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InteractionTriggered Estimation of AR Object Placement on

Indeterminate Meshes

John P. Luksas
(ABSTRACT)

Current Augmented Reality devices rely heavilyreattime environment mapping to provide
convincing worldrelative experiences through user interaction wiittual content integrateitito

thereal world. This mapping is obtained amgdated through many different algorithroat often

results inholes and other mesh artifacts when generated in less ideal scenarios, like outdoors and
with fast movement. In thigork, we present the Interactidiriggered Estimation of AR Object
Placement on Indeterminateelghes, guick, interactiortriggered method to estimate the normal

and position of missing meghiecesin reattime with low computational overhead. We achieve

this by extending the user's hand using a group of additional raycast sample points, aggregating
results according to different algorithms, and then using the resulting values to place an object.
This thesiswill first cover problems wittcurrentmapping techniqueshoroughly explain the

rationaleand algorithms behind omnethod and then evaluat®ur methodusing a user study



InteractionTriggered Estimation of AR Object Placement on

Indeterminate Meshes

John P. Luksas
(GENERAL AUDIENCE ABSTRACT)

AugmentedReality (AR) technologies hae the potential to change all our lives for the better
through tightand seamlessitegration into our daily livesCrucial to thisseamlesitegration is

the ability for uses to manipulatevirtual AR objecs and interacteffortlessly with realworld
featuresaround themin order to facilitate thisnteraction,AR devicesoften create8D mapsof

the real wortl to allow the device to recognize and respect the geometry of the world around it.
Unfortunately, nany AR devices still have trouble creating and maintaining thesgsin
challenging environments, like outdoors or when moving fasthe resulting 3Dnapsof the
environmentshaveholes and inaccuraciesausinguser interaction with the environment to be
unreliable and breaking the seamless integratidihile many solutions look toward more
advanced algofimsthatrequiremorespecializedgensors onextgenAR devices to improve this
mapping issue, we sea apportunityto enhane any existingdD maps using a novel interaction
aggregatiorapproach that catmeoreticallywork with any mapping technologyn thiswork, we
present the Interactiefriggered Estimation of AR Object Placement on Indeterminate Meshes, a
work-in-progress application providing a quick, interacttaggered method to estimate the

normal and position of missing mesh in raale with low comptational overhead.
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1 Introduction

1.1 Motivation

Currentaugmentedeality (AR) technology and applications have begun to rapidly expand from
ther previousresearch and enthusiastctors intanainstreantommercialand industriakectos.
This expansioinas seen AR applicatiomscreasingly utilizedor work such asubsurface utility
engineering visualization for civil enginedid and augmented industrial engineering
visualization for shipyardg]. Many also seea largeapplicability of AR in Industry 4.0n order
to increase productivity arassst with humarcomputer interfaing [3][4]. Additionally, AR is
starting to be utilized by first respondéor search andescueapplicationg5], [6], including
recent workwithin our labaspictured inFigure 1.1, wherefirst respondergteract with a
standard NIST FEMA markingsingAR [7]. With this expansion AR applicationdave
gradually growrtheir physical area extensometimesequiing extensie areas (such as large
outdoor spaces) to perform their desired purplvssany caseshese largescale application
areas have caused strain on traditiandbor AR trackingand mappinglgorithms especially in
cases where the trackiagd mappindpas to beeal-time, meaning no prior knowledge of the
tracked area can be assumadditionally, in many case#ternet connection cannbée
assumegor latency is too higho performfasttrackingon an offsite servergquiringall

algorithmsto be AR deviceside
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Figurel.l(a)Exampleofwelc onstructed AXO0 spray paibpsameptt FEMA assesgment si ¢ al fe
marking[7]

Thestrainof currentAR tracking and mapping algorithms large scaleapplicationscan be
observedasimproper locations of AR hologranis the real worlgholes in environment mesh

used foruserinteraction, anadomplete tracking freezesd crash& to name a fewrigurel1.2
depictsanenvironmenimesh generated by a HoloLens 2 device drmamercial work
environmentvith an averagaisermovemenspeedresulting inmany holes scattered throughout
the mesh. Additionally, researchers exploring the accuracy of the HoloLens 2 in small and large
scale tracking and mapping found that the Helas 2 SLAM algorithm produced tracking and
mapping results within a few centimeters of the building model ground truth in-scadd|,
singleroom areas but observed large deviations from thidibg ground truth in large muiti

room tracking scenarids].



Figure 1.2: Example3D environmenmesh scan dhe 3¢ floor of Gilbert Place (experiment location¥ing the HoloLens 2
device Many mesh holes can be seen in the mesh where the orange backgrousti@ekthrough the white mesh.

While research is often focused mnprovinglocalization problerain largescale AR, we

believe improving environment mapping or at least developing methods to mitigate problems

with incomplete mappings, is equalimportant to the endser experiencelhis is due to the
meshoftenbeinga primary interactiori s ¢ a f f usdrsdiiilize go@uthor and manipulate

virtual content in the real world, allowingrtual objecsto conformand interact withthe

physical restri ct i dntampletd or spotty endronthent neeshrcancawsed i n g
loss of immersionfrustration andhinderuser buyin, especially for faspacedand important

applicationslike search and rescudany currentsolutionsaim tocreaefi @ r f enwitoroment

3



mesh representations of the surrounding at@augh new algorithms and nesgnsoisuites

While this would be the most ideal solutjave believefar too many variablemfluence the

guality of an environment map expecta&i p e r f e cetved with exéehsive and expensive
hardware and computer powérstead, webelievein striving for aquick figood enougtfior the
desired useexperiencé environmenimeshfrom any3D scannerWe therapply simple

sampling anéggregation techniqueshich weterminteraction techniquesvhen neededo

provide themostfeasible maintainableandaccessibl&R experience fomost peo®. We

believe this method would still allow usersnmre seamlessiyteract with an imperfect
environmenmmeshwhile not having to be concerned or even aware of the underlying mesh with

which they are interacting.

1.2 Research Problem

As mentionedafi p e r éngirortménmeshwould beidealandconsist ofa oneto-onevirtual
representation of t he u srelatiesactiongsuch asplatcinpe nt t o
holograms on realvorld objectsandprovidingaccurate occlusioWhile thismesh wouldethe

ideal solution forreatto-virtual world interactionmany factors currently prevemteshes like

this from being created andilized in realworld AR applications.

First,many current AR headorndisplays (HWD) and mobile devices used for AR experiences
lack sufficient oboard computational powerausing limitedeaktime environmenmapping
capacitiesAdditionally, many of these ABptions do not havigleal sensor suites order to
capture the real world at sufficient quality or spdée phones with single camerasitra-dense

point cloud software and scanners lilght detection andanging(LiDAR) exist, but these



usually requireexpensive equipment and computational power to resBher. knowledge
solutiors exist, likebuilding informationmodeling(BIM) andStructurefrom Motion (SfM), but
thesesolutions inherently require additional Wawn the frontend before a user can ewdtilize

an AR applicationpreventingspontaneousse of AR in any locatiarLarge changes in aarea
can also negatereviousknowledge, such asastconstruction or a large natural disaster.
Additional options for mapping and trackingxist using servers to do the heavy tracking and
mapping, but assumirigternet connection, especially in remote outdoor places, is not an ideal
or even feasible optiarFinally, even if sensors suites could ey good across all devices,
onboard compute power became much more powerfuljrachet access was always available
tracking would still most likely have ermthat need fixinglue to many environmental factors.
These factors, varying based on tracking and mapping techniguesly includdighting levels,
shadows, speed of progression through environmenthandkensity of features in an aiieto

name a fewand can occur in both indoand outdoor settings

Taking these curretimitationsinto accountwe see a very importamésearch thrush

changingthecurrentr e sear ch questi ons dnvironmenthapping ardumd we i n
a user o t o A Hthewveatall user exparienpgerofantemcting vatirentday

environment mesd®d We clearly see that the objecterivironment mappingnprovement

should be thenduser directlyinstead of indirectly througbnvironment mesh with less hele
Altogethetwe see a research opportunity for a fAgoo«
surroundings that provides a balance of computational power and object placement accuracy

using simple sampling and aggregation techniques.



The key contributions of this work are:

1. Explorethe dficacy of alightweight hardwareagnostic approach iateract with
imperfectmesles

2. Evaluatethe usability ofspecificmesh interactiomlgorithms

1.3 ResearclQuestions

The main objectivefahis work is tounderstand how different environment mesh interaction
techniquesffect user overall interaction with real world in ARiis main objective can be

broken down intdhreedifferent researchquestions

RO1. How does the mesh interaction technigue affecttaskmguality in sspray painng task?

RQ2. How does the mesh interaction technigffectthe efficiency of user interaction in a spray

painting task

RQ3. How does the mesh inter actandpeiceive@usdbiity que a

2 Background and Related Work

2.1 Background

2.1.1 Augmented Reality

We defineAugmented Reality (AR)sa technologyhat superimposesrtual objects into the real
world, allowing for a real world that is supplementeith informationrather thateplaced
completely[9], as shown irFigure2.1b. This isin contrast td/irtual Reality (VRWwhich aims to

completelyimmersea user in a virtual environmefd]. Sutherland $65 A The Ul ti mat e
6



Di s pl a ysmftep @egied as the jumping board for AR technolwbgre Sutherland
describedhis vision forthe perfectisplayto immerse a user with the use of all serj4€3.

Shortly afterin 1968 Sutherlands recognized as creating the finsiditionalvisual AR head
worndisplay (HNVD) which allowed a usentvisualizesimple3D wireframeobjecs and have
them react to real life movement of the u$ei]. Thomas @udell and David Mizel|lBoeing
engineers at the timéyst coinedAugmented Reality as a tefima 1992 paper where they
described an application used to overlay virtual markings to help guide the assembly of wire
bundles in manufacturind 2]. Shortly after Azuma[9] wrote the first surey of AR technology
definingthethree corecharacteristicef AR manystill usetoday 1.) combines real and virtual,
2.) interactive in reatime, and3.) registered in 3DMilgram and Kishind13] thencreatedhe
hugely populafi v i r t utail m ¢ seemafigare2.1ato properlyaddresand categorizéhe
terms of Virtual Reality (VR)Augmented Reality (AR), and Mixed RealiyIR) in terms of

real versts virtual environmentsSincethese simple beginningsd definitionsAR technology
hasadvancedlowly, reaching outside the realms of research labs and into the hands of real
industrial ancconsumer customerBurther, the applications for AR have grotwbecome
extremely advanced and usefot the everyday usel.oday many different forms of AR exist
around ugrom phonebased AR, likePokémonGo [14], to AR HWD, such as the HoloLens 2

eachoffering various amounts of immersion, technologydusability to users.
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Figure2.l: @Mi | gr am and Ki s hi n diB]4b)Ricture of @aSedrch and R&SafdR taphication tmat
displaysvirtual hazards to the user agell as a HUD showing nearby hazards

2.1.2 Mesh Repair

Most people have unknowingly encountecetnputer graphicbasedhreedimensional (3D)
mestlesin their daily life, as3D meslesenable technologies such\adeo games, CAD

sof t ware, and t he CGI fioné. A8Dmkstvadbe considgrdtie s t
wireframe, orskeletonof a 3D object, defining all theinderlyinggeometry and detaithat make
up the3D object being representetihese3D models and data are often storethimformat of
3D polygoral mes, whichin most casess formattednto tessellated, ariange mesH15].
Each triangle is defined by three vertices and three etiggether forming the triangle faes
show inof Figure2.2b. Thistessellateanesh can be used to mo@& objects ranging from

dozens of triangles to millions of triangles, depending on the level of detail of the object.

bl
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Figure 2.2: (a) An example 3D model with the mesh visualize8l¢iment breakdown of one triangle in a la@® trianglemesh

Ideal meshes are usualsatertight defined agiconsisting of one closed surfacend fido not
contain holes and hdhMleWhde watérteglat meslyes ateetlfeigaide d 1 n s i
standardmany 3D models today do not quite meet thetgagent criteridbecause meshes are

created and generated from many souvagésvarying quality.Sourcesan be categorized

roughly into two categoriesligitizedmodels which represent the digitizatiaf the real world

using various sensors and softwardsynthetiomodels whicharemodels conceptualized and

created entirely in the computd5]. Both model types can have issues and not be watertight,
butdigitized models, usually from scanning technology LKBAR andphotogrammetryhave a

much higher chance of not being watertight due to morse from user error and reabrld

environment factordn our case, st AR mapping algorithms can be considediggtized

models, as the mapping algorithms are digitally recording and recreating physicalismades

to be used for AR experiences.



Thisvarying quality of mesh and sources hebto an entire research areanoésh repairthe

study of how taepair incomplete doroken 3D meshOne common operation of mesh repair
especially for digitized models, is halepair, where the software tries to extrapolate details from
mesh surrounding the hole to reconstruti the best abilityFigure2.3 visually showcases

some additional mesh problems that can occur and require mesh Tépairare many mesh
repair algorithms and technigyesd! with different strengths and weaknesserg in general

these mesh repair algorithms cancharacterizedéhto local mesh correctigrwhich modifies

only mesh in the vicinity of eaahdividual mesh defecandglobal mesh correctio, which are

typically based around completemeshingf the input 3D mesfi5].

Singlular Edge Singular Vertex

Topological Noise Hole (with Islands) Inconsistent Orientation

Sell Intersection

Figure 2.3: Common 3D mesh problems encountered when working and generating 3D mesh[tBhtent
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2.1.3 EnvironmentMapping

Environmenimapping often calledspatial mapping17], is the processf digitally capturing a
realworld environment Thismappingcan be carried out through many different technolggies
like LIDAR or photogrammetrybutideally results in @D meshor point cloudwhose shape

contourgo the reallife geometry scanned.

