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ANNOTATION 
Dig i ta l tw ins are complex systems a im ing at reproduc ing selected aspects of the rea l 

wor ld into a v i r tua l repl ica. One of their essent ia l roles l ies i n the v i sua l i sa t i on of their 
output th rough var ious means. Game engines offer powerful v i sua l i sa t i on capabi l i t ies , 
i n c lud ing extended reality, bu t lack the capacity to ingest the n u m e r o u s geospatial da ta 
formats used w i t h i n dig i ta l twins. O n the other h a n d , GIS a l low for the native process ing 
of sa id formats, though they are not meant to be v i sua l i sa t i on plat forms. Breach ing the 
gap between GIS a n d game engines cou ld provide a n innovative so lu t i on usab le for 
specific needs a n d use-cases. Disaster preparedness appears as a sui table app l icat ion 
area due to the avai labi l i ty of da ta a n d i ts g lobal reach. Addi t ional ly , it c ou ld benefit from 
ra ised awareness. T h i s thes is examines avai lable interoperabi l i ty capabi l i t ies and 
integrat ion tools, i n par t i cu lar the A rcG IS M a p s S D K for game engines. It does so th rough 
the implementat ion of a v i r tua l real ity v i sua l i sa t i on framework for u r b a n flood da ta 
developed w i t h Uni ty . The implementat ion i s evaluated th rough a quest ionnaire to 
unde r s t and better the strengths a n d weaknesses of the under l y ing tools a n d methods, 
s u c h as how geospat ia l da ta is perceived i n a v i r tua l real i ty environment. Cur r en t 
integrat ion tools are s h o w n to be capable a n d growing, albeit their commerc ia l na ture 
combined w i t h the absence of major open formats a n d interfaces h inder their scalabi l i ty. 
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INTRODUCTION 
Dig i ta l tw ins are at the heart of the European Un ion ' s Dest inat ion E a r t h init iat ive, 

whose objective i s to develop a h igh-prec is ion mode l of the E a r t h i n order to mode l n a t u r a l 
phenomena, h u m a n activit ies a n d explore their systemic consequences. One of the key 
chal lenges it faces i s the need for a technological a n d conceptua l f ramework prov id ing 
v i sua l i sa t i on a n d interact ion capabi l i t ies, re ly ing on bo th wel l -establ ished a n d state-of-
the-art technologies. The representat ion of in format ion at different places on the spat ia l 
a n d tempora l ax is a n d at vast ly different scales, f rom a single tree to the entire globe, w i l l 
have to be achieved to ensure the usab i l i t y of d ig i ta l twins. There are s t i l l s igni f icant 
research gaps regarding v i sua l i sa t i on systems, w h i c h w i l l have to provide for l ightweight, 
scalable, a n d relevant so lut ions , par t i cu lar l y on usab i l i t y a n d integrat ion. 

S imul taneous ly , E a r t h observat ion a n d geospatial da ta are becoming increasingly 
avai lable quanti tat ive ly a n d qualitatively. M a n y cit ies of a l l sizes across the wor ld now 
have a da ta por ta l that a l lows the pub l i c to freely download a n d use the produc ts they 
offer. The software involved, GIS a n d game engines, have become mature a n d accessible, 
offering unprecedented process ing a n d ana lys is capabi l i t ies, whi le hardware has become 
sufficiently performant for any consumer device to r u n them. In a context of recurrent 
n a t u r a l hazards increas ing i n frequency a n d intensi ty , specif ical ly f loodings i n Europe , 
th i s s t ream of da ta c a n be d isseminated to c i t izens a n d w o u l d benefit disaster 
preparedness a n d mit igat ion efforts global ly by ra i s ing the awareness a n d unders tand ing 
of disasters. 

We are s t i l l a long way from seamlessly integrat ing geospatial da ta i n game engines. 
Whi le they cou ld act as robust systems for v i sua l i s ing a n d interact ing w i t h geospatial 
data, t h u s greatly faci l i tat ing development by reduc ing the resources needed, they were 
not designed as interoperable. The interfaces a n d s tandards they suppor t are l imi ted, 
hence the need for integrat ion tools s u c h as the A rcG IS M a p s S D K for game engines. At 
the intersect ion of the aforementioned challenges, th i s d i p l oma thes is a ims at f i l l ing the 
gaps i n integrat ion a n d v i sua l i sa t i on by demonstrat ing how new tools a n d techniques can 
be l i nked together a n d apply ing them to a relevant use-case, i n th i s case f looding 
v i sua l i sa t i on i n European cities. It i s i n direct cont inuat i on of a n in t e rnsh ip at the E S A 
Ph i -Lab , bu i l d ing u p o n the Dig i ta l T w i n E S R I N prototype that focused o n integrat ing 
photogrammetry models a n d real-t ime env i ronmenta l da ta into Un i t y for V R v isua l i sa t ion . 
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1 OBJECTIVES 
The goal of th i s d i p l oma thes is i s to analyse, test, a n d describe the integrat ion between 

GIS a n d game engines for d ig i ta l tw ins i n the context of disaster preparedness. 
The subgoals are imp lement ing da ta integrat ion methods appl ied to a relevant themat ic 
area, developing a n X R v i sua l i sa t i on framework, a n d evaluat ing bo th i ts prac t i ca l 
implementat ion a n d alternatives. B y leveraging new a n d mature technologies to produce 
a n X R v i sua l i sa t i on system capable of depict ing n a t u r a l hazards s u c h as floods, users 
w i l l be able to explore the impac ts o n cities accord ing to var ious scenar ios i n 
a n immers ive manner . At the same t ime, developers a n d experts w i l l be able to b u i l d u p o n 
the concepts out l ined i n h i s work. 

The complet ion of these objectives w i l l require mov ing a step forward towards solv ing 
the current l imi ta t ions of GIS a n d game engines integrat ion. A s the technology s tands 
today, game engines do not support out-of-the-box g lobal a n d loca l projections, 
georeferencing, a n d commonly used geospatial da ta formats. Developing these 
capabi l i t ies f rom sc ra t ch is doable bu t hard ly accessible, r equ i r ing a lot of resources to 
invest. T h i s i s where the ArcGIS M a p s S D K for game engines comes i n . The first beta 
release was announced i n October 2020 a n d a 1.0 release i s expected i n May 2022 . Th i s 
very recent tool h a s t remendous potent ia l for the GIS wor ld by expanding da ta 
v i sua l i sa t i on possib i l i t ies i n a manner accessible to ind iv idua ls . 

In that context, these technologies were appl ied to a themat ic area su i t ed to th i s type 
of v i sua l i sa t ion , namely flood analys is , due to the need for diverse da ta types (elevation 
model , city model , satell ite imagery), i t s appl icabi l i ty to X R th rough the empathy it 
generates a n d potent ia l real-life appl icat ions for disaster preparedness. To real ise these 
objectives, the research work is d iv ided into 2 parts: 

Technical implementation: 

• D a t a col lect ion a n d process ing 

• D a t a integrat ion 

• X R development 

Conceptual evaluation: 

• Alternat ives to E s r i 

• User test ing 

The resu l ts of th i s work w i l l s trengthen the current state of the art knowledge i n th is 
very recent field of appl icat ions th rough i ts methodological outputs , offer a standalone 
app l i ca t ion for appl ied V R v i sua l i sa t i on w h i c h c a n be incrementa l ly upgraded i n the 
future, a n d detai l the workf low necessary to achieve these resu l ts i n other use-cases, i.e., 
transferabi l i ty. 
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2 METHODOLOGY 
The fol lowing chapter descr ibes the tools a n d processes involved i n solv ing the 

objectives. It provides a n overview of their roles a n d usage whi le sk i pp ing over the detai ls 
descr ibed i n the research sections. 

Methods 

GIS a n d game engine integrat ion is a relatively new field, especial ly w i t h i n the context 
of d ig i ta l twins. Def ining the scope of the work was necessary to b u i l d u p o n previous 
research efforts a n d exist ing tools i n order to achieve a n output of interest to future 
developers. W i t h th i s i n m i n d , about two- th i rds of the work focused on explor ing exist ing 
integrat ion so lut ions a n d implement ing one of them, w i t h disaster preparedness as 
a selected use-case, whi le the last t h i r d i s evaluat ing th is implementat ion a n d conceptua l 
aspect. 

D a t a col lect ion a n d process ing was made easy by the avai labi l i ty of a l l required da ta 
for Prague a n d B rno i n a free a n d open manner . Some GIS work was required to project 
a n d prepare them for integrat ion, i n c lud ing i n a semi-automated manne r us ing 
the ArcGIS Mode l Bu i lder . Once the da ta was ready, it was integrated w i t h i n Unity , 
s tar t ing w i th a single da ta type before expanding it to al l . 

Data 

D a t a is at the centre of the integrat ion process. In order to demonstrate 
the funct ional i t ies of the selected tools, the datasets s h o u l d ideal ly be representative of 
var ious use-cases whi le s tay ing relevant for disaster preparedness. B o t h 2 D a n d 3 D da ta 
were tested. 

For 2 D data, the m a i n themat ic layers were the flood extents, also referred to as 
f loodplains or flood zones. They came from the Prague a n d B rno open da ta h u b s a n d were 
not present directly i n the f ina l output bu t instead used for to process a n d enr i ch the 3D 
data. A s vector layers, the format used was shapefile. T h i s t ime, two other 2 D datasets 
were required as raster files: elevation a n d imagery layer. They are avai lable as hosted 
tile layers, either w i t h a n extent specific to a city or on a na t i ona l scale. 

For 3 D data, the m a i n v i sua l i sa t i on components were 3 D city bu i l d ing models (also 
referred to as 3 D models, city models or bu i l d ing models) for Prague a n d Brno . B o t h cities 
offer them as m u l t i p a t c h shapefi les i n L O D 2 . They were enr iched by the 2 D flood data 
a n d were, the datasets that h a d to be integrated to the game engine, a long w i t h the raster 
layers. 

Software 

A very prominent software i n the GIS wor ld , A rcGIS Pro i n i ts latest vers ion (2.9) was 
used for the da ta process ing a n d export to a n ArcG IS On l ine server for hosted scene 
layers. The specific geoprocessing tools used were var ied a n d descr ibed i n detai l i n 
the t echn ica l imp lementa t ion part. 

Un i t y i s a general-purpose game engine developed by Un i t y Technologies, usab le to 
create 2 D a n d 3 D experiences th rough a v i s u a l editor a n d the C# language (interpreted 
to C++ at runt ime) . It i s mul t i -p la t fo rm a n d the persona l p l a n i s free to use. Development 
w i th Un i t y began w i t h vers ion 2021 .1 . 16 f l , the latest at the t ime, later upgraded to 
2021 .3 .O f l , the most recent LTS vers ion. Development i n Un i t y happens th rough scenes, 
each def ining a "level" or "environment" . E a c h scene h a s a h ie rarchy made of game 
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objects. Game objects c a n have var ious components , objects i n themselves, w i t h different 
settings. Game objects a n d components c a n be created w i t h i n a scene direct ly or come 
from the project window, a folder v iew of impor ted assets (Unity Technologies, 2022). Even 
though Un i t y a n d Unrea l Eng ine are s imi lar ly capable, the former was chosen for 
development due to the ease of l earn ing (C# as opposed to C++, user interface), faster 
loading, a n d compi la t i on t imes, a l l better su i ted to fast prototyping. 

0 Methodology • SamnleScene - Windows Mac Linux - Unity 2021 MHI Personal *DX11> — 0 X 

Figure 1: Default Unity engine editor layout windows, as of version 2021.3.Of 1: hierarchy 
(1), project (2), inspector (3), scene view (4). 

The selected integrat ion so lu t i on for the implementat ion was the ArcGIS M a p s S D K 
for game engines, also referred to as "ArcGIS M a p s S D K " or " M a p s S D K " . T h i s S D K a ims 
to enable developers to b r ing GIS da ta into the Un i t y a n d Unrea l game engines. A s a pre­
release product , i t i s already very capable, a l lowing the integrat ion of raster layers and 
3 D objects direct ly into the engines for v i sua l i sa t i on purposes . It offers a prefab Uni ty 
game object for r ap i d test ing a n d a C# API for scr ipt ing . 

In add i t i on to the M a p s S D K , other integrat ion tools were explored a n d descr ibed as 
potent ia l alternatives depending on the needs. First , besides i ts "native" integrat ion 
capabi l i t ies, i.e., interoperabi l i ty capabi l i t ies, Un r ea l Eng ine w i t h the C e s i u m for Unr ea l 
p lug in provides features s imi la r to the M a p s S D K th rough the integrat ion of 3 D content 
as 3 D t i les a n d the abi l i ty to s t ream them from the c loud . Second, as a F O S S game engine, 
Godot h a s m u c h potent ia l w i t h growing capabi l i t ies, even though it cannot yet compete 
w i th Un i t y a n d Unrea l for large projects. Lastly, Google Fo rms was used to evaluate the 
integrat ion so lu t i on th rough a quest ionnaire due to i ts s impl ic i ty . 

