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GLOSSARY

3 Dimensiong adigital model
represented in three axes allowing for
the perception of volume and spatial
relationships

Access Rightsa piece of accessibility
informationdetermining the rights of
certain groups of users to enter,
navigate, or usa particularspace

Allocentric Frame spatial representation
which entirelyrelieson the relationship
between the spatial entities
(independent to the observer)

AngularChoice- spatial measurement of
betweenness centrality aimed to
identify key navigation route

Angular Integration- spatial
measurement of closeness centrality
aimed to identify space accessibility
concerningother spaces

ANOVA- a statistical test which is used to
compare different groups of data

Augmented reality- is a technology that
combines digital content with the real
environment by overlaying it with
various digital devices.

Axial Lines the longest straight line
representing the maximum extension
of a point of space.

Cardinal Direction+ Spatialorientation
whichrefersto the main compass
direction: North, South, East, and West

Central Point Strategy wayfinding
strategy which focuses on remaining at
the core of the space or building

CityGML- geospatial information model
and XMtbased encoding faihe

representation, storage and exchange
of the virtual 3D city and landscapes.

Cognitive Map- a rich internal model of
the world that accounts for the
relationships between events and
predicts the consequences of actions.

Cognitive Mapping the process of
encoding, storing, and manipulating
experienced and sensed geo
referenced information

Cognitive Processa series of cognitive
operations carried out in the creation
and manipulation of mental
representations of information

Constructivist Learning Mechanisris a
learning mechanism in which learners
actively contribute to constructing their
knowledge rather than passively
receivinginformation.

Continuousg something that is going
without interruption or gaps

ContinuousWayfinding- an act of
wayfinding involving movement
through different environments
uninterruptedly

Declarative memory holds knowledge
that can be clearly described, such as
LIS2 L)X SQa dzy RSNER G yRAY3
mathematical formulas and chemical
principles

Direction Strategy wayfinding strategy
whichutilizesa paththat leads directly
to the destination effectively

District - part of the city structure which
recognize a certain sectional character



Edge- serves as a limit between regigns
which can emerge as a wall, shore,
railroadcuts, etc

Egocentric Framespatial representations
which relate to the body axes
(dependent to the observer)

Error signals feedback generated when
an expected outcome does not match
reality, prompting learning
adjustments.

Error-Driven Learning Mechanisma
learning process whictocuseson
error reduction often found in the
process of practice

Eye Trackingresearch technique in
collecting gazgatternsand visual
attention

Fields of View total visual area
observable through the eye of a person

GaussianSplatting - a 3D pointbased
rendering technique utilizing
anisotropic 3D Gaussians

Global Landmark; a landmark which is
seenfrom many angles and distances

Indoor - the space inside a structure
(interior of a house, building, etc.)

IndoorGML- an OGC® standard for
representing and exchanging indoor
navigation network models

Isovist - a set of all points visible from a
given vantage point in space and with
respect to an environment. The shape
and size of an isovist is liable to change
with position

Kinaesthetic senseour body'sability to
perceive movement and positioning

Knowledge Gathering and

Processing Ability attitude and
preferences to exten#&nowledge
about the environment, e.g. explore
cities and take new routes

Landmarks externalpoint references
that are recognizable from various
points of view

Latency- the processing time incurred by
the computer system used for the VR
application

Localizationg is a process following
positioning which generatesmore
descriptive spatial information
gatheredfrom the local environment

Local Landmarklandmarks that tend to
only be visible from close up

Locomotiong sensory responsive
behaviour responsible fomavigation
activitiessuch as steering, obstacle
avoidance andapproaching visible
object

Longterm memory - stored memory as
part of acognitive system over an
extended period

Navigation- coordinated and goal
directed movement through the
environment by organisms or
intelligent machines

Navigational Aptitude- the ability of a
person to have an efficient navigation
iIn anenvironment

Nodes- crosssectionpoint or a
concentrated part of a city network

Orientation - the process of identifying
your current direction and location
using mentally structured reference
points



Orientation Absolute- positioning based
on fixedreference points such as
cardinal directions.

Orientation Relative- positioning based
on local reference objects rather than
global coordinates.

Outdoor - the space outside the building
structure

Path- the routes where peoplevalkright
through

Path Tracing research technique for
recording movement patterns in a
spatial environment

Pause/ Break Pointg areasin which
participant takes a break or pause to
collect information from the
environment

Plan Configuration structural layout of
spaces in a building, which could affect
the wayfinding and movement pattern

Pointdoud - a set of digital
representation points data iathree-
dimensionakoordination system

Positioning- the process of one's location
establishment relative to a reference
point

Procedural Memory- the relationship
between the input stimulation and the
output, such as sports skills and habits

Regression a statistical method utilized
in determiningthe relationship
between variables

Routing Free Spacea navigation method
that does not rely on predefined paths
but allows movement in open spaces.

Routing Network- a structured system of
interconnected pathways used for
navigation.

Screen Curvaturethe degree of a curved
display surfacaffectsthe spatial
visualization and depth perception

Seamless Wayfindingwayfinding which
does not encounter interventions when
transitioningbetween different
environments

Segment Analysis analysis of a segment
map, including topological, angular and
metric analyses used to identify
movementpatternsand route
selection

SelfOrganizingLearning
Mechanism- learning process that

develops a structuredepresentation
of the environment which does not
require external feedback

SelfLocalization- a process of identifying
one's currenfposition within a spatial
layout, driven by cognitive processing,
at any given time during wayfinding
and navigating

SeltMonitoring - process and ability to
constantly identifythe current position
relative to the chosen path during
wayfinding

SemiBounded- a partiallyenclosed
spatial situation

Semtindoor - aspace covered with
canopies thatrerelated to a building
and can combine indoor and outdoor
climate conditions.

SemitQutdoor - aspace that is not
enclosed entirely and has some
settings including humarmmade



structures that moderate the effects of
the outdoor conditions

SemiSructured Interview - a qualitative
data collection method that uses a
predetermined set of opeended
guestions while allowing the
interviewer to probe deeper into
emerging themes based on participant
responses

SensorySimuli - environmental inputs
from sensoryreceptorssuch as visual,
auditory, and tactile cues

ShortTerm Memory - temporarilystored
memory as part of a cognitive system
for immediate task

Signage visual cues of indicators used to
guide wayfinding or navigation

Space Syntaxtheory of space and a set
of analytical, quantitative and
descriptive tools for analysirgpace
layoutin buildings and cities.

Spatial Cognition part ofthe human
cognitive ability to acknowledge and
process spatial information angseit
for various activities

Spatial Orientationg the localization of
objects in imagination either with
reference to oneselfto one another,
or fixed, standard directions

SpatialVisibility - a measurement
depicting the visibility range of a space
from the given location

Statistical Learning Mechanisaiearning
mechanism developed from detecting

statistical regularities in continuous
sensory input

ThinkingAloud Protocols qualitative
data collection method involving
vocalisation othoughts reasoning,
and decisiommaking of the research
participant during task performance

Transitional Spacespaces that can be
neither consistently classified as being
indoors nor being outdoors and that
share properties with either category

Verbatim ¢ transcriptionword-for-word
reproduction of verbal data, where the
written words are an exact replication
of the audio-recordedwords

Virtual Reality- adigital environment
which simulates an immersive
experience with user interaction
feature

Visual Accessthe ability to see through
or out of a spatial setting

Visualreceptors- the visual sensory organ
(eyes) which is responsible for
processingisuospatiainformation

Wayfinding- an ability and gprocessof a
person to find a way andetto the
intended location, supported by their
cognitionand action, with information
provided by the environment

Working memory- brain system that
provides temporary storage and
manipulation of the information
necessary for such complex cognitive
tasks asanguage comprehension,
learning, and reasoning



ABSTRACT

In investigating spatial cognitive developmengrus studies have explored wayfinding
performanceexclusively in either indoor or outdoor environmentdowever continuous
wayfinding across environments is often inevitable in4tdalsituationsinvolving transitional
space between indoor and outdoor spac&sansitional spaceare significanin wayfinding
performance serving as cognitive processing points where individuals reassess spatial
information, adjust theiwayfindingstrategies, and integrate environmental cues to maintain
orientation. Meanwhile, wayfinding studies addressing transitional space are rarely found
despite great potential in supporting thecognitive development process:urthermore
intricate access righia various environmentsouldaffectspatial cognitiordevelopmentdue

to path restrictionsfrom acces<classificationssuch adifferent building accesgroupsor

traffic regulations On the other hangdespitethe ability to overcome wayfinding challenges,
most navigationappsonly focus on providing path alternativeleadingto navigation app
dependencyWith allissues related to the emergence of transitional space and access rights,
it is important to explore these topicsm a controlled environmenthat could offer the
flexibility of simulationscenarios which possess the details of the realvironment
Therefore, this study aimed to explore wayfinding spatial cognitive development in a multi
environment (indoor, outdoor, and transitional space), addressing the role of access rights
using3D photorealistid/R simulationThe study wilcommencein four stages 1. Contextual
analysis2. Simulation tools and system development, 3. Simulation and data analysis, and 4.
Demonstration of theoptimized wayfindingThe simulation wilinvestigatevisual cues during
wayfinding and themportance of transitional space in spatial cognitive development. With
all the addressed issues, utilizing the VR simulation method, this study will contribute to
investigatingthe transitional space's role in spatial cognitive development and I3@v
photorealistic VR simulation could provide participants with close to real wayfinding
simulation experienceFrom the participants' user experiengghe study will be able to
capture the important visual cues (or relevant visual cu&€legainedknowledge ofvisual

cues will be used to developveayfinding design guidelinthat stimulates spatial awareness
which will be tested in arnhancedvRenvironmentand demonstrateptimized wayfinding.

By addressing the interplay between indoor, outdoor, and transitional spaces, as well as the
influence of access rights, this study aims to bridge existing research gaps in wayfinding
performance. Through the use of 3D photorealistic VR simulations ritiadjs will contribute

to the development of more effective wayfinding strategies and guidelines, ultimately
enhancing spatial awareness and navigation efficiency inwedt applications

KEYWOR®

access rights; indopoutdoor; spatial cognition; transitional spgaartual reality; wayfinding
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1. INTRODUCTION
1.1. ResearchBackground

One of the biggest challenges whenever arriving in a new location is wayfiNdaydinding

is the cognitive and behavioural process of navigaimgn unfamiliar space to reade
intended destination, guided by environmental informati@farr et al., 2012; Passini, 1984a)
whichis done both by humans and animal@Hegarty et al., 2023; Melzer & Madison, 2020;
Tolman, 1948)To successfullyvayfindingfrom one place to anotherma personneedsto be

able togather visual information and identifieir position in the foreign situatioDowns &

Stea, 1973)However, due to differencesin space morphology and visual information,
wayfinding betweenindoors and outdoors requires different strategiesand cognitive
processindGolledge, 2003; Hillier & Hanson, 1989; Peponis & Wineman, 2002; Sima & Zhang,
2009)

Meanwhile continuous wayfinding across environments is often unavoidablévolves
transitional spacewhichactsas a cognitive processing spehere individuals must reorient
themselves, adapt to changing environmental cues, and shift between differaptinding
strategies.Transitional space & space whicldoesnot classifyas strictly indoor or outdoor

but serves as a connecting zone between the tioay et al., 2013)Transitionalspaces
introduce additional wayfinding challenges, as they often lack consistent signage, differ in
spatial configuration, and may create temporary disorientation due to abrupt changes in
visibility, scale, or accessibilityhis situatiorcan increase cognitive load and slow decision
making duringvayfinding

~

On the other handwayfinding in spaces wittmtricatel OO0S&aa NAIK{Ga Yl & RAaA
spatial cognitive processingccessights in indoor and outdoor environments might related

to privacy,permission and legal constraintgzor instance, bspitals anduniversity buildings
possessvarious classifications of access rightdassifyingpatients/ students, staff, and

visitorsas differentgroups, limitingaccess for each user gnourheclassificatiorestablishes

a space permissioapplied toa specificaccess groupsuch as patientsyho may not be

permitted to accessan examinationroom in aparticular condition. Subsequently, anew

patientin a hospitamight experiencedisorientation and difficulties idevelopinga cognitive

mapdue to encounters with restricted areéBouyan et al., 2021 he sameoesfor outdoor

wayfinding, wherdraffic rules and spacpermits limitpedestrianmobility.

In the meantimepeople tackle wayfinding challenges with the helpofavigation app, which
providesthem with direct navigation to thedesired location. Howevethe navigation map
often does not consider the spatial restriction of the environmeespecially in indoor
situations(A. F. M. Alattas et al., 2022)/henever someongaavigates and findthemselves
in a situation where garticulararea is restricted, it will be harth redevelop the potential
route due to the lack of environmentihowledge. Furthermore, the ease mdvigatingnaps
causespeople to have less spatialhvironmental awareness(Vaez et al.,, 2021)which
potentially causes them teely on the navigatiompp whenever they need to navigate. This

11



reliability is not necessarily positive, especiallyemergeny situationswhere wayfinding
ability is crucially needed.