Figure 2.4: Environment mesh generategdreal-timeby the HoloLens 2 SLAWpe tracking and mapping systéman outdoor
setting

Environmentmappingcan be utilized in many different applicaticensd work but isespecially
essential imanyAR applicationsas it allows users to interact with their reairld
surroundings, increasing overall cohesion of the real and virtual waihgg.onment mesh in

AR applications can be thought oftag digital translation layer which allows the AR device to
understand the world around it in order to facilitateraction between the real world and the
virtual AR world.For example, environment mesh could enahl&R experience that allowed

users to place a virtual TV perfectly flush on a kitchen wall from a distance and then allow that
11



TV to disappear from the user és vUsealy thidhen t
mesh is not visualized for the user, but instead is used for occlusion and user AR interactions
with their surrounding environmeriigure2.4 showcases what a sample 3D environment mesh

generated from the HoloLens 2 onboaryironmenimesh algorithm looks like when visualized.

In thiswork we will broadly categorizervironment mapping into two different categories,
offline mappingandreal-time mapping Offline mappingis any methodn which thescanningor
processing of the mesfiasynchronous to the actusle of theenvironment map by some
device, like an AR headseéfhis can include technologidie structure from motioriSfM) and
offline SLAM, which utilizeprior knowledgelike sensor informatiopwhich can include photos
andraw sensor output& order to form an enkonment meshRealtime mappingon the other
hand,we term as thérmation of an environment mesh at runtimehef application or
algorithm Both offline andreakttime environment mapping could be runningsarver
hardware, powerful local computers, or even-jpowered devices, like a smartphone AR
experience or the HoloLens &dditionally, environment mesh can allow more advanced

inference about an environment sucls@santicenvironment scene understand[h§].

2.2 Related Work

No current research, to our knowlegdgpproaches thenvironmenmeshhole problem with a
specific hardwar@agnosti¢c game enginenplementatiorview as we do. Most researtifat
could be utilized and attempts to fix tA& environment mesh holgroblemcan be categorized
into tworesearch thrust&nvironmentmappingalgorithmsor classic mesh repair techniques

The mappin@lgorithmssection outlines past and current mapping and tracking technologies that

12
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attempt tamprove the environment mesh through different algorithms and settsasn

should be noted that many algorithms we timmncontainboth tracking and mapping algorithms,

but we will be solely focusing their relevant mapping capacity to ensure correct Shepaesh

repair technigues section describes classic and innovative mesh repair techniques, often used for

3D modelswhich could also Igically be utilized to fix holes in the environment mesh.

2.2.1 Mapping Technologies

As a reminder, mpping solutions that utilize prior information or require offline processing, we
termoffline mappingand solutions that can completely generate their vision of thewaé at

the runtime of the mapping application, we ternesd-time mapping.

Offline Mapping

ManyAR construction application®day focus onhe ability to overlay constructions drawings,
often in the form obuilding informationmodeling (BIM) formats, onto theeatlife building
site. This overlaymappingcan praide constructioimanagement a view into the-lsilt
construction vs the gganned construction provided by the BIM modéahmood et al[19]
described @omputer visiorsystem that could be utilized twerlayvirtual BIM construction
drawings on buildingby matchinggenerated point clouds from the BIM modeth the
environmenimesharound tle user using BoloLens.Similarly, Yu et al.[20] proposed a AR
BIM overlay method which included additional features aimashaite and remot@spection
workers but the registration was performed using image targstsad oimatching the current
surroundings with the modedarlin et al[21] proposed @rowdsourceanappingsystem
allowing users with different devices (HoloLenpat, ect.}o all scan the desirethaparea and

13



then create oneommon point cloud mappinyentura et al[22] describe atructurefrom

motion (SfM)mapping solutiorwhich utilizes a custoralgorithm toallow the upright alignment
of panoramic photos whictoald then be run through a SfM algorithm. The mapping output
from the SfMalgorithm could then be used AR environment mapping and theut of

panorama photos make it a ueendly solutionfor users on smartphonégentura et al[23]

also describes a servilased solution, where users would record panoramic video on their
phoneswhich would be converted to point cloud data offiamel then be stored on a server to be

queried for localization and loading of point cloud areas as needed.

No matterhow dense and accurate @fline mapping algorithm can functioit will always be

held back bytheir inherenprior knowledge requiremenguch as scannintggking photcs, and

converting BIM and 3D model3his hindersthese algorithméunctional usabilityastheycan

only operatdn predefined areas witlhusually, ample time to process and perfect the output
mappingi far from ideal AR scenario @gpontaneougeaktime mapping in any scenario at any

time. Additionally, many of these prior knowledge solutions are not intendedeadiky

interacted with by the user or serve as an interaction layer due to the fact that point cloud to mesh

can becomputationally expensive

Realtime maming

In contrasto offline solutions reakttime mapping is generating the environment mesh of the
world at runtime of the applicatioMany mappingalgorithms and solutionsxistbut
simultaneoudocalization andnapping(SLAM) is by far thke basis for many of the recent

research in environment mappifgmultitude of SLAM variants exist, likg24], [25], [26],

14



mainly utilizing monoculawision-based solutionsCurrent HoloLens 1 and @vices utilizea
custom SLAM algorithm in order to obtain theinvironmenimapping needed farser

interaction and occlusidi 7]. Furthering thissimple SLAM approaciMoezzi et al[27]

described a hybrid SLAM architectutfeat uses the HoloLensdlLe v i eonar@dnment mesh

created using itsxternal SLAM algorithm, butaugments its capability usiram Extended

Kalman Filter (EKF) Many SLAM algorithms despite being advancestjll producesparse

mesh with unmapped areas and holes in it, due to thenbaard computef the AR device

Aiming to mitigate thissparse mesproblem Ma et al.[28] proposed a solution utilizing a
standard SLAM algorithnas a basi butthen gplying acoplanar algorithm to fit plande the
SLAM point cloudto provide denser, more usalmt@pping.Similarly, SalasMoreno et al[29]
andVentura et al[30] both proposé modified SLAM algorithms thatatively detectthe real

world asboundedplanar regionswith SalasMor eno6s focusing on indoor
focusing on outdoor urban mappiyhile planesan be used to generically map the
environmentthey still may produce maps too course to the actual environment in some
scenariosMukasa et al[31] were able to gain additional mesh density still utilizing a monocular
camera, bualsoutilizing a serverside Convolutional Neural Network (CNN) in order to

estimate depth from imagesd feed it into the SLAMIgorithms,in addition to visionGoing
beyond visual SLAMLieberknechet al.[32] andLaidlow et al.[33] furthered the usual visual
SLAM by utilizing RGB-D cameraso add depth measurement directly to the SLAM system,

withLai dl ow eutlizing bn.infemalU sensor

While SLAM solutions are plentiful, there still exsstnappingsolutions built on other

technology Gauglitz et al.[34] describes a tracking and mapping systemadhatvsthe ability
15



to trackarotatiornronly camerausually not possible in many SLAKIgorithms using a
panoramic tracking and mapping systdmt al® enable general translation and rotation
movementracked and mappeda SLAM. Many solutions exist that utilizepecific depth
cameras to understand and recreate the world around the@amms.et al[35] showcases
improvinga HoloLens © snmediateenvironment mesh around a useréiyofitting a higher
quality, separatelepth sensing camera to the deaoel funneling the depth data into the
HoloLens.Also aiming to improve depth datda et al[36] described aealtime smoothing
algorithmaimed tosmooth noisy depth data from any depth canté@rally, 1zadi et al [37]
describes maalgorithm, to baised with a standard Kinect sensehjch allows dense full scene
reconstructioras well as specific object scannitigough the use of Kinects depth and visual
camerasWhile depth cameras can provide very deanse accurate data normally, they often

cause an increase in compute complexity compared to normal RGB reconstruction i§3&hods

Overall,reattime solutiors can provide great results and will only get better over time, but many
of the solutions requirdifferent sensors or more compute power than AR devices curtevgy

on the market, limiting accessibility. Additionally, many ofghesolutions are still optimized for
indoor use, with outdoor use not available or causing fragmespiadse environment mesh. As
stated before, even witlbbust mapping algorithm#here are just too many environmental
variables that can come up to assuomeler mostircumstaces you will be able to generate a

Aperfecto mesh.

16



2.2.2 Mesh Repair Techniques

Outside ofnew environment mapping technologittee incomplete mapping problem can also be
considered in the light afew and upcomingraditionalmesh repair algorithm®ften used to
repair 3D object scankin et al.[39] describe utilizing a 2D image inpainting technique in
order tofill holes and perform surface reconstructiomimproperly scanned 3D objectshile
allowing interoperability withdifferent inpaintingalgorithms Wang et al[40] describel a 3D
modelinpaintingmethod basedround GenerativAdversarial Networks (GAN), more
specifically3D Deep Convolutional Generative AdvesrialNetworks, using a training database
of classified 3D modelsArvanitis et al[41] describel another 3D mesinpainting technique,
usingmatrix completion vismugmented-aGrangemultiplier, which utilizes both global and
local mesh coherence for very fasesh repair. FinallyXia et al.[42] repaired large missing
pieces of dental 3D mesh scansfiost referencing the dental scan agait& closesbther 3D
dentalmeshon handusing Iterative Closest Point (ICP), thaligning the two meshes and

repairing the original mesh using mesh deformation.

All of these mesh repair algorithrsbow much promise in repairing 3D mesh, &latost all of
these algorithms are designed to be run on static 3D models, meaning the mesh is not
dynamically changings in many AR environmemesh systemand many requirdesktop
computers to runThe dynamic aspect of AR environment mesh poses an &segen if mesh
repair algorithms are operating using local repair, the hateesh abnormality may become
fixed by the mapping system in the next frame, wasting precious comgsoigrces that could be

used for the core AR experienéanally, the unknown nature of rene mappingmost likely

17



prevents thenesh repair from alose model lookupepairlike that in[42], as in most cases

environmental mesh is not by default deeply analyzing the semantics of the surroundings.

3 Methods

3.1 Proposed Solution

3.1.1 Important Definitions

Mesh Elements

. Mesh Face

- \: Mesh
7 Normal
Vertex

Figure 3.1 Exampleside profile of a section of mesh showcasing the diffénénmsic featuresof a triangle mesh

To better ensure propenderstandin@f our solutia, we define thesdey terms:

1 Triangle Mesh:A mesh wherall the polygonalfaces ardriangles. In this experiment we
will be exclusively focusing on this type of mesh as it is industry standard for many game
enginesbut our solution is by no mearestricted to triangular meshgk3]. Wherever
meshis mentionedwe are referringo atriangle mesh
1 MeshFaceNormat Face normals are vectashogonako the faces of the me§#d]. It
should be noted that going forwasdherevemwe mentionmeshnormal or normalwe are

referringexclusivelyto themeshfacenormal.
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1 HoloLens 2Default FarInteraction Ray Thestraightline originatingf r om a user 0s
from the hand tracking system thaituised toselectfar 3D objecs for subsequent
interacton andmanipulaion.

1 RaycastA common game engine physics function that allawsnfinitely thin ray to be
fired from a particular poirnit a particuladirectioninto 3D spaceto for example,

collectmeta data owhat objects it collides with along the wgb].

3.1.2 Overview

Figure 3.2: (left) Standard HoloLes2 hand interaction rayright) Virtual hand planavith 16 sample pointssed to extend the
users interaction clicko allow estimation

The basic premise of our solutiont@screatesimple to implemengstimationmethods, which we
termexperimentainteraction techniqug that allow the useio seamlessly interact with their
surrounding without having to think about amypvironmenimesh generation or mesh errors that
may bepresent around them. Amonstrated in theelated Worksections, we could approach
the problem by implementing a new mapping algorithm or attemptifig bmles usingexisting
traditional mesh repair techniqu&¥e chose tphowever not approach the problem from that

anglebecause even if we could assume thatent orfuture AR hardware AR HWD or phones,
19



would havesufficient computation poweo run some of those solutions presentadst
solutions requirasensor suites aralgorithmchangeghat could not be ubiquitously adopted
across AR hardwardhis could cause AR accessibility issues as newer, most likely higher
priced AR hardware wouldbe the sole benefactor of technology updaieslitionally, even if
these software anfthrdware solutions could be applied to future hardwaveould likely

require specific configuration and settings for each distinct hardware device

In this light, we chose toreate a solutiogoverned by these principles:

1. Accepting that holes in thenvironmenmesh will most likely be preseds a fAper f ect
environmenimesh iprone to diminishing returrend becomes close to impossible in
everchangingindexpandingAR experiences

2. Maximizing the usabilityandextensibilityof our entire solutiofy constructing it using
common matlequationsand component®undin every game engine.

3. Designing thesolutionto beinteractiontriggered, meaning that compute is only used to
fix holeswhen a user directly wants to interact withashareacontaininga hole,
instead of constantly using compute power to fix holes that may beepakedn the
future anyway by the mapping algorithm.

4. Optimizing the algorithm to try to disrupt the other parts of the application as little as

possible.

Guided by the above principlesur solution ata high levelconsists of airtual plane
continuousiyt r ac k e d t ousiag hang wackingl hisividual glane isusedto extenda

u s eared of interaction when it is determined that additional informatih@mutthe
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environmenis neededo placeor move avirtual objectto itsdesired poseAdditiond
informationis required, in our cas&hena userdesiresto interact with theealworld usingthe
HoloLens 2defaultfar-interactionray and the environmental mesiksed taafford user
interactionwith the world is degeneratén any wayunderthe physicalareawherethe HoloLens
2 defaultfar-interactionray is pointing Instead ofpreventing a user frommteractingwith the
world atthat location orequiring them to waitintil the environmental mesh updatepassibly
fix the mesh degeneracyur solution allows theser to still ineract with that locatiogranted

there is additional environmental mesh reasonably adjacent to the area of desired interaction.