Processing procedure 

The research quest ion s h o u l d be approached methodological ly. T h i s starts by def ining 
the scope, requirements, i npu ts , a n d outputs , a long w i t h the available tools a n d 
solut ions. S ince var ious tools are required, development c a n be started i n para l l e l u n t i l 
a l l r each the integrat ion step, at w h i c h point the ou tputs c a n be hor izontal ly merged. In 
turns , th i s leads to the ref inement a n d po l i sh ing of the appl icat ion, so it i s ready for the 
eva luat ion step. 

11 



Th i s work c a n be conceptual ly v i sua l i sed as a table w i t h the software used i n the x-
ax is c o lumns a n d development steps i n the y -ax is rows. The c o lumns represent the three 
m a i n software used for development i n a n incrementa l manne r that began i n paral le l : 
GIS, integrat ion tools, a n d game engines. Consequent ly , the project went from 
the def ini t ion step to the development step for a l l three software, w i th their work 
complement ing each other, before the eva luat ion of the f ina l product . 

Research procedure 

GIS Integration Game engines 

c \ 

Data collection 

V ; 
f 

\ 

Data processing 
(ArcGIS Pro) 

V J 

Solutions discovery 

Implementation 
(ArcGIS Maps 

SDK) 

f 
V R project setup 

(Unity) 
J 

f 
f \ 

Final V R product 
(Unity) 

J 

> 1 
f > 

User testing 
(Google Fomis) 

J 

Project 
definition 

Application 
development 

Evaluation 

Figure 2: Summarised research workflow and processing steps, from the project definition 
to the evaluation and from GIS to game engines. 
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3 STATE OF THE ART 
Game engines as visualisation frameworks for geospatial data 

The earliest research o n u s i n g game engines as v i sua l i sa t i on tools for geospatial da ta 
dates back to 2002 . The advantages of game engines were descr ibed as their capabi l i t ies 
to "s imulate v i r tua l env i ronments" i n a real-t ime, low-cost, a n d collaborative manner 
(Herwig, 2002). They rel ied on l imi ted interoperabi l i ty capabi l i t ies th rough the suppor t of 
some 3 D formats l ike D X F . In a paper from the Univers i ty of Stuttgart , the free movement 
of p layers a n d interact ion w i t h da ta were added to the v i sua l i sa t i on (Fr isch, 2004) and 
the same conc lus i on was reached: "A prob lem i s s t i l l [...] to get ex ist ing spat ia l da ta into 
a format that the game or the accompany ing editors a n d tools unders tand " . Despite 
the unders tandab le outdatedness of technologies involved (PDA, Unr ea l Eng ine 2...), their 
ana lys is r ema ins relevant to th i s day, especial ly regarding the need for interfaces w i th 
GIS a n d databases a long w i t h more interact ion capabi l i t ies . They correctly ant ic ipated 
the drast ic improvement of computer graphics , exemplif ied by the render ing of vegetation 
a n d the in terd isc ip l inary nature of the field. 

A s the technology b eh ind these software progresses, larger entit ies outs ide of 
academia c a n evaluate their use for prac t i ca l p roduc ts a n d services. Over two decades, 
game engines have ma tu r ed a n d been made accessible to anyone, often for free. Un i ty 
offers i ts engine for free w i t h m ino r l imi ta t ions s u c h as a sp l a sh screen a n d Unrea l has 
a royalty system for profits over one m i l l i on dol lars. 

Keeping i n m i n d the scope of the research quest ions, the advantages of game engines 
c a n be s u m m a r i s e d as follows: 

• Mul t i -p la t fo rm a n d X R support : a n app l i ca t ion c a n be coded once a n d then 
deployed on var ious plat forms (PC, consoles, mobi le , web...), i n c lud ing X R 
appl icat ions 

• Real-t ime 3 D render ing: a l low for real ist ic interact ions w i t h phys i cs a n d 
an imat ions , l i ght ing a n d shadows that drast ica l ly increase immers i on 

• Edi tor : a n integrated development env ironment for au thor ing content a n d 
speeding u p development by prov id ing c o m m o n funct ions as GUI tools 

• Extens ib i l i t y w i t h p lug ins , packages, a n d assets add ing new content a n d features 

Whi le the disadvantages of integrat ion w i t h GIS are: 

• Lack of native georeferencing a n d project ion system: locat ion-based produc ts have 
to be implemented from scratch , i n c lud ing loca l a n d g lobal projections necessary 
for precise d isp lay (in Unity) or rely on p lug ins (in Unr ea l Eng ine w i t h the 
"Georeferencing" p lug in , Ep i c Games 2022) 

• Asset impor t p ipel ine performance: even for suppor ted 3 D formats, their size c a n 
make their use imprac t i ca l for large areas 

• L imi ted interoperabi l i ty: very few formats are natively suppor ted by game engines, 
F B X i s the most c o m m o n one a n d is not su i ted to GIS-based 3 D mode l l ing (loss 
of semant ic attr ibutes, textures, geolocation) (Buyuksa l ih , 2017) 

There has been a s t rong interest i n prov id ing easier access to GIS da ta i n game 
engines, w i t h Unr ea l Eng ine leading the way. T h r o u g h their " E p i c Mega Grants " , 
Ep i c Games suppor t s projects that enhance the 3 D ecosystem a n d provide fund ing to 
companies developing new p lug ins s u c h as B l a c k s h a r k . a i or C e s i u m G S (B lackshark .a i , 
2021 a n d Cozz i , 2020). B o t h a i m at represent ing 3 D da ta on a g lobal scale, w h i c h cou ld 
provide numerous benefits to the development of d ig i ta l tw ins for the entire planet. 
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Floods as relevant use-cases 

Disaster preparedness a ims at r educ ing the impact of disaster events th rough 
preparat ion that he lps cope w i t h hazards . Na tura l hazards happen regular ly everywhere 
on the globe, somet imes leading to disaster events w h e n combined w i t h exposure a n d 
aggravated by the loca l vulnerabi l i ty . Due to their g lobal r each a n d impor tant impact on 
h u m a n lives, d isasters are extensively s tud ied a n d appropriate for use i n exploratory 
v i sua l i sa t i on i n part due to the empathy they generate. App l i ed to a specific use-case, it 
wou ld he lp unde r s t and the threats faced by communi t i e s a n d how to raise awareness 
about their scope, i n c lud ing to dec is ion-makers . 

For th i s project, the model l ing of a t s u n a m i o n a coasta l city s u c h as Tokyo was 
in i t ia l l y envis ioned, w i th an imat ions showing incoming waves interact ing w i t h a city 
mode l real ist ical ly . Delft3D, a popu lar model l ing suite for hydrodynamic s imu la t i on from 
Deltares, was selected a n d tested due to i ts proven capabi l i t ies (Deltares System, 2011). 
Th i s proved to be out of scope for our work, w h i c h focuses on GIS a n d game engine 
integrat ion, as implement ing a real ist ic s imu la t i on w i t h i n the software wou ld not have 
made use of the same technologies (Le, 2019 a n d J o s i a h , 2020). Instead, pre-ca lculated 
u r b a n flood extents were chosen due to their avai labi l i ty a n d compat ib i l i ty w i t h GIS. 

F lood predic t ions c a n be used for cit ies s u c h as Prague or B rno that p u b l i s h them as 
open da ta to analyse the r i sk they pose to in f rastructures . These predic t ions consist i n 
flood extent da ta for a specific a n n u a l peak discharge, a measure of the highest water 
flow i n a year i n cub ic metres per second. Frequency curves are used to determine the 
recurrence intervals, also k n o w n as the r e t u r n per iod i n years, depending on the intensi ty 
of the predicted flood event: th i s i s cal led flood frequency ana lys i s (Dalrymple, 1960). Th i s 
probabi l i ty corresponds to the l ike l ihood of that event happen ing i n a year: for instance, 
a 1-year flood h a s a 1 0 0 % (1/1) probabi l i ty of happen ing i n a year, whi le a 25-years flood 
has a 4 % chance (1/25) a n d a 100-years flood a 1% chance (1/100). C o m b i n e d w i th 
elevation models, th i s c a n be t ransformed into the da ta used here, pred ic t ing the 
m a x i m u m extent a flood w i l l have (Qi, 2009). W i t h that sa id , it does not consider a l l 
mode l i sat ion parameters l ike the u r b a n drainage system or state of vegetation. 

4 5 0 0 - 1 1 1 1—I m 1 1 1 — I — i i i i i 

Return Interval (years) 
Figure 3: Example peak discharge versus return interval curve for the South Saskatchewan 

River in Canada (Kalischuk, 2001). 
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Flood events are par t i cu lar ly sui table for v i sua l i sa t i on s ince they occur at frequent 
intervals o n a l l cont inents, impact people's l ive l ihoods direct ly a n d c a n be depicted 
spat ia l ly at var ious complexi ty scales, f rom local ised sea-level r ise (NOAA, 2022 a n d 
Cope land, 2012) to unde rg round in f rastructure r i sk assessment (Vamvaker idou-
Lyroud ia , 2020). The focus is on v i sua l i s ing the impact of the aforementioned flood 
extents i n a 3 D manne r that c a n be adapted to V R or AR. F lood Ac t i on VR , developed at 
the Univers i ty of Iowa, i s descr ibed as a " 3 D gaming environment for awareness and 
t ra in ing about disaster preparedness" where a player has to solve t asks i n V R i n a flooded 
environment (Sermet, 2019). Unfortunate ly , the art icle does not detai l 
the implementat ion a n d user feedback gathered du r ing the 2017 S a m s u n g Developer 
Conference. In another example, Z h i et a l . describe u r b a n flood r i sk assessment methods. 
They rely on a 3 D v i sua l i sa t i on of flood r i sk , w h i c h has advantages i n t ransparency and 
user unders tand ing , i n c lud ing for s takeholders (Zhi, 2020). B o t h examples i l lustrate the 
interest i n the 3 D a n d V R v i sua l i sa t i on of flood data, even though the means are very 
different: i n the first case a gamif ied experience, i n the second a n in -dep th r i sk 
explorat ion. 

Immersive visualisation through virtual reality 

The t rans i t i on from a 3D game to a V R app l i ca t ion is made s imple i n Un i t y from 
a development s tandpoint th rough pre-made components that c a n be inter locked to 
produce a complete system, from head t rack ing to control ler but tons press. The m a i n 
implementat ion difference between a moni tor a n d V R l ies i n interact ions, i.e., from 
keyboard a n d mouse to pos i t ion t rack ing a n d control lers. Because different 
manufac turers have their own V R runt ime , developing a product focused on a single type 
of hardware w o u l d be inefficient. T h i s i s where the O p e n X R open s tandard c a n help. 
Developed by the Kronos G r o u p , i ts 1.0 speci f icat ions were released i n 2019 ; accord ing 
to B r a d Insko, Intel's Lead X R Architect , "OpenXR seeks to simpli fy A R / V R software 
development, enabl ing appl icat ions to r each a wider array of hardware plat forms w i thout 
hav ing to port or rewrite their code" (Khronos Group , 2019). In other words, OpenXR 
solves A R / V R fragmentat ion by prov id ing a cross-p lat form API that hardware and 
software companies c a n use, creat ing a plat form-agnost ic experience for X R products . 
Un i t y a n d Unrea l Eng ine have been suppor t ing X R appl icat ions a n d enabl ing their 
prol i ferat ion for m a n y years. In addi t ion, bo th now suppor t OpenXR, further s impl i fy ing 
development. 

A s a relatively recent technology, V R c a n generate interest amongst users by itself, no 
matter the themat ic area. Depending on the task a n d i ts execution, the added immers i on 
c a n lead to a lower menta l work load a n d better usab i l i t y (Filho, 2020). V R i s also better 
sui ted to l earn ing t h a n t rad i t iona l text-based methods. Indeed, i n a 2015 s tudy o n ser ious 
games, a group p layed a ser ious game on disaster r i sk management before their 
eva luat ion a n d compar i son to a contro l group that used textbooks. The game-based 
l earn ing environment proved better for mot ivat ion, engagement, a n d effectiveness, among 
other advantages (Meera, 2015). However, ser ious games s t i l l have the disadvantage of 
be ing more expensive to develop t h a n text or stat ic images. For development a n d testing, 
the O c u l u s Quest 2 headset was used. 
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User experience evaluation 

Cons ider ing the exploratory nature of th i s v i sua l i sa t i on work a n d i ts state of 
development, the methods ment ioned are exper imental . A s s u c h , eva luat ing their 
effectiveness w i l l be he lp fu l to future readers w i sh ing to implement s imi la r methods and 
b u i l d u p o n th is work by giv ing it a cr i t i ca l look. Among the several ways of do ing so, 
w h i c h inc lude eye-tracking, direct quest ions, or t h i n k i n g a l oud (Freire, 2012), user 
quest ionnaires appeared appropriate for two reasons: they provide a w indow into the 
user 's m i n d a n d op in ion a n d al low for the s impl i f ied gather ing of large quant i t ies of data . 

A n i n - V R quest ionnaire was considered, as opposed to a web-based, out -VR 
quest ionnaire . One ful ly integrated w i t h the V R app l i ca t ion wou ld improve the immers i on 
a n d the feeling of par t i c ipat ing i n a n experiment, w h i c h users wou ld prefer (Saf ikhani , 
2021). However, there i s no signif icant benefit to a n i n - V R quest ionnaire beside that. 
Fur thermore , th i s wou ld require a redesign of the app l i ca t ion th rough the gamif icat ion of 
the experience, necessary for success fu l integrat ion, p l u s add i t iona l UI design. For th i s 
reason, a web-based quest ionnaire was ins tead developed. 