In relation to wayfinding studies, numerous studies have employed Virtual Reality (VR) with
a 3D digital environment to explore wayfinding performances in different scenarios. VR has
become a reliable simulation method due to its ability to accommodat®uarscenarios that
cannot be done in conventional simulation, such as emergency evacuation aiiulfieed
simulation(Dong et al., 2022; Feng et al., 2022b; Meng & Zhang, 2014; Zhiming et al., 2020)
Generally, wayfinding VR simulation adopt 3D digital modelling for the virtual environment.
However, the 3D digital model often lacks the details and ambience of a real environment,
essential in sensosnduced cognitive processing in wayfindiggomfim & Cruz, 2023;
Newman et al., 2022)The lack of 3D photorealistic environment representation can reduce
the accuracy of wayfinding behaviour, affecting its result validity.

Wayfindingactivitiesoperate using spatiatognition which is built orthe person's ability to

do cognitive mappingSpatial cognition is part of the human cognitive ability to acknowledge
and process spatiahformation (figurel) Meanwhilg aognitive mapping is building an
environment's mental image by encoding, storing, and manipulating experienced and sensed
georeferenced information(Golledge, 1999; Passini, 1984kjformation collected from
cognitive mapping is used twild spatial orientation which supportshe wayfinding process

Spatial Cognition Legend: |
cgrir::ve . Activity +f§|2:2:nal
Knowledge Gathering & | .- @ o=t .. Influencing

Processing Ability (KA) knowledge factors

Wayfinding

DPersona\ > Sequential
ability and

Influencing
factors

[ Orientation Ability (OA) J

Spatial .. Scope of

. - spatial
orientation p .
cognluon

Figurel. Hierarchicatelationship between spatial cognition, cognitive map, spatial
orientation, and wayfinding
The wayfinding process compriseognitive mapping, wayfinding plan development, and

physical movementJ. L. Chen & Stanney, 199%gveral cognitive processes were executed
during wayfinding beginning withrecognisingocal direction or orientationto identify the
person'scurrent position relative to the environmerfigure 2) (Xia et al., 2008)The local
cognitive map isitilisedin this processand it iscollected from identifying local environment
featuressuch adandmarks, decision points, and patWgith information collected from the
cognitive mapthe person began to developnavigation plan and followed up by wayfinding
action.

All the cognitive maps collected in the wayfinding process are part of spatgalition
determiningthe wayfinding performancdn multi-environment wayfinding, cognitive maps
will constantlybe updated along with the wayfinding process, especially during the transition
across the environment where new spatialformation is introduced Exploration of

12



wayfinding acrossenvironments will provide initial information on spatial cognition
processingluring environment transitionwhichsignificantlybenefits movement behaviour
study concerning continuousovement across environmesit

Local Direction or Orientation &

Map
Transformation
Process

Real World

Landmarks, Decision points, Paths

Landmarks
Decision Points the Way‘ﬁndmg
Action
Route Choices

Global Direction or Orientation

I:] Tangible Entity Q Non-tangible Entity O Process

Figure2. Wayfinding process accordit@a complete cognitive map
SourceXia et al., 2008vith author adaptation
However, despite the dynamic nature of cognitive map updates in faoitironment

wayfinding, much research has not fully explordtbw spatial cognition evolves during
transitions, particularly in relation to access rights. While studies on continuous wayfinding
are gaining recognition, much of the existing research focusesayiindingwithin single
environments, overlooking the complexities of wayfinding performance during
environmental transitiongFu et al., 2023; Holscher & Brésamle, 2007; Khan & Kolay, 2017,
Makri et al., 2015; Vaez et al., 2024} the same timestudiesrelated to transitional space
mainly discusiow it is classified and differentiated from indoand outdoor spacgKray et

al., 2013; Zlatanova et al., 2028)milarly, studies related to access rights mainly discuss how
it is classified in various buildings and affects tlser movement during evacuation exercise
(A. Alattas et al., 2017, 2020heresearch gapsall for a study of wayfinding, which concerns
continuous movement across environmestby considering access rights' rola spatial
cogniton development

Therefore, this study aims to explore wayfinding performancewayfinding across
environments bytaking into account the role ofccess rights as part of thiearning
mechanism of spatial cognition development. This study will emal8p photorealisticVR
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environment to capture a more accurate cognitivesponsefrom immersive sensory
stimulation.

1.2. ProblemSatement
1. Intricate wayfinding situationsin indoor, outdoor, and transitional space

Each environment (indopoutdoor, and transitional spagéhas intricatesituationswhich will

affect the wayfinding performance. For example, indoor wayfinding and navigation will rely
mainly on the presence of signages instead of visual connectivity. Meanwisigal
connectivity in outdoor environments, particularly in urban aread| arguably be more
significant thansignage during wayfinding performanc®oreover, transitional spaces
introduce additional wayfinding challenges due to their hybrid nature. These spaces often
exhibit inconsistent environmental cues, requiringdividuals to adjust their wayfinding
strategies dynamically while processing varying levels of visibility, scale, and spatial
configurations.Therefore exploring the level of visual cues in each environment is crircial
providinga more detailedinderstandingpf how wayfinding is performed in different settings.

2. Spatial cognition challenge due to access rights

Changesn access rights during wayfinding metyallenge the process @ipatial cognition
development Usually when people do wayfindinghey rely onspatial information such as
landmarks signages, visual connectivitand accessibility (environmental layout) The
cognitive map retrieval process requires a stable spatial layout so that peopteaand that
spatial information effectively. Howevesiccess rights may differ in some areas depending on
the time oroccasion (e.g. road closurdjherefore, inan uncertain accessibilitgituation, a

LIS NB 2 ¥ Qa mdp 2o@afds dhk Bpfce may be disrupted due to the spatial access
restriction. On the other handgencounters with intricate access right®uld help people
understand the spatial layout bettegspeciallywhen building the cognitive maprherefore,

it is essential teexaminehow access rightaffect our decision on wayfinding

3. Navigation application dependency

Various technologigssuch as navigation appbave emergedo provide aidsin tackling
wayfinding and navigating challengddowever the use of navigatiorapps has caused
dependency, redungthe awareness of the spatial layquthich issignificant indeveloping
spatial cognition.Spatialawareness is crucial, especially in respondingitprecedented
scenariosin space, such as emergency evacuation dueadhquakes or firesTherefore,
exploring methods for building spatial awareness is cruciagéducing the navigation app's
dependency

4. Lack of3D photorealisticenvironmentin VRwayfinding simulations

Many VR simulationsise digital modelling tosimulate wayfinding studies which do not
necessarily provide details and ambience similath® real environment Meanwhile VR
wayfinding performancesignificantly depends on the environment's visual quatite to
wayfinding processes that involvesponse to sensory stimulatioifherefore it is crucial to

14



test the wayfindingperformance using a 3D photorealistic environment derived from the real
environment scan to capture the wayfinding variable

1.3. ResearclQuestions

Main Research Questions
OWhat factors contribute to spatial cognitiondevelopmentand wayfinding performance
across indoor, outdoor, and transitional spaces, respecting access Bghts?

Sub Research Questions
1. dWhat are spatial cognition and wayfinding visual cues in indoor, outdoor, and
transitional spaces and addressing access rights?

a. Which wayfinding variables are related to thissuospatialinterpretation of
indoor, outdbor, and transitional space?

b. What is the role of intricate access rights in advancing spatial cognition
development?

c. Inwhat wayisthe access righhterpreted in wayfindingndoor, outdoor, and
transitional space

2. @Which VR simulation approaefifectivelycaptures the visual cues for wayfindirg?

a. What digital environment(e.g. meshes, coloured point clouds or Gaussian
splats) effectively captures details of spatial visual cues for wayfinding
simulation?

b. What VR simulatiosystemsmust be implemented to captureisual cues of
wayfinding?

3. dTo what extent does the significance of eaghyfinding visual cue differ between
indoor, transitional, and outdoor spaces withspect toaccess righ?¢

a. Howdothe visual cues affect wayfinding performarineeachspace

b. What arecontinuous simulation's implications for developing spatial cognition
across integrated environmerls

c. Howdo access rights affedecisionmaking regarding wayfindirrg

4. How can we demonstrate optimized wayfinding, developed through the
encouragement of spatial awareness, by exploiting gained knowledge on visual cues
in a multkenvironment setting®

a. What design guidelines should be establistkedevelopspaceghat integrate
the gainedknowledge to optimisavayfinding?

b. What evaluation parametecan be implementedo validate the optimized
wayfinding and spatial awareness demonstration?

1.4. ResearclObjectives

1. Tointerpretwayfinding visual cuas indoor, outdoor, and transitional spacasdthe
role ofaccess rights in spatial cognition

2. To develop VR simulation methodbat effectively capture the visual cues of
wayfinding.

15



. To explore the significance of wayfinding visual cues of indoor, transitional, and
outdoor spaces with respect to access rights.

. To develop a virtual reality environment that demonstrates optimized wayfinding by
enhancing spatial awareness through improved visual cues.

16



2. RELATED WORK AND BACKGROUND H&EOR

This section explores related work and background theories revolahogind spatial
cognition, wayfinding development in various environments, access rights in wayfinding, VR
as awayfinding simulation method, alhwayfinding desigmuidelines|t begins by describing

the cognitive map processing and how it empl®gatial memory representationThis is
followed up by describing allocentric and egocentesponsible for framing spatial cognition
andinterpretation. Background theories relateith cognitivemapsand spatiakcognitionlaid

the foundationfor the discussion afterwardsorrespondingo multiple works of wayfinding

in various environmentsThis part states the definition of indoor, outdoor, and transitional
space along with wayfindingvariables andrelated works in these environmentdhe
following part is a discussion related to wayfinding stageshich establish the core
methodology of this researchThis study's methodslevelopedfollowing the wayfinding
processing stagegenerated from human spatial cognitive processihige proceedingpart
discusseselated works andhe interpretation ofbuilding access right8ackground theories

and related works surrounding wayfinding design guidelines are discussed at the end of this
section Various parameters of appropriate wayfinding design covering anafjesssgn, and
detail execution processvere explored toindicate a potential gap for the additional
parameterswhich will beinvestigated in this studyAll discussions in this section are designed

to establish the research scopgencerninghe formulated research questions

2.1. HumanQognition, Spatial Memory Representation, andCognitive Map

Spatial cognitin is one of the humanapabilitiesin processing spatial information. This skill
is associated witthe general human ability to procesgormation, which iscalled cognition.

The cognitive INR OSaa AG&aSEFT A& RSTAYSR Fa al aSNRSa

ONBlIGA2Y YR YIYyALdzZFGA2y 27F Y&hich IsfdoneNS LINE a
straightforwardly or conscious(Bayne et al., 2019; Krch, 201l1¢arning garticularconcept

is ore example of cognitive process conscious execution. Meanwhilgnsciously, a person
develops his cognitive ability bgarninga particularskill. Cognitive abilitys also interpreted

as general mental ability/ intelligence, whichs either measured aa single construct or
multiple distinct intellectual abilitiegBerrocal & Checa, 2016; Pardeller et al., 2017)
Furthermore a cognitive process can be generated internally by memecwllor triggered

by external sensory input througbroblem-solving(Krch, 2011)All the cognitiveoperations
carried out throughreasoning, emoting, manipulation of stored information, attention,
rearrangement, perception, memory storage, synthesizing, retrieval, learning, and
metacognition(Baker et al., 2004; Krch, 2011)

Learningmechanism and the memory representatian wayfinding

Cognitive processes are generally executed through various learning mechanisms such as
error-driven, selorganizing, statistical, and constructiviSbhnson & Munakata, 2005)he
learning processes trigger cognitive development, affecting representational changes such as
increased specialization, focal activation, and causal maps.
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The seHorganizingearning mechanism sourced from Hebbian learraimgs toconstruct the
setting reasonably Selforganizingis obtaining and building essential symbols of the
environment'sstructure. This learning mechanisgoesnot require external feedback, hence
the name, selbrganizingh h QWS A f £ & g .Budtheimbre séltoiyanizimyeanming

is constructed by forming simultaneousprocessing units (Johnson & Munakata, 2005)
Meanwhile, Errodrivenis a learningrrocesghat focuses on error reduction, often found in
practice helpinghumanslearn quickly(Johnson & Munakata, 2005; Zhou et al., 20B@th
selforganizing ancerror-driven learning only differ in the motivatioto achievethe goal.
Nonetheless, botlare believed to be placed in the cortex, potentially affecting one another
in cognitive performancé h QWS A f £ @ 3 . slanywhilg théidonstruetivishleaining
mechanism focuses on active knowledge reconstruction rather than passively receiving
information. The statistical learning mechanism is a response to continuous sensory input,
which inducesa learning methodthrough the detection of statistical regularities
(Polyanskaya, 2022)

Human information processirgystems involvenany aspectemploying long and shoterm
memory. Beginning fromthe external trigger which is coming ima physical signal, the
stimulation brought to the memory structure toundergothought processpulling various
cognitive stimulants such as memory processeawareness, motivations, emotions and
attention (Norman, 198Q) The memory structureallows the development of pattern
recognition and motor programs before finally being processed as physical activity
responding tathe placed information This information processing is relevant to the recent
study in brain cognitivenechanismsdemonstratinglong- and shortterm memory usen
processing information and knowledge.

Our brain's cognitive mechanism during the learning process invobe&ral aspecis
includinglong-term memory, shorterm memory, working memory, loaggrm knowledge,
embryonic knowledge, stable knowledge, and error sigf@hou et al., 2020)The first is
storing information in working memorgathered from interaction with the environment, and
using longterm memory as the guidefi@ure 3). The error signal is produced from the
transformation of working memory processity longterm knowledge The error signal
turned into embryonic knowledge kept in the shaerm memory. Along with the progress
from learning, stable knowledges slowly developed from shotterm memory. Stable
knowledge will become fundamental in tHeuman interaction process and learning. This
process makes it possible foumans to learn quickly, which comes from the long and short
term learning that enablethe quick transformation of information into knowledge.