Calculate
Paosition
and
Normal

Hand Plane
+ Sample
Points

Min/Max Cull Outlier
Distances Detection

Spawn
Object

Calculate Calculate
Positon Positon
(float) (float)
v A h 4 A
Pure Weighted Eye-Weighted Pure Weighted Eye-Weighted
Average Average Average Average Average Average

I ‘ J

Return
Position and

Normal
Result

Figure 3.3:Diagram ofthe entire workflow of our solution frosample collection to the placement of an object using the
estimation.
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The remainder of thisection will be separated intalssections, eaclne explaininga small

part of theoverallprocessvisualized inFigure 3.3, to achieve our solutids functionality.Since

one of our principles is to make the solution as platfagonisticas possiblgall explanationn

the adjacent sections will only focus on thghestlevelideas and methods necessary to
understand the solution at a conceptual level. More specifics on our implementations and
technical detail$or the user studwill be described irsection3.9. It is also important to mention
that theentire procesbelowo nl y runs when t her eHolokensRo mesh wur
defaultfar-interactionray when the user choses to interact with the application (piashj

there is environment mesh under théaloLens 2defaultfar-interactionray we take that as

ground truth and bypass this entire process entirahally, thisentire procesas described

below, at least in our implementatianins at the same frame rate as the applicaficis means
thecomplete procedselowis executed approximately 60 times per second when a user requires

our additionalmesh estimation.
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3.1.3 Hand Estimation Plane
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Figure 3.4 (a) Headon viewof the tand plane with sample pointsimberedlight greennumbered pointsb) 3D side profile of
the hand plane (white) wittample rays (green lines) traveling from the sample points (light green sphettes etovironmental
mesh to collide and collect data

The starting point of all of ouwrxperimentalnteraction techniques is th@asehandestimation

plane, which consists of a 1x1 meter quad (plane), shomanedetailin Figure3.4, whose

purpose is to exteltheu s eharidand collecimetadatabout adjacent environment mesh in
theevent there is nmesh under the users HoloLens 2 default far interactianTitay plandas
trackedto theu s eharidsontinuouslyusing hand tracking. More specifically, the plane is
tracked in position and rotation, so that the fréate of the plane, the pla@ormal, isaligned
with the HoloLens 2 default fanteraction ray which is present in every HoloLens 2 application,
seen inFigure3.2 left. This tracking is done tensurethe plands alwaysfacing the environment
where the user magesireto interact Within this hand plane sit6 sample pointsvisualized in

this paper and user study software as ghewn asgreen 2D circletn Figure3.4a), which

serve as a discrete grid @figins from whichsample raysanoriginate to be talked about in
23



more detail laterAll these sample points are positoon the surface of the hand plane so their

normal are the same as that of the hand plane, essentially making the sampbmpemsisr,

visual way to define origins of the sample rays instead of defining plueehyin code

Additionally, this approach allowghe ability forresearcher® easily increasand decreasine

number of discrete sample poirtsd by consequence sample rayghe UnityUl. In this

experimentve chose to utilizd&6 samplgoints, which begs the questioriwhy that manyor

whythatftew? 6. Thi s i s a v almbrdsamplegantsimeapsoparsonalyb vi o u s |
more sample raysvhich would result in more chance of rays hitting adjacent mesh and more

chance for more accurate daltacreasing the number of sample pointsome cases couldeld
betterresults but not without drawbacks, as adding more sample points would resuitrén

compute being neededhis is becausmore data would need to be processed at every level of

the estimatiorworkflow, Figure3.3, generallycausingower framerate in the application

utilizing our methogdamong other application slowdowtisis with this logic we have tried to

weigh the positives and the negatives of the increase in sample points, ultimately ending up with

16 as we feel it i s enoug hsurtoundirgewhilralsosuf fi ci en

disrupting the rest of the applicatias little as possible

The last essential piecedor hand estimation are tkample raysvhich, as previously said,
originate from each sample pointthe direction defined by the normal of the hand pléne.
should be noted that these rays arethesize or thickness of the sample points, but rather (at
least in most software and game engirm@san almost 0 thickness ralyat originates from the
center of the sample point and goes out 8idoworld around the user looking fhits

(intersedions) with the current environental meshin an ideal worldall 16 sample raysould
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hit environmental mesand return datebut often less than 18t. This is dueto the
environmentameshoften beingoo spase to get complete coveragéth the discrete nature of
the sample point/ray gridas remembeif our method is being utilized there is already no mesh
under the usés HoloLens 2 default famteraction raymeaning the area around that raiiksly

to also have some more errdfghen one or more of these sample rays hitetheronmental
mesh,each sample raeturnsa custom data structure, callRdycastMetaDatadescribé in
Tablel, which contains many details about the part of the environmental meshFbhihe
purposes of simplicityin this sectiorwe will refer to an elementf type RaycastMetaData
returned by a sample ray akiapoint That array ohit points(which naturallyis alwaysthe

same length as the number of samrples that hit)s thenpassednto the first data processing

step,explained below

Origin point Vector3 position Records the position of whe
the ray originated, otherwisg
know as a sample point

Raycast hit distance Float distance Records how far eay travels
before it hits mesh (if it does
Hit point Vector3 position Gives position in the 3D

scene where the ray
intersected with
environmental mesh
Raycast normal Vector3 Returns thesurface normal of
the hit mesh, helping to

explain theorientation
Tablel: Overview of the RaycastMetaDalatastructureand its child propertiesised by our solution to collect and store data
retrieved from the environment
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3.1.4 Point Distance Culling an@utlier Detection

To filter out unintende@nvironmenimesh hits on mesh that theer most likely does not intend

to want sampled, for example if the user is standing behind a couch and intends to place an
object on a wall beyond the couch, we utilize a modifisd¢are tesoutlier systenj46]. This

modified zscore test, which uses median instead of mean in its calculation, allows us to discard
individual hit pointsthat are outside a certairszore leve in our case.5. This outlier step

allows usmore accurate final position and normal calculati@ssoutlierhit points are discarded
before they are utilized in one of the interaction technique algorjtilessribed irthe next

section

3.1.5 Distance and Normal Calculation

Standard HL2 RayControl) | N/A (Does not use estimation N/A (Does not use
estimation)
Pure Average All sample points are Equationl
aggregated equally
Weighted Average Sample points originating Equation2
closer to the original hand
interaction ray are weighted
higher
Eyeweighted Average Sample points hitting the mes Equation3
closest to the user's current
gaze are weighted higher

Table2: Overview of the different Interaction Techniques and their corresponding calculation method and equation

In order to aggregate all of tiné pointsthat pass the outlier detectiome have created 3

different aggregatiorstimationequationgor the experimental iteractiontechniqueswith each
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techniquehaving its own associategstimationequation These experimentaiteraction
techniquesn addition toour control Standard HL2 Raywhich represents the stock HL2
experience withouthe use of any part of our proposed lightweight mesh solutiake up all

four of ourinteraction techniquedVe chose to create more than one experimental interaction
technique because we wanted to see if different parameters and aggregation methods would
benefit the overall placement of objects, globalhgbr in different mesh hole scenasidhe
equatiornassociated with eadxperimentainteraction techniqutakes in thearrayof hit points
that passheoutlier detectionn the above sectigeachtechniqueonly differing in the specific
aggregatiorcalculatiors usedo transform the array dfit pointsinto a single position and
normal, usedn the next stepo place the desired objedtable2 details the difference between
each of the interaction techniqueesd Equationl, Equation2, and Equation3 detail the specific
math usedor eachexperimental interactiotechniqué sstimationequation In order tosimplify
ourimplementationthe same equations are used for botiimal and position calculationso if

a user is utilizinghe Pure Averagehen both position and normalll utilize the Pure Average
equation Equationl) to transform the array dfit pointsinto a position and a normarhis is not

a limitation, however, agny combination oéxperimental interaction technigequationcould

be utilized like utilizing Pure Averagédor position anceye Weighted Averager normal Note
that these are three example interaction techniques that we plan to study for this proposed thesis
work, however, many more variants of this approach are posaitbditionally, in terms of
equationsas you go dowexperimental interaction techniquesTiable2, the relative
complexityof the techniquand associateglstimation equatioimcreases, witfPure Average

being the simplest artlye Weighted Averadgeing the most complicateBigure3.5 gives a
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visual depiction of how the differeekperimental interaction techniques diffie their
calculation method with respect to the sample rii@e descriptive details of each

experimental interaction technique can be found below.
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Figure 3.5: Diagram depicting a graphical representation of the different aggregation equations behind our Interaction

Techniques. (a$tandard HL2 Rainteractiontechniquewnhich only utilizes thé&r interaction Ray and not the hand plane and

sample pointsepresenting the unused sample points as greR{b Average interactiorechnique where all sample points are

weighted equally equal sample points represented in gréenWeighted Averageteractiontechniquewvhere the interior 4

sample points are weightdigher than the exteriat2 sample points higher weighed sample points in red and lower weighted

in blue. (d)Eye Weighted Averagent er acti on techniqgue where the sample points
are weighted highei purple represents higher weighting and blue represents a lower weighting due to furthest distance from

gaze

28



Control (Standard HL2 Ray

The control interaction technique will be the normal HoloLens 2 single point interaction ray with
no sample points antb aggregationPut simply, if there is nenvironmentamesh directly

under farintesmdiondaghen the system will not be ableftace objects

Pure Average

ThePure Average environment mesh interaction techniguée simplest of our experimental
interaction techniquegstimaing both the position and the normal of the object to be placed by

averagingall the hit pointsthatmake it through outlier detection equally.
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Equationl: Position and normal formulas for pure average interaction technique

Weighted Average

Weighted Average takes the aggregation complexity a bit further, weightiig fhants(if
they hit)of theinterior 4 sample rayshown as recdcirclesin Figure3.5, higher tharhit points(if

they hit)from the exterior 12 sample rays. This is done as the 4 interior sample rays directly
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surround the HoloLens 2 far interaction ray, the interaction means by which users interact with
object from a far in the HoloLens 2. By weightiting hit point from rayscloser to this far

interaction ray higher we are attempting to g@etore accurate position and normal aggression

as the rays closest to original ray of user interadiionn taee nveéighted higheithe difference

in weightingbetween the inner and outer sample points can be easily adjustéolr our user

study weweighted thennerpointsfour times more than the outer points.
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Equation2: Position and normal formulas for weighted average technique

Eyve Weighted Average

Eye Weighted Average, the most complicated of the 3 experimental inter@cionques

introduces eye gaze as an extra aggregation parafdétpoints from ample rays are weighted
based on a us a&irpbirgs frenysamplg rays elgser to thé dye gaze getting

weighted higher and those further from the eye gaze getting weighted lower. This experimental
interaction technique aims to try to introduc
interaction ray, to help further inform the system. The idéagbat weighting based on eye
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gaze would make the system more accurate as the user is most likely looking around the area

they are trying to place an object.
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Equation3: Position and normal formulas fayeweighted average technique

3.1.6 Placement of Objects

Placed Object

Figure 3.6: Diagramdepictinghow objects arslid along the interaction ray using thesulting distance metric returned from
the chosen interaction technique

The final step obur solution is taisethe position and normal calculatedthe above sectioio
place the intended object in the environment. In our experjmienial spraypaint, detailed in
section3.9.5 wasthe objeciplaced using thismethod but any object could be usdequation4
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details how wautilize theHoloLens2 normalizechand interaction rgythe distance callation
from above and a small offset to construct tfieal position of the object to be placed.
Effectively, this equatiortakesthe default hand ray used tre HoloLens2, the red line seen in
Figure3.2, as a starting point and thelhdes the desired object to place altimg vectorto the
specifieddistance dictated by theesult ofthe position calculation ofhe chosemxperimental
interaction techniquased insection3.1.5 A small offsetis subtractegdin our case usually .05,
to make sure there is nefighting in the game enginghen the object is spawnethe final step
of the placement is tmtatethe desired objecothe forward axis of the object aligns with the
calculated normadf the chosen experimental interaction technifjam the above calculation,

allowing the object tadeally be orthogonal to the environmental mesh
DA OOQAQE WNEEAT Owi 0 DI 0 "BGEORN KEREDIGDED G O & QAN 0 O EEDDMQI Q6

Equation4: Formula for transformingestimatedlistance calclations to paint positions

3.2 User StudyDesign

3.2.1 Pilot Study

We ran a short intern@piloto studywith 3labpersonned ct i ng as .fthiapiloti ci pant
study participants were not exposed to the whole experiment, but insteaonlyeskown one of
the 4 interaction techniques along with the other assigned variables as det3tiadlyi.6. Our

main goals for this small pilot studyere:
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1. Tosee if the overall proposed 2 hr/participant time Iwduld be reasonably accurate
(through extrapolatioof one interaction techniglie

2. Establishan idealtotal physicallength of eachracingdot set (described belowin the
Experimental Task

3. Chooseand confirm the allotted time (time on task) a user is allowed for each
Experimental Task

4. Ensure the app was functioning correctly and recording the quantifaialddata
Measuregorrectly, and,;

5. Ensure hand tracking wasnctioningproperly.

Through this pilot studywe were able to accomplish all of the above pointsidentify some
smaller changes to be made to the overall software package and virtual instruction

administration.