Ana l ys ing the user percept ion of geospatial da ta i n a V R app l i ca t ion developed i n 
a game engine th rough quest ionnaires i s not a new endeavour. It h a s been found to 
increase the percept ion of 3 D env i ronments a n d user mot ivat ion, however more research 
is necessary to unde r s t and the benefits i n terms of usab i l i t y (Carbonel l -Carrera, 2021). 

Digital twins 

The t e rm dig i ta l tw in encompasses a l l types of v i r tua l repl icas, rang ing from the 
h u m a n body to vehicles. The def init ion is b road as they are complex systems un ique to 
their use-cases, i n c l u d i n g heal thcare, u r b a n p l ann ing or even manufac tur ing . O f interest 
for th i s thes is are smar t cit ies d ig i ta l twins , w h i c h are mul t i - layered repl icas requ i r ing 
the integrat ion of terra in, bu i ld ing , in f rastructure , mobi l i ty , a n d real-t ime da ta (White, 
2021). Whi l e the whole design process i s not part of th i s exercise, their use of geospatial 
da ta a n d techniques c a n be s tud ied a n d re-created u s i n g different methods. Dig i ta l tw ins 
are systems whose i nd i v i dua l components are assembled i n the f ina l phase. 
Implement ing these components , most c ruc ia l l y the ones related to integrat ion a n d 
interoperabi l i ty, solves the challenge of interfacing between the repl ica 's ba ckend and 
frontend. 

For disaster preparedness, conceptua l research from Chao F a n et a l . detai ls how 
dig i ta l tw ins cou ld be the core of a "Disaster City Digital Twin". The first step is sensing, 
col lect ing the da ta from var ious sources , i n c lud ing crowdsourc ing . T h i s step i s followed 
by the integrat ion step, w i th pre-process ing a n d project ion for further analys is . Lastly, 
u s i n g the collected da ta a n d observat ions, in format ion va luable to dec is ion-makers can 
be extracted before leading to real-life act ions. One of the chal lenges w i t h th i s approach 
is the f i l tering step, as the da ta i s not necessar i ly authori tat ive, yet accuracy i s c ruc i a l 
for any disaster response approach to avoid wast ing resources or m i s s ing impor tant news 
(Fan, 2021). A n advanced gamif ied dec i s ion-mak ing experience nonetheless provides 
benefits, especial ly for t ra in ing purposes . No matter the chosen approach, game engines 
are key integrat ion components , act ing as the recipient for processed da ta a n d w i t h the 
capabi l i t ies of add ing their own logic to output in format ion i n a v i sua l manner . 
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Semantic perspective 

W h e n read ing th i s document , a concept that may come to m i n d i s that of ser ious 
game, w h i c h c a n be defined as the combinat i on of a u t i l i t a r i an funct ion w i t h the m a i n 
elements of a video game. The G/P/S mode l (Gameplay, Purpose, Sector) i s a proposed 
mode l for c lassi fy ing ser ious games (Alvarez, 2011). App l i ed to our standalone 
v i sua l i sa t i on tool, the lack of gameplay elements (stated goal, poss ib i l i ty of winning) , 
combined w i th the informative a n d research purpose , as opposed to entertainment, 
means it cannot be c lassi f ied as a "ser ious game" because it i s not a game i n the first 
place. O n the other h a n d , the c lass i f icat ion "ser ious play" proposed by the author of the 
G/P/S mode l i s appropriate. W i t h that sa id , the scientif ic consensus appears to be the 
lack of a clear def init ion. It i s t h u s u p to the writer to ass ign their project to a category 
based on their unde rs tand ing of the concepts a n d apparent relevance to the task at hand . 

Another semant ic c lar i f icat ion is the d i s t inc t i on between extended, augmented, v i r tua l 
a n d mixed reality. V i r t u a l real i ty i s the most k n o w n term: it rel ies on a n H M D for a fu l l 
immers i on into a v i r tua l wor ld a n d c a n inc lude other components s u c h as audio or hapt ic 
feedback. Augmented real i ty overlays dig i ta l in format ion over the rea l wor ld , enhanc ing 
our percept ion of reality. M ixed real i ty merges the rea l a n d v i r tua l wor ld by enabl ing 
interact ion w i t h one affecting the other (Intel, 2020). F ina l ly , extended real i ty i s a n 
u m b r e l l a t e rm that encompasses a l l prev iously ment ioned "real ity types". 

Lastly, def ining integrat ion, interoperabi l i ty a n d fus ion i s benef icial to ensure 
a c o m m o n unders tand ing of the topic a n d impl icat ions . Accord ing to the Me r r i am-
Webster dict ionary, integrate corresponds to the process of "coord inat ing or b l end ing into 
a funct ion ing or uni f ied whole"; interoperabi l i ty i s the "abi l i ty of a system to work w i t h or 
use par ts or equipment of another system"; fus ion is the " u n i o n by or as i f by melt ing" . 

A 
B 

Figure 4: Schematic description of integration (left), interoperability (middle), and fusion 
(right) through two abstract systems A and B along with their relations. 

W h e n ta lk ing about da ta or software, the def init ions may differ s l ightly even though 
the m a i n ideas rema in . The integrat ion of two systems cou ld be defined as us ing 
a t rans lator for them to unde r s t and each other despite speak ing different languages. 
O n the other h a n d , interoperabi l i ty i s their abi l i ty to communica te together u s i n g 
a c o m m o n language: s tandards a n d interfaces. A s a n i l lus t ra t ion : s t reaming raster data 
from a GIS server to a game engine i s not possible as i s , so the systems are not 
interoperable; u s i n g a tool l ike F M E enables the convers ion of GIS da t a to a format 
unders tood by game engines, so the systems c a n be integrated. F u s i o n c a n be unders tood 
as the u n i o n of two d ist inct datasets or tools into a single funct iona l one, comb in ing a l l 
tools into one. In summary , integrat ion descr ibes the process of hav ing two incompat ib le 
systems communica te w i t h each other a n d i s what th i s thes is i s about, whi le 
interoperabi l i ty a n d fus ion are idea l future steps. 
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4 TECHNICAL IMPLEMENTATION 
After a pre l iminary ana lys is of requirements a n d avai lable tools, the implementat ion 

is the core part of th i s thesis. A V R app l i ca t ion is developed by processing, integrat ing 
a n d v i sua l i s ing var ious 2 D a n d 3 D data. The fol lowing chapters describe these processes, 
exp la in the dec is ions made a n d provide development notes to a l low the rep l icat ion of part 
or a l l of it. 

4.1 Data col lection 
For the scope of th i s work, the implementat ion requ i red at least two types of themat ic 

data: f loodplain extents a n d bu i l d ing models. Since the host univers i ty for th i s thes is i s 
the Palacký Univers i ty O lomouc, the two largest cit ies i n the Czech Republ i c , Prague and 
Brno , were in i t ia l l y selected. B o t h cit ies have a n open da ta h u b that provides a l l the 
necessary datasets, a l though most of their documenta t i on is only avai lable i n the Czech 
language. A s long as the da ta exists or c a n be created, any other city c a n be implemented. 

A l l datasets are prov ided either i n W G S 8 4 coordinate system (EPSG:4326) , the 
Czechoslovak S - J T S K (EPSG:4156) or both. They were converted to Web Mercator 
Aux i l i a ry Sphere (EPSG:3857) s ince, at the t ime of wr i t ing , it i s the only coordinate system 
suppor ted by loca l scenes i n the A rcG IS M a p s S D K . G l oba l scenes suppor t W G S 8 4 
natively i n add i t i on to Web Mercator. 

The da ta used i n th is in i t i a l imp lementat ion follows the Creative C o m m o n s A t t r i bu t i on 
4.0 Internat ional (CC B Y 4.0) l icence. Under i t s terms, the da ta c a n be shared, 
red is t r ibuted, a n d adapted for any purpose , as long as appropr iate credit i s g iven to 
the au thors a n d no add i t iona l res t r ic t ion is p laced o n the derived work. The software used 
a n d their source code are covered by their respective l icence policy, most impor tant ly 
the commerc ia l l icenses of A rcGIS Pro a n d Unity . 

4.1.1 2D data 
Floodp la ins are the themat ic da ta used for ana lys is a n d v i sua l i sa t i on i n th i s thesis. 

They are the m a x i m u m water extent du r ing a n a t u r a l flood event a n d are d iv ided into 
different discharge rates. A s th is work i s focused first o n v i sua l i sa t ion , 100-years floods 
are the most interest ing s ince they have the most s igni f icant impact footprint over a city, 
though different r e tu rn intervals are also covered. The process ing methods for creat ing 
f loodplains i n the Czech Republ ic are officially defined by the country 's M in i s t r y of 
Env i ronment (Czech Republ ic , 2018). The da ta is red is t r ibuted th rough the porta ls of 
munic ipa l i t i es , i n c l u d i n g Prague a n d B r n o (IPR P r a h a Database, 2019 a n d Statutární 
město B rno , 2021). A l l flood datasets were downloaded direct ly as shapefi les. 

In add i t i on to flood extents, elevation a n d base imagery layers are necessary to provide 
context a n d a n accurate , immersive representat ion of reality. The 5 t h generat ion D R M 
5 G (DTM) of the Czech Republ ic i s prov ided by the Czech Office for Survey ing , Mapp ing 
a n d Cadastre , h a s a 2-metre reso lut ion, i s p roduced th rough photogrammetry and 
L iDAR, a n d i s cont inuous ly updated (Czech L a n d Survey Office, 2017). The imagery 
basemap of the Czech Republ ic was acquired from the same office a n d avai lable i n a 
s imi lar manner , albeit th rough a map server ins tead of a n image server (Czech L a n d 
Survey Office, 2022). The elevation a n d imagery layers are accessible as hosted web 
services i n the raster tile layers format for c loud-based use w i t h i n Uni ty . Higher-
reso lut ion da ta might be avai lable on a per-city bas is , i n w h i c h case they c a n be replaced 
easily. 
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It i s possible to convert the 2 D flood extents to a 3 D object by enr i ch ing the vector 
layer as a poly l ine w i t h elevation data, then interpolate it to a mu l t i pa t ch shapefile. 
However, th i s i s not straight forward a n d complexif ies the process ing part . Because a river 
i s also not a s imple plane, i t requires very precise elevation da ta for the output to look 
real ist ic. 

4.1.2 3D data 
The m a i n v i sua l i sa t i on component i n th i s experiment i s the 3 D city bu i l d ing models. 

Every bu i l d ing i n the city i s represented w i thout textures i n the L O D 2 representat ion. 
Levels of Deta i l are descr ibed i n the O G C C i t y G M L conceptua l mode l a n d represent four 
consecutive levels of spat ia l abst rac t ion (Open Geospat ia l Conso r t i um, 2021). LOD2 
cons is ts of the general ised roof shape over a n extruded bu i l d ing footprint. Because more 
detai led da ta is less c o m m o n a n d v i s u a l aspect i s the m a i n select ion cr i ter ia, L O D 2 str ikes 
a good balance between avai labi l i ty a n d v i s u a l fidelity. 

The city of B rno offers two L O D 2 bu i l d ing models. One comes f rom photogrammetry 
methods a n d is the most detai led (Statutární město Brno , 2022a), however i ts spat ia l 
extent i s l imi ted a n d does not cover a l l of our area of interest, namely the r i verbanks . For 
that reason, the second dataset, p roduced th rough a D S M a n d bu i l d ing footprints, was 
used (Statutární město B rno , 2022b). Prague provides a mode l s imi la r to B rno , w i t h h i gh -
reso lut ion images processed th rough photogrammetry a n d covering the entire city i n 
L O D 2 (IPR P r a h a Database, 2022). A l l bu i ld ings datasets are shapefi les i n the mu l t i pa t ch 
geometry type, w h i c h enables the boundary of 3D objects to be represented a n d were 
downloaded as E s r i file geodatabases. 
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Powered by Esri 

Figure 6: 3D building model of Brno, as displayed online in the Brno datahub. 

4.2 Project preparation 
Once the da ta h a s been identi f ied a n d collected, i t m u s t be processed for 

the in format ion of interest to be extracted. In paral le l , the Un i t y project m u s t be ready to 
receive a n d ingest the incoming data. 

4.2.1 Data processing 
Depending on the extent of the city mode l data, it might be necessary to ignore 

bu i ld ings that are too d is tant a n d do not con ta in meaning fu l in format ion for 
the v i sua l i sa t ion . For instance, because the mode l for Prague i s so large, features farther 
t h a n 2 k m away from the flood zones were f i ltered out i n ArcGIS Pro w i t h a Selection by 
Location operat ion pr ior to any further processing. At th i s stage, i t i s also impor tant to 
make sure the da ta i s i n the correct coordinate system (WGS84). 