Meanwhile, in navigatingnd wayfindingthere are twotasksthat peopleneedto acquireto
successfully navigate themselves to the desired locationosedhtation and route planning
(Kelly & McNamara, 2008; Lawton, 1998)pth tasks utilize three (3) different memory
representations, whickriggerspatial cognition by utilizing spatial memory asrientation in

the navigating process. Firsttiie navigator would utilize lorterm representationgssential

in route planning collected from past navigating experience. Second is the utilization of
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working memory representation formed as part of a sensorimotor representatidnch is
temporarily represented. This memoeynerges due to the bodgiefined performing actions,
such as movement between spatial entitieghich is egocentrically organized. Movement
between spatial entities in this mattes related to wayfinding spatial determinandsich as
moving toward landmarks or along spatial obstacles. Firtallgeep the navigatooriented,
the navigation process must utilise lotgym spatial memorypy matching the surrounding
featuresto the ones kept in the memory.
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Figure3. Thebrain'scognitive mechanism ithe learning process
Source(Zhou et al., 2020)
This memory representation processlgned with studies in neuroscience which mentioned

that spatial representations are of use of behaviour contrqBurgess, 2008)The
hippocampus, specializing in locational processing concerning environmental boundaries,
supports this activityFurthermore, it was mentioned thahe system utilizinghe entorhinal
cortex and the hippocampusas developed fronthe processing of spatial landmarks and
body movement(Buzsaki & Moser, 2013)
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Cognitive mapping iWwayfinding

On the other handpreserved memory of the mental representation of an environment is
essential information in the wayfinding andavigating process. This spatial mental
representation isa cognitive map(Darken & Peterson, 2002)he earliest study of cognitive
maps dates back to a study by Tolman (1948)p taught a rodent following a path ta
specificend goal (figure4d (left)). The trained pattshows an apparatus with circular space,
leading to a straight line andn end goal. The simulation then continued with a tested
apparatus witha blocked straight path, forcing the rodent to explore 12 alternative patits
deciding a single path to go out (figut€right)). They showed thamostrodents choose the
correct paths, indicating traces of path trainingshich directs them to the righside of the
apparatus This indicated the role dhe representation of location, labelled ascagnitive
map, in providing information for setfrientation andnavigation.

Cognitive mappings & i K S LINE O S & storirg) Bind $nginpalaig \exerienced and
sensed geageferenced informatiore (Golledge, 1999)it is part ofthe wayfinding stages
alongsideplan development and physical movemefarthur & Passini, 1992; J. L. Chen &
Stanney, 1999b; Passini, 1984bhe storing process involves spatial information coding
which isstored as memory in specific place cellkis coding allowa person to understand
his current location and the position of objects related to his position.
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Figured. Preliminary taining apparatus (left) andest trial apparatus(right)
Source(Tolman et al., 1946)

2.2. Allocentric and Egocentric in Spatial Cognition

Spatial cognition is a part tfie human cognitive ability to acknowledge and process spatial
information anduseit for various activitiegVasilyeva, 2005Many spatial informationcan



be exploredas partof spatial cognitionprocessing Several processed spatiaformation
covering thesize, shapes, and locationan be interpreted differently according to the use
andretrieval method. Therimaryretrieval information method is through sensory stimuli
especially the visual recept@Burgess, 2008)he eyes provide direct information about the
external information required in building our spatial knowledge. Neverthelessimation
acquisitionrelies not only on visual stimuBody coordination also possessesignificant role

in providing accurate spatial information to reach the visual target. Véigh and body
coordination combined as sensorimotor integration, the spatial cognitive is being developed
with eachintricate individual character. Another spatial information retrieval method that
has become more advanced the last decade is the use of maps. Map provided us with
spatial informationaboutour targeted location and itsurroundings Helping us build spatial
knowledgethrough direct experience of the spatial situation and understanding how each
networkis connected systematicallyttal, 2000)

Spatial information is generated throughe mental representation of a location, supported
by two spatial reference frames, egocentric and allocenfBargess, 2008; Proulx et al.,
2016) Egocentric is spatial informatidhat is dependent orthe observer.This means that
the spatial interpretation would rely on the observer, which is affected by the sensorimotor
representation, mental state, prior spatial information, and how all the existing information
relatesto each other. Meanwhile, allocentric is the spatial representation which entieéigs

on the relationship between the spatial situation itself, without thiegserver'snterpretation
(Weniger et al., 2011Each code hassignificant role in determining how spatial cognition is
being used. For instanceany studiesiave shown that allocentriglaysthe most significant

role in its performance in wayfinding and navigating

Some ballenges encountered during navigation are influenced by wayfinding ability, which

is shaped by spatial cognition and governed by allocentric and egocentric frame\Ateks

1999; Verghote et al., 2019llocentric (or vieweindependent) coding is coding related to
elements of the environment other than oneseljocentric (or viewedependent) coding,

which is coding relevant to oneseBoth egocentric and allocentric ateought to be the two
primary ways that location can be saat (figure5) (Vasilyeva & Lourenco, 2012)he
STFSOUAQPGSYySaa 2F GKSaS aLl adalrf O2RAyYy 3 &GNI G
navigate, as successful wayfinding requires the integration of multiple cognitive and
behavioural processes Severalindividual performances executedluring wayfinding are
decision making, decision execution, information processing, use of maps, subjects'
navigational aptitude, familiarity with the environment, and the layout of the environment
(Chebat et al., 2005; Gerber & Kwan, 1994; Holscher et al., 2006; Kato & Takeuchi, 2003;
Passini, 1984a)Understanding how these cognitive atehaviouralelements interact is
crucial for improving wayfinding strategies, particularly in complex environments where
spatial information must be constantly updated and processed
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Figureb. Visualisation of Egocentric (viewdependent) and Allocentric (viewer
independent)

2.3. Wayfindingin Multi Environment

Wayfinding is an abilitand aprocessof a person tofind a way andget to the intended
location, supported by theircognition and action with information provided by the
environment(Farr et al., 2012; Passini, 1984k)is a form of human interaction with the
environmentthat pushes our cognitive response fraxternal stimuli. Wayfindingas been
discussed for quite a while, beginning with its previously known tgpatial orientation,
often referred to as orientationwhichA & (G KS LINRPOS&da 2F ARSYGATFTEA
and location by mentally structuring references relative to oneself, other objects, or fixed
standard directiongFreeman, 1916; Li et al., 2014patial orientation studieaid the
foundation of wayfinding researchersom variousfindings in theability of the body
positioningto the spatial layouin children and animal@-reeman, 1916; Lord, 1941; Tolman,
1948)

The termchangedinto wayfindingwhen Lynchdiscussed way-finding as a form ofcognitive
processin@nd actionswhich occurred bgtructuringthe environment from variousnemory
andsensory cuesf the external environmen{1960) In his book, The Image of the City, he
explains howa city couldbuild a mentaimage of an environmentvhich helps the observer
understand and provide a sense of security throdigdir relationshipand mind processing
with the externalsettings The environmental image was buiitt accordance with the past
memory in combination with the direensation of exploration, creatirg process otlata
interpretation and navigatingArthur & Passini, 1992; Lynch, 1960his idegprovides the
fundamental ground for wayfinding anspatial cognition studies, which now have been
implemented in various essential produetsd critical elements for human weileing
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Distinguishing Wayfinding from Navigation

However, wayfindings often interpreted similarly to navigating which generally has a
different focus. Wayfinding and navigating have three main differencesvironment
familiarity, selfmonitoring, andsettings(Golledge, 1999nlikenavigation wayfindingruns

in an unfamiliar environmentcreating a unique wayfinding system for each individual
Furthermore, navigatingnvolves selfmonitoring, often utilising navigation toolsuch as
maps and navigation appsvhich is considered separate process in wayfindir{Barker,
2019; HofmanrWellenhof et al., 2003)

Wiener (2009) discussed thenavigation taxonomy, which possesses two components:
locomotion and wayfinding(figure 6) In this sense, wayfinding was seen as parthef
navigation process. He further explath the classification of wayfindings aided and
unaided, indicating the role of assisting tools in the procBlEmethelessit was mentioned
that wayfinding includescognitive processing as the source of movement activity, while
navigation generallyocuses onthe movement procesgFarr et al., 2012; Passini, 1984a;
Wiener et al., 2009Due to he nature ofthe navigationterm, subsequentlyit is often used

in discussions about navigation aid systesyecifically in navigation appérandi et al.,
2023)

Locomotion Wayfinding

{towards distant, non-visible space:
requires reasoning, planning
decision making, representations)

(in response to sensory information,
e.g. abstacle avoidance,
steering, approach)

Unaided Wayfinding

no assistance

' N\

Undirected Wayfinding Directed Wayfinding
No Specific Destination Specific Destination

Aided Wayfinding
signage, maps,
navigation assistants
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Target —
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Approximation knowledge
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Following g knowledge
e unavallable o available r—“- unavallable | [§=e<§ avallable 2R unavailable| [ available ‘g’
Exploration, Cruising, Uninformed Informed Path Path
. . surve!
Roaming Pleasure Walk Search Search Search Planning known:dge

Figure6. Taxonomy of wayfinding task
Source(Wiener et al., 2009)
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Orientation, Positioning, and Localization

One of the early stages of wayfinding and navigating is understanding your current position
and directionrelative to the reference pointThis process is interpreted in terms such as
orientation, positioning, and localizatiorOrientation isthe process of identifying your
current direction and location using mentally structured reference pofRteeman, 1916; Li
et al., 2014) Thestated orientation definition is related to the wayfindingpgnitive process
aimed at developing a cognitive map waderstandthe environment.In order to be able to
orient themselves a person must be able to have a general knowledge of the tareagh
building the environment mental imagin@Paratore & Leporini, 2024Additionally, the
orientation reference recognizes two main pointswhich are absolute and relative
orientation. Absolute orientation i$ocationreferencingbased on fixed reference points such
as cardinal directiondn contrast relative orientation is location referencirfgased on local
reference objects rather than global coordinatésbsolute and relativeorientation terms
adopted fromaerial triangulation and photogrammetiy establishing the spatial relationship
between multiple imagegHeipke, 1997)

Similarly positioning is defined asdthe process of pertaining aositioné (Hofmann
Wellenhofetal.,2003) 23 A GA2Yy Ay 3 &2 dz R Wherd 9vS My kodlackng |j dzS a i
information gained from the environmentHowever, positioningis generally used in
navigation systemsparticularly navigation aid application& positioning system must be
integrated when developing a navigation application, utiliz@8S, GNSS, Wi or BLE
(Bluetooth Low Energyp determine location accuratelyPositioning allows a person to
generate more descriptive/ meaningful value to the location, or what is cakéatalization.
Figure epictsthe difference between positioning, localization, and navigatiuighlighting

a sequential process of environment processing before navigaidditionally,in an indoor
mobile device, localizatiowould act as a datanatching process between an indoor
environment and a reference modéahdicating the role of local information in the localiion
procesqBot et al., 2019)

v 9 9

Positioning Localization Navigation

Figure7. The difference betweepositioning localization anchavigation
SourceiBot et al., 2019)
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Although orientation positioning and localisation share certain commonalities, each has a

unique function in various domains that aid in comprehending one's spatial circumstances.

The primary functions of orientation are directional awareness and cognitive processing,

which establish witch way an object or person is facingeanwhile, positioning aim$o

pinpoint a precise or approximate placement within a spatial arrangenfdrine same time

localization integrates both orientation and positioning By @A RA Y 3 A Y F2 NX I G A 2y
position relative to the surrounding environment or local setting.

Urban Wayfinding

Wayfinding can happen in various settin§sarting from urban environments, rural areas, or
even natural environments close toatural vegetation like forestsand mountains.
Nonetheless, several earlietudies of wayfinding were explored arfdund in outdoor
settings specifically in urban areas. Lyr(@960)first, introduce the context of a city's mental
image, which becomes the fundamental cue Veayfinding. The image of the city itself is
predetermined by theeity's physical form, which can be identified by five different elements:
paths edges, nodedglistricts and landmarkgfigure 8). Paths are the routethat people walk
right through. It can be street, pathways, oroads. Throughhis path, peoplecanobserve
their environments and acknowledge the elements of the city they aréhe.edgeactsasa
boundary It is not a pathinstead it serves as a limit between regignvghich can emerge as

a wall, shorerailroadcuts, etc. Districts are fragments of the city. People may consigartit

of the city structure, which recognisegarticularsectional character. Nodes are considered
acrosssectionpoint or a concentrated part of a city netwoikcan be presented as junctions,
crossings, or merging paths. Landmaaks external pointreferences that areecognizable
from various points of viewLynch, 1960)It can occur in the form of buildings, signages,
towers, etc. All elementgsontribute to the mental map individuals create of a ciglated to
one another. This studis becoming one of the fundamentals of cognitive map study, which
is the foundation of wayfinding performance in urban settings

A/\A

Path Edge District Node Landmark

Figure8. Kevn Lynch Wayfindintheoretical model
Source(Lynch, 1960)

Furthermore urban wayfinding processvas affected by four general aspectahich arel.
sociocdemographic and motility2. urban environment3. navigational preferences, antl
daily travel behaviourlZomer et al., 2019)Other than the urban environment as an
environment determinant in path choice, the other &pects are more on personal
preferences, which are also derived frguarsonal backgroun@igure9). Sociademographic
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aspectsrangefrom individual traits tohouseholdand motility. The daily travel behaviours
range from activity type, mobility portfolio (preferred transportation mode), and mobility
pattern (preferred combination of transportation mode).
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Figure9. Conceptual model of wayfinding variables with urban wayfintifegtyle
Source(Zomer et al., 2019)
Meanwhile navigational preferenceare related to the navigator's various responseshe
wayfinding options.In this study it was described that there are two wayfinding styles
implemented in urbanwayfinding, which are Orientation Ability (OA)and Knowledge
Gatheringand Processind\bility (KA).Orientation Ability refers to theét G G A (. dzZRS | Yy R
alAftfta G2 2NRASYyd FyR yI @Al (18 coBrastkbaniedg®@ St & A

w

Gatheringand processing 0 A £ A ( & athitlBld Sl PrefeieBecesdo extend knowledge
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about the environment, e.g. explore cities and take new roéi{@@mer et al., 2019People

with lower OA tend tanake up for complenrbanpaths with longer routes that possess more
familiar situations despite the general wayfinding performance of choosing a more efficient
path to reach thaargeted destination.