3.3 StudyStructure

3.3.1 Quality vs. Time Paradigm

Early in the experimental planninge decided that we wanted our experinaétask to besome
variety ofpaintingtask with virtual spraypaintto test ouproposed solutiarOur initial planned

guantitativemeasure$or thetaskwere:

1.) A measure fovirtual paintiqualityo to observenow well a participant completed the

task
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2.) A time on task (tot) metrito observahetime a user tooko complete that task
3.) The number opinchest took a participant to complete theskato observe theumber

of interactions neededo complete the task

While we plannedheseinitial measures to be the base of our user study experimental design

quickly discovered chance for interaction, especially between paint quahgtime on task.

We couldinstructparticipants to try t@ptimize their paint qualityhile also trying to limit the

amount of time they use to paibut this is largelyambiguousThis is becauskothpaint quality

and time on task somewhat re&lg one anotheas higher quality tends tequire a longer time

on taskand vice versaNo matter what instructionseregiven by the experimeat, participants

would largely behave differently with tleenbiguous n s t r u trytto neaximize fiualily in as
l'ittle time as possi bl efacys mare anlhe gualitpyasdpea r t i ci p a
more on limiting their timeTo remedythis, we chose tatill utilize a virtual painting task, but to

fix the ime on tasko 10 seconds, a number determined in our pilot study, det&l2.ih

Additional details on all aspects of theer study are detailed belo
3.3.2 Participants

This studyutilized 24 participant$rom the Virginia Tech communitwho each completed our

2-hour user studyTheinclusioncriteria for this studyvere:

1 Participantsmusthavenormal or correctetibb-normal vision (correctethust be with
contact lenses)
1 Participants must b&3 years or older

1 Participants must beomfortable reading, writing, and speaking in English
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1 Participants must beapable of standing up, walking, and performing hand gestures

independently

Participantsvere predominantly from the ISE and CS departments in the VT College of
Engineeringwith each participant having the choice of $10/hr ($20 total) cash or 2 hrs class
credit (for preapproved eligible classeBje study tearstrived forgender balance in participant
recruitmentand the data ultimately reflected a 55/45 male/female gender split in this
experimentOnereplacement participant had to be utilized as data from one original participant
was deemed inaccuraféhe replacement parti@pt was given theame treatment and

experiment assignments as needed basedraxperiment design, explainéarther insection

3.6.

3.3.3 Equipment

Figure 3.7: (left) HoloLens 2 VD AR devicavith the TrimbleHoloTint SunglasseBetached (right)rrimble HoloTint
Sunglasseéttached to HL2

In this experimenparticipants utilizd aHoloLens 2 AR NVD (Head Worn Display)

sometimeseferred to aslL2, to displayAR holograms to thearticipantand allowinteraction
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withthe appl i cation using the HololLens 206s bui

contains an optical serough display, meaning that whao AR graphics arghown the
participant can see through the display. Additionally, the way the HoloLensdh sits

part i deaglaanes thesperiphery opEor optimal display contrast when using the device
in the user studywe utilizedthe optional Trimble HoloTint sunglasses for the HoloLens 2, seen
in Figure3.7, which actsimilarly to transition lenses when exposed to sunligit. Arguably

the most important part of the HoloLensahich makes it most relevant for this user stusgyts
environmenmapping featuredriven by its sensor suite, which allow it to map its current
surroundings live while walking around an area. Finalg,experimenter used an iPad and

MacBook Pro laptopo administer all user study surveys.
3.3.4 ExperimentSetting

Macro Experiment Setting

Figure 3.8: Showcasef parts of the 38 floor of Gilbert Placei the macro location of our experiment
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Themacro location for this experimewasa portionof the 3" floor of GilbertPlace alarge
office building locatedjust off theVirginia Tech campusThe portion of the3™ floor we utilized
is detailed in blue irfFigure3.9, a majority of which waa common area in the G&fpartment
We chose thisnacro locatiorfor our experiment due to itlensenumberof windows walls and
other physical features in tilamediate areavhichare describeth furtherdetailbelow, as well
as its expansiveinbroken hallways and common areasusto utilize, examples seen ifigure
3.8. Finally, thislocation also providedn adjacent experiment ropmhich could be used for
training and surveys during the experimeénttotal, the macro experiment areasaround 1800

square feet total.
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Figure 3.9: Diagram of the MacreEnvironment Setting with each Location Number (Arrow Represents Parti€pemitation)
displayed as well as the experiment extent (blddyitionally, thetraining room (orangeand the QR code locations for
tracking (purple) are indicated

Individual Locations

To integratea representativeet of physical environment factors agebmetriesnto ou user

study to properlyest our interaction techniquege chose to separate the macro experiment
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settinginto 12 distinct locationsas seen ifrigure3.9. Locations wereselectedand sorted based
on problem criteria we had found while testin

stages of this user studw. the endthe locations all fell into one ofl8cation groups

1 Indoor Walls
1 Indoor Windows (windows looking into conference rooms)

1 Outdoor Windowgwindows directly looking outside)

We selected thesmtegoriesfter early initial testing with the HoloLens 2 spatial mapping
which indicated mesh holes or mesh deformities with these types of locations when walking
through an area with the device (8@.2for more information on the conditions in which the
HoloLens 2 environmental mesh was generatéidure3.10 showcases one examitem each
location groudrom our 12 total locations in our user study (4 of dachtion group typewith

the mesh view of that location under each location. Ademee from the mesh for each
location, alllocationshave some form of mesh defect or holes in them.ifftiegior walls
experience ameshodeformity vith imany raigsingenrsbsh faces vertically along the
wall. Finally, both the indoor and outdoor window locations showcase the inability of HoloLens
2 to map andinderstand glass windoywsausng mesh holes in the environmental megiere

glass windows are located in the physigaae Although the indoor and outdoor windows
exhibit similar mesh problemwe chose to separate them into diffedecttiontypes as they are
subject tovariousenvironmental factorsuch aglirect sunlight for the outdoor window

locations and shadows and low light for the indoor window locatiose information for each

location can be found isection7.2.1
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Figure 3.10: Example photos @&n individual location and an example static mesh for that locat{tsp row left to right):
Indoor Wall (Experiment Location 1), Indoor Windows (Experiment Location 5), Outdoor Window (Experiment Location 8)
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Tracing Dot SetLocations

Figure 3.11: Example Tracing Dot Set location whehe virtual dots are overlayed onto real physical feature, in this case a
glass door

Finally, ateachof the 12IndividualLocatiors described above setof threevirtual dots,which
we termtracing dot sets are overlayed onto thghysical features of that location using the
HoloLens 2(seeFigure3.11). At their simplest level, thedeacingdot setsare each made up of
threevirtual bluedotswith numbergq1-3) inside which serve as a template on top of which
participants will perform ouExperimental TaskAlthough alltracingdot setsfollow the same
basic format described above, tHal} into two different categories based on the number of
surfaces they cover, orsirface and twaurface gach having slightly differing propertie®ne-
surfacetracing dot setscontain all three virtual dotsn the same plane apthcedaroundthe
same physical feature (window, wallwo-surfacetracing dot sets werenot limited to the same

plane and, depending slightly cation and adjacent featuregreplaced on two separate
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physical features likgVindowA Wall or WallA Floor. This distinction between orsurface and
two-surface was made providedifferent scenarisand geometry/physical feature chantges
better test our solutioldditionally, eachracingdot setis 1.7 meterin lengthfrom 1A 2A 3
when connecting them from center to center with straight lines, in a bid to maleeialgdot
setsthe same general difficulty regardless of the specific setup and orientation of the dots.
Finally, each individual locatiortontains botla singleone-surfaceand a singléwo-surface
tracing dot sefwith only one used at a tima@psulting in24 tracing dotsets in totahcross the
entire macro experiment settingoreinformation on the exadtacingdot setsfor each location

can be found isection7.2.1

3.4 Experimental Task

—

L]

Figure 3.12: Exampleof a participant connecting @racing Dot Seat location 6 when performing the experimental task
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The experimental taske chosdor our user studyasa spraypaintingtaskwhereinparticipants
connectedhumberedirtual blue dotsthetracingdot sets seenin the last sectigrwith virtual

spray paintA 3-dot shapelike that shown irFigure3.12, was chosen due to its similarity and
inawayextension to an @Xo intially wtendeglonusing, kut mosthi ¢ h  w
importantly, itafforded a more concreésd prescribed tracing pafibr participans as opposed

to freedrawingan .M chose t o model our task and shape
common function within the search and rescue (SAR) community in large widespread disaster
response, often used in the standardized FEMA search assessment marking format, shown in
Figurel.1b. As SAR scenarios still represertbaghenvironment mapping problerrequently

consisting of fast movement, unfamilamvironmentsand dark indoor spaces, we found
simulating a simplified search assessment mar

participant task.

The numbers on eadtacingdot setindicatethe order in which it should be connecting, with the
participantconnecting A 2 first andthen 24 3 after, each in theiown separatenteraction
attempt (paint stroke)n the context of ouexperimentwe consider @a interaction attempthen

a participantpinchesheirindex finger and thumto start the virtual spray paint and then un
pinchesto stop the virtual spray pairarticipants are instructed utilize two strokes minimum

to complete the taskvith morestrokesavailableshould they be needéd complete the task.
Additionally, to standardizeachexperimental task acrofise entire experiment, participants

alwaysstood5 feet away from th&racing dot set at every individual location.
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For this taskwe toldparticipants that thenain objectivewas to maximize thpaintih qu al i t y O

their spray paint for each experiment task, which they westuctedwas a composite metric of:

1.) Connecing thethree dotswith asstraighta virtual spray paint line as possible

2.) Completng the three dots with as completeigual spray paint line as possible

Straightness of the virtual spray paint limasdefined agirawing a line connecting two adjacent
dots with the shortest possible path while minimiziogves and turns in thartual paint along

the way. Completeness was defined as not hawisging segments in the virtual spray paint line
due tomissed or undesprayed areas of the line. More concrete definitions of these metrics are
described further isection4.1.2 Finally, a10 second timewas introduced for each

experimentatask adding a timesensitive naturéo the task.

We consider participantcompleting one experimental task atsial with participans
completng an experimentreatmentevel when they have markédr attempted to marlgll 24
tracing at setdn all locationsn some capacity?24trialsin total. Each participant experiendge
all 4 of theinteraction techniqugsresented and tHecationsandexperimental taswill stay the

same across alltdeatment levels a location
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3.5 Training

Consent Form +
Surey Adminstrazion

Figure 3.13: Layout of theparticipantstudytraining area where

We conductedrainingimmediately after the signing of consent f@rim the beginning of the
study. Theprimary purpose othetraining wago get the participant familiar with the HoloLens
2 pinch gesture and HoloLens 2 {fateraction rayhand trackingboth of which weraneeded to
perform our primaryirtual paintingtask This was especially important #soughouthe
experimentwe noticed that hand tracking on the HoloLens 2 varied immensely between

participants based on hand size and skin color, whicmargionedurther insection5. Figure
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3.13 aboveshowsthe training room setumyith the L-shaped desk being utilized for survey and
consent form administration and the orange matrikelisatingtracingdot setsthat the
participant caruse totest theirpaintingability using the virtual spray paimthile wearing the

HL2 device

After calibrating the HoloLensR 0 a p ar t ithe expeamentéed theepgricipants
through a verbal scriph addition toaudibleand visual instructions from the HoloLens 2
headsetThrough these instructiongarticipantsvereguidedthrough a series dfaining steps
while in the training roomstarting with instructomn how t o use the FfApinch:a
far-interaction ray on the HoloLens 2hdyweretheninstructedon how topaintusingthe
virtual spraypaint on top of tegracingdot setswith no timer.In the final training step
participantsagainused virtual spray paint on tesacingdot sets but now were limited to a 10
second timerexactlymirroring the experimental taskey would be performindRarticipants
were allowed as much time, up to 20 minutes fatairaining allowing them to learn at their
own pace and indicate to the experimenter whenfileyhey could paint and complete the
experimental tasks sufficientlit. should be notechat the trainingoom wasmanually assigned
aperfect mesh (quads) tocus onlyon the pinch and far interaction raynlike thefull
experimentwhich utilizedthe assigne&taticEnvironmentMesh Additionally, since the room
had a perfect mesthe participants utilized thgtandard HL2 Rajnteractiontechniqueduring

this time.
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3.6 StudyOverview

Main Objective

Understandhow differentenvironment mesh
interactiontechniquesffectauseb everall
interaction with real world in AR

Research Questions

RQ1. How does the mesh interaction
technique affect user task quality in a spray
painting task?

RQ2. How does the megfteraction
technique affect the efficiency of user
interaction in a spray painting task?

RQ3. How does thaneshinteraction
techniquea f f e c t pereivedvakio@ds
and perceived usabiliy

Treatments

1 Interaction TechniqugStandard HL2
Ray, Pure Average, Weighted
Average, Eye Weighted Average]

9 StaticEnvironmentMesh[Mesh 1,
Mesh 2, Mesh 3, Mesh 4

Measures

SurveyMeasures
1 System Usability Scal®uestions
1 NASA TLX
1 PostWalk Survey
1 PostExperimentSurvey
Trial Data Measures
1 Percentage Paint Completion
1 Pinch Number

Walk Terminology

Thewalkterminology, as we use many time
throughout this documergignifies the route
participanés take when visiting all 12
locations andompleing all 24 tracingdot
setswith a treatmentombination dictated by
the GracoLatin SquareA participant
completel 4 walksover the course of the
experiment seeing all 4 levels of both
treatments in the process.