The next step was to create a n u m e r i c a l at tr ibute c o l u m n n a m e d for example 
F L O O D E D . The prev ious operat ion, Selection by Location, i s used aga in though th i s t ime 
w i th the cond i t ion that bu i ld ings selected m u s t intersect w i t h a flood extent. F irst , the 
largest, i.e., less common, r e tu rn interva l i s selected. If bu i ld ings intersect w i t h the flood 
extent, i t i s then possible to change the va lue of the F L O O D E D attr ibute a n d add the 
r e tu rn interva l i n years as a value. It i s a s s u m e d that a l l bu i ld ings flooded at a specific 
r e tu rn interva l are also flooded d u r i n g less c o m m o n r e t u r n intervals, e.g., a l l bu i ld ings 
affected by a 5-years flood are also affected by 20-years a n d 100-years floods. A s s u c h , 
the value 100 is f irst added to bu i ld ings affected by 100-years floods, then 20 , a n d last ly 
5-years floods. T h a n k s to the overlap of the r e t u r n intervals, the in format ion for a l l flood 
events i s kept w i t h i n a single attr ibute co lumn, w i t h the added benefits of know ing at 
w h i c h r e t u r n interva l a specific bu i l d ing is f irst f looded (Table 1). These va lues w i l l be 
used by the Un i t y shader later on. 
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Table 1 Description of return intervals and required attribute values for their display 

Return interval Attribute values to select 

5-years floods 5 

20-years floods 5 + 20 

100-years floods 5 + 20 + 100 

The precise centre for our area of interest w i l l be use fu l i n the ArcGIS M a p s S D K as 
the centre of loca l scenes. To calculate it, a Multipatch Footprint operat ion i s performed 
on the bu i l d ing layers, ou tput t ing a mul t ipo lygon shapefile layer w i t h the footprint of each 
bu i ld ing . Chang ing the geometry type is necessary for the next operat ion: ca lcu la t ing 
the layer 's Mean Center. The coordinates of the resu l t ing po int correspond to the m e a n 
centre of the bu i l d ing layer. Whi le the prec i s ion of coordinates var ies depending on the 
lat i tude, s ix digits after the dec ima l place are enough for decimetre-scale accuracy. Lastly, 
the bu i l d ing layer enr iched w i t h flood in format ion m u s t be exported i n the Scene Layer 
Package format (.slpk), as th i s i s the only 3D objects format read by the SDK . The .s lpk 
files c a n be read as a l oca l file or as a hosted scene layer o n ArcGIS Onl ine . 

A toolbox was bu i l t u s i n g the ArcGIS Mode l Bu i l d e r to i l lustrate the var ious GIS 
process ing steps a n d facil itate i t s transferabi l i ty (Figure 7). It i s part ia l ly automated, 
requ i r ing i npu t layers a n d parameters s u c h as flood r e tu rn intervals to be correctly 
specified, a n d outputs a 3 D object scene layer package file a long w i t h the m e a n centre 
for that layer. The complexity of mode ls depends on the n u m b e r of cit ies a n d flood r e tu rn 
intervals to be integrated. Inc luded below is the s impl i f ied mode l graphic w i t h a single 
r e tu rn interva l selected. The toolbox itsel f i s avai lable as a n attachment. 

Figure 7: ArcGIS Pro Model Builder graph for the building enrichment process, exported 
from ArcGIS Pro. It contains the following operations: Select Layer by Location, Calculate 

Field, Create 3D Object Scene Layer Content, and in parallel to the latter, Multipatch 
Footprint and Mean Center. 

4.2.2 Unity XR project setup 
The second preparat ion step i s the Un i t y project, as it m u s t be ready to receive 

the da ta a n d v isual ise it i n VR . F irst , the project s h o u l d use the Universal Render Pipeline, 
the High Definition Rendering Pipeline hav ing not been tested. For compat ib i l i ty reasons, 
the Active Input Handling parameter i n the player sett ings s h o u l d be set to "Bo th " , 
enabl ing bo th the " O l d " a n d "New" i npu t systems. Three p lug ins are required: the XR 
Plugin Management a n d XR Interaction Toolkit, w h i c h c a n be insta l l ed from the project 
settings, a n d the OpenXR Plugin f rom the package manager. O p e n X R w i l l be the p lug in 
provider for X R , act ing as the interface between the code a n d major headsets brands . 
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W i t h i n O p e n X R settings, the Render Mode has to be set to "Mu l t i pass " i n order to work 
w i th the ArcGIS M a p s S D K . If web services are required a n d a mobi le app i s developed, 
Internet Access m u s t be set to "Required" i n the player settings. 

For X R movement a n d interact ion, a new scene has to be created. One game object 
m u s t ho ld the XR Origin a n d XR Interaction Manager components , w i th a m a i n camera as 
a direct ch i l d game object. Sa id camera m u s t have a Tracked Pose Driver component. 
W i t h these elements, the project i s ready for the import of the ArcGIS M a p s S D K for Un i t y 
package. 

4.3 Data integration 

4.3.1 Introduction to the ArcGIS Maps SDK for Unity 
The ArcG IS M a p s S D K for Un i t y i s be ing developed by E s r i a n d enables access to rea l -

wor ld geospatial da ta w i t h i n th i s game engine. At the t ime of wr i t ing , it i s i n pre-release 
vers ion 0.3.0 a n d s h o u l d be fully released i n May 2022 . A s s u c h , more features are l ike ly 
to be added bu t the core ones w i l l stay the same. 

Its key feature i s the abi l i ty to consume geospat ia l content f rom a n ArcGIS plat form, 
either f rom the web or offline u s i n g loca l services. Web services c a n be i n the form of 
raster tile layers hosted on a map server, a n elevation layer f rom a n image server, and 
scene layers i n the form of 3 D objects or integrated m e s h scene layers. Raster tile layers 
c a n act as either the basemap or a layer on top of it. Loca l services suppor t two types of 
layers, raster t i les, a n d 3 D objects. For offline use, raster t i les m u s t be available as a 
single tile package file (.tpk/.tpkx), whi le 3 D objects m u s t be i n the scene layer package 
format (.slpk). 3 D objects scene layers suppor t 3 D at tr ibutes f i ltering, w h i c h means Un i ty 
a n d i ts shader render ing are able to access the at t r ibute table of those layers a n d enr i ch 
the v i sua l i sa t ion . A s i n A rcG IS Pro, bo th loca l a n d g lobal scenes are supported. 

The ArcGIS M a p s S D K works by prov id ing var ious key components that offer 
funct ional i t ies necessary to the v i sua l i sa t i on of local ised geospat ia l data. There are eight 
m a i n components w h i c h form the interface between the p lug in 's ba ckend a n d the user 
(Table 2). 

Table 2 Main components provided by the ArcGIS Maps SDK for Unity with their description. Note 
that the prefix "ArcGIS" and suffix "Component" were removed for readability 

Component Role Condition 

C a m e r a Connects the camera object to the rea l -
wor ld da ta a n d manages the viewport 

A t tached to a camera object 

C a m e r a 
Contro l ler 

Contro ls the camera du r ing play mode At tached to a camera object 

Locat ion Places a game object at a specific 
geographical pos i t i on 

At least one m u s t be 
at tached to a camera object 

Map Connects the layer w i t h the map v iew 
component i n the backg round 

Requires a renderer 
component 

Map V i ew Setups the basemap, elevation, a n d 
added layers 

Required i n a l l scenes, as a 
parent of the camera object 
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Component Role Condition 

Rebase Updates the pos i t ion of the wor ld w h e n 
the camera moves 

At tached to a camera object 

Render er L i n k s the map v iew to the render ing 
backend 

At tached to a camera object 

Sky 
Repos i t ion 

Updates the pos i t ion of a vo lumetr ic fog 
w h e n the camera moves 

Requires a rebase 
component a n d a sky a n d 
fog vo lume object 

Bes ides these, n u m e r o u s dependencies a n d ut i l i t i es are i n c luded i n the p lug in . Among 
those, i t i s use fu l to unde r s t and how the H i gh Prec is ion Framework, developed by Un i ty 
a n d incorporated into th i s p lug in , works . Un i t y uses 32-b i t s f loating-point n u m b e r s for 
i ts b u i l t - i n coordinates, based on the Transform component w h i c h i s present on every 
game object. Whi le th i s prec i s ion i s enough for most appl icat ions, th i s becomes a n issue 
for g lobal scenes a n d large loca l scenes as the imprec i s i on c a n amount to metres of 
differences. For that reason, E s r i needed double-prec is ion f loating-point n u m b e r s (64 
bits), w h i c h is what the H i gh Prec is ion Framework offers (Esr i , 2021). It does so th rough 
the HPRoot component, w h i c h translates rea l -wor ld coordinates into Uni ty ' s universe 
coordinates, a n d the HPTransform component that replaces the n o r m a l T rans fo rm 
component. The replacement of the default Transform means the appl icat ion m u s t be 
developed w i t h HPTransform i n m i n d . It wou ld also complexify the development of AR 
solut ions, especial ly i f those rely o n G P S integrat ion. 

4.3.2 Manual implementation workflow 
The ArcGIS M a p s S D K p lug in m u s t be downloaded as a n asset package file and 

impor ted into Uni ty . The p l u g i n offers a prefab object w h i c h c a n be added to a scene and 
conta ins the ArcGIS Map Controller component. T h i s object facil itates the test ing of 
features th rough a UI. However, whi le i t i s very use fu l i n discover ing the funct ional i t ies 
a n d test ing them, it does not provide u s w i th enough contro l for a personal ised 
implementat ion. To solve th i s problem, a cus tom C# scr ipt m u s t be wr i t ten u s i n g their 
API, preferably one w i t h no hard-coded va lues for more f lexibil ity w h e n add ing da ta for 
another city. 

Table 3 List of variables and their role from the custom ArcGIS Scene Setup script 

Variable Type Description 

i sVRScene Boo lean Changes the camera control ler type i f the scene 
uses V i r t u a l Reality 

isLoca lScene Boo lean Changes the scene type from g lobal to loca l 

ba s emapURL St r ing Set a n image tile layer as the basemap 

e levat ionURL St r ing Set a n elevation layer as the elevation source 

lat i tude Double Set the lat i tude of the extent centre a n d or ig in 
locat ion 
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Variable Type Description 

longitude Double Set the longi tude of the extent centre a n d or ig in 
locat ion 

al t i tude Double Set the a l t i tude (m) of or ig in locat ion 

r ad ius Double For l oca l scenes, set the r ad ius (m) of the extent 

APIKey S t r ing ArcGIS Developer API key 

bu i ld ingLay er File Pa th S t r ing Pa th to the 3 D object layers file 

b u i l d i n g M ater ia lFi le Pa th S t r ing Pa th to the 3 D object layers mater ia l 

The ArcGIS Scene Setup component s h o u l d be at tached to a root game object, s u c h as 
the XR Origin, a n d m u s t have a camera tagged " M a i n C a m e r a " . Th i s i s because the ArcGIS 
Map View component i s added to that specific root object at run t ime a n d var ious scr ip ts 
w i l l be look ing for th i s component i n their parent game object. Fur thermore , the scr ipt 
w i l l look for the m a i n camera a n d a t tach it w i t h the required components , namely 
the Camera, Location, Rebase, Renderer, a n d depending o n the selected contro l type, 
either the Camera Controller or our cus t om VR Controller component. The scr ipt assumes 
the only layer of interest i s a 3 D objects layer w i t h i ts own mater ia l . However, i t c a n be 
modif ied to accommodate more layers a n d of a different type. A n API key i s necessary to 
s tream private content f rom ArcGIS On l ine a n d c a n be obta ined from the ArcGIS 
Developer website, r equ i r ing a n E s r i account. 

4.4 3D and X R visualisation 

4.4.1 Exploratory visualisation analysis 
Plac ing our v i sua l i sa t i on app l i ca t ion w i t h i n M a c E a c h r e n a n d K raak ' s Goa l s of Map 

Use C u b e (MacEachren , 1997) provides a conceptua l f ramework for unders tand ing 
the type of v i sua l i sa t i on th rough i ts purpose , audience, a n d interact ion level. Even 
though it was designed w i t h 2 D cartographic products i n m i n d , it i s s t i l l appl icable to 
th i s context of 3 D v i sua l i sa t ion , especial ly as it i s a form of exploratory v i sua l i sa t ion . 

In terms of purpose , the goal i s to reveal u n k n o w n in format ion to the user a n d create 
new knowledge. The level of in teract ion is m e d i u m due to the 3 D nature of 
the v i sua l i sa t i on a n d the var ious layers avai lable, albeit no advanced contro l i s possible. 
Lastly, the audience i s diverse, w i t h use rs hav ing a wide range of experience i n GIS a n d 
disaster preparedness; overall , it s i ts i n the middle . W i t h these parameters defined and 
accord ing to the map use cube, th i s v i sua l i sa t i on i s made for the ana lys i s of data. 