Furthermore, wayfinding descriptions in urban environments are more precise and related to
the landmarkgBrosset et al., 2008Referenceso landmarks are becoming more frequent
toward the end of the wayfinding simulation, highlighting the importance of landmiarks
urban wayfindingOn the other handdespite the importance of landmarks in wayfinding
performance,n some counties, it was mentioned thathe utilization of cardinal directioms
creating faster and more efficient wayfindifglund & Minarik, 2006)Nonetheless the
wayfinding ability does not necessardgpendon the responsive behaviour (searching for
spatial clues, route planning, and walking through the selectddyever, it isalso affected

by the cognitive abilityto gather the information presented in the environment and
restructureit as a mental imagéBomfim & Cruz, 2023)

Indoor Wayfinding

Followingthe outdoor simulation, indoor wayfinding studies highlighted different spatial
classifications responding tmdoor spatial traits, indicating similar wayfinding complex
processesequired for seHorientation andpath-finding (Makri et al., 2015)There are four
environmental variable classes indoor wayfinding: architectural differentiation, plan
configuration, signage and room numbers, and visual aqd¥egsman, 1981) Eaclvariable

is significant in supporting the wayfinding performance. Additionally, Jamgt2id20)
discussesarious wayfinding variables and their relationship to anether (figurel0). ltwas
mentioned that environmental and uséactorsdetermine the wayfinding performance.

In indoor wayfinding performance, environmenfaktors are classified intenvironmental
elements and environmental cuekike outdoors, environmental elements includdges,
paths nodes, regions, and landmarks. In additiodoor environment elements include the
floor plan configuration, a more detailed spatial laydypically possessed bipe indoor
environment. Furthermore, environmental cuestire indoor environment emergas signs,
maps, and other environmental factors. Other environmerfedtors in this context are
indoor elements or attributes provided by designenghich emerge and aresed in various
ways in indoor settings. Elements or attributestbé physical environment procured or
designed by interior designeese useddifferently by subject{Pati et al., 2015)

All the indoor wayfinding variables contribute to the wayfinding performance. It was
mentioned that visual access restrictions and complex floor plans could decrease wayfinding
performance(Makri et al., 2015) However, the presence of signage could alleviate the
wayfinding performancéd | 2f a OKSNJ S | f ®This is due toTthe bff@edh G A £ =
wayfinding signage in reducing confusion, anger, crowding, and discorf\ideher &
Kaminoff, 1983) Nonetheless, too much signage could cause confusion, affecting the
wayfinding performanc€Montello & Sas, 2006 However, despite the significant influence
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of signage, the plan configuration has the greatest impact on inducing effective wayfinding
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FigurelO. Indoor wayfinding variables matrix
Source(Zomer et al., 2019)
On the other hand, as spatial familiarity increases, wayfinding performance could also

improved . I a1+ &l S | f ®ITherefore,nhe compldxify bft te Jloorvpthrap M O
would not necessarily affect the wayfinding anymore, unlike the first encounter with an
unfamiliar environment, where wayfinding would significantly rely on the building layout
(Baskaya et al., 2004)his situation indicated the connection of the study, mentioning that
inexperienced users would prefer to rely on the building's central point as a wayfinding
orientation aid due to the nature of the reliability of proper building layout, despite intica
accessibility (Holscher et al.,, 2006)Meanwhile, an experienced user would use a
straightforward direction to navigate to their targeted destinati@tolscher et al., 2007)

Transitional Space

Apart from indoor and outdoor spacethie concept of transitional space began to emerge
facilitating activities in areas identified as either indoorooitdoor. Kray et af(2013)explain
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used as a&pace in utilizedluring movement between indoor and outdoA. Alattas, 2022)

A study mentioned transitional space as a sbeounded area that is located attached to a

building but not necessarily enclos€ftjure11) (Zlatanova et al., 2020The sembounded

areas also classify transitional spaces as sedaor and semoutdoor. Additionally,semi

bounded space isategorized differentlyfollowing the bounding style.l-space is an indoor

space which is entirely bounddtigure 12) (Yan et al., 2019Meanwhile, $spaceis asemk

indoor spacéounded by the roof buliberated on the walls. Furthermore, therg sGspace,

a semioutdoor space, possessing almost no bouhe to theremaining partial wall on the

space.On the other hand, epace (outdoor space) is an open area without any boundaries

For example, an area with a canopy in an Indonesian building is not necessarily indoor but is
also not classified as outdoor due to the presence of a tdoflerstandingransitional space

is crucial following the challenges aflentifying unclassified spaces that are more common
nowadayqMainelli, 2022) Furthermore, confusion or loss of orientation is prone to happen

during urban navigation, continuously passing through indoor and outdoor spdcaset al.,

2013) Unfortunately, wayfinding studies related to transitional space were not necessarily
found, projecting the need for further exploration in transitional space
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Figurel2. Classification afransitionalspaceconcerning bounded area
Source(Yan et al., 2019)

2.4. Stages of Wayfinding

The process of wayfindingtilizes the cognitive ability to go tdhe intended destination
which compriseshree stages which are cognitive mapping, wayfinding plan development,
and physical movementl. L. Chen & Stanney, 199%jure 13). Cognitive mappings a
process in which the environmentsental map is collected and structuréathe brain. The
collected ognitive mapwas followedup with a wayfinding plan in an actioplan and
structure. Finally the wayfinding process falizedwith the execution of path navigation
until arriving at the intended location Similarly, Downs and Stg@2017)introduce four
wayfinding stagesorientation, route selection, route control, andestination recognition
Orientation is the identification of oneself to therespected landmark and targeted
destinations(Farr et al., 2012)Route selection is constructirgmental path to the desired
destination. Route control is thaction that involves seltonfirmation whenfollowing the
planned route. Recognition of destinationtiee ability to identify the environment in which
the desired destination is located.

In performing these wayfinding stages, the information development thraighcognitive
process needs to be developed. The information development of wayfinsliggnerally a
process of spatial exploration that gathers various knowledge, sutdmdmark knowledge,
route knowledge, survey knowledge, and graph knowle@gen & Bock, 2021; Siegel &
White, 1975) Landmark knowledge is knowledge acquired by memorizing the look of
recognizable objects during the course. Ofteghe memorized recognizable objects were
landmarks of the area, which helped with skeltalisation Route knowledge is knowledge in
building a sequence of a path. Oftenis represented irunderstandinga path arrangement
with or without identifying the landmarks (e.g. left then right at the first intersection)
(Kuipers, 1978; Tlauka & Wilson, 1994)eanwhile, survey knowledge is the general
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comprehension of spatial layout and its connection with varieunistiesin the area(Minzer

et al., 2006)In other words,it is a mental representative of the recorded spatial layout. On
the other hand, graph knowledge is a type of knowledge in which the survey knowledge is
first identified before the route knowledg@egarty et al., 2023; Kim & Bock, 2021)

Many studiesexplain thatthe knowledge acquisition process generally starts with landmark
knowledge, followed by route knowledge, and thends with survey knowledge (Hermer &
Spelke, 1994; Jansédsmann & Wiedenbauer, 2004; Tonucci & Risoftbe notion was
inferred from studies of spatial cognitipmhich indicated landmark knowledge as the first
knowledge acquisition in children's early yedos spatial awarenesgNys et al., 2015)
However,a recent study indicated the breakdown of tHaowledge suggesting that the
knowledge should be acquired in parallelamore detailed type of stages. On the other
hand, stages of wayfindingre also determined by the strategy implementéallowing the
person'spreferences. Several wayfindirgjrategiesthat have been discussed are survey
strategy and place strategy.

Figurel3. Wayfinding process involvirggnsory stimuli and memory acquisition
Source(J. L. Chen & Stanney, 1999a)

2.5. User Access Rights in Navigation

Indoor or outdoor navigation should considie accessibility provided by the spatial feature.
User accesses are implemented following spatial regulationting navigation accessibility
depending on the spatial categorfyor instancemany hospital building areaae restricted

from allowing patientsto secure confidential dataor health facility devicesin outdoor
settings, access rights are implemented in the division of roads, limiting paths for cars, cyclists,
and pedestrians Access rightsaare accessibility information often embedded in various
computational systems, just like in th@and Administration @nain Model (LADM). In a study

by Alattaset al. (2017) he utilisesaccessightsin providing building informatiorsystems
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regarding various access rights in theiversity. He classifies different access rights for
studentsand employeegfigure 14). It wasdescribed that studentsemployees, and visitors
have different access right® different rooms in theFaculty of Architecture and Built
Environment buildingTU DelftThe access rightsre classifiednto student groups/cohorts,
departments/ staff groups, lecturechedulesindividual room assignments, meeting room
reservations, and access hourAlattas (2020) also mentioned that access rights shbeld
consideredin various scenarigsuch adire emergency evacuationn this case, additional
access for firefightersould also affect the dynamic of access rights in the buildiihgse
different access rightsfficiently affect navigatiorroutes and human behaviour in the
building. Therefore, it is crucial to carefully identify appropriate building access rights in
studyinghuman wayfinding and navigation.

(A) (B)

Figurel4. Primal space and navigation path &iudents (A) and acadenmeembers(B)
Sub Research Questio8surceiA. Alattas et al., 2017)

2.6. VR Wayfinding Simulation

Wayfinding simulation utilizing virtual reality (VR) simulatiwes recently become more
populardue to its abilityto overcomechallenges in conventional wayfinding stu@ong et

al., 2022; Feng et al., 2022bJany human subjectesearchers with sensitive study cases,
such as emergency evacuation and fire simulation, often encounter ethical problems when
commencing the study simulatioriThe emergence of VR wayfinding simulatialhows
researchersto manipulate and control the environment and simulation scenarios easily
(Zhiming et al., 2020)There are manwattempts to utilise VRto understandwayfinding
behavour in variousscenariossuch as eweuation, lighting modification, antealth facility
mobility (Bansal et al., 2022; Cao et al., 2019; Y. Chen et al., 2019; Feng et al., 2019; Kinateder
et al., 2018)

The applicationof VR inwayfinding simulationallows researches to retrieve detailed
behavioual data inan advancedmethod, such asmovement data, personalharacteristics
head rotation, and gazepoints (Meng & Zhang, 2014; Zhang et al., 20249netheless,
despitethe tremendouspotential VR simulation can provide, VR must alsdergoa validity
process following severatudiesindicatingdisadvantages of VR simulation such as motion
sickness, lackfdhe realistic representation of the real worldnd underrepresentationof
reaklife detail (Meng & Zhang, 2014; Newman et al., 2022; Somrak et al., Z00¥hermore
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it wasalso indicatedhat the success of VR does not necessarnlyurethe legitimacy of the
resultingoutcome(Schneider & Bengler, 202(everaresearcherdiave indicated effort in
the validity verification of their research resuliSeng et al., 2019; Kinateder et al., 2018;
Kobes et al., 2010%everal aspects cdre tested to verify the validity of the Vimulation
face ecological, construct, armbntent validity(Deb et al., 2017)

VR Technologies in Wayfinding Simulation

Various VR technologiésmve beenmplemented in wayfinding simulations. There is desktop
VR which isdone by undergoing simulation tasks through visualisation ocomputer
desktop(Feng et al., 2022lgjigure 15). Cave Automatic Virtual Environment (CAMEIso a
method to provide an immersive reality by projectindigital environmenbn aconfined wall
covering all eydields of view(FOV (figure 15) (Combe et al., 2023Yhe mostadvanced VR
technology utilizes adlead Mounted Devic¢HMD) (Feng et al., 2022kfigure 15). HDM
technology emerges in various formsomeusesmartphonesembeddedin a head strapThe
highrend HMD install@ completedevice system containinBAM storage, and ampdated
operating systento containand runimmersive informatiorsuch a®culus Rift and HTC Vive
(Kelly et al., 2022)Several significances between the three visualizanogthods lie in
computer rendering capabilitiesjsual resolution, latency, eye distance to the screen, FOV,
screen curvatureand any user perception anchmersionrelated (Combe et al., 2023 hus,
the utilization of selected VR should consider the required finding simulation and
expected outcome

y b
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Figurel5. Utilization of Desktop ViRRr wayfindingsimulation(left), Cave system by
BlueLemon (middle), HMD for wayfinding simulat{oght)
Source(Combe et al., 2023; Feng et al., 2022b)

The spatial data structure implemented in thayfinding systenmust cater to the selected
environment. Open Geospatial Consortium (OGC) standards such as IndoorGML and CityGML
provide standardized spatial data models for indoor and outdoor environments. These
standards provide the spatial data structure neededtfer simulation systemindoorGML is

Gy ®ADIF YRIFNR F2N NBLNBaSydAy3a |yR SEOKI y3IAy
(OGC,201% / AdGeéDa[ aAa | 3IS2aLl (baded endoging iNdel (A 2 y
NELINBaSyillIdiAzyz aG2NF 38 I yR SEOKany&l$ 2@AF G KS
OGC, 2023)IndoorGML provides hierarchical relationships of rooms, corridors, and other
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spatial elements supporting spatial analysis and connectbased routing. On the other
hand, CityGML provides multiscale representation extended across urban environments.
Both are significant in building structured environment elements embedded in VR simulation.