Task

Connect the 3 dots of a tracing dot set with
virtual red spray paint (more details at
Experimental Task

Experimental Design

1T n=24
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1 Onereplication, withinsubjects
repeated measuredactor factorial
design with two blocking factors via
GraeceLatin Square

1 Randomized appearance order for 1
locations per treatment

1 96 trials per participant (24 racing
Dot Setgper Walk * 4 Walks per
participant)

Table3: Experimentadesignquickoverview

3.7 Treatments

Our user studycontainedwo treatmentsinteraction TechniquandStaticEnvironmentMesh
eachhavingfour levels.Interaction Techniques the primarytreatmentve are studying

corresponding tour different novelmesh estimation calculatis. StaticEnvironmentMeshwas

included as #&reatmensolelyto reduce the variabilitg aused by Hol oLens 206s
environmental mappinddoth treatmenta/ereassigned via &racolLatin Squareseenn section

7.2.2 with every participant experiencing every legébothtreatments oncéNot every

combination) During the experimenparticipants were unaware of the treatments they received

resulting in a singldlind experiment.

3.7.1 Interaction Technique

Interactiontechniqudreatment levelschangethe equations we use aggregate ounit points
whentheyintersect withsurroundingmesh aregsas described idetail insection3.1.5 with
each level having its own aggregation equatidme levelsof interaction techniqueonsist ofour
control Standard HL2 Raywhich as a remindedoes notuise any obur mesh estimatiofogic,

and ourthreeexperimental interaction technigsi@Pure AverageWeighted Averagdye
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Weighted Averageeach of which uses a different equation to calculate their position and

normalfrom thehit points

3.7.2 StaticEnvironmentMesh

To reduce the variabilitpetweertreatment conditionand participantslue to the HoloLesd
dynamicenvironmenimapping, we have choseot toutilize the nativeeattime environment
mapping given to us by thdoloLers 2 in anyway during the experimenthis variability in the
HoloLens2 environmenimesh can be influenddy things likedifferent lightinganddifferent
participans Bead movemenso removing this variability hedol withdata analysis as well as
reduce the complexity of the proceduas thdive environmenimesh does not have to be
cleared after each treatment conditibmits place we pre-scanedtheentire macrdocation
experiment arewith four separatgassesisingthe HoloLen§environmenmapping feature
creating a 4evel treatmentThefour scans were performexmhthe same day with the same
ambient lightanda consistent walking jga andhead rotation. Thetaticenvironmenimapping
meshesvere therdownloaded off the HoloLersand assigned per participdnt
counterbalancingsing aGracoLatin squareas previously mentione@he assignedtatic
environmenimesh of the experiment areasthen aligned to theealworld usingMicrosoftés
World LockingTools and QR codeshen the time comes for a participant to utilize them in our

user studydiscussed further isection3.9.4
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3.8 Measures

All dependenimeasures below were specifically chosen as we believe them to be the most
accurate indicationf the overall usability, user satisfaction, and paint quality provided by each

interaction technique in our experiment
3.8.1 Trial Data Measures

Along with the qualitative measurease record through the administration of surveys, we
recorded quantitative data, we tetmal data. This data was recorded automatically by oser
StudySoftware Setupo .json and .csv files for each trial the participant complefatle4

details each of these trial data measuressome additional informaticon their metadata.

Trial Data Definition Unit DV Frequency
Measure Representing| per Walk
Percentage Painf How complete and| Percentage (float) Paint Quality| 1 per trial
Completion shapely the shape (24 total)
guantified as the %
of the ideal
Pinch Number How many Integer value Number of | 1 per trial
participantpinching Interaction | (24 total)
attemptgoes it take Attempts
for aparticipantto
complete the
Experimental Task

Table4: Main trial variables being recordeith our user study.
3.8.2 SurveyMeasures

Survey measusawere separated into two groups: thasennisteredafter eactwalk (4 total per
participant)and thosedministeredt the beginning/end dfie experimentTable5 describes

each survey measuiredetail The eact questions for easurvey are ithe Appendix
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DV Frequency per
SURTEY MEESTE Representing Participant
NASA TLX (unweighted) Workload Pertg/t\/aell)lk (4
System Usability Scale Usability Pertg/tvaall)lk “
Per Walk (4
PostWalk Survey User Preference total)
PerExperiment
PostExperiment Survey Custom (1 totalat end of
experiment

Table5: Main survey measures we will be administering in our user study

3.9 User StudySoftware Setup

Figure 3.14: A difficult mapping scenario with the HoloLens 2 trying to use virtual spray paint on a large glass window (a) shows

the userés resulting final spray paint on the window (b) sho
provided by thédoloLens 2 for the software to use (c) visualization off the raycast estimation rays created and used by our

solution to estimate the distance and normal of missing mesh from the little environment mesh in order to allow spray paint

placement on areas wibut the environment map
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3.9.1 Overview

As discussed in theroposed Solutiosection,we designeaur solutionto be aextensilte as
possible, allowing for the core principles d@ddaof our solutionto be implementedith many
different hardware and software combinatiddisicewe usedthe HoloLens 2 asur hardware
platform for this user study, we choseutdize Unity for thegameengine(2020.3.42f) We used
Unity because it providehie most support for developing tie HoloLens 2devicethroughthe
MRTK 2 plugin, whichwe also utilizedin this projectHandand eye trackingverehandled with

the HoloLen2 Obsilt-in handtracking system and onboard eye trackers

3.9.2 Proposed Solution User Study Implementation

All concepts from ouproposed solution, like sample points, sample rays, and aggregation math,
were wholly implemented in Unity using custom C# scripts utilizing bailtnity classes, such

as physics, raycasind Mathf. Additionallywe had to buildnany features specifically to
supportour user stugl experiment, each of whichie will describe in more detail ite

following sections.

3.9.3 Hand Tracking

We choseontrollerlesshand tracking agheinteraction method in our experimdygcause it is

the default interaction methanh the HoloLens 2 device ayas suchhas a robustoftware

development kit$DK) to help development. Additionall{pand track tracking theoreticalhas

less participant training and more intuitiveéeractions more on that in sectidn3. We utilized
theHoloLens 2defaultfarinteractionrayin conjunctionwita pi nch gestur e ( AAI

HoloLens 2 termsas the primary form of participafdcing interactiorj48]. We modified the
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standard HoloLens 2 defaultfarnt er act i on r ay, divisuallnticatorg t he
where theHoloLens 2defaultfar-interactionray intersectswith the environmental megh9].
iCur s or 0wad doseadil could gistract the user away frontstperimental Tasknd

possibly reveal to the user what interaction technique treatment level they were using.

3.9.4 Trackingand World Alignment

Figure 3.15: (a) Starting state of the app with the static mesh and tracing dot sets not alignedoqiSalte after scanning the

QR codes showing the proper alignment aggistration

A robust tracking system had to be implemented to anchor both the static environment mesh and

the 12 tracing dot sets, both of which are virtual objects, to their appropriate physical location
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around the macro experimental aré€his tracking systerhad to behighly accurateand robust,

as any accumulateidacking error wouldnanifest itself aghe static environment mesimnd

tracking dot setbeingincorrectly located, thus confounding our resulisfortunately the stock

HoloLens 2 tracking isuggestedy Microsoft ashaving+/- 10% error duringegularuse,

meaninghat a participantould walk 10 meters in real life and tHeloLens 2could register

that walk distancas low a® metes andas muchas1l metes, far from ideal[50]. This
problemwasexasperatedue to the large size olur experimental locatioriWWe utilized

Mi crosoftds World Locking Tools (WLT) to miti
augments the standard tracking system using a grid of automatically placed world anchors. This
provideda more stable and accuratacking systenwith theoretically less tracker erron

which to track our HoloLens 2 headset

Giventhat we now had a robust tracking system in WLT, we only need a method to accurately
align the entire virtual scene with the physical macro experimental lo¢atawhieve proper
registrationbetween virtual and physicabjects Our tracking system helps us ensure the virtual
and physical worldarealigned during the experiment but does not help us in the initial
alignment.We couldhavetechnically performed this initial alignment by starting the HoloLens 2
headset in the sanp®se for every padipant, but thatvasneither convenientor easily
repeatablelnsteadwe chose to utilizéducial markers3 QR code$o be exact, to bridge the
reatvirtual alignment problem. These QR codebpse locations arghown in purple inFigure

3.9, were printedn paper and taped up in tmalicated spots around the physical macro
experiment locationThe location and distance between the QR codes in the physical world were

then precisely measuraahd then inputted into the virtual Unity scene, giving the system exact
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knowledge of where each physical paper QR agaslocated Couple that with WLT space

pins and the entire scene can be aligned just using QR codésvas is Figure3.15, with each

QR code scanned further restricting the axis system and ultimately precisely aligning the scene
[51]. The QR code methodlsocreated auick way for the experimenter to align the scéme

each walkas they only had to look around the vicinity of the code to get it ta scan

3.9.5 Virtual Spray Paint

Weighted Average

Figure 3.16: Example datdrom a participantat thelocation2 two-surfacewitht he par ti ci pant foreack@r ay pai n
the4 Interaction Techniques thexperienced across the 4 walA$ie mesh utilized for eatdchnique can be seen in black and

white behind the spray paint

As we have demonstrated, dnoposed Solutionanbe utilized to place any type object but

based on ouExperimental Taskwe chose to use virtual spray paint as the placement o%ject.
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chose red as the spray paint cdlecause it provideskagh contrasbnthe HoloLens 2 display
and stand®ut againsthe bluecolor of the tracing dot setét a component level, the virtual
spray paintonsists of small 1 x .2m quadswith a red pairlike material,asshown inFigure
3.17. During the experimenthose quadwereplacedconstantly, aroun@80 a secondyhen the
par t i dangsaerepidcked and when overlayed on tdmne anotheto provide a
convincing spray pairtke experienceFigure3.16 displaysa sample oin-engine screenshoté
the spray paint overladyom each of thdour interaction techniquethe participant experienced
Onaverage, 358pray paintfjuadsare utilized to compose the spray paint feirayle tracing dot
set(trial). In order to keep the app performant with so maintpal spray paint quadbjects
being spawnedvhen aparticipantstops pinchingindicating the end of paintstroke the
system automatically combines all of the paint quads placed since the start of the paint stroke
into one combined mesAdditionally, the spray paint material applied to tpeads allowed

material instancing in Unity, providing much more efficient GPU draw calls.

Figure 3.17: Example of one spray paint quad seen inside the Unity game engikteindreds or thousands of these are placed

and overlayed to displajlineso that look like spray paint.
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3.9.6 Individual Location Randomization arféirstSeenTracingDot Set

To limit any orderor learningeffect ofindividual locatiors, we choséo randomize the

appearance order of tidividual locationsfor each walk The randomization was pgenerated
with aPython scriptand then the current walk and participamreused to lookup the location
randomization th@articipantshauld use for that combination. In addition, as each individual
location hagwo tracing point sets, a single osarface set and a single tsarface set, we
additionallytoggled whichtracing point set type would appear firseaery individual location

for a participant, having the orsirface tracing point set appear first for odd participants and the

two-surface tracing point set appearing first for even participants.

3.9.7 Trial Data Recording

To ensure consistent and reliable dataour Trial Data Measuresvhich, asaremindey consist
of pinch numberandpercentage paint completione opted for these measures to be
automaticallycollectedby our HoloLens 2 Unity softwarfer eachtracing dot set (trialand
saved when thparticipanthadfinishedthe trial This resuledin 96 data points per participant
for thepinchdata.Sincethe percentage pairtompletionmeasuraequires additional processing
during the trial data recording, the locations of all the placed virtual spraywsiesaved,
which werereconstructed and procesdaterto arrive at the final percentage paint completion
measure, segectiond.l Since thenumberof virtual spray paintjuads placediffers for every

trial, the total number of saved paint quads trialwill vary, seesection3.9.5 Both trial data

57



pinch numberand percentage paint completiare stored in their owisonformatted file

which isideal foreasyanalysis

3.10 Procedure

Introduction " Post
Pre-Experiment| HL2 Eye . . ;
and Consent Survey H Calibration % Training Trials Experimemt Payment
Form Survey
Walk 1 Walk 2 Walk 3 Walk 4
[ [ ] )
N
Complete
World
Alignment
(QR code)
A
Complete Complete
Walk to trial Sub Trial 1 Sub Trial 2
location (One Surface —| (One Surface
or Two or Two
Surface) Surface)
" Repeated 12 times (coresponding to the 12
locations)
|
Post Walk
» Survey SuUs p  NASATLX

Figure 3.18: Flowchart diagram of the entire procedure flow with e#twd within subjects trial naturexpandedn in the

orange square anthe nested blue square depicting $teps taken for each watlke participant completes

When arriving, the articipants completka short demographic survey and conedtu the
research using the IRBpproved Informed Consent Farithe participants theput on the
HoloLens 2 headset apeérfomeda onetime eyetrackingcalibration.The experimentehelped

ensure that the headsedscorrectly seatednd heledadjust if neededl'he experimentegave
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the participantbrief instructiors on how boththe HoloLens 2 default interaction ragdthe
pinchinteractionrequired to trigger the spray paifithctioned Afterward, participans were
allowed to manipulate angse the virtual spray paint on a test area until thesecomfortable
with the basics of thepray paint interactigrdetailed further ir8.5. After this initial setup and
training, theparticipantwill give the headset to the experimenteno will thenprogram itto
their first walk number(out of four)and align the static mesh (detailedsattion3.9.4). The
progranming of thewalk treatments also loads thaation randomization and the starting
tracing dot set the user sees at each individual locakiterward the participant will visit all 12
individual locationsn the predefinedandomized ordeduring the walkcompleting twoof the
Experimental Taskn two tracing dot sets aach individual locatio24 trials).To facilitate
easier and fastevalks theHoloLen 2 guides the participants to felowing individual
locationafter they have completed the two tracing dot sets at the current lo@dtenthe
participant has fully completed all 12 individual locatidoisthat walk the HoloLens 2
application automaticallynstructs the user to hand the headset back to the experimenter
completing that walKkThe participant will then complet8US, NASA TLX, and PosiValk
surveys. Thexperimenter will then agaprogramthe user study softwaréhis timefor their
secondwalk, and align the static meswith the same surveys and processes happening for the
participants second, third, and forth treattseFinally, ater completing all four of their walks,

participantswill complete a PosExperiment survegnd therreceive their chosen payment.
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4 Results

4.1 Data AnalysisSoftware and Methodology

4.1.1 Raw Data Edits

Table6 belowdescribes all the raw data edits that were requiretheuser study data before

data analysis was conducted.