4.4.2 3D attributes and shaders 
B y default, b o th ArcGIS Pro a n d Un i t y render 3 D objects w i t h i n scene layer packages 

as white objects. T h i s wou ld be enough i f the v i sua l i sa t i on was only focused o n city 
bu i ld ings w i t h no added themat ic content. However, the goal i s to convey in format ion 
th rough the bu i l d ing layer: affected bu i ld ings m u s t be identi f ied du r ing flood events to 
evacuate the popu la t i on a n d m in im i se damage. Chang ing the bu i ld ing ' s co lour achieves 
th i s goal. 
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Th i s i s made possible by the M a p s S D K as it implements 3 D attr ibutes f i ltering. 
B y specifying the mater ia l used for render ing 3D objects layers, i t i s possible to use a 
shader at tached to th i s mater ia l w i th a condi t ion-based render ing. Shaders are programs 
def ining the render ing pipel ine for a program. The at tr ibutes to be forwarded from the 
scene layer package to the mater ia l have to be m a n u a l l y specified, h inde r ing scalabi l i ty 
as it requires know ing what at tr ibutes are present i n the layer. Furthermore , only 
n u m e r i c a l a t t r ibutes (floats, integers, doubles) are suppor ted directly. For at tr ibutes s u c h 
as str ings or dates, it i s required to use a n add i t iona l funct ion that w i l l convert a non -
n u m e r i c a l va lue into a n u m e r i c a l one, necess i tat ing n u m e r o u s add i t iona l steps a n d l ines 
of codes. 

Once the attr ibute has been forwarded from the layer to Uni ty , it c a n be used w i t h i n 
the shader 's logic. Shaders c a n be coded direct ly i n C# or bu i l t u s i n g the Shader G r a p h 
tool, a node-based framework faci l i tat ing their development. Whi le th i s g r aph tool does 
not have a l l of the funct ional i t ies offered by the code nor the same level of customisat ion , 
it i s sufficient for s imple processing. E a c h shader m u s t be used by a mater ia l , a n d it i s 
th i s mater ia l that w i l l be appl ied to the bu i ld ings u s i n g the shader 's logic. The render ing 
part comes from the default U R P shader i n the M a p s S D K samples , so there i s no need 
to modify that. The only par t that needs tweaking is the logic output t ing the base colour 
of the mater ia l : three consecutive if-else loops check whether the attr ibute of the 
F L O O D E D c o l u m n is equal to the r e tu rn interval , f rom the most c o m m o n to the least 
c o m m o n (Figure 8). The chosen co lours were ye l low for the most c o m m o n flood extent to 
red for the least c o m m o n flood extent s ince the most damaging flood event s h o u l d be 
categorised u s i n g a more a la rming colour. However, the opposite logic wou ld be va l id as 
well : bu i ld ings always affected by floods, no matter the r e tu rn interval , are the most 
vulnerable. 

Figure 8: Unity flood shader logic for outputting the base colour of the material. 
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4.4.3 VR movement 
The default camera control ler component provided by E s r i a l lows for the movement of 

the camera object i n three direct ions: up-down, left-right, a n d forward-backward. 
The camera rotat ion happens th rough the mouse, w i th a raycast funct ion identi fying 
where the mouse cursor i s c l i ck ing on the map a n d rotat ing the v iew based on th is 
pos i t ion. Mouse scro l l i s also used for zooming i n a n d out. T h i s system is not usab le w i th 
a V R headset because of the way the camera is rotated. To solve th i s problem, a different 
way of rotat ing it h a s to be implemented. The fol lowing sect ion does not describe how to 
add a n d move vis ible control ler objects. 

The locat ion component, created by the setup scr ipt a n d added to the camera at 
runt ime , deals w i t h the camera 's locat ion a n d rotat ion. The expected resul t of 3D 
movement i n V R i s that the player w i l l move either i n the d i rect ion it i s l ook ing i n or i n 
the d i rect ion the control ler i s po in t ing i n . For 2 D movement, the d i rect ion of the joyst ick 
is sufficient, bu t th i s i s not appl icable here. A s s u c h , the head ing a n d the p i t ch , 
respectively the angle between the default camera 's d i rect ion on the hor i zonta l p lane and 
the vert ica l plane, m u s t be determined f rom the look d i rect ion a n d forwarded to 
the locat ion component. The ro l l c a n be ignored because it i s unnecessary for smooth 
movement a n d cou ld increase dizz iness. U s i n g the default component, the V R camera 
c a n be used to look a round , bu t the game object w i l l be po in t ing i n the same direct ion 
a n d it w i l l t h u s only be possible to move i n that d irect ion vector. 

v o i d F i x e d U p d a t e ( ) 
{ 

v a r l o c a t i o n C o m p o n e n t = 
origin.Camera.GetComponent<ArcGISLocationComponent>(); 

v a r h e a d i n g = o r i g i n . C a m e r a . t r a n s f o r m . e u l e r A n g l e s . y ; 
v a r p i t c h = o r i g i n . C a m e r a . t r a n s f o r m . e u l e r A n g l e s . x ; 
i f ( h eading <= 180f) { 

p i t c h = (90f - p i t c h ) ; 
} e l s e { 

p i t c h = (90f + M a t h . A b s ( p i t c h - 3 6 0 f ) ) ; 
} 
l o c a t i o n C o m p o n e n t . R o t a t i o n = new R o t a t o r ( h e a d i n g , p i t c h , 0 ) ; 

} 

The code snippet above i s the core of the V R control ler. F i rs t , the logic happens w i t h i n 
a F i x e d U p d a t e () funct ion , r u n n i n g at a f ixed frame rate ins tead of the default 
Update () , w h i c h has a var iable frame rate dependant on the computer r u n n i n g it. Th i s 
is necessary for the scr ipt to work as otherwise the movement w o u l d s imply not happen. 
Three loca l var iables are then in i t ia l ised: the l o c a t i o n C o m p o n e n t of the XR Origin 
camera, defined at run t ime a n d whose rotat ion w i l l be modif ied, a n d the h e a d i n g a n d 
p i t c h of the m a i n camera th rough their Eu l e r angles. The p i t ch has to be corrected 
depending on the look d i rect ion for it not to be reversed. F ina l ly , the head ing and 
corrected p i t ch c a n be fed into the locat ion component to update the look direct ion. 
The rest of the code comes from the Camera Controller component, w i t h unneeded 
funct ions l ike mouse raycast ing or scro l l ing removed. The keyword var i s used for def ining 
the type of variables: they cou ld be strongly typed bu t it i s already used a lmost everywhere 
i n the source code of the ArcGIS M a p s S D K , prov id ing more consistency a n d readabi l i ty 
across the code-base. Instead of gett ing the camera from the XR Origin object, it i s also 
possible to use Camera . main. gameOb j e c t to get the m a i n camera directly. 
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The h i e ra rch i ca l p lacement of components between the var ious game objects is 
important . Incorrect p lacement of the m a i n camera c a n lead to v i sua l artefacts. 
For instance, by default, creat ing a n XR Origin i n Un i t y automat ica l ly creates a game 
object cal led Camera Offset as a ch i ld , a n d the m a i n camera i s located as a ch i l d of th is 
camera offset, i.e., there i s one empty object between the camera. If the Map View 
component i s not located on the same object as the XR Origin a n d the camera i s not 
direct ly a ch i l d of that , th i s w i l l cause f l icker ing w h e n gett ing near the 3 D object, poss ib ly 
since the HPTransform component w i l l not be updated correctly. Fur thermore , i t m u s t be 
noted that the M a p s S D K does not yet offer m e s h co l l i s ion for i t s layers, mean ing it w i l l 
be possible to fly th rough the t e r ra in a n d bui ld ings . 

4.4.4 VR interaction 
In order to navigate between the different cities, some level of in teract ion is required. 

As more t h a n two cit ies are available, a d ropdown m e n u i s a n easy way to choose between 
different choices. The dropdown c a n either be par t of a m e n u or a lways be vis ible i f it 
does not take u p a lot of space. In any case, a canvas game object m u s t be created 
conta in ing the m e n u interactable objects as ch i ld ren a n d a n event system object for i npu t 
detection. In paral le l , a m e n u scr ipt m u s t be created to con ta in the funct ion to be 
executed. The dropdown object c a n then be configured to con ta in the different cit ies a n d 
map each b u t t o n to a m e n u funct ion: w h e n swi tch ing cities, the func t ion w i l l change the 
scene. 

In addi t ion, the canvas c a n be rendered either i n Screen Space - Camera mode or 
World Space. The latter w i l l d isp lay the m e n u in-game as a wor ld object: it w i l l appear at 
a f ixed pos i t ion l ike a f loating s ign. The former w i l l d isp lay the UI i n front of the camera, 
no matter where it i s looking. Because th i s implementat ion is exploratory, i n 3 D , a n d 
over a large area, it i s imprac t i ca l to have a wor ld space canvas at a f ixed po int a n d 
the only so lu t i on wou ld be to create a new object i n front of the camera every t ime 
the m e n u i s open. Rather, the screen space camera overlay i s good enough; i ts u s u a l 
disadvantage is the f l icker ing a n d diff iculty i n read ing it i n VR , though due to i t s s impl ic i ty 
it i s not a n i ssue a n d provides the required funct ional i t ies i n a s imple manner . 

Lastly, the event system object s h o u l d use the Input System UI Input Module 
component. T h i s w i l l make it use the new i npu t system, w h i c h is more compl icated to 
implement bu t offers more f lexibil ity i n t e rms of i npu t mapp ing once th i s i s done. 
The sample X R Interact ion Toolk i t i npu t ac t ion map c a n be impor ted from the package 
manager, t hen modif ied to add a new UI ac t ion map w i t h the navigate, submi t a n d cance l 
ac t ion mapped respectively to the p r imary 2 D ax is of the r ight h a n d X R control ler joyst ick, 
i ts p r imary but ton , a n d i ts secondary but ton . 
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5 CONCEPTUAL EVALUATION 
The ArcGIS M a p s S D K i s already a usab le integrat ion so lu t i on for d ig i ta l tw in 

development. Despite i ts strengths, th i s tool shows a few weaknesses, some by design, 
others due to i ts pre-release state. Therefore, it i s impor tant to be aware of alternative 
tools a n d methods that c a n achieve s im i la r goals, i n add i t i on to evaluat ing the 
implementat ion a n d gather ing feedback from users . In the fol lowing chapters, three 
alternatives w i l l be presented a n d explored whi le the prev iously implemented tool w i l l be 
evaluated th rough a quest ionnaire. 

5.1 Alternatives to the ArcGIS Maps SDK 

5.1.1 Cesium for Unreal 
S imi la r to Uni ty , Un r ea l Eng ine is a mul t i -p la t form commerc ia l game engine developed 

by Ep i c Games a n d focuses on f i rst-person 3 D games. It i s free w i t h a royalty mode l a n d 
i ts source code is available. It uses C++ a n d v i s u a l scr ip t ing th rough "b luepr in ts " for 
development (Epic Games , 2022). Unrea l Eng ine 5, released i n 2022 , i s the latest vers ion 
available. It i s for th i s engine that C e s i u m for Unrea l was developed. 

C e s i u m G S descr ibes itsel f as a "plat form for 3D geospatial" : it i s a company that 
offers var ious free a n d pa id services. One of these is C e s i u m Ion, a p a i d p lat form w i th 
a free tier for hos t ing a n d del ivering 3 D content i n the c l oud (Ces ium G S , 2022). S imi la r 
to ArcGIS Onl ine i n that regard, i t suppor t s imagery a n d elevation layers, though 
the m a i n difference is the add i t iona l suppor t for 3 D tiles. T h i s open 3 D ti les specif ication, 
a n O G C commun i t y s t andard (Open Geospat ia l Conso r t i um, 2019), defines a tile format 
opt imised for del ivering 3 D content on the web where bandw id th i s the m a i n constraint . 
The C e s i u m for Unrea l p lug in combines the funct ional i t ies of Un r ea l a n d C e s i u m Ion by 
s treaming geospatial content on a planetary scale, a l lowing it to be further v i sua l i sed and 
developed into a fully-fledged gamif ied experience. 
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B y prov id ing these integrat ion capabi l i t ies , C e s i u m for Unrea l pos i t ions itself as 
a major tool i n bu i l d ing future dig i ta l twins. S t reaming precise geospat ia l da ta for 
the entire wor ld i s precisely the type of capabi l i ty needed for that. Development i s ongoing 
a n d the var ious m inor i s sues or bugs that use rs c a n encounter are be ing addressed 
prompt ly a n d pub l i c l y (Ces ium G S , 2020). 

The m a i n downside of th i s tool i s i t s incompat ib i l i ty w i th game engines other t h a n 
Unrea l . It i s l i nked to the engine's downsides, s u c h as diff iculty i n developing mobi le 
appl icat ions or the higher l earn ing curve compared to Uni ty , i l lus t ra ted by the complexity 
of C++ compared to C#. It i s also t r i cky to export 3 D scenes f rom ArcGIS Pro directly to 
C e s i u m Ion, as mu l t i pa t ch shapefile are not supported . T h i s w o u l d require the add i t i ona l 
hass le of u s i n g a tool s u c h as F M E to convert them to g lTF, the preferred format for 
C e s i u m Ion, or another one l ike F B X or C i t y G M L . Last ly, a n d despite i t s support for open 
s tandards a n d interfaces, C e s i u m Ion r ema ins a commerc ia l p lat form: the free tier only 
al lows for 5 G B of storage w i th restr ic t ions o n commerc ia l use a n d funded educat iona l 
projects. 