2.7. Design Guideline for Wayfinding

To help with wayfindingbuildings have implemented various wayfinding ardthe formof
signagesacross building locationsAll the implemented wayfindinguids follow design
guidelines thaenvironmental graphic design experts have discug§&itdson, 2009Various
design guidelines have been publishbijhlighting the importance aininclusive approach,
design clarityaid in selforientation, and propernalysis of existing spac@spelt et al., 2007;
Connell et al., 1997; Gibson, 2009)

Good wayfinding system must be ablegive the usethe ability to confirm their start and
finish point identify their location ensurethey proceedin the rightpath anddirection,orient
themselveshave a general comprehension of the spatial situation passible risk within
the path, recognize the targeted locationget away during the occurrence of emergency
(Apelt et al., 2007)All theseparameterswould beachievedwith appropriateusercentred
planning and design processes

Gibson(2009) mentioned several stages of wayfinding planning, includpignning, site
analysisdesign, and implementation:

1. Planning This stage involvesinravelling and responding to the current space
condition in an initial strategyand development progranilhe process began with
research and analysts exploreexistingwayfinding problers. The next is strategy
which aimsto develop strategies to address the problem statemgmioducinga
wayfinding strategy, design goals and outline of sign design. The pasgimmming,
which aims to provide early desiginaft documentshy developing important aspects
such asarrival, departure, decision points, circulation pathways, asigning
opportunities.

2. Design:This stagecomprises design developmenihich will beexecuted & the
implementation stage. The process comprisephaises schematicdesign, design
development, and construction documentatiolschematic designs the design
development processhat overviews key design types and design alternatives that
cater to the selected wayfinding strategy. After finalizing the schematic detkign,
processs followed up with design developmentvhich processethe design detad.
After that, construction documentation @eateddetailinga designintent drawing of
the agreed sign type.

3. Implementation:This stageasimsto put the design plan into reality by planning the
bidding process anbeinginvolved in the preconstruction discussioiibson, 2009)

A structured approach must be established in designing the wayfinding elenmetetrating
strategic, elemental, and graphic components to assist navigéigure 16). The wayfinding
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system strategypossesseshree key principleswhich arethe concept of districts, street
connectors, and landmarkgGibson, 2009) These strategiesnake spatial structures
recognizable, which makesvigation more intuitive. These strategiae the foundation of

the wayfinding system, which developed in accordance wite primary wayfinding
elements architectural, graphic, audible, and tactileomponents (Gibson, 2009) In
association withthe wayfinding elements graphic communicatiomplaysa role in driving
navigation through visual cues. This leads to the graphic elements, which are categorized into
four main functions: identification, reinforcement, orientation, and destinat{épelt et al.,

2007) These elements work together to provide users with clear and intuitive guidance,
ensuringa practicabnd accessible wayfinding system.

ayfinding System strateg Primary Wayfinding Elements Graphic Element

graphic

Figurel6. Wayfinding system strategies, elements, and graphic components

identification

reinforcement

orientation

tactile communication destination
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3. METHODOLOGY

Thisstudy aimsto investigate wayfinding in multiple environment®specting access rights
through exploring spatial cognitive processing in wayfindinfo achieve the research
objectives this studyadoptsthe Design Science Research (DSR) methodology because it will
not onlyidentify factorscontributing to spatial cognitive development in a mdhivironment

but alsodevelop and validate a design solution that integrates these fac@&R method
allows this study toprovide acomprehensiveapproachto develop artefacts such &
wayfindingprinciples,VR simulatiorsystems, and wayfinding design guidelinesaddress
wayfinding ballengeswith respect toaccess rightd-urthermore, this method allowsystem
development and evaluation implementation that could establish a theoretical foundation
and practical solutionyhich is significant in wayfinding study.

DSR consists of 6 processés) Problem identification and motivation(2) Define the
objectives for a solution(3) Design and developmen®) Demonstration(5) Evaluation, and

(6) Communication (Peffers et al., 2007)Figure ¥ provides an overview of the
implementation of the DSR principle in this stuyl.six processes are appliedtie overall
researchprocedure from developinga PhD research desigas problem identification and
motivation, simulation tools and system developmentlas design and development stage,
simulation and data anatys asthe demonstration stagedemonstration of optimized
wayfinding as evaluation stage, and finally publication of research result as the
communication stage.

Design Science

Research Structure Coresponding Research Phase and Sub-Research Question

1. Problem identification

and motivation - |PhD Research Design

1-CONTEXTUAL ANALYSIS|
2. Define the objectives for |  |SRQ 1: What are spatial cognition and wayfinding visual cues in indoor, outdoor,
a solution. and transitional spaces and addressing access rights?

2-SIMULATION TOOLS AND SYSTEM DEVELOPMEN

SRQ 2: Which VR simulation approach effectively captures the visual cues for

3. Design and development. [--- wayfinding?

-SIMULATION AND DATA ANALYSIS

SRQ 3: To what extent does the significance of each wayfinding visual cues differ
between indoor, transitional, and outdoor spaces with respect to access rights?

4. Demonstration. F---

4-DEMONSTRATION OF OPTIMIZED WAYFINDING;

SRQ 4: How can we demonstrate optimized wayfinding, developed through the
encouragement of spatial awareness, by exploiting gained knowledge on visual
cues in a multi-environment setting?

5. Evaluation. Lo -

6. Communication. ----IPuincation in conferences, symposiums, and journals |

Figurel7. The connection between DSR structure with research phases and corresponding
subresearch questions
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RQ: What factors contribute to spatial cognition development and wayfinding
performance across indoor, outdoor, and transitional spaces, respecting access rights?

SRQ 1: What are spatial
cognition and wayfinding visual
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transitional spaces and
addressing access rights?

-SIMULATION TOOLS AND
SYSTEM DEVELOPMEN
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Figurel8. Research Question, Process, and Intended Outcomes for Spatial Cognition and
Wayfinding Across MuHtnvironment Settings
Beginning from the second DSR stage, the following stage is executed by answering four
research questions, which produe@rious data supporting the subsequent research stage
and research publicationgigure 8 depicts the relationship between thesearch question,
process, and intended outcomes fapatial cognition and wayfinding across multi

38



environment settings.Four researchstages are developetb answerfour subresearch
guestions beginning from (1) contextual analysis, (2) simulation tools agdtem
development, (3)simulation and data analysisand (4) demonstration of optimized
wayfinding.Contextual stages will produdkata thatlay the theoretical foundatiorhecoming
the ground for solution objectives, research methpdad simulation analysiBollowing that
stage, simulation tools and system development will provin@s that will be used in the
following stage: simulatiomand data analysis. lthe simulation and data analysis stage, the
simulation will produe various data such as user experience, environment visuals, movement
path, and spatial configuratiomll of which will be analysed statisticall\subsequentlythe
simulation da# will beused to develop a desigguideline and demonstrat wayfinding
optimizationat the demonstration optimized wayfinding stage.

3.1. Problem Identification and Motivation

The first research phase is problem identification and motivatidmnich has been conducted
along with the development dfhe research planVarious sourcetave been exploredio
highlight the novelty of this research discussing from theheoretical groundto the
methodological approachesverviewing relevant topics such aegnitive mapping, spatial
cognitive development, wayfinding in indoor, outdoor, and transitiosphces, spatial
analyses approaches, 3D photorealistic environmertssess rights, and virtual reality
simulationtechnologies Through this stagevarious problems are identifiedeginning with
the intricate wayfindingsituation in each environmentypatial cognition challenge due to
access rightsnavigation application dependencgnd ack of 3D photorealistic environment
in VR wayfinding simulationall the mentioned problemisdicategaps in wayfinding studies,
comprisingthe cognitive, environmental, application, and methodological aspects, which
becomethe foundation of this study's motivatioand objectives

3.2. Define theObjectives for aSolution (Contextual Analysis

After identifying research problems thaevolvearound wayfindingn a multrenvironment
that respects access rights, the objectives for a solutiothi® researchwill be deweloped
The studyobjectivesin this researchwere built during thedevelopment of the research plan
which mentioned (1) the interpretation of wayfinding visual cues in indoor, outdoor, and
transitional spaces and the role of access rights in spatial coghi@rdevelopingVR
simulation methods that effectively capture the visual cues of wayfindB)gexploringthe
significance of wayfinding visual cues of indoor, transitional, and outdoor spaces with respect
to access rightsand(4) developinga virtual reality environment that demonstrates optimized
wayfinding by enhancing spatial awareness through improved visual Moegtheless, liey
will be further defined throughcontextual analysis providing a detailed foundation for
building thesolutionto the research problems.

In this stagethis study willinterpret aspects of spatial cognitipmvayfinding visual cuem
multi-environment andaccess rightspecific to the case studidsy answering BQ1, dWhat
are spatial cognition and wayfinding visual cues in indoor, outdoor, and transitional spaces
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and addressing access rightsffigure 18). From thisSRQ 3 theoretical contextswere
expectedto unravel (1) wayfindingvisuospatialinterpretation, (2) accessights in spatial
cognitive development, an(B) access riglginterpretation in multienvironment Discussion
on wayfinding visuospatial interpretatiomill explore indoor, outdoor, and transitional space
environments providinginitial informationon visual cues thaheedto be observed during
the simulation. Several aspects will be exploredhcluding identifying global and local
landmarks in indoor spacesGloballandmarks areseen from manyangles and distances,
while local landmarks are onlysible fromcloseups (Steck & Mallot, 2000)This stage will
also prodwe a paper draft explaining the result efsuospatialinterpretation acrossthe
environment. The secondheoretical contextwill exploreaccess rightsn spatial cognitive
developmentwhichwill discusghe role ofaccess rights spatial cognitive development. This
information is significantor determiningthe simulation task that would test thdifference
of learningmechanismsn wayfinding performancerl he thirdtheoretical context that will be
explored ighe interpretation of access righia a multi-environment.This stagewill produce

a paper draftdescribing the investigation resukxploringspatial situatiors that represent
the context of access rights and thepatial cognitive developmenYisual cues and access
rights data will be produced from the contextual analysis stiageognitive processing and
multi-environment settingsThiswill be the foundation fosimulationtool development and
data analysis.

3.3. Design andevelopment SimulationTools and System Developmen)

The secnd stage of this research @esign and developmentwhich involvesieveloping
simulation tools andsystems. This stags establishedo answer the second sufesearch
guestion dHow to build a VR simulation method thateffectively capturesvisual cues of
gl &7FA Y. RhisSR@aimed to builda VR simulation environment and systethat

effectivelyaccommodatesvayfinding simulation.

To effectively address theubresearch question, thisesearch design is developed following

the spatial cognitive processing of wayfinding, consisting of three stages: cognitive mapping,
wayfinding development, and physical movement (figue& The cognitive mapping process
involvesstoring spatial layout maps through spatial exploration. A cognitive map is developed
through severallearning mechanismsn this studyerror-driven and selorganizing learning
mechanisms will be adopted as wayfinding tasks, #sedmnovement result will bebserved

to investigate the wayfinding performance quality. The eorven mechanism will
represent the user access challenge, while-egjanizing will represent the normal situation.

Furthermore, the knowledge collected during wayfinding will be identified to provide
information on relevant variables used in spatial cognition development. Three pieces of
knowledge collected in cognitive mapping are landmark knowledge, route knowladde,
survey knowledgeThe knowledge would be retrieved from exploring space in indoor,
outdoor, and transitional spaces, capturing each environment's spatial wayfinding feature.
The second wayfinding stage is wayfinding plan development. In this stagdeped create

40



a movement strategy using the route and survey knowledge, which is developed from
landmark knowledge. Two movement strategies used in wayfinding are the central point and
direction strategy. These strategies are used in physical movement, which is the last
wayfinding stage. Physical movement is when the person walks through the planned route to
reach the target.