Participant Data Changed Explanation

13 All original After | ooking at th
participant 13 data | data points it was clear the participant was
points for the trial following instructions an@ttempting to
data perform the tasks correctly. This discrepanc

was identified immediately after the data wz
recorded, so another participant 13 was rur
undergoing the exact same experiment
condition assignments as the original.

5 Replaced first 6 Par t i c Stpndardt HLSRaeteraction
locations ofStandard | technique was hindered by very bad hand
HL2 Raytechnique | tracking from the HoloLens 2, allowing no
for the trial data interactions to be recognized. This left no

usable trial data from these first 6 locations
prompting us to have thgarticipantredo the
first 6 locations again.

All Replaced all Given our study design and instruction to th
interaction attempts | participantthat they should completsach
less than 2 with the | Tracing Dot Set with at leasti@teraction
ceiling mean of its | attemptsnve consider data that has less that
exact experimental | interaction attempt not be representative
condition replicates | data. This data could be caused by hand
(same location, mesl| tracking problems, as describedTiraining,
and technique or justparticipanterror when placing the
applications) elements.

Table6: All User Study Datd&dits
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4.1.2 Paint Quality Data Analysis Software

Figure 4.1: 2D depiction of the process of grading each on an example location tracing dot set (a) a 2D representation of the
bounding boxes in which the paint will be scored (b) a 2D representation of those same bounding boxes but subdivided into

blocks which will le sampled for paint contained in them

Toreasonably quantify ouwtesiredspraypainfiqual i t yo responseaarlievari abl
we must firsttonsidethowwe definefi q u a painttinythe context of th&xperimental Tasko

create a proxy measure variable ttaat be easily calculate@ihis can be done by consulting our
participantinstructiors in Experimental Taskvhere we defin@ p a r t goealswpem astng s

the virtual spray pairds

1.) Connecting the three dots with stsaighta virtual spray paint line as possible.

2.) Completing the three dots with as complete a virtual spray paint line as possible.
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Usingtheseexperimental task goalaie can builda paintgrading concept, which wsill
implement into a separate Unity projeghich checkthe paint oreachtracing dot set

performed by a participant for straightness and completelRiggse4.1a depictsthe basic idea

of a sample tracing dot sehere we first define the grading regionwhich wedesireto sample
for paint Thisregio® s s h a p aredaverdby the dotein the tracing dot,sstth the

vector between the dots defining the alignment of the boxetharektent of the dotdefining
theregion's sizeThiswasdoneasthe participants werastructed to create straight lines
between théracing dot sets siine rectangular shapeeated g this method covered all the areas
aparticipantwassupposed tbe paintingUsing that basic gradinggion we then subdivide

that region intdlO mmthick slices, which we calbaint grading slicesThese paint grading
slices, seen ifrigure4.1b, act as a discrete area for whigk @ntestif paint is presentFinally,
toensure there is some acceptance buffer for i
both directions of the tracing dot sets they are centeredsoseen ifrigure4.1c. This .2m
Adept ho buf f depthrange piwhetsvee ekl paint shoeld still be accepted as
following the goals listed abov@/henthetracing dot setaredone beingliced,they result in
between 180 and 18atal paint grading sliceper tracing dot set, depending on the particular
tracing dot setit should be noted that by desjgur grading systeranly couns or gracgespaint
thatis inside the paint grading slisé paint outsidehoseregions is not countedor does it

negatively countowardthe overall quality of a trial painting dot set

Now thata robust way tgrace spray painhas been establisheshchp ar t i ci pang 6s pai
loadedinto thepaint quality dataanalysisUnity project Thisis done by loadinghe paintjson

file containing all of the paint placed by each participargwalk andreconstructing their
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virtual paint resulting in aigital-twin paintrepresentatiorseen inFigure4.3 (Red paint
represenhg paint placed without the use of our estimation methods yellow representing that
which has used our methpdext, every tracing doset(24 per walk)for every participant walk
(four walks per participanompletes a binargheckof each of itgaint grading slices to see if
there is paint contained within getting a sliceé s  vtaOlif meepaint was contained within it
and setting it to If any paint isfound within Initially, we planned tadetermine if paint was
inside a paint slice by checking if thenter point (the local origin for thgaint quad) of any
paint was insidaslice, lut this method produced incorrect gradings with ersgetions of paint
slices getting set to no paint (0) whemalysis by eye showed no gaphis methodacked
knowledge of the extent or sprawl of the acttigbial paint quacdutside just the main center
point, which proved to be the main cause for this disjgrading Using this knowledgeve
rebuilt the grading systenthis timeopting to check ipaint grading slicesontained paint using
a morevolumetricapproachallowing paint whose center point was slightly outsidbeiween

two paint grading slices tbe more accurately counted

Once all d thepaint grading slices for a tracing dot set welnecked for painthe paint grading
slice valueg0 or 1)wereadded up and then divided by the total number of slices to form our
Percentage Paint @wmpletion ourmeasurdor paint quality for that particular trialAn in-engine
diagram of the entire process can be sedngare4.2 for both a highscoring tracing dot set

paint and a lowscoring one.
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Figure 4.2: Example oB different tracing dot setwith differing levels of painuality showcasing the different stages of grading
for each. (a) urpainted tracing dot sefb) tracing dot set witlparticipant paint overlayed, (gaint grading slices for each
tracing dot sespawned to grade the paint, (pdint grading slices after they have graded the pdedpaint represenpaint
placed without the use of our estimation methods and yellow paint is that which has used our method (yellow).
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Figure43: A participantoés pai nt | o awltepghintiadiffe@ntibdividual jpatiomstPaingr adi ng U
color isvisualized different in this project to show the difference between paint placed without the use of our estimation methods
(red) and that which has used our method (yelldMhite mesh represents the static environmental mesh used

4.1.3 Preparation and Data Analysis

All data analysis was conducted inWdth data reduction and transformation being performed in
Python from the various data input formégsy.,raw survey data and triadsv fileg.

Additionally, specifically for the paint qualitgependenvariable, another Unity project, detailed
abovein section4.1.2 was utilized to transform the raw paint poses recorded during each
partici pant pecentaggaiktsompletidnmneasureAdl other mass data edits that
were performed before data analysisdetailedabovein sectiond.1.1 The most appropriate

data regression modfgr eachdependent variable, oesponse variabldelowwas based on the
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data type of thelependenvariables and the model assumptiomst by ourdependentariables.

When choosing effects to include in the modetseach dependent variablateraction

technique was always included as a fixed effect and participant number was always included as a
random effect, if the model allowedith our dependent variabtd focusbeing the response

variable After that starting point, additive model building was utilized, adding fixed effects and
interactions to the model that remdin a better fitting model overall, using anova functians

AIC/BIC metricsto compare fit between mode@nly two-way interactions were considered

due to statistical po&r in our modelsQ-Q plotsand other diagnostic plopgertainingto the

specific model usedere used to ensure model assumption conforamtya p value .05 was

used for significance in all modelShi-squareand F stats were reported when available and

appropriate.

Based on the model and comparisons,-posttests, usually Tukey or Sidak, were performed for
each modeto obtainthe factor level grouping&lthough many of the interactions and fixed
effects included in manyodels were not initially planned to be analyzed, they allow a more
accurate model overall, allowing our focus effects, like interaction technique, to be more
accurateAs a result, some magffects may not be covered in tiResultssection but the
exhaustivedata analysis resultsan be found ifable7. Unless otherwise stategraphs will
representandard HL2 Ragata in light blue and our experimental techniqliagé¢ Average

Weighted Averagd&ye Weighted Averayje orange.
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Response Model Used | Data Fixed Effects | Random Interaction
Variable Transformati Effects
on
Interaction Ordinal Log | - Interaction Participant | Mesh:
Attempt Regression Techniqué, Interaction
MeshNum*, Technique*
Loc Num*,
SubTrial*
Quality Data Zero Smoothed Interaction Participant | -
Inflated Proportion Techniqué,
GLMM Mesh Nunf,
(beta dist) Loc Nunt,
Walk Nun,
Surface
Count
Post WalkAbs | Aligned - Interaction - Walk
Score Rank Techniqué, Number:
Transform WalkNum* Interaction
Techniqué
SUS Total Linear Box Cox Interaction Participant | Interaction
Score Mixed Techniqué, Technique:
Model MeshNum* Mesh
Number
Nasa TLX Linear Box Cox Interaction Participant | -
Score Mixed Techniqué,
Model Walk Nunt

Table7: Exhaustive data analysis results from all response variakesh requiredegressionRed * indicates thanteraction
or fixed effect is significant

4.2 Trial DataResults

Trial data is the quantitative data which was collected automatically by the HoloLens 2 sensors

and the Unity applications runtimeh r oughout t

includesinteraction attemgtand paint quality.

he

cour se

o fit
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4.2.1 Paint Quality

Average Percentage Paint Completion (Paint Quality) by Interaction Technique

a b b b

100%
90%
80%
70%
60%

50%

40%

30%

20%

10%

Average Percentage Paint Completion (Higher is better)

0% b

Standard HL2 Ray Pure Average Weighted Average Eye Weighted Average

Interaction Technique

Figure 4.4: Violin Plot with embedded box and whisker plot showing the distributi®eraentagePaint Completionvs
Interaction Technique

Our analysis ofpaint quality found asignificantmain effect ofinteractiontechniqueé | ( 3)
=103.9476 p < 0.M01) on percentaggaint completion ourmeasurdor paintquality. Posthoc
analysis ofnteractiontechniquerevealedhat theStandard HL2 RayM = 26.3 SD =28.6)

technique had a significantly lowpercentaggaint completionwhen compared to tHeure
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AveragetechniqugM = 56.9 SD = 28.5 p<.000), Weighted AveragéV= 57.5 SD=28.2
p<.000), andEye Weighted Averad®= 56.4 SD=28.9 p<.000) interaction technique3he
results can be seen in thielin plot in Figure4.4. When examining the distribution of
percentaggaint completionfor eachinteractiontechnique shown in the violin plot oFigure
4.4, theStandard HL2 Ray e ¢ h n distyibugod lsas aunimodatlike distribution with the
peak of the distribution being around 10% paint cover@gaverselyPure AverageWeighted
Average andEyeWeighted Averagmteractiontechniqus follow almost the same bimodbke

distribution, with peaks around 95% and 55%paint coverage.

Reviewingthe paint quality for eachinteractiontechniqueby eachExperimentSetting as seen in
Figure4.5, therelativedifferencebetween all the differeridcation groups in eadimteraction
technigue seesto stay the same, with Indo@vall location groupseeminglyhaving higher
average percenta@é paint completiorcompared tahe IndoorWindow location groupswith
OutdoorWindowsseeming taound it outwith the lowestverageAlthough this relative
difference stays the sanpeeclear differencean be seebetween thé&tandard HL2 Ray
interactiontechnique and owxperimentalnteractiontechniquesifure AverageWeighted
Average Eye Weighted Averayjewith thelatter seeming to have higher elevated vahm®ess

all individual locationscompared to the former.

69



Average Percentage Paint Completion by Location
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Figure 4.5: Bar graph of averag®ercentage Paint Completidor each individual experiment locatigrouped by Interaction
Technique

Analysis of the average percentage paint completion for gattmesh, which isassigned at
the same time asteractiontechniquevia GraecalLatin squarewas statistically significant but
showedonly slight variation between static meshes for each interatticimnique The only
discernablealifferenceis the considerable reduction in average percentage paint completion
across all static meshé&w the Standard HL2 Rajnteraction techniqueas seen ikigure4.6.

Finally, comparing thaveraggercentage paint completidor the two differentracing dot sets
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surface countghere isstatisticalsignificance between therstill, we see very littl@ifference

with one-surfacehavinga slightly lessaveragegpaint coverage completidghantwo-surface

Average Percentage Paint Completion by Average Paint Coverage Percentage by Surface Count
Mesh Number and Interaction Technigue
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Figure 4.6: (a) comparison of averageercentagePaint Completionvs Satic Meshgrouped by Interaction Techniquie)
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4.2.2 Interaction Attempts

Average Pinch Number by Interaction Technique
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Figure 4.7: Bar chart with Error Bars +/1 SEM depicting meaRinch NumbervsInteractionTechnique. Poshoc letter
groupingspr ovi ded above each bar . A ddntetactionmemptsbasdd oh éxpeementaitdsk c at i ng

design.
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Analysis of interaction attempt first indicated a significant main effect of interaction technique
()] (3) = 22. PpiBchd Bumbep aur ndeasrd for Inderaatiam atte@psthoc
analysis of interaction technique revealed thaBye Weighted AveragechniqugM = 2.58,

SD = 0.877) required the lowest mganch numbeto complete the experimental task with the
Standard HL2 RayM= 2.73,SD= 0.981p<.0001)techniqueand thePure Averag€M= 2.66,

SD= 0.937, p=.0043echniqueshowing significantly highepinch numbeestimates compared

to Eye Weighted Averag&he Standard HL2 Ratechniquerequired the highegtinch number

to complete the experimental tagkth theWeighted AveragéM= 2.60, SD= 0.843<.0001)

techniquehavinga significantly lower meaminch numberResults can be seenkigure4.7.