5.1.2 Interoperability in Unity: Digital Twin ESRIN 
Over a per iod of five mon ths i n 2021 , the Dig i ta l T w i n ESR IN prototype was developed 

i n co l laborat ion w i t h the E S R I N / E S A Ph i -Lab . It formed the pre l iminary work a n d m a i n 
idea for th i s thesis, w h i c h leverages the know-how a n d resources involved. Its goal was 
to demonstrate funct ional i t ies for the v i sua l i sa t i on of a n d interact ion w i t h env i ronmenta l 
da ta i n a n X R environment represent ing a loca l d ig i ta l tw in of the E S R I N site (Deligant, 
2021). U s i n g Agisoft Metashape, a photogrammetry software, 3 D mode ls of the site of 
var ious sizes a n d qual i ty were generated u s i n g drone images (Agisoft, 2022). After th i s 
step, they were direct ly impor ted into Uni ty . A s imple f i rst-person movement system was 
added to navigate w i t h i n the game, besides other mandatory elements s u c h as a m a i n 
m e n u . R E S T APIs were also used to integrate live a ir qual i ty a n d vegetation hea l th data 
into Un i t y th rough a canvas, as s h o w n i n the code snippet below. Once th i s work was 
ready, the V R movement system was added on top w i t h OpenXR as a n interface. 

p u b l i c s t a t i c s t r i n g G e t A P I D a t a ( s t r i n g API_URL, s t r i n g APIKey = n u l l ) { 
HttpWebRequest r e q u e s t = 

(HttpWebRequest)WebRequest.Create(API_URL); 
i f (APIKey != n u l l ) { 

r e q u e s t . H e a d e r s . A d d ( " A u t h o r i z a t i o n " , "APIKey " + A P I K e y ) ; 
} 
HttpWebResponse r e s p o n s e = ( H t t p W e b R e s p o n s e ) r e q u e s t . G e t R e s p o n s e ( ) ; 
StreamReader r e a d e r = new 

S t r e a m R e a d e r ( r e s p o n s e . G e t R e s p o n s e S t r e a m ( ) ) ; 
s t r i n g j s o n = r e a d e r . R e a d T o E n d ( ) ; 
r e s p o n s e . C l o s e () ; 
r e a d e r . C l o s e () ; 
r e t u r n j s o n ; 

} 

Several l imi ta t ions were encountered du r ing the integrat ion of the photogrammetry 
models. On ly a hand fu l of 3 D formats are suppor ted by Uni ty , s u c h as F B X or Wavefront 
O B J (Unity Technologies, 2022). However, these formats are not idea l for large, complex, 
a n d detai led models: their size i s measured i n h u n d r e d s or thousands of megabytes, not 
count ing the texture files w h i c h c a n r each the same size. Detai led models a n d textures 
are required for a n immers ive experience, especial ly for a f i rs t -person walkable 
environment, s ince the player c a n get very close to the textures. The Un i t y asset impor t 
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pipel ine i s not opt imised for very large models . Their in i t i a l impor t c a n take h o u r s and 
any modi f icat ion to the model 's sett ing w i l l require re- import ing. 

Figure 10: Comparison of two pictures showing a part of ESRIN within Unity at different 
texture resolutions (top: 8192x4, bottom 4096x4). The reduction by a factor of four leaves 
bricks, leaves, and grass completely smoothed and reduced the file size for each individual 

texture from 256MB to 64MB. 

Another tentative cons is ted i n impor t ing P L A T E A U da ta for the entire city of Tokyo. 
Project P L A T E A U a ims to create 3 D models of major Japanese cit ies a n d make them 
available for free for research a n d commerc ia l purposes (MLIT J a p a n , 2020). The models 
are LOD1 i n the F B X format, theoret ical ly l ightweight w i t h no textures a n d natively 
suppor ted by Uni ty . Unfortunately , direct impor t i s also imprac t i ca l as it takes about 2 4 h 
for the entire city, a t ime du r ing w h i c h no other act ion c a n be performed w i t h i n the editor. 
Once that i s done, opening the folder where the imported assets were located also takes 
a very long t ime, poss ib ly because the editor needs to generate asset m in ia tu res by 
read ing the models. 

A l l i n a l l , th i s shows that impor t ing 3 D mode ls of large areas into Un i t y only works 
wel l for areas of a l imi ted size. T h i s me thod does not scale we l l beyond a n area covering 
a few bu i ld ings w i t h detai led textures, i.e., for files larger t h a n a few gigabytes. For these 
reasons, P L A T E A U da ta was not u s e d i n the implementat ion. 
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There are s t i l l some advantages to the direct impor t approach. Interoperabil ity i s 
possible on a l imi ted scale w i thout georeferencing. If the requirements take into account 
the l im i ta t i on of the technologies, game engines are mature enough to be usab le for 
t echn ica l a n d scientif ic appl icat ions w i thout necess i tat ing a backg round i n game 
development. For instance, integrat ing real-t ime themat ic da ta i s stra ight forward and 
produces usab le resul ts . Lastly, V R was conf i rmed as a powerful a n d accessible tool for 
v isua l i sat ion . 

5.1.3 Godot, a FOSS option 
Godot i s a F O S S mul t i -p la t fo rm game engine released i n 2014. It provides a n editor 

for 2 D a n d 3 D development, suppor t s the C#, C++ a n d native G D S c r i p t language. Its 
open-source nature under a n open l icense theoret ical ly makes it the most extendable 
engine: by compar ison , Un i t y i s c losed-source a n d Unrea l Eng ine open-source w i th 
a commerc ia l l icense. A s of vers ion 4, Godot natively suppor ts O p e n X R (Linietsky, 2022). 

The asset impor t pipel ine for large 3 D models felt notably faster i n Godot t h a n i n 
Uni ty , a l though no b e n c h m a r k s were done. For instance, impor t ing the Dig i ta l T w i n 
ESR IN mode l of m e d i u m qual i ty c ou ld take a lmost a n hour i n Uni ty , bu t only a few 
m inutes i n Godot. T h i s i s poss ib ly because Godot natively suppor ts g lTF, a h ighly 
compressed 3 D format developed by Khronos G r o u p a imed at improv ing the t r ansmiss i on 
of 3 D scenes over the web (Khronos Group , 2021). The g lTF format i s recommended, 
though others s u c h as O B J a n d F B X are also supported . A s s u c h , the interoperabi l i ty 
capabi l i t ies of Godot appear s imi la r to that of Unity . 

Figure 11: Full resolution glTF model of Digital Twin ESRIN imported in a Godot scene. 

Godot h a s no b u i l t - i n support for the integrat ion of geospatial data, bu t it c a n be 
added v i a p lug ins . The geodot-plugin does exactly that: re ly ing on G D A L , it al lows 
georeferenced raster a n d vector da ta to be loaded i n the engine, even i n real-t ime 
(Institute of Landscape Development, Recreat ion a n d Conservat ion P lanning , 2020). 
However, the p lug in does not work out of the box, documenta t ion i s scarce, a n d overal l 
l earn ing a n d development require more work t h a n Uni ty . A l l i n a l l , Godot appears as a 
potent ia l ly attractive alternative to u s i n g Un i t y for interoperabi l i ty work, a l though few to 
no major integrat ion tools, s u c h as for ArcGIS On l ine or C e s i u m Ion, are available. 
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5.2 User testing 

5.2.1 Questionnaire design 
Designing a quest ionnaire requires s t rong preparat ion to make it as neu t ra l and 

attractive as possible. The form m u s t be unamb iguous , requ i r ing appropriate quest ion 
formats a n d a pre l iminary review. For instance, whenever a n u m e r i c a l scale i s 
appropriate, hav ing the scale go from zero to ten, instead of one to ten, provides a middle 
po int for par t i c ipants who neither agree nor disagree w i t h it (Thwaites Bee, 2016). W h e n 
the i npu t i s a n u m b e r or a percentage, conf igur ing the form to ensure only n u m e r i c a l 
va lues c a n be entered val idates inputs . Avo id ing ambigui t ies i s also necessary to achieve 
the most accurate resul ts : about Prague's model , not a l l bu i ld ings appear ing o n the 
basemap are also present as 3 D objects. The quest ions on that city t h u s specify that " a l l 
bu i ld ings " inc lude only bu i ld ings v is ible i n the 3 D model . Google Fo rms was selected due 
to i ts popular i ty , a tool most par t i c ipants w i l l be fami l iar w i t h a n d a l lowing them to focus 
on the quest ions themselves. Test ing happened over two consecutive days, w i t h one ba t ch 
of par t i c ipants each day. 

One type of content m i s s ing from the implementat ion is waypo ints or marke r s for 
or ientat ion. T h i s wou ld make it diff icult for par t i c ipants to convey loca l isat ion in format ion 
or p inpo in t a locat ion. Cons ider ing that th i s was a requirement for the quest ion on 
elevation, three waypo ints were temporar i ly added to the project d u r i n g the 
quest ionnaire . They are cy l inders of three colours: purp le , green, a n d blue, created as 
mu l t i pa t ch shapefile w i t h i n ArcGIS Pro a n d exported as a n add i t i ona l scene layer 
package. E a c h h a d a n attr ibute for their co lour w i th a shader i n Un i t y app ly ing the r ight 
one to each. The par t ic ipant c a n now ment i on a specific waypoint. Other temporary 
modi f icat ions to the app l i ca t ion i nc luded d i sab l ing the UI, s ince each par t i c ipant shou ld 
try only one city i n V R (with the other be ing i n ArcGIS Online) a n d add ing a shor tcut to 
show a n d hide the waypo ints manua l l y . 

The quest ions deal w i t h the percept ion of f looding data, more broadly w i t h the 
percept ion of GIS da ta th rough VR . Par t i c ipants have to guess the percentage of flooded 
bu i ld ings of a l l co lours or a specific one (orange) a n d are separated into two groups: one 
w i l l do so for city A i n V R a n d city B i n ArcGIS Onl ine , the other w i t h city B i n V R and 
city A i n ArcGIS On l ine (Figure 12). T h i s m in im i ses the importance of the order i n w h i c h 
cit ies are s h o w n as the est imates w i l l be very different. For cit ies viewed i n VR , the three 
waypoints prev iously ment ioned were p laced across them at different heights a n d one 
quest ion is about f ind ing out w h i c h one s i ts o n the highest po int o n the g round . Lastly, 
there are a hand fu l of quest ions to provide backg round info o n the par t i c ipant ' s 
experience, a sk ing about their op in ion on the nav igat ion i n bo th cases a n d general 
feedback. 
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Brno 

Selection 

Prague 

Conclusion 

Figure 12: Schematic representation of the two possible questionnaire paths: each group 
sees one city in VR and the other in ArcGIS Online, while both share another common set 

of questions. 

The hypothes is i s that par t i c ipants w i l l overestimate the n u m b e r of flooded bu i ld ings 
(of a l l colours) i n V R because of i t s immers ive aspect. The n u m b e r of orange bu i ld ings 
(20-years floods) i s expected to be overestimated i n a l l cases, as the n u m b e r of affected 
bu i ld ings i s very sma l l . Regarding the waypo ints a n d their elevation, the correct one is 
not expected to be easily spottable w i thout a careful examinat ion. Last ly, it i s expected 
that par t i c ipants w i l l f ind ArcGIS On l ine easier to contro l , though w i l l prefer the fun 
aspect of VR. 

Table 4 List of questions from the survey along with possible answers 

Number Ques t ion Answer 

1 W h a t i s y o u r n a m e ? (ID) Text 

2 
W h a t g r o u p o f q u e s t i o n s w i l l t h i s 

b e ? 
B r n o V R / P r a g u e A r c G I S 
P r a g u e V R / B r n o A r c G I S 

3 - 6 - 9 - 1 1 
D u r i n g a 1 0 0 - y e a r s f l ood (red), 

w h a t p e r c e n t a g e o f t h e b u i l d i n g s 
a re f l ooded? 

Number between 1 and 100 

4 - 7 - 1 0 - 1 2 
D u r i n g a 2 0 - y e a r s f l ood (orange) , 
w h a t p e r c e n t a g e o f t h e b u i l d i n g s 

a re f l ooded? 
Number between 1 and 100 

5-8 
W h a t w a y p o i n t i s l o c a t e d o n t h e 

h i g h e s t g r o u n d ? 

B l u e 
P u r p l e 
G r e e n 

13 
H o w m u c h e x p e r i e n c e do y o u h a v e 

w i t h G I S ? 

N o e x p e r i e n c e 
1-5 y e a r s 
5+ y e a r s 

14 
H o w m u c h e x p e r i e n c e do y o u h a v e 

w i t h g a m e e n g i n e d e v e l o p m e n t 
(Un i t y , U n r e a l ) ? 

N o e x p e r i e n c e 
1-5 y e a r s 
5+ y e a r s 

15 H a d y o u ever u s e d A r c G I S O n l i n e ? 
Y e s 
N o 
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Number Ques t ion Answer 

16 
H a d y o u ever u s e d a V i r t u a l 

R e a l i t y h e a d s e t ? 