Wayfinding Stages Cognitive Process Wayfinding Environmental Features

1. Landmark knowledge

Spatial Exploration 2. Route knowledge |-
¢ 3. Survey knowledge \

1
== ! '
el N 1 ransitional Overlapping space
" \ E - .
development 1 1
1

Cognitive mapping:

1. Central point strategy |
A 2. Direction strategy -

Physical
movement

Legend

1 Learning Wayfinding Movement . Wayfinding Environment Sequencial Conceptual Learning _ Conceptual
HI D knowledge . ¢ <

... mechanism strategy variables classification process ~ relationship “* mechanism = = = ;opnections

flow influence

Figurel9. Spatial cognitive process analysis structure

Concerning the spatial cognitive process mentioned before, this study will obtfeee
cognitiverelated analysis processes to analyse the spatial cognitive process of wayfinding.
Thethree cognitiverelated analysis processes include knowledge development identification,
learning mechanism analysis, and movement strategy identification. The analysis will
commence using data from three groups: simulation, user experience, and spatial
configuation (figure20). Simulation data will be collected from the VR simulation process,
collecting spatial classification, eye tracking, path tracing, and pause/breakpoints. User
experience data will be collected through a thinkalgud process, interviewand
guestionnaire. Meanwhile, spatial configuration data will be collected through spatial
mapping and space syntax analysis, producing isovist, spatial integration, and spatial choice
data.

To support cognitiveoriented analysis, the VR simulation system employing digital
environmentsmust be developed to ensureffective capture of wayfinding behaviour and
visual cuesa crucial element in thevayfinding studyThe first processf building the VR
simulation systemis digital environment development, which is aimed at exploring and
developing an effective VR environment for wayfinding simulatimaccurately represent
wayfindingvisual cuesthe VR simulation will use a 3D photorealistic environment that could
capture the geometric and spatial visual features indoors or outdoors. With that in mind, this
section aimed to utilize point cloud dse VR environment, which opted for two different
kinds of point: LIDAR point cloud and Gaussian splatting (fRj)reBoth pointenvironment
types will undergo a visual quality assessment to determine which point type effectively
represents the actual environment for VR simulation.
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Figure20. Analysed spatial cognitive process with the data required for the analysis

Figure2l. LIDAR point cloud scan (left) and Gaussian Splatting scan (right)
Source: segments.ai
Once thepointtypeisdecided, theenvironmentdata acquirement isommencedy scanning

it usinga LIDAR scanner or photogrammetry. Sevayals arerequired for this process in Zeb
Horizon, drone, and camera DSBRshownin figure 22, contains aliagramof the analysed
spatial cognitive process with the data requirkd the analysisAfter that, the process will
continue withenvironment preprocessing. In this stephe collected environment scan will
be processed usingaro connect software oropensource Gaussianlatting processing
method by the Graph Decdeam (Kerbl et al., 2023)urning the datainto point cloud data
(las/ laz/ ply/spz).Once the point data is ready, the point data must undergo noise reduction
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cleaning unnecessary points usidlgud compare softwareThe process will continue with
point fragment integration if the environment data is scanned in multiple sessonse the

point environment is ready, the process continues withvisual cues
identification/segmentatiorfor the VR simulation system.

VR Simulation

[ LiOAR )
( Photogrammetry )
Environment Scan : : N Camera DSLR
Building VR Environment ( Point Cloud Data Processing J Taro Connect Viewer
: : \
Environment Pre [ Noise Reduction ) SIBR GS
Processing [ Point fragment integration } Cloud Compare
[Visual Cues Identification/ Segmentation]
-

VR system development Eye Tracking

UES

(ass)

Y

(L W

Path Tracing

Figure22. Dataand toolsrequired for the analysiduring VR simulatiosystem
development
After the environment datds ready, thenext step isto develop the VR system usidR

simulation software (Unreal Enging. Bn this stagethe point cloud datas inserted in the
software and continued by developing the VR interacttberefore, the respondent can walk
around in the built environmentThe spatial system will adopt access rights using the Land
Administration Domain Model (LADM), which would define the relationship between the user
and the environment spaces (indoor and outdoor) based on the rights and restrictions of the
spaces to indicat¢he accessible spaces. This systensures that the space classification
considersaccess rights to indicate accessible spaces. LADM will be combined with IndoorGML
to provide the indoor classification model, which will be extended to outdoor spaités
CityGMLlfor seamless wayfinding.

The next stage is developing/embedding the eye tracking device and software with the head
mounted device Quest 3 so that it will be able to record the eye movement of the
participant capturing the studied visual cuéigure 23). Finally the path tracing would also

be set up in the VR simulation softwar@E5)to capture the path movement of the
participant(Boyd & Barbosa, 201{jgure 24). Afterthe VR system is set up, the simulation
procesamustbe tested in pilot testing. In thgilot simulation, several aspecisetested, such

as face, ecological, construct, and content validieb et al., 2017)Furthermore, this
process will evaluate the orientatioability in identifying cardinal direction, comparing
behaviour in real life with virtual reality.he pilot testing resukhowsthe validityverification
result written aspaper draft 5.
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Figure23. Example otyetrackingdata outcome eyetrackingheatmap datgleft), gaze
points in the virtual buildingright), spatial distribution of gaze points (bottom)
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Figure24. Example ofUnreal Enginélueprint setup
Source(Boyd & Barbosa, 2017)

After the environment system is well developed, tf@lowing process is preparing the
guestionnaireand interviewsystem to collect the user experience dédame documents that
needto be prepared are thénterview protocol, questionnaire questionand Thinking Aloud
Protocols.The user experiencevaluationsystemmust be tested to verify its validation for
VR wayfinding simulatioim ensureno misinterpretation angbroduce theexpected outcome
Finally the procesendswith the simulation system finalizatigmunning all the VR simulation
systemsjncluding the user experience tegthe finalizationincludespilot testing to evaluate
the overall system and produce the expected result for shedy. Furtherdetailsabout the
experiment design criteria can be foumdAppendixe
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3.4. Demonstration Simulation andData Analysi9

Simulation and data analystemmences at the demonstration stage, focusing on retrieving
simulation dataThere are three sutages (1) simulatiorexecution(2)spatialconfiguration
analysis, ad (3) statisticalanalysigfigure 5). Insimulationprocess executiorthere are two

data retrievalprocessesVRsimulation and user experienci the VR simulation process, all

data simulation data will be collecteduch aghe identification of visual cues througkye
fixation, breakpoints andmovement behaviour with and without access rightising the link

cable, The simulation will commence using a Quest 2 Head Mounted Device (HMD) connected
to a highperforming computer The simulation will rum UnrealEngine 5whichcanvisualise

the point cloud environmenin VR andecordthe simulationdata

Various user experiences will be recorded during the simulatising several methods
thinking aloud protocol (TAPS), sefsiiructured interviews and questionnaire§APsare a
gualitative data collection method involvingpcalisingthe research participant's thoughts,
reasoning, and decisieamakingduring task performancgVaez et al., 2021)TAPsaim to
capture the reatime thinking processvithout relying onmemory(Ericsson & Simon, 1980)
While semistructured interviews aimed to overview the thinking process during the
simulation TAPswill commence during the simulation, during which the participants will be
asked to exprestheir thinking processaloud The expected thinking proceswxludesthe
searched visual cues, path planning, route decision, and task completion. After the simulation
semistructured interviews wilinvestigatethe thinking process in cruciaecisionmaking
related to specific observed points. Finally, the pgpaaits will also asked to fill in the
guestionnaire to identifytheir prior spatial knowledge.

VR Simulation

[ Simulating with and without user access task ]
. . . Quest 2
| Running VR simulation | [ Identify Visual Cues }
[ Identify Break Points ] High Spec Computer
User Expenence Analy3|s
| Semi-Structured Interview | [ Interview Recording } -
[ Content analysis ] [ NVivo
| Thinking Aloud Protocols | ( simulation Recording )
ANOVA
| Questionnaire l [ Questionnaire Result }
Spatial Configuration Analysis
| Segment Analysis | I Axial Line Drawing l Spatial Integration e )
. (__qas )
I Run Analysis | Spatial Choice ) S
. . Depthmap
| Isovist Analysis I [ Pian Drawing | (spatial Visibility )

Figure25. Data and tools required for the analysis during VR simulation, user experience
analysis, and spatial configuratianalysis

In simulation and data analysithe spatial configuration will also analysed to identify the
spatial character using segment analysis and isovist. Isovist will provide visual connectivity
acrossspacesindicating potential path directoriefor the participant and spatial efficiency.
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Combinedwith the importance of visual cues in spatial cognition study, the 3D isovist method
will be adopted to identify theorrelation between route decisiongith the combination of
visual connectivity angisual cuegfigure &). Meanwhile, segment analysis will be used to
analysethe spatialcharacteristicconcerningoverall spatial layout, measuriraggularchoice
and integration Segment analysisan bemeasuredby applying several metrics, such as
angular integration and angular choice, as seen in Figar&@he angular choice is a spatial
measurement obetweenness centrality to identify key navigatiosutes(Van Nes & Yamu,
2021) Meanwhile angularintegrationis a spatial measurement of closeness centratfity
identify space accessibilityoncerningother spacesinfluencing pedestrian movement and
attraction. Segment analysis datagathered through axidine drawing whichproceeds to
be segmented according wpatial nodes androsssections The identificationuses a space
syntax toolkit pluginwhich can be installeth the QGIS.

a) b) ¢)

Figure26. 3D Isovist to measure visual connectivity within VoF periphery
Source: Dia¥ilarifio et al., 2018

All the collected data wilundergo statistical analysi® interpret findings following the
research problemsTwo types of statistical analyses will beeommenced qualitative and
guantitative analysis, which will be commenced with various statistical analysis methods,
which are regressiormnultivariate analysisMJANOVA, analysis of variancANOVA, and
content analysisQuantitative analysis will analysspatial configuration an&Rsimulation
datausingregression analysis aldANOVARegression analysis wékplainhow wayfinding

visual cues impagctavigating performance by measuring tberrelation betweerwayfinding
duration, spatial integration spatial choice and path data ANOVA will compare mean
differences in wayfinding performance across different conditioAs the same time,
MANOVA will assess the impact of multiple wayfinding variables on cognitive and navigational
outcomes across different sample groups and study caddesnwhilg qualitative analysis

will employ content analysis andANOVA in processing data collected from the interview,
think-aloud, and questionnairdata from interviews and thir&loud will be transcribed and
examinedwith content analysis to capture the verbalized wayfinding cUégquestionnaire

data will be analysed using ANOVA to compare the mean difference in wayfinding across
samplegroups
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Figure27. lllustration of indoor isovist, axial lines, angular segment integration analysis, and

angular choice analysis

Source(Cai & Zimring, 2013; Van Nes & Yamu, 2021)

3.5. Evaluation Pemonstration ofOptimized Wayfinding)

The final stage is a demonstration of optimized wayfinding, which aims to answer the last

{wv al2g¢g Oy
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encouragement of spatial awareness, by exploiting gained knowledge on visual cues in a

mult-Sy A NRY YSy i

ASHUGAYIKED CKAA

{wv FAYSR (2

an enhanced VR environment that elevates spatial awareness by exploiting gained knowledge
on visual cues in a mugnvironment setting.

The gained knowledge will provide significarformation related to important visual cudsr
efficient wayfinding specificaliy the case stug. The visual cues will be utilizedhnilding a
design guidelingvhichsuggests the importance of transitional space aegnitive processing
areaof wayfinding.In accordance with the design guideline, an enhangedal environment
will be developed to demonstrate a wetructured environment that could raise spatial
awarenessThevirtual environment will besimulated and respondents will be involved in
evaluatingthe impact of spatial awarenesm wayfinding performanceFurthermore, the
wayfinding performance result will be analysed with the previous simulatioproduce
comparative data that could emphasize the impact of spatial awareneswayfinding

performance.
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This stage possesses 4 different stiédges, beginning with concept development, system
development and prototyping, demonstration, and evaluati@Quncep definition would be
the stage where desigyuidelines ardeing developedSystem development and prototyping
would be the stagewhere the virtual environment is developed following the design
guidelines Finallythe demonstration and evaluatiostage would commence the simulation,
analyse the result, and compare it with the earlier result.

This stage is expected to contribute to the study of wayfinding in realtironment settings

by publishinga paper titled 'Rising Spatial Awareness for Optimized Wayfinding by
Highlighting Visual Cues in the Virtual Environment." Additionally, the information collected
from this stage will be used to optimize thedoorGML study by incorporating additional
space classification for transitional spaces

3.6. Communication

In this stageall the data and processes addressing its novelty will be communicated in various
academic platformsincludingconferences, workshops, and journa&me of the targeted
audiencecoveredstudy experts of GlSpatial cognition wayfinding,3D geoinformation,
extended reality3D modellingIndoorGML, and access right&is studyaimsto publishnine

drafts of paperscoveringvarioustopics gathered through multipleesearchstages Some
papers will bedevelopedin relation to the priorpublications, which will evolve through
multiple refinements Figure 3 illustratesthe evolving publication relation, where initial
studies presented at conferences and symposiums willflogher refined for journal
publication This progressioallows fordeeper analysis anealidation from engagement with

the academic society.