4.3 User Preference

The post walk survey, which was the measure we utilized for user prefenassplit into two
metrics one absolute and one relatiie both measureggarticipants did not know any details
about the interactiotechniquehey wereexperiencing, only knowing they were testing different
interaction techniques for each walllrst, for the absolutaser preference metriparticipans
ranked the specific interaction technighey had just experienced in their waln a 5point

Likert scale metricdirectly answering the question éHow would you rate the overall paint
placement in this walk (iterms of your overall task of connecting the datSecond, for the
relativerating, participantganked each interaction technique (actually ranking the waltssas
was asingle-blind experimenf against one anothanswering the question difow would you
rank this walk, compared to previous walks, in terms of your ability to place paint and create the
intended spray paint connections between the dd&s? both of theuser preference etrics

participants answemgere based on their observatiangrthe course of 24 tracing dot sets
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across the 12 locations that makevalk Participants werable to observe thepaint for a
tracing dot sebnly while performing the experimental task at that tracing dot set (paint for a
tracing dot set is cleared after the 10 second time for the experimentaldaesR.ihe results

for bothuser preference metrics are show below.

4.3.1 Post WalkSurvey- Absolute Score

Average Rating by Interaction Technique

Excellent (2)
Good (1) b I b
Average (0)

Below Average (-1)

Average Rating (higher is better)

Poor (-2)

Interaction Technique

Figure 4.8: Bar chart witherror bars +/-1 SEMdepicting Average Participant Rating irgeraction TechniquePosthoc
groupings provided above each bar.
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Our analysi®f the postwalk surveyabsolutescore a5-pointLikert scale metricwhich records
how a participant would ratle current interaction techniqurean absolute manar, found a
significantmain effect ofinteractiontechnique t3,s0= 13.0632 p < 0.0001) on averagepost
walk absoluteranking Posthoc testof interactiontechniquerevealedhat theStandard HL2
Ray(M =-0.667 SD=1.24) technique had significantly loweraveragerating than théure
Average(M =0.583 SD=0.717 p =0.000), Weighted AveragéM = 0.875 SD =0.741, p<
.0001)), and theEye Weightedverage(M = 0.667, SD =0.702 p= 0.000) interaction
techniquesWeighted Averagkad the highest overall average absolute rating, although not

significant.Results can be seenkigure4.8

Additionally, looking at theoccurrencecountin Figure 4.9, a few patterns emerge for each of the
5 step Likertrating levels Firstly, the Standard HL2 Rajnteraction Techniquaada high
frequencyof fiPooo ratings with no instances of participants rankiStandard HL2 Rags
AExcellendb. Pure AverageWeighted Averagdye Weighted Averageteractiontechniques
shared similar ratindistribution witha | | having no i nst gemagosty of
of ratings beingharedbo et we en @ Go o d owithaonlgWeighted Averaggittedng

slightly with a higheprevalence f A Goodo rati ngs.
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Count of Likert Scale Option by Interaction Technique

How would you rate the overall paint placement in this walk
(in terms of your overall task of connecting the dots)

Standard HLZ Ray Pure Average
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Figure 4.9: Multi-facet bar chart depicting theccurrence count of each Likert level of user preferdoceachlinteraction

Technique
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4.3.2 Post WalkSurveyi RelativeRank

Distribution of Rank Placements by Interaction Techniques

Standard HL2 Ray Pure Average
15 Mean: 2.62 Mean: 3.04
SD: 1.28 SD: 0.95
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SD: 0.77 SD: 1.04
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5 /\
0
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Rank

Figure4.10: Multi-f acet bar chart depicting t he ocloaractiordeclingueof parti ci

Whenanalyzing theelative ranking metric gbostwalk survey we must note that althougte
collectedthep a r t i aelajvea nankidg®f theinteractiontechniquesfter eactwalk (starting
atwalk 2), we chosenly toanalyze thevalk four rankings ast was the onlypostwalk relative
rank that includedx participands ranking of all of theinteractiortechniqus. A few interesting

results can be seen when looking at the frequency of rank positions for each interaction
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technique, pictured in Figure 4.10@irstly, the most noticeablés EyeWeighted Averagbeing
rated1%' much more frequety than any other rank and rankedmore often thawther
interaction techniqueat 15 timesThe Standard HL2 Rahadrelativdy equal rating across the
board with theexceptionof aminorincreased frequency to be rankgtand4™. Interestingly,
Weighted Averagkad no instancef being ranked thes] with most ranks predominantly
occupying the" rankingwith a right skewFinally, Pure Averagéad aleft skewed distribution

with most of the responses indicating Pure Average astbe 4" rank.

Averaging the ranks by interactioechniquelower is better)Pure Averageachieved the
highestaverage rankollowed byWeighted AveragandStandard HL2 Rawith equa average
rank, withEye Weighted Averageoring the lowest average raftdest) Results can be seen in

Figure4.11.
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Average Rank by Interaction Technique (lower is better)
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Figure4.11: Averageparticipantrank scorefrom the postvalk surveyby InteractionTechnique
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4.4 Perceived Usability
Mean Total SUS Scores by Interaction Technique
b b
b
a
60 I
0
Standard HLZ Ray Pure Average Weighted Average Eye Weighted Average
Interaction Technique

5

Mean Total SUS Scores (Higher is better)

5]
[=]

Figure 4.12: Bar chart with Error Bars +/1 SEM depictindiverage SUS Total Score vs Interaction Technique-Rmst

groupings provided above each bar.

Analyzingthe total score of ou8ystem Usability Scal€SUS)survey our measure fgoerceived
usability, revealeda siguificant main effet of interactiontechnique(c |3) =(21.3005p =

p<0.000). Posthoc tests ofnteractiontechnique showed tHgtandard HL2 RayM =59.3 SD
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=18.3 interaction technigubada significantlylower mean total SUS score comparedPiare
Average(M = 68.1, SD=13.1, p=0.0129, Weighted AveragéM =69.9 SD= 13.7, p =0.001)

andEye Weighted Averad®l = 69.9 SD= 13.3 p =0.0013 interaction techniquse

Looking deeper a fewspecific questionsf SUS a few interestingesults emerged when
analyzinga number othe individualSUS questionsasseen inFigure4.13. SUS Q1 (Al think
that | would like to use this system frequen}lindicatedthatparticipants were less likely to
agreewhen usinghe StandardHL2 Rayinteractiontechnique whose average total SUS score
wasalmostprecis¢ y A N ecantpared ltdlbePure AverageWeighted AverageindEye
Weighted AveragmteractiontechniquesSUS Q3 (fil thought the system was easy to@se
similarly indicatedparticipants were less likely to agreben usinghe Standard HL2 Ray
interaction techniqueompared tdhe Pure AverageWeighted AverageandEye Weighted

Averageinteraction techniquesvith Weighted Averagkaving the highesigreement.

SUS Q7( i1 waginke that most peoplewodlde ar n t o use thi)s system
indicated a progressive increaseagreementrom paticipants,starting at the low agreement

end withStandard HL2 Rayfollowed byPure AveragandWeightedAverage with Eye

Weighted Average rounding it out with the highest agreenr@mally, i nSUS @ (Al f ound t
system to be very cumbersome todugparticipants were more likely to agree when using

Standard HL2 Raywwhen compared to Pure Average, Weighted Average, and Eye Weighted

Average each dwhicha participantvasprogressivelyess likely to agreéhan the last
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(2) strongly Agree

(1) Agree

(0) Neutral

(-1) Disagree

(-2) Strongly Disagree

(2) strongly Agree

Mean SUS Question Score

(1) Agree

(0) Neutral

(-1) Disagree

(-2) Strongly Disagree

SUS Q1: 1 think that | would like to use
this system frequently.

SUS Q7: | would imagine that most people
would learn to use this system very guickly.

& &

-&ke' S 25

SUS Q3: | thought the system was easy to use.

SUS Qa: | found the system very cumbersome
to use.

) Q&J N S

Interaction Technigque

Figure 4.13: Average SUS score délscted subset of SUS questions chosen due to their patsdmsractionTechnique.
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45 Perceived Workload

Average TLX Means by Interaction Technique

a
b
b
b
Standard HLZ Ray PureAverage WeightedAverage EyeWeightedAverage
Interaction Technique
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Mean Total TLX Score (lower is better)
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Figure 4.14: Bar chart with Error Bars +/1 SEM depicting Average TLTotal Score(unweightedysInteraction Technique

Analysis of thetotal score of o uNASA TLX (unweighted)survey our measure of participant
perceived workloadeveaeda significantmaineffectof interactiontechniquec |3) =(30.8955

p<0.000)onap ar t i dotalpparceivedl s/orklogdas depicted ifrigure4.14.
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The Standard HL2 RayM=31.9, SD =17.2 had a significantly higher total NASA TLX score
when compared tthe Pure AveragéM = 22.9 SD =16.3 p =0.000459, Weighted Averagév
=21.0 SD =14.0 p< 0.00Q) andEye Weighted Averad® = 22.3 SD =13.0 p =0.000684
interactiontechniqguesAlthoughWeighted Averagkad the lowest NASA TLxXthere were no

significantdifferencesetweerour experimentalnteraction techniques.

Looking deeper at specific questiomghin the NASA TLX thatyieldedinteresting results,
shown inFigure4.15, we firstseethe TLX_Effort questionindicatesthe Standard HL2 Ray
interaction techniqubad asignificantly higherscore compared to thiure AverageWeighted
Average andEye Weighted Averageteraction technique#dditionally, theEye Weighted
Averageinteraction techniqubad a slightly highefnonsignificant)meanascompared td’ure
AverageandWeighted Averagd he TLX_Frustrationindicated aslightly differentpatternas
TLX_Effort, with the Standard HL2 Rainteraction techniqubavinga significantlyhigher
meanscorethan Weighted Averagevith Pure AverageandEyeWeighted Averagbkaving non
significantdifference betweeBtandard HL2 Ragr Weighted AveragdLX Mental_Demand
indicatedthe Standard HL2 Rajnteractiontechnique had signficantly higher mean score
comparedo theWeighted Averageandeye Weighted Averageteraction techniquesvith Pure
Av e r s aas being significantly different from eithEmally, TLX_Performance
indicated the higbstdifference between the interaction techniqoesof the TLX individual
guestionswith the Standard HL2 Rajnteractiontechniquehaving asignificantly higherscore
compared tdPure AverageWeighted AverageandEye Weighted Averageith Pure Average
andWeighted Averagkaving aslightly lower (non-significant)scorethanEyeWeighted

Average
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TLX_Performance (lower is better) TLX_Effor (lower is better)

I

b

TLX_Frustration (lower is better) TLX_Mental Demand (lower is better)

8 8 8§ 8 8

[
o

Mean TLX Question Score (0-100 normalized)
(=]

E 8 &8 8 8

A & 'S 3,?* o
(@c & é\.g?’ € éyc
‘?@ \‘Q} A_f.‘ip &
<
Interaction Technigue

Figure 4.15: Bar chart with error bars +/1 SEMdepicting nean TLX score ofedected subset of NASA TLX questions chosen
due to their patterngsinteractionTechnique.

4.6 PostExperiment Survey

Looking at thepostexperiment survey where participants were asked to reflect over all 4 walks

they completed, 91% of participants indicated thay noticed a clear difference in their ability
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to paint across the walkand 95%statedthat they noticed variation iteir ability to paint
across thalifferent individual locationsAnalysis of thebestratedlocatiors by participants
pictured inFigure4.16a, from the PostExperiment Surveyfirstly reveak thattheindoorwall
location type had by far the highest response ¢dolfdwed by many of thandoorwindow
locations with theoutdoorwindow location typegaining the lowest response count from
participantsAdditionally, locations 8 and 9 had no responses recorded for the best rated
locations, botloutdoor window locationginalysis of the worst rated locations by participants,
pictured inFigure4.16b, reveat outdoorwindow locationshaving thehighest response count
followed byindoorwindows, and finallyndoor walls having the lowest response colat.
participantranking of the different walks was covered in $usvey as it was covered tine Post

Walk Surveyi RelativeRankthe participants performed.

Count of Best Rated Individual Locations { b 1 Count of Worst Rated Individual Locations
Which location(s) were the easiest to draw? (Choose up to 4)? Which lacation(s) were the hardest to draw? (Choose up to 4)?