Y e s , m a n y t i m e s (5+) 

Y e s , a few t i m e s (1-5) 

N o , n e v e r 

17 
W e r e y o u b r o a d l y f a m i l i a r w i t h t h e 

c i t i e s b e f o r e h a n d ? 
Y e s 
N o 

18 
W h a t s y s t e m felt e as i e r to nav i ga t e 

i n t e r m s o f c o n t r o l s ? 
O c u l u s Q u e s t 
A r c G I S O n l i n e 

19 
In V R , we r e y o u l i m i t e d b y t h e 

c o n t r o l s (speed, m o v e m e n t 
d i r e c t i o n s ) ? 

Y e s 
N o 

2 0 
D o y o u see a n y a d d e d v a l u e i n V R 

c o m p a r e d to A r c G I S O n l i n e ? 
Text 

2 1 D o y o u h a v e a n y o t h e r f e e d b a c k ? Text 

5.2.2 Participants demographics 
Having a bas ic unde rs tand ing of who the par t i c ipants are i s necessary to assess 

the val id i ty of the quest ionnaire a n d prevent b ias i n the ana lys is of their responses. 

How m u c h experience 
do you have w i th GIS? 

i No experience 

i 1 to 5 years 

More than 5 
years 

How m u c h experience 
do you have w i th game 

engines? 

i No experience 

i 1 to 5 years 

More than 5 
years 

Figure 13: Pie charts showing the experience level of participants with GIS (left) and game 
engines (right). 

A l l par t i c ipants are expected to have at least one year of experience w i th GIS, w i th 
a few hav ing more t h a n five years of experience, whi le the majority are expected to have 
no experience w i t h game engines. A l l were part of the Department of Geoinformat ics at 
the Palacký Univers i ty Olomouc: no diversity was required i n that regard s ince the contro l 
test consisted of the ArcGIS On l ine quest ions. The work bu i l d s o n top of th i s ex ist ing 3D 
v i sua l i za t i on so lut ion, p l u s users s h o u l d be fami l iar w i t h GIS to be able to provide 
meaning fu l feedback. 
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Had you ever used a V R 
headset? 

i Yes, more 
than 5 times 

i Yes, 1 to 5 
times 

No, never 

Were you familiar w i th 
both cities beforehand? 

i Y e s 

' No 

Figure 14: Pie charts showing the experience of users with VR headsets (left) and their 
background knowledge of both cities (right). 

More t h a n ha l f of the par t i c ipants h a d already tr ied a V R headset at least once, 
a hand fu l h a d a lot of experience, a n d a t h i r d h a d never t r ied it whatsoever. V i r tua l l y a l l 
par t i c ipants h a d already used ArcG IS Onl ine , conf i rming i ts role as a contro l and 
va l idat ion part. The i r name was collected in i t ia l l y a n d later converted to a n identif ier so 
that no persona l in format ion rema ined available. 

Figure 15: Thesis supervisor Jan Brus wearing the Oculus Quest 2 during 
the questionnaire. 
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6 RESULTS 
The objectives of th i s thes is were to analyse, test a n d describe the integrat ion between 

GIS a n d game engines i n the context of d ig i ta l tw ins for disaster preparedness. 
Throughout two research parts , these goals were explored, prov id ing a detai led 
exp lanat ion of the processes that lead to var ious relevant f indings. T h i s sect ion presents 
them i n a s u m m a r i s e d manner . 

6.1.1 Technical implementation 
As the selected integrat ion tool, the A rcG IS M a p s S D K for Un i t y appeared powerful 

a n d capable despite i ts pre-release state a n d lack of impor tant funct ional i t ies. A l l 
current ly suppor ted layer types were successful ly integrated, i n c lud ing imagery basemap, 
elevation, a n d 3 D objects scenes. The abi l i ty to s t ream files f rom ArcGIS Onl ine w i th 
a n API key adds f lexibil ity a n d scalabi l i ty , whi le loca l files c a n be convenient a n d reduce 
network s t ra in . Advanced v i sua l i sa t i on i s not yet completely scalable: for instance, 3D 
attr ibutes require def ining a Un i t y shader a n d know ing the at tr ibutes of the layer i n 
advance. It h a s a few pecul iar character is t ics that complexify development i n Uni ty , most 
impor tant ly the need for h igh-prec is ion coordinates th rough the HPTransform 
component, mean ing appl icat ions s h o u l d be ta i lored to that tool or need to be converted 
to suppor t it. W i t h a 1.0 release expected i n May 2022 , the add i t i on of new features shou ld 
further increase i ts capabi l i t ies. 

Developing a V R app l i ca t ion i n Un i t y i s straightforward, t h a n k s to the detai led 
documenta t i on avai lable a n d suppor t for OpenXR , i n c lud ing interact ion capabi l i t ies. 
Adapt ing it to the ArcGIS M a p s S D K p lug in required deal ing w i t h the aforementioned 
specificities. The movement scr ipt h a d to be reverse-engineered a n d adapted to work w i th 
a n H M D . 
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Figure 17: Brno as visible in the Unity application. The imagery's coverage does not extend 
to the whole area, leaving the outskirts in white with only the elevation displayed. 

Avai lable o n the at tached S D card , the output i s the standalone V R app l i ca t ion for the 
Windows OS , a long w i th the project files necessary to modify a n d compi le it for a different 
OS. It i s ready to be used w i t h any OpenXR-suppor t ed H M D a n d control ler, a l though the 
app l i ca t ion c a n also be compi led for use w i t h a keyboard a n d mouse. The two largest 
cit ies i n the Czech Republ ic , Prague a n d Brno , were implemented. 

6.1.2 Alternatives methods and tools 
Despite the powerful capabi l i t ies of the ArcGIS M a p s S D K for game engines, namely 

the seamless integrat ion of game engines w i th E s r i p lat forms a n d interfaces, it i s not 
sui ted to a l l use-cases. Rel iance on th i s ecosystem i s bo th a s trength a n d a weakness, as 
the l imi ted avai labi l i ty of formats a n d i ts commerc ia l na ture h inder it. There are 
nonetheless alternative integrat ion tools a n d interoperabi l i ty methods. 

C e s i u m for Unr ea l i s one of the most developed a n d accessible opt ions, w i t h i ts own 
set of advantages a n d disadvantages. B y s t reaming content into Unr ea l f rom the C e s i u m 
Ion plat form, it suppor ts a variety of open formats a n d c a n scale to the entire globe. 
However, it i s equal ly l imi ted i n terms of interfaces, w i t h for ins tance no easy integrat ion 
of E s r i formats or the obl igat ion to host the content on C e s i u m Ion, a commerc ia l p lat form 
first a n d foremost. 

Un l i k e the two prev ious examples, interoperabi l i ty methods rely on the exist ing 
capabi l i t ies of game engines for read ing geospatial data. Un l i k e Uni ty , Un r ea l Engine 
offers a georeferencing p lug in , otherwise they are pretty s imi la r i n the formats they 
support , asset impor t pipel ine performance, a n d scalabi l i ty . The latter i s often a n issue 
due to the size of h igh-reso lut ion a n d high-coverage models. Godot does a better j ob i n 
that regard w i t h native suppor t for the s t reaming-opt imised g lTF speci f icat ion, even 
though it i s less accessible t h a n i ts compet i tors due to l imi ted documentat ion . Rel iance 
on p lug ins a n d establ ished engines i s necessary for ind i v idua l s or s m a l l teams w i thout 
the resources to b u i l d a complete geospatial integrat ion a n d v i sua l i sa t i on system. Home-
bu i l t p lug ins are a n opt ion for larger projects, especially on open-source engines s u c h as 
Unr ea l Eng ine or Godot. 
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6.1.3 User testing 
The goal of the quest ionnaire i s to analyse the percept ion of 3 D geospat ia l da ta i n VR, 

compare it to the percept ion of 3 D da ta o n the web, a n d gather feedback o n the 
implementat ion. T h r o u g h two sets of quest ions, i t inqu i r ed about how geospatial da ta is 
perceived, the ease of extract ing in format ion from a v i sua l i sa t i on , a n d the potent ia l biases 
caused by VR. 

Table 5 Results from the questions on buildings count estimation for the city of Brno 

Brno F looded bui ldings (%) Orange bui ld ings (%) B rno 

V R ArcGIS On l ine V R ArcGIS On l ine 

C o r r e c t v a l u e 10 1 

A v e rag e r e p l y 2 3 . 6 12 .6 7.1 2 .9 

S t a n d a r d d e v i a t i o n 8 .9 6 .8 6 .8 2 .0 

Table 6 Results from the questions on buildings count estimation for the city of Prague 

Prague F looded bui ldings (%) Orange bui ld ings (%) Prague 

V R ArcGIS On l ine V R ArcGIS On l ine 

C o r r e c t v a l u e 3 .4 1.2 

A v e rag e r e p l y 5.4 7 .0 2 .6 3 .0 

S t a n d a r d d e v i a t i o n 2 .8 5.2 1.7 2 .7 

For v i r tua l ly a l l quest ions, a majority of par t i c ipants overestimated the n u m b e r of 
bu i ld ings affected by floods. The difference is greater i n B r n o w i t h a n overest imation of 
9 % o n average, compared to Prague w i t h only 3% . The overest imation was the same i n 
V R a n d ArcG IS On l ine at 6%. Accord ing to the s tandard deviat ion, the answers were more 
disparate for B r n o t h a n for Prague. The most interest ing d i s t inc t i on appears when 
compar ing the differences between V R a n d ArcGIS On l ine i n each city. Par t ic ipants 
overestimated affected bu i ld ings i n B r n o i n V R compared to ArcGIS On l ine by a factor of 
2, whi le they s l ight ly underes t imated the affected bu i ld ings i n Prague i n V R compared to 
ArcGIS On l ine (Table 5, Table 6). 

V R t h u s appears to act as a percept ion amplif ier: i f m a n y bu i ld ings are affected, th is 
fact w i l l be exaggerated; i f few bu i ld ings are affected, i t w i l l be d im in i shed . Due to the 
l imi ted sample size, more research is necessary to conf i rm th i s trend. 

Table 7 Height of all waypoints for both cities 

Way point / C i t y Brno Prague 

B l u e 2 2 7 m 1 9 2 m 

G r e e n 1 9 7 m 1 8 7 m 

P u r p l e 2 0 8 m 1 7 9 m 

The quest ions o n loca l is ing waypo ints prov ided very equal ly interest ing ins ights on 
the use fu lness of the system. A s seen i n Table 7, the b lue waypo ints were the highest 
ones i n bo th cases. 
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Which waypoint sits on 
the highest ground i n 

Brno? 

• Blue 

• Green 

• Purple 

Which waypoint sits on 
the highest ground i n 

Prague? 

• Blue 

• Green 

• Purple 

Figure 18: Pie charts showing the responses on which waypoint was the highest in Brno 
(left) and Prague (right). 

Accord ing to the resu l ts for B r n o a n d Prague, it was indeed possible to differentiate 
between the elevation represented by these towers (Figure 18). On ly a t h i r d of par t i c ipants 
chose the correct answer for B rno , a l though th is c a n be expla ined by the presence of 
nearby h i l l s g iv ing the purp le waypoint the i l l u s i on of height, leading more par t i c ipants 
to select it. For Prague, the difference i n height between the highest a n d second-highest 
was only 5m, yet a majority chose the correct answer a n d the lowest waypoint was never 
selected. Overal l , the accuracy appears quite good w i t h the highest or second-highest 
poss ib i l i ty selected, their clear dif ferentiation requi r ing i n one case to overcome a n 
unconsc i ous b ias a n d i n the second to spot a 5 m difference i n elevation. T h i s f ind ing is 
of interest as it demonstrates how V R is able to accurate ly convey subt le relative 
differences i n elevation, a themat ic layer extremely c o m m o n i n 3 D v i sua l i sa t ion , even 
though geographic features s u c h as h i l l s c a n cause bias. 

Figure 19: Blue and purple waypoints over the city of Brno as visible within Unity. The hills 
in the middle-ground give an illusion of height to the purple waypoint. 
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What system felt easier 
to navigate i n terms of 

controls? 

I Oculus Quest 

I ArcGIS 
Online 

In VR, were you l imited 
by the controls (speed, 
movement direction?) 

I Yes 

I No 

Figure 20: Pie charts showing the feedback of users on their navigation preferences (left) 
and complaints (right). 

Disprov ing the in i t i a l hypothes is , two th i rds of the people preferred the navigat ion 
th rough the Quest 2 to u s i n g A rcG IS Onl ine . Despite th i s sl ight preference, ha l f of a l l 
par t i c ipants f ound themselves l imi ted by the contro ls i n their explorat ion of the data. 
Speed was the most c o m m o n compla int , as seen i n the tex tua l feedback, l u ck i l y it i s 
a duo of var iables that c a n be easily tweaked. Movement d irect ions are part of broader 
possible improvements o n navigat ion, w h i c h wou ld inc lude u s i n g the whole control ler 
a n d i ts pos i t ion rather t h a n j u s t i t s joys t i ck for movement. T h i s w o u l d also be relatively 
easy to implement. 