1-CONTEXTUAL 2-SIMULATION TOOLS AND 3-SIMULATION AND 4-DEMONSTRATION OF
ANALYSIS SYSTEM DEVELOPMENT DATA ANALYSIS OPTIMIZED WAYFINDING
Paper #3 (Conference): Paper Draft #6 (Symposium):
T » | Virtual Reality Visual Evaluation : | The role of spatial connectivity
Paper #1 ' | Through Edge Similarity in | and spatial visibility in :
(C.onferen.ce): | | Various Point Cloud Density: An | | determining wayfinding :
3 Vlsuc?-Spatlal | i Early Study of IndoorGML . performance during B
\.Nayflndlng' . S?gnifica.tion in Wayfinding simultaneous multi- Paper #9 (Journal):
 IIERIEEITER i ¢ | Simulation | | environment simulation ' Risin o
i N . p2imulation P g spatia
i multi-environment: | : . "4 wareness for
! Indoor, Outdoor, and i ;oo oo s Yoo g e ———— e = .
B - Space /i {Paper #5 (Journal): VR Validity | :Paper Draft #7 (Conference): ;Y optimized wayfinding !
] Verification for Wayfinding ! | Significance of wayfinding visual 7| by highlighting visual
i Simulation Using Point Cloud \ Icues in multi-environment ! ' cuesinvirtual
: Paper #2 ! i Environment B ;| environment
' (Conference): e '
¢ The role of access | i Paper #4 (Journal):
| rights in multi- | wWayfinding Visual Cues 1
. environment (Indoor, | !ldentification in VR Gaussian o v Legend:
 Outdoor, and .1 Splatting Environment 1 :Paper #8 (Journal): | am Planned Evolving
i - L ! . ! B ++:)» publication
i Transitional Space) | 1Spatial cognitive developmentin; =~ paperdrat relation
: spatial cognitive imulti-environment with respect ;
: development IR R RN TR R RIS SRR )E to access rights ]

Figure28. Sequential Development of Research publications
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3.7. Tools andSoftware

Tablel. Tools and software list requirddr the research

Method and Stages |Sub Stages Data Tools and Software
VRSimulation
LiDAR point cloud SLAM Zeb Horizon
Gaussian Splatting video recording Camera DSLR
Environment Scan Drone
SLAM Point Cloud FARO Connect Viewe
Gaussian Splatting Point Cloud SIBRGaussian Splat
Environment Pre Integrated Point Fragment Cloud Compare
Building VR Environment | Processing Visual Cues Identity/ Segment
Eye Track Tobii

VR interaction

VR system development Path trace Unreal Engine 5

Simulation task with and without user accd

Visual Cues/ Eye gaze/ fixation Quest 2 and High

Running VR simulation Break Points performing computer

Spatial Configuration

Axial Line Drawing |Axial Line

Segment Analysis Run Analysis Spatial Integration and Choice

Isovist Analysis Building Plan Drawin Spatial Visibility QGIS and Depthmap
User Experience Analysis

Semistructuredinterview InterviewRecording

Thinking Aloud Protocol Simulation recording NVivo

Questionnaire Questionnaire result RStudio

3.8. Case Stuiks

In wayfinding performance, several externalized aspects of knowledge, such as cultural and
spatiatsocial, may play a part in building the knowledgreicture (figure9). Eachcountry has

its own intricate spatial and building typology, which developed under the origin people's
culture, allowing a typical movement behaviour among similar resideieanwhilg to test

the wayfinding performanceparticipants must not have prior information about the
environment Therefore, this study will involve participants from Indonesia and The
Netherlands, in which both groups will be given spatial information as opposed to their
original country. This method will efficiently test the prgseof cognitive mapping. The cress
country participant method would also diminish the cultural variable affecting the wayfinding
performance. Therefore, crosvironment wouldrequire the participants toreset their
initial spatial knowledgend introducea new cognitive map into thie spatial cognition

Tomake sure that the wayfinding variable is well captured and identified appropriately, the
case study must be chosen appropriately using several criteria:
1. Similarbuildingcontext
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In order to capture wayfinding visual cues, the study must involve buildiniy well-
structured signage and information featurasross spacand allowinghe possibility of visual

cues capturing and spatial information processing gathered from the wayfinding simulation
Furthermore,possessing a similar building layout typologgnddeal approachallowingthe

visual cues to be captureefficiently. The building must have similamctionsand spatial
interpretations from signages, building districteideaccess rights.

2. Similar spatial context

In continuous wayfindingthe case study must pertain to similar spatial typology connecting
indoor and outdoor space3hiswould allow the visual cueas be captured efficiently without
additionalvariablesnvolving unnecessary spatial complexity.

Two university buildings in Indonesia and the Netherlands were chosen in response to those
criteria, as shown ifrigure29. TheNetherlands study case would be using the building of the
Faculty of Architecture and Build Environmddelft University of Technologyhe Indonesian
study case woulduse the Faculty of Architecture and Design buildingniversitas

t SYOl y3dzyly bl aizyl t BahuSverSithbufldingspdsass similak Y dzNIp
building functions and access rightesulting insimilar signage structures for students and
staff to navigate indoorsFurthermore,the outdoor navigationwill utilize the outdoor
navigation covering from thbuilding's front door extending to the surrounding area within

a 3 km radiusThe radiudimits the movement spagekeepingthe simulation processnder

20 minutes.

THE NETHERLANDS

Figure29. Research location, TU Delft A+BE Buil(timgleft), Delft City(top middle) TU
Delft A+BE Buildingp view (top right) UPNVJT FAD Buildifimpttom left), Surabaya City
(bottom middle) UPNVJT FAD Builditogp view (bottom right)

SourceTU Delft (2025)UPNVJT (2025p00gle Maps (2025)
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3.9. Research Timeline

Table2. PreliminaryPhD Research Timeline
2024 ‘ 2025 2026 2027 2028

OBJECTIVES Ts[a]s[e]7]e] |
BACKGROUND STUDY
PROPOSAL WRITING

GO/ NO GO MEETING
RESEARCH ETHIC APPLICATION

- Building researckethicsapplication form
(research design, DMP, and informed conse
form)

- Application and revision process
1-CONTEXTUAL ANALYSIS

1.1 Wayfindingzisuospatialnterpretation
- Writing research paper 1

1.2 Access righkin spatialcognitive
development

1.3 Access rigktinterpretation inmulti-
environment

- Writing research paper 2

2-SIMULATION TOOLS AND SYSTEM
DEVELOPMENT

2.1 DigitaEnvironment Development

- Testing various digital environment scannin
systemsand visual quality

- Writing research paper 3
- Writing research paper 4
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- Environment scanning using LIiDAR /
Photogrammetry (Indonesia and The
Netherlands)

- Environment preprocessing (noise reductio
gaussian splat conversion, visual optimisatio
point segmentation)

2.2 VR simulation systeoonstruction

- Environment visualisation into VR software

- In software VR simulation development (usf
interaction, path tracking system, and
movement identification system)

- Eyetracking development

- PILOT TESTING 1 (testing the VR simulatid
feasibility)

- System redevelopment pogtilot testing 1

- Writing research paper 5

2.3 Questionnaire and Interview Developmel

- Developing questionnaire, interview
questions, and interview protocol

- PILOT TESTING 2 (identifying issues in thg
guestionnaire and interview)

- Questionnaire and interview protocol
redevelopment pospilot testing 2

2.4 Simulation system finalization

- PILOT TESTING 3 (identifying issues in the
overall simulation system, including
guestionnaire and interview process)
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- Overall simulation system redevelopment
post-pilot testing 3

3-SIMULATION AND DATA ANALYSIS

3.1 Simulation process execution

- Simulation in Indonesia

- Simulation in The Netherlands

3.2 Spatial Configuration Analysis

- Axial maps drawing of case study buildings
- Segment analysis

- 3D isovist point cloud analysis

- Writing research paper 6

3.3 Statistical analysis

- Comprehensive Data Analysis and
Interpretation

- Writing research paper 7 & 8

4-DEMONSTRATION OF OPTIMIZED
WAYFINDING

- Concept development

- System development and prototyping
- Demonstration

- Evaluation

- Writing research paper 9

5-DISSERTATION WRITING

FINAL DEFENCE
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3.10. Research Significance
Theoretical contribution

This study wiltontribute tovarious theoretical significangbeginning fronthe redefinition

of transitional space, access rights in spatial cognitive developmentjdemdification of
access rights imultiple environmentsThe redefinitionof transitional spacemphasizehe

role of transitional space in spatial cognitioine current study of transitional space mainly
explored space classification, whereas transitional space also plays a role in spatial cognitive
development. This study will try to redefine transitional in spatial cognition perspective,
which pays great attation to breakpoints as spaces where spatial cognition is being
developed.The exploration of transitional space will also be integrated into the IndoorGML
framework by introducing additional space s$#ications thatreflect its role in spatial
cognition and wayfindingkurthermore this study willexplorethe role of access rightsn
spatial cognitive developmemindshowhow access rightare utilizedfollowingthe cognitive
learning processThis information will contribute to the LADM framework by refining space
classification considering movement behaviour due to access rightise same timeresults
from VR simulationwill show the degree of visuatues of wayfinding in each of the
environments which is crucial informatiofor the development of wayfinding studies.

Methodological contribution

To be able teexecuteand capture accuratespatial cognitive representation in wayfinding
this studywill develop several methodological contributions beginning ftomutilization of

a 3D photorealisticVR environmentpoint cloud data setsaxial linesof Delft and Surabaya
City,andisovist analysis oABE building. loreatinga 3D photorealistie/R environment, this
study will employ point cloud data to represent a reatlife scanned 3D environment.
Photorealisticrepresentation in VR wayfinding simulation will be able to provide more
accuratehuman behaviour due to similar sensory stimuli created from the environment.
Furthermore, this study will produce various data sefsch agoint cloud datasets othe
study cases, axial lines, and isovist analysis, whith benefit future research The
combination of capturing wayfinding behavioufrom eye movement identification of
breakpoint, and spatial data representation from segment analysis and isovist will also
provide an advanced approach to wayfinding study that expldres correlations of
movement behaviour and spatial situations.

Practical contribution

The research result adentifying visual cues a multi-environmentwill benefit architecture
and urban desigin optimizing user experience, especially fimproving efficient mobility.
Buildings or spacesequiring efficient mobility across the environment, such as public
transport hubs, universities and hospitals, could utinzsual cuesesearch outcomes to
optimize theirspatialdesign Furthermore, visual cuellected in this research will be used
to developa design guidelinbighlightingthe development of spatial awareness aihe role

of transitional space in mulgnvironment wayfindingAfter that, the design guidelinevill be
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implemented as a enhanced virtual environment, which would demonstraiptimized
wayfinding Theenhanced virtual environment will be applied in both case studies (Indonesia
and The Netherlands)and can be archived as design proposal for future building
development.

3.11. Research Scope

EnvironmentScope

The studywill examinewayfinding in multienvironment, indoor and outdoor, emphasising
transitional spacevithin structured urban space surrounding the study case aredimit the

spatial and cultural aspects, the research will be conducted in two study :chee§AD
building at UPNVJT, Indonesia, and the A+BE building at TU Delft, The Netherlands
Furthermore, he explored environment withnly be limited to the ground flogifocusing on

the transition between indoor and outdoor spaces.

Cognitive and WayfindingFrameworkScope

This studywill only accommodateedestrian movement and focusn allocentric spatial
cognition. Allocentricis anunderstandingof space as an independent structure rather than
from a personal point of view. Within this scope, ihglementedkey wayfinding variables

the visual cues of spatial elemenis.the ndoorenvironment thesevariablesareinterpreted
asarchitectural differences, layout configuration, signage, room numbers, and visual access.
Meanwhile in the outdoor environmentthe explored variables ar@aths, edges, nodes,
districts, and landmarks. Additionallshe main aspect to be observed in transitional spaces
isthe overlapping spaces and pause points where wayfinding decisions often occur

MethodologicalScope

The methodology implemented in this study adopts Virtual Reualitly a Gaussiarsplatting
digital environment tocreate a photorealistic environmenfThis approach provides
controlled environmento cater to the tested wayfinding variableshich focuses owisual
cues interpretation in wayfinding performanc€ompared to realorld simulation, VR offers
a more flexible and repeatable testing environmenthich minimizes external distractions
and providegonsistency in experimental conditioriaurthermore it allows for the controlled
manipulation of spatial elements, which would be difficult to achieveeatworld settings.
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4. PRACTICAL ASPECTS

4.1. Deliverables

The maindeliverables that are expected to be produced durthg PhD research
period are asfollows:

1. PhD Research Proposal
2. Three (3)publicatiorsin variousjournals

3. Six (6)presentationsand paper publicatiosin various conferences, workshops, and
symposiums

4. Datasets
5. PhD Dissertation

In fulfilling PhD agreement publicatisnthis researclims to publish at least 9 publications,
which will be published in various journals and conferen€fghe 9 publications 3 were
expected to be published in journalghile the other 6were expected to be published in
conferencesln the future, more publications are expected to peblishel in journals and
conferences listed imable3. Nonetheless, the list madye updated followinghe adjustments
of the paper topics anather circumstances.

