b a n p l ann ing a n d dec i s i on-mak ing processes. 

To s u m up , th i s research m a r k s a s igni f icant mi lestone i n the f ield of u r b a n model l ing 
a n d analys is , prov id ing a robust a n d adaptable methodology for generat ing LOD2 
bu i ld ings i n O lomouc a n d beyond. B y leveraging advanced GIS technologies and 
computa t i ona l tools, th i s s tudy has not only addressed current chal lenges i n bu i l d ing 
generat ion bu t h a s also paved the way for future advancements i n the field. 
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