Table 8 Words appearing more than twice in the textual feedback on the advantages of VR, with 
similar words merged (e.g., view-viewing) 

Word F requency 

V i e w 6 

A n g l e 3 

I m m e r s i o n 3 

W i d e 3 

B i r d 2 

E n g a g e m e n t 2 

R e a l i s m 2 

The resu l ts of the feedback sect ion o n the added value of V R give u s in format ion on 
advantages that are not necessar i ly evident nor easy to convey th rough text or a s tandard 
2 D screen. The word "view" i s f ound i n more t h a n a t h i r d of a l l answers. It i s often present 
i n comb ina t i on w i t h "angle", "wide" a n d "b i rd " , th rough the sentences "wide v iew angle" 
a n d "b i rd view". Indeed, w h e n u s i n g a V R headset, our eyes c a n enjoy a v iewing angle 
m u c h wider t h a n w h e n look ing at a computer screen, i n fact as wide as i n rea l life. In 
t u r n , th i s improves the " immers ion" , "engagement" a n d " rea l i sm" aspects, w h i c h are a l l 
f ound i n the feedback responses. 

40 



Lastly, i n terms of general feedback, a word frequency ana lys i s i s not relevant due to 
the low n u m b e r of answers a n d their heterogeneity. At least two par t i c ipants felt dizzy 
when try ing the V R headset, a s ymptom of mo t i on s ickness . The aforementioned network 
i ssues affected a hand fu l of par t i c ipants , degrading their experience. Some suggested 
increas ing the movement speed a n d mov ing i n the d i rect ion of the control ler as opposed 
to that of the camera. 

There are var ious elements of interest noted whi le observing the par t i c ipants that 
cou ld not be formal ly recorded: 

• W h e n asked to estimate the percentage of flooded bu i ld ings , few par t i c ipants 
looked at the cit ies from "nadir " , i n V R as i n A rcG IS Onl ine , to try repl icat ing 
the experience of a stat ic map 

• The default extent i s c ruc ia l , especial ly i n ArcGIS Onl ine , as some w i l l not try to 
look beyond what i s in i t ia l l y v is ible or move a r o u n d a lot, t h u s m i s s ing some parts 
of the cities 

• The contro l scheme (forward movement d irect ion a l igned w i t h the camera look 
direction) was un in tu i t i v e for some people, who d id not often look b eh ind them or 
u p a n d down, whi le for others th i s was perfectly intuit ive 

Overal l , geospatial da ta is we l l perceived i n game engines th rough VR . The in format ion 
was conveyed to use rs w i t h a GIS backg round i n a n enterta in ing manne r a n d the current 
implementat ion proved sufficient for that goal. The app l i ca t ion cou ld nonetheless be 
tweaked to be more user- fr iendly a n d accommodate more interact ion functional i t ies. 
Besides, the importance of quest ionnaire preparat ion a n d setup was emphas ised by 
the b a n d w i d t h i ssues present in i t ia l ly a n d the ambigui ty of some quest ions. 
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7 DISCUSSION 
D u r i n g the ana lys i s a n d implementat ion of th i s project, var ious t echn ica l and 

conceptua l i ssues were encountered. T h i s h a d to be solved or worked a r o u n d to fulf i l 
the in i t i a l objectives. T h i s sect ion descr ibes the m a i n chal lenges of the chosen approach, 
possible so lut ions , a n d future outlook. 

Application development 

As par t of a d ig i ta l tw in system, GIS a n d game engine integrat ion is a single 
component, not usab le i n a n d of itself. It requires at least i npu t da ta a n d output 
v i sua l i sa t ion . Game engines have made the development of sa id v i sua l i sa t i on accessible 
to anyone w i thout specia l ised sk i l l s , yet the process of creat ing a usab le app l i ca t ion for 
professional use i s complex. For instance, no m a i n or sett ings m e n u was implemented, 
the contro l scheme i s stat ic , a n d interact ion is l imi ted. B u i l d i n g these capabi l i t ies is 
a matter of resource investment w i t h specific goals a n d use-cases. Uni ty , Un r ea l Engine , 
a n d Godot a l l make th i s possible w i t h var ious levels of pre l iminary work required for 
each. The need for double prec i s ion for coordinates forces the ArcGIS M a p s S D K for Un i t y 
to replace the default Transform component w i t h i ts own h igh-prec is ion t ransform. Th i s 
l im i t s the transferabi l i ty of app l i ca t ions as they wou ld require some level of modi f icat ion 
to adapt to th i s change. 

Plugin features and interoperability status 

While powerful, b o th the M a p s S D K a n d C e s i u m for Unr ea l p l u g i n have l im i t s to their 
capabi l i ty w h i c h cou ld prevent the implementat ion of some use-cases. Re ly ing o n them 
creates a dependency o n the company beh ind them. In the case of E s r i , i t i s a dependency 
on a n entire ecosystem w i t h i ts own s tandards a n d interfaces. In addi t ion , the poss ib i l i ty 
of add ing or request ing cus t om features is not guaranteed, for ins tance m e s h co l l i s ion i n 
the M a p s S D K . For large a n d complex projects, un l e s s the chosen use-case fits w i t h i n 
the capabi l i t ies they offer, re ly ing on them is a r i sk . F ina l ly , their commerc ia l nature 
means a n absence of up- front development costs a n d a n increase i n the cost of sus ta in ing 
the product . Sca labi l i ty cou ld become a n issue w i t h the dependency moved to the abi l i ty 
of the host p lat form to host a n d update content a n d how we l l the p lug ins cou ld deal w i th 
it. 

Examp les of impor tant m i s s ing features inc lude the lack of suppor t for O G C web 
services or the absence of vector features a n d sty l ing. Cl ient-to-server commun ica t i on 
has not been explored bu t s h o u l d be possible i n the future, a l lowing for advanced 
interact ions w i t h the real-t ime t r ansm i s s i on of cl ient data, s u c h as their posi t ion. 
S imu la t i ons cou ld also be a great use of the capabi l i t ies of game engines, he lp ing to 
b reach the barr ier between ser ious play a n d ser ious game. 

Conceptual aspect 

Game engines have been shown to be perfectly usab le for geospatial da ta 
v isua l i sa t ion . V R c a n amplify the message depicted by the da ta whi le be ing very 
enterta ining to use. However, depending o n the use-case, other ways of conveying 
in format ion might be more appropriate , l ike 3 D web v isua l i sa t ion , images, or text. A lot 
of progress has been made i n the accessibi l i ty of VR , bu t it s t i l l requires a relatively 
expensive H M D and , i f the H M D requires it, a performant computer for render ing. Un l ike 
the web a n d as of yet, V R is not a technology for the masses. 
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In-person testing 

For par t i c ipants to f i l l i n the quest ionnaire , they h a d to try the V R system, mean ing 
they s h o u l d come one by one to test the system a n d interact w i t h the tool. Th i s l im i t s 
the n u m b e r of par t i c ipants due to the constra ints of phys ica l l y hav ing m a n y people a n d 
the t ime each takes, at about t en minutes . 

A n u m b e r of t echn ica l l imi ta t ions were encountered du r ing test ing. F i rs t of a l l , 
the O c u l u s Quest 2 requires sett ing u p a gua rd i an boundary , w h i c h i s a space manua l l y 
defined i n w h i c h the user c a n move w i thout encounter ing any obstacles. T h i s d id not 
work wel l as the boundar ies were not recognised every-time in-between par t i c ipants and 
h a d to be m a n u a l l y reset. The H M D also used A i r L ink , a funct ional i ty a l lowing it to be 
l i nked to a computer w i thout a cable. Whi l e the added convenience is of great importance, 
it requires the computer a n d the headset to be on the same loca l network, i s l imi ted by 
the performance of the router, a n d l im i t s the battery life to less t h a n two hours . 
Concretely, the v iewing experience was not a lways smooth, w i t h the view somet imes 
stutter ing due to network congestion. Lastly, the app l i ca t ion used 3 D scene layer 
packages hosted on ArcGIS Onl ine , a requirement to make it work on different computers 
w i thout manua l l y i npu t t ing the file pa th . However, as the scenes c a n be h u n d r e d s of 
megabytes large, th i s further strangled the network bandwid th , mean ing loca l files were 
used i n the second ba t ch of par t i c ipants for a smoother experience. 

A l l of these po ints m e a n that a great deal of effort h a s to go into the preparat ion to 
ensure a smooth experience for a l l volunteers. In addi t ion , two quest ions were found to 
be s t i l l amb iguous after testing. In quest ion 17, "broadly fami l iar" meant whether 
par t i c ipants h a d general backg round knowledge of the cit ies, their layouts, and 
geography, however th i s required a n explanat ion. Ques t i on 20 also imp l i ed that benefits 
to V R existed due to the tex tua l na ture of the answer; only one person wrote that there 
was no benefit. 

Relation to Copernicus 

As a s tudy program requirement, invest igat ing possible l i n k s to Copern i cus data. No 
direct use was made i n th i s thes is , bu t var ious are imaginable. Imagery layers from 
the space segment c a n be direct ly v i sua l i sed th rough layers hosted on the pub l i c ArcGIS 
L iv ing At las , s u c h as Sent ine l -5P Ozone concentrat ion or Sent inel-2 views, a n d products 
derived f rom the var ious services c a n also be integrated as non- imagery raster tile layers, 
s u c h as the Cor ine L a n d Cover f rom the Cope rn i cus L a n d Mon i to r ing Service. One 
product par t i cu lar ly relevant to disaster management i s the G l oba l F lood Awareness 
System (GloFAS) f rom the Copern i cus Emergency Management Service, a l though it uses 
O G C web services that cannot yet be integrated. As a methodological work, the framework 
developed al lowed s u c h da ta to be easily implemented, prov id ing the r ight interfaces. 

Digital twins 

Designing a fu l l d ig i ta l tw in i s a complex endeavour requ i r ing n u m e r o u s layer 
components wo rk ing together to produce a v i r tua l r ep l i ca of the chosen element. Th i s 
work d id not a i m at creat ing a n entire dig i ta l tw in . Rather, it provides ins ights into us ing 
innovative technologies o n two in te r l inked components: da ta integrat ion and 
v isua l i sa t ion . B y assess ing the usab i l i t y of these new tools a n d methods, future work can 
b u i l d u p o n th is research to get a pre l iminary unders tand ing of their strengths a n d 
weaknesses to determine whether they wou ld be usable for their use-case. 
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8 CONCLUSION 
Throughout th i s thesis , the state of integrat ion between GIS a n d game engines for 

dig i ta l tw ins i n the context of disaster preparedness was investigated a n d evaluated. X R 
v i sua l i sa t i on was a n integra l component of the integrat ion as it made use of Uni ty ' s 
capabi l i t ies to produce a standalone, testable product . T h i s current state i s mov ing 
rapid ly , w i t h m a n y tools i n development or be ing released. They add powerful capabi l i t ies 
on top of the ones already present i n game engines, m a k i n g them usable for the creat ion 
of d ig i ta l twins. 

Interoperabil i ty between GIS a n d game engines is relatively l imi ted as it s tands. 
Developers have the poss ib i l i ty of bu i l d ing their own capabi l i t ies t h o u g h w i t h a lot of 
resources investment. For instance, u s i n g the A rcG IS M a p s S D K for Un i t y provides 
var ious integrat ion features, speeding u p development a n d b lu r r i ng the l ine between 
fus ion a n d integrat ion. O n top of that, V R c a n emphasise the message be ing propagated 
v i a the v i sua l i sa t i on whi le keeping users entertained a n d immersed . T h i s i s par t i cu lar ly 
relevant for disaster preparedness th rough ra i s ing awareness, increas ing disaster 
unders tand ing a n d propagat ing the in format ion to dec is ion-makers . Notwi thstanding, 
current integrat ion tools have some impor tant weaknesses, most notab ly their 
commerc ia l aspect a n d l imi ta t ions i n the suppor ted formats a n d interfaces. Besides, 
bu i l d ing a fully gamif ied experience w i t h a V R element requires m a n y resources invested 
i n app l i ca t ion development, UI, a n d hardware accessibi l i ty. 

Fu ture work s h o u l d focus on def ining whether integrat ion tools are su i ted for their 
use-cases a n d imp lement ing them i n a dig i ta l tw in system, for example as a m a i n 
v i sua l i sa t i on tool or as a n added outreach ins t rument . Interoperabil i ty w i t h open 
interfaces s u c h as O G C web services cou ld a l low for more scalable a n d interactable 
appl icat ions but w i l l require cus t om implementat ion or dependency on external 
providers. Moreover, whi le V R has been thoroughly explored, A R a n d M R have numerous 
advantages that c ou ld be pu t to use , most important ly improved interact iv i ty and 
accessibi l i ty at the cost of degraded immers ion . 

Hav ing t aken par t i n the discovery a n d explorat ion of recent integrat ion processes at 
a n early stage of their development, th i s thes is w i l l promote a n d facilitate their use for 
t asks requ i r ing the interact ion a n d v i sua l i sa t i on poss ib i l i t ies offered by game engines. 
F r o m products a n d services designed a n d bu i l t i n entirely different wor lds c a n s tem new 
combinat ions a n d so lut ions to m a n y problems, rang ing from the d i sseminat ion of 
disaster preparedness in format ion to the s imu la t i on of past a n d future hazards a n d their 
consequences. It i s t h u s another s tepping stone i n the advance towards the rea l isat ion of 
Des t inat ion E a r t h a n d i ts mode l i sat ion of the entire planet. 
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