Paper 1Visuospatialvayfinding interpretation irmulti-environment Indoor,Outdoor, and
Transitional Space

Paper 2:The role of access rights in medtnvironment (Indoor, Outdoor, and Transitional
Space) spatial cognitive development

Paper3:Virtual Reality Visual Evaluation Through Edge Similarity in Various Point Cloud
Density: An Early Study of Indoor GML Signification in Wayfinding Simulation

Paper 4Wayfinding Visual Cues Identification in VR Gaussian Splatting Environment
Paper 5VR Validity Verification for Wayfinding Simulation Using Point Cloud Environment

Paper6: The role of spatial connectivity and spatial visibility in determining wayfinding
performance duringontinuousmulti-environment simulation

Paper 7Significance of wayfinding visual cues in meftvironment
Paper 8Spatial cognitive development in muéinvironment with respect t@ccess rights

Paper 9:Rising spatial awareness for optimized wayfinding by highlighting visual cues in
virtual environment

Table3. List ofthe targeted Journal and Conferersce

Journal Conference
International Journal of Applied Earth Observation and Workshops of the AGILE Conference on Geographic
Geoinformation spatial awareness Information Science
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L{tw{ LYGSNYyIGA2YyLlt W2dzNYI f|nternational Workshop oGeoinformation Advances
LYGSNYFGA2ylt W2daNYIf 2F omDS2mAYyF2NNIGAS bSRSNI I YR

Journal of Spatial Science (TJSS) IAGILE Conference on Geographic Information Scien

International Journal of Spatial Data Infrastructures ReseargWorkshops of the ICA Commission on Generalization

(IJSDIR) Multiple Representation

International Journal of Geographical Information Science (i3DGeolnfo conference

Journal on Data Semantics International Conference on 3D Web Technology

Journal of Geographical Systems Conference on LocatieBased Service

IAdvanced Engineering Informatics The International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences (19

Journal of Navigation LADM workshop

Trends in Cognitive Sciences Space Syntax Symposium 15 2026

Journal of Building Engineering

Frontiers in Human Neuroscience

Journal of Environmental Psychology

Environment and Planning B: Urban Analytics and City Scie
Scientific Reports

International Journal of Architectural Computing

4.2. Supervisio

This research will be conducted under tBeo Database Management Cen(GDMC)with
the supervisionof Prof. Drlr. P.J.M. van Oosterom as tpeomotor and Ir. Edward Verbree
as thedaily supervisarThe PIDsupervisory comprisesHeeklymeetingswith the promotor
and co-promotor. A monthly progress report will be presented with the additionsdterial
discussed durinthe meeting

4.3. Collaborations

This research comprisesanysubjects that couldhvolvevarioussupport fromother parties

To achieve itamost optimumresult, this researctwould collaborate with Professor Sisi
Zlatanovafrom The University of New South Wales (UNSWama&xpert in 3D indoor
navigation (indoorGML), Prof. Nico Van de Weghe from Ghent University, Ir. Hans
Hoogenboom from ABE TU Delft VR lab, abd Florent Poux as an expert in thimart point
cloud In developing wayfinding contextualnderstanding, this researchlso hopes to
collaborate withwayfinding and spatial cognitive experts suchPRasfessorRuth Conroy
Dalton from Northumbria University andr Professor Christoph Hélscher from ETH Zurich.
In supporting data processing and collection in Indonehia research will collaborate with
researchersfrom Uy A GSNEA G & t SYOolFy3dzyly blairzylf
Dominikus Aditya Fitriyanto ake head of Architectural Design Laboratory ahd Lathif
Mardi Suryanto as thélead of Information System Management Laboratdyrthermore,
Synthesis Project master studertaveparticipated as collaborators in this research and will
continue to be involved isupportingthe research outcoméor the upcoming years

4.4. Doctoral Education Programme

As part of the skill developmerduring the PhD research process, PhD researcher must
complete a minimum of 45 Graduate Schq@Sxreditsthroughoutthe PhD research period.
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The GS credit can be obtainbg completingcourses covering Brimary skills (discipline
related skills, transferable skills, and research 3kihsl Learning on the Job activities (LOJ).
Among the provided coursethere are 4mandatory university GS courses and 1 mandatory
faculty GD coursayhich needs tdbe completed during the first year &hD research. The
mandatory courses ar&lodule Al - Introduction to the Graduate Schqdilodule All ¢
Navigating the PhD Liféodule Alll ¢ Conquering ChallengePhD Starup Module B¢
Scientific Integrityand ABEOO9Research Proposal for Architecture & the Built Environment.
Thusinfulfilling theGS credit criteriavarious taken and planned courses have been prepared
to be conpleted throughoutthe PhD researchperiod. In the first year, 20,5 GS credi®re
collected, leaving 24.5 GS credits to be collected (T4ble

Table4. Planned and Taken Graduate Schomdits

DONE
GS |PLANNE
COMPETENCES NAME OF MODULBRCTIVITY Credit| GS Credi
Discipline related skills
GEO1007 Geoweb Technology 5
’Geospatial Data Carpentry for Urbanism | 1,5 ‘

’GE01003 Positioning and Location Awarene| ‘
|GE01009 Python Programming for Geomatiti | 5

Research skills

R.1 Research Management [R1.Al Research Design 3
Designing, Project R1.A2 The Informed Researclinformation

management, Problem solving 5nd Data Skills 1,5
Valorization

R1.B1 Managing the Academic Publication
ReviewProcess 1

R1.C2 How to Select / Make a Questionnaire
and Conduct an Interview 2

ABEO009 Research Proposal for Architecture

the Built Environment 4
R.2 Academic Thinking R2.B2 Statistics for PhD Research | ‘ 1
C(_)nc.eptual think.ing, Anal.y.tice R2.B3 Data Visualisation as a Tool for Scien
thinking, Synthetic skill€ritical Research (using R / using Python) 1
thinki Creativity & . .
n |ng., reatvity R2.C1 Analysis of Interviews and Other
Innovation

Unstructured Data 2

R2.D1 How téormulate Successful
Propositions for your PhD Defence

|ABE 007 Discovering Statistics Using SPSS'| |
|R4.A1 | Research Data Management 101 | 2 |

IN
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R4.A1 Research Data

R4.B1 Personal Data and Human Subjects if

Management 101 Research 1
Transferabekkills
T.4 Sedmanagement T4.G1- Al Module Al - Introduction to the
Autonomy, Time managemen|Graduate School 0,5
Flexibility, Perseverance, |14 G1- AllModule All ¢ Navigating the PhD
Dealing with risk and Life 0,5
gz:s::;rl'g;er;gsg::teurSh'p T4.G1- Alll Module Alll ¢ Conquering
Challenges 0,5
T4.G1- B PhD Starmip Module Bg Scientific
Integrity 0,5

T.1 Effective communication
Presenting, Writing skills,
Storytelling Language skills

T.2 Working with others
Networking, Collaboration,
Negotiation, Leadership

T.4 Selimanagement
Autonomy, Time managemen
Flexibility, Perseverance,
Dealing with risk and
uncertainty,Entrepreneurship,
Personal development

T1.A9 Scientific Text Processing with LaTeX|
T1.A10 Designin§cientific®osters |
T1.B3 Writing a Scientific Article in English |
T1.D9 Dutch foNon-Native Speakers (NT2) |

T2.A2 The PhD Network Hub
T4.B5 Project Management for PhD Candid%

T4.G14 Career DevelopmenErom Scientist t(
Entrepreneur

A AR R

Learning on the Job (LOJ)

Addressing a large audience (examples: spe
at majorinternational conference / workshop
incl. conf. paper

Poster presentation conference / workshop
incl. conf. abstract / paper

Scientific Presenting & Interacting
Participation in work consultation with resear
partners

Writing aninternational, peefreviewed journal
article

Teaching assistance: assisting in laboratory
courseftutorial (Synthesis Project)

Teaching assistance: assisting in laboratory
course/tutorial (Positioning and Location
Awarenesg GEO1003)
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TOTAL 20,5 39,5
TOTAL 60

4 5. Risk and Ethics

One of the risk®f this studyisthe emergenceof motion sickness during the VR simulation.
Therefore,the simulation task and are@adiuswill be controlledto only last for a maximum
of 20 minutes. Keeping the simulation duration unde20 minutes could reduce the
emergenceof VR motion sicknesfLo & So, 2001)Furthermore, his study will collect
personal background information related tpatial ability, such as profession, travelling
habits and educational &ickground. However, the data will be kept anorous and not
published keeping the privacygf the datasecured

Followingthe involvementof human subjects in this research, risk and ethics evaluation
shouldcommenceand receive approval from the Human Research Ethics Committee (HREC).
Theapproval from HREfllowed the stipulation of thélfU Delft Regulation on Human Trials
(2016) Figure30showsHREC ethics and risk assessment application process that needs to be
done before commencing the researcifThe HRE@thical clearance would evaluatie
submitted form, which observeshe risk assessment and mitigation provided by the
researcherEnsure that research involving human subjects is executed following the research
ethics regulatiorestablished in TU Delft.

HREC Review — When and What to submit DRAFT 77777 R TSI
lemarks - optional

I I
: Human Research Subjects - :
\ Humans participating in |
1 experiments and (device) tests, |
1 interviews, questionnaires and |
: surveys. :
1
I
I
I
I

1. Are you teaching a course
(ngt thesis) in which your
students are conducting
research involving Human

Research Subjects?

3. Are you conducting
[ thesis induded) and
using 3rd party data collected SEENEEEY
from Human Research
Subjects?

2. Are you conducting
research (thesis included)

sssss

MSc students - In consulation
with the thesis supervisor, either |
the supervior or MSc studentis |

. responsible for the application |
Potential Applicant \

_________________

5. Are you a MSc student and
are you responsible for the
application (in consultation

with your supervisor)?

Your should submit an
application to the HREC. The
submission should include the
following 3 documents:

Your should submit an
application to the HREC. The
application should include the
following 3 documents:

| !
I |

1
(B course-Related Data Informed | | Ethics Raview Data Informed !
I Research Management Consent (1C) | | Checklist Management ‘Consent (IC) |
| Checklist Plan (DMP) form | | Plan (DMP) form :
I
[ ! } !
I ! | !

ink to templates

—

Submit into LabServant

Figure30. HRE@thicsand risk assessment application process
Source: TU Delft HRE@Mmittee
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4.6. FinancialSupport

The Indonesia Endowment Fund for Educagaholaship from the Government of Indonesia

will financially support this researcltoveringthe research expenses and parts of the
publication fee.
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5. RESEARCH PROGRESS

Along withpreparingthe GO/ NO G@neeting proposal, this research hdsegunits initial
simulation testing the feasibility of the proposed research methdthrious research
processeshat havebeen conducted are

1. Scanning parts othe A+BE building using ZEB Horizon Slam LIiDAR scanner covering
most of the A+BE ground floor area.

This process is part tiie data collection stage, which involves environmental scanning
of study cases. This datafi;mdamental for building the simuli@n environment.The
data is collected using ZEB Horizon Slam LilwARh produces LiDAR point cloud data,
capturing the3D photorealistienvironment of theA+BEground floor areaThe collected
data havebeenreprocessedn Cloud Comparto integrate some building segments and
redue noises capturedduring the scanning procegfigure 31). In this processsome
parts of the buildings are also segmented pooduce separatepoint cloud data
highlightingpotential building landmarksThe segmented data will be used faarious
analysessuch asnvestigatngspatial featuresn specifiedandmarkareasandVR validity
verification study The current data have captured most athe ABE building parts
covering themain halls and various studios. More scanngugquired to capture the rest
of the building areasncludingoffices classesandvariousservice areas

Figure 31. Pre-processed LiDAR Point Cloud scan of ABE building
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2. Priorinterpretation of wayfinding visual cues in ABE building

Various landmarks are identified in this stdgiowingLiDAR point cloud data collection
results (figure 32). The analysis indicatedinitial information related to different
categorizations of landmarksuch as global and local landmarks. Seveagk of the ABE
building play asignificantrole in district identification following the presence of global
landmarks. Globalandmarkssignify the positioning relative to the overall building.
Meanwhile, local landmarks signify positioning relativestoaller parts of the building.
Hypothetically not all buildings would possess global landmafkserefore, the result of

this analysis will be further investigated by comparing it to the second study case, which
will be collected at later stage of the research.

Figure32. ABE buildingvayfindinglandmarkidentification

3. Testing visual quality of point cloud visualization in VR

Some of the collected point cloud datzegan to be visualised in VR &valuate its
feasibilityasa simulation environmentHowever high-density point clouds coulohcrease
the computational densityreducing thesystem'sperformance Therefore, this data is
employedto evaliate the point cloud VR visual qualityver several point densitie3he
point cloud data isnodified into 6 different point densitieand then visualised in VR
Furthermore, thevisualization is recorded and analysed using caguiye detection to
evaluate its ability to provide geometric informati@bout the environment(figure 3).
The image with edge detectios then compared with the ground truth edge image to
evaluateits similarity in projecting the geometrical feature of the real environmdihis

64



data is applied to build a conference papesubmitted to the AGILE Conference on
Geographic Information Science.

Figure33. Result opre-processed image using Canny Edge detection on various VR point
cloud density and ground truth image

4. Testing alternatives opoint cloud visualization in VRgaussian splatting)

Gaussian splatting (GS) is explored in buildinDa photorealisticenvironment to
evaluate its feasibility in beingsedasa VR environmentin the wayfindingsimulation.

Some objects are tested to see the detail that GS could deliveinitial test begn by
exploring detailedobjectslike the cactus(figure 34). The result showed that GS could
provide a detailed visalisation of the cactus pricks. Furthermoi®PMClab GS with

7000 iterations, has been visualised in UE5 and showed promising GS scan results to be
utilised as a VR environmef(figure 3). TheGDMCscan willundergo training again to
produce GS fromthe 30000 iteration, which is supposed to produce a more seamless
environment result tharthe 7000 iteration Fox wall decoration GS has been tesisthg

VR visualization, showing great deth#t iswell captured in Viigure 3). Thesaesults

65






































































