20
Location Groups
[l oo wais
B oo windows
I Ottdoor Windows
III. - IIII

\nd\wdual Locauon Numner Indlwdua\ LOCaIIOI’I Numner

Flequenty
Frequency

Figure 4.16: Graph of the frequuency that individdatations in the macro experiment locatimere chosen as the best and
worst across all 4 of their experiment walks
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4.7 ConfoundingFactors

4.7.1 Order Effect

Despiteour best effortsthere werenstance wherethe main effectsof walk numbeion our
measuresverefoundthroughout the experimenndicating order effedh our user study
Firstly, for Perceived Workloada significant main effect afalk number on Total NASA TLX
score(wak nu mb e r  (18.0623( px0.0003 wasfound with Figure4.17a depicting the
lowering of NASA TLX score as users progressed through wedks. Next, a significant main
effect ofwalk number onPost WalkAbs Score(F3,80 =3.232717 p <0.02662 was found, with
Figure4.17c showcasing the increase in Average Absolute Rating ovéouhevalks. For
Perceived Usabilityaslight but not statistically significant increaisel otal SUS scorper walk
numberwas found, withFigure4.17b showing an increase Total SUS score over participant
walks.Finally, there was a significant main effect of walk numbePercentage Paint Complete
(Paint Quality)( ¢3) =1(.6371 p=0.0087%, with Figure4.17d showingaslight increase in

Percentage Paint Completethswalk number progresses.
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NASA TLX Mean Score by Walk Number Mean SUS Total by Walk Number
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Above Average (1)
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Figure 4.17: Bar chart depicting mean NASA TLX total score vs. Walk Number (b) Bar chart depicting mean SUS total score vs.
Walk Number (c) Bar chart depicting mean Absolute Score Rating vs. Walk Number (d) Bar chart depicting mearsQuality
Walk Number

Average Percentage

Average Rating

88



4.7.2 Location andStatic Environment Meskffects

Average Percentage Paint Completion by Location Average Percentage Paint Completion by Mesh Number

40
Location Group
W oo wais
B 1ndoor windows
Outdoor Windows
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& & o 5

S & o &
Mesh Number
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Average Percentage Paint Completion
8

Average Percentage Paint Completion

8

Average Pinch Number by Location and Condition Average Pinch Number by Mesh Number
Eye Weighted Average Standard HL2 Ray
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Figure 4.18: (a) Bar chart depicting meaRercentagePaint Completiorvs.Location Num(b) Bar chart depicting mean
Percentage Paint Completiars. StaticMeshNumber (c)Bar chart depicting mean Pinch Number kecation Numand

Interaction Technique (d) Bar chart depicting md&&inch Numbews. StaticMeshNurrber

In addition to the order effect presemtthe pevious section we also encountesederalstatic

environmenmeshnumberand locatiomumbermainand interactiongffectsdespite oupartial
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counterbalancing with th@raeceLatin squareFirstly, our analysis of paint quality founiotha
significant main effect omesh numbefc B) (=23.7315 p <.000)) on percentage paint
completionas well as aignificant main effect ofocation numbefc [11j =1347.4@19, p <

.000)) on percentage paint epletion.Secondpur analysis of interaction attempt indicated a
significant main effect omesh numbef ¢ | 42.80%5 p=< 0.0001) orpinch numberas well

as asignificant main effect oliocation numbef ¢ 11) =@1.4389 p< 0.0001) ompinch number
Additionally, there was aignificant interaction between mesh number and interaction technique
( 69 =48.4002 p< 0.0001)pn pinch numberFinally, our analysis othetotal score of our
System Usability Scaleevealeda significant effect omesh numbef ¢ | 10.332 p=

0.010) ontotal System Usability Scalscore, as well as a significant interaction of interaction
techniqueand mesh numbér ¢ 9) = 1(7.7387, p= 0.03832 ontotal System Usability Scale

Score.

Despite thesadditional main and interaction effects we still are confidemtresultshold value

and relative accuracy due to the following reasdiirstly,since we utilized model building for

our data analysigmany ofthe models are very robust as the@dmany factors added to improve

the overall model and by proxy each of the individual effects and interactions. Second, for most
of thesesignificant effecs of meshnumberand location numbethe Chisquared values of

location number and mesh number were very dioskat of the interaction techniq@hi-
squaredmeaning botthadsimilar importance in the model. The ombal exception tohis

would bepinchnumber which had mesh number and location numbergcjuiared/alues that

were notably higher thainteraction technique=inally, for both pinch number angercentage
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paint canpletion we hadaround 2304bservationsotal, meaning our modelsost likelyhad

sufficient power due to a largeimberof observations from which to pull.

5 Discussion

This discussion section will firgtddress our initidResearciQuestionsve created from the
onset of thevork, answering each one individually. We will then discoissoverall findings
and suggestions for future researchers. Finally, we will state our limitations for our spseific
study and cover possible future work that can be done to improve and extend our current

solution.

5.1 Research Questidiindings

5.1.1 Paint Quality

RQ1: How does the mesh interaction technique affect user task quality inspray-painting

task?

Resultssuggest thaparticipantsvere able t@chieve highepaint quality with ouexperimental
interaction techniqued@ure Average, Weighted Average, Eye Weighted Avéragepared to
theunassistedbtandard HL2 Rajechnique This strongly suggests thahplementingeven a
very straightforwardestimationsystem carsignificartly combat thanesh errors and variability

in theenvironmental meshes created by AR devices

Althoughno noticeable ififerencesn paint qualitybetween outhreeexperimentalnteraction
techniquesverefound, exanining thedistributionof percentagg@aintcompletionfor both the

Standard HL2 Rainteraction techniquand ourexperimentalnteractiontechniquesn Figure
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4.4, a coupleof interesting resultemerge Firsty, the Standard HL2 Ray e ¢ h nsinglet e 6 s
unimodal distribution with mode around 10% paint coverau 3¢ Quantile ofaround 47%
suggests thdbr mostparticipanttrials using theStandard HL2 Rainteractiontechnique
participants wer@ot ableto scoremore tharb0% paint coverage wheperforming the
experimental taskT his percentag@aintquality ficeilingd evidentfor the Standard HL2 Ray
interaction techniqueve believeis caused bynesherrois/holesin the StaticEnvironment

Mesh which, as a remindethe Standard HL2 Rayechniqieis unable to handle as it requires
mesh dir ect | yinteracticheay to fulciorCanseeselydPare AverageWeighted
Average andEye Weighted Averageteraction technigue®llow almost thesame bimodal
distribution, with peaks around 95% and 55% paint coveagggestingwo separatéi c e i | i ngs 0O
for paint qualiy. Since lttle difference(even though significanty seen between average scores
for thefour different static meshes awo different surface countsje look to the different
location groups as being the main contributor to tlcedeng effectsas certain locations could
have chronic mesh errors thiamit the amount of informatioour lightweight estimation can

ascertain

Looking at the average paint qualftyr eachlocationin Figure4.5, we can see @lear trend over

all interaction techniques showing that the average paint quality is highly driven by the location
number andocationgroups (ndoorwalls, indoorwindows,outdoorwindows) The average

paint quality per location for our experimental interaction techniques reveals that indoor walls
have the highest average paint quality, and both outdoor windows and indoor windéadyare
the same. Interestinglyherelativedifferences of average paint quality between the locations

across all the experimental interactiechniquesvere consisteniAlthough this relative
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difference stays the same, a clear difference can be seen betw8¢amitierd HL2 Ray
interaction technique and oerperimentalnteractiontechniquesiPure AverageWeighted
Average Eye Weighted Averayjewith the ldater seeming to have higher elevated values across
all individual locations compared to the form€&he consistentjuality valuesof each location
across our experimental interacti@chnques seeminglysupportthe celing effect we found in
our overall average paint qualjfyointing to a core Imitation with our estimation method, most
likely a lack ofdata inputnto the algorithmd$rom the sample raysnd nota deficiency of the
actualalgorithms This suggestshat our grid of 16 sample poirttsat then sends out 16 sample
rays fails to collect any data from adjacent mesh in specific individual locationsiwghic
mesh errors (like the window<)verall, this indicates we need to create a more robust hand
estimation plang¢possibly higher density sample poingsid alsgerhapscontingency fans for
the system wheaur solution hits no meso thesdypes of individual locations cdie managed

more successfully

5.1.2 Interaction Attempts

RQ2. How does the mesh interaction technique affect the efficiency of user interaction in a

spray painting task?

We must first state that the interaction attempts measure, we belev@flienced bythe HL2
hand tracking, talkedmut more irLimitations, and thus multiple data points had toremoved

andthenreplaceddetailed inTable6).

Looking at theediteddata pointswe find that unlike paint quality, interaction attempdid have
significant differencenot only betweeithe StandardHL2 Raybut also betweeseveralof our
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experimentainteraction techniquedhe biggest of which being/eighted AveragandEye
Weighted Averagbeing significantly lower thathe Standard HL2 Raywith Eye Weighted
Averagealso beingsignificantly lower tharPure AverageWhile not everynteraction technique
is significantly different from one anotheve canstill seea slightongoingreduction in
interaction attemptas weprogresgrom Standard HL2 Rayo Eye Weighted Averagmdicating
that ourexperimentainteractiontechniquegrovide an active reduction in interaction attempts.
This is likely due tdess user input needed in general to complete the same task as the
experimental interaction techniqu@speciallyfEye Weighted Averayaccomplish more with

each interaction.

Although we did seaotable differences not only between 8tandard HL2 Raput also
betweerour experimentalnteraction techniquesve still believepaint quality to be a better trial
data metric than interaction attempt for a few readeinstly, interaction attempts, at least how it
is defined in this experiment, only counts the number of pinches and nitnenlyetween
pinched or total time pinciThis leadso some level oambiguityasto whata certain interaction
attempt number means participants hadifferentstyles of drawingwith some tryng to follow
thetwo pinchinstructions explicitlywith longer strokesind othersvho opted foishorterstroke
bursswith more overall interaction attempi&his inter-participant interaction technique
variability is exacerbatedyy the fact that due to data and distributisignatureand replacement
data pointswe could not utilize aepeated measuresixed modeto help with a better statical
model instead having to utilize an ordimabdel(which was hard to fit and not optimal)
Second, as mentioned above, 2 hand tracking still muddied the interaction technique data

as an extra pincbould be a legitimately needed interaction for a participmotercome the
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tracking problemsFinally, based on the experiment and the overall varialiilithe interaction
attempt data we would strongly recommdinaiting users to a fixed number of pinches, which

could reduce overall ambiguity and possibly clean up the data.

5.1.3 Perceived Workload and Perceived Usability

RQ3:How does the mesh i nter aperceiwdworkleadamdhi que af f

perceived usability?

Firstly, it must be stated thite NASA TLXworkload survey and th®ystem Usability Survey
(SUS)experienced order effent the user experiment, with NASA TLtal scoregenerally

trending down and total SUS score generally trendmgith an increase in walk number.

Resultsfrom administering the NASA TLXuggest thaparticipants perceiva reduction in total
workloadwith our experimental interaction techniqudufe Average, \Wighted Average, Eye
Weighted Averagecompared to th&tandard HL2 RayParticipantsappear tgerceive our
experimental techniquessrequiing lessperceivedsffort, frustration and mentalemand when
compared tahe Standard HL2 RayAdditionally, participantsappear tdavehigherperceied
performance when performing the experimental task with our experinietetaction
techniquexompared tdhe Standard HL2 RaySimilar results were founffom administration

of the System Usabilitysurvey (SUS) with results suggesting participamisrceive aincrease

in total systemusabilitywhenutilizing our experimental interaction techniques compared to the

Standard HL2 Ray

Altogether these results suggest that experimental solutions providgelower perceived

workload and higheusability, even ifwe identified no noticeable difference between our
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experimental interaction techniqu&ur experimental interaction techniques most likely
improved results by facilitating painting in areas of the experimental location that did not have
anenvironmentamesh Thisability to paint on areas witho environmental meshllowed
participants to paint nte consistentlywith more fluid strokeshanthe HL2 Standard Rayas

their paintingdid notabruptly stopvhen the system could ndétect environmental mesh under
the user's hand rayhe nondifference between our owexperimental interaction techniques is
likely because of the orthogonal nature of the indoor locatibich provided lesspportunity

for the different algorithms behind the experimental interaction techniqw®tomore

significant differencesmore details irb.3
5.2 Overall Findings
5.2.1 UserPreferencers UserPerformance

When comparing thaser preference metrié®m our user study to owther metrics like

quality, interaction attempts, NASA TLX and SU& see similaritiesStarting withPost Walk
Survey- Absolute Scorgthe results mirrothat ofquality, NASA TLX, and SUS with the
Standard HL2 Raperforming significantly worse than our experimental interaction techniques
but no statistical significance insidéie experimental interaction techniquBsst WalkSurveyi
RelativeRank howevertells a slightlymixed story Examining the average rawoik each
interaction techniqueve see thalEye Weighted Averades the lowest average, followed by
Weighted AveragandStandardHL2 Raytied for second lowest, aiRlure Averageerforming

the worst. Thigesult is aslightdeparture from other measures but can be partially accofonted

by the fact participants could have forgotfest interaction techniques they experienoefbre
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they finished their final walk (walk 4) where they ranked thBost WalkSurvey- Absolute
Score in contrastwas recorded after each walk, which meant possibly fresberory of the
exact details of the walk.hese similar results acrassmeof the user preferengretrics
especiallyPost WalkSurvey- Absolute Scorgsuggesthatour measuresor user performance

and user preference are somewhat aligned

We did,howe\er, noticea possiblearea ofconfusionfor both of theuser preference measuiies
Due to limted instructions beyond the actual questitidsw would you rate the overall paint
placement in this walk (in terms of your overall task of connecting thg¢odotsabsolute user
preferencea n tHowfwould you rank this walk, compared to previous walks, in terms of your
ability to place paint and create the intended spray paint connections between the dbtg?r
relative user preferendewas possible the user preferemgeestiors were a biambiguous.
Additionally, participants were only allowed jodgetheir pant performanceluring thelO
secondshey were allotted for thexperimental taskas thepaint was deleted at the end of the
timer, not leaving time to judgthe paint from different angles (3D depth placemesu}h

points couldhave cause additional noise in the data anevaudd recommend more specific user
preference questions apdssibly aspecifictime for participants to observe their tdek future

experimentgo allow participants to make a more informed decision.

5.2.2 LightweightEstimationimproves UserExperience

The most overarching finding olur studywasalmost allmeasureseported improvement when
participants were utilizing one of olightweightexperimentalnteraction technique$(re

Average, Weighted Average, Eye Weighted Av¢ragead of thé&Standard HLZRay

97



interaction techniquevith minimalresults suggestingur lightweight estimation interaction
techniqgues negati vel y atalf These resaltthdidathagealpstentiald s e x p
for lightweight estimation techniques in the AR spaspecially those wise older

environmental mapping sensor or software packages will not get upgladetie almosfive-

yearold HoloLens 2 device on which the experiment was condu@adexperimental

interaction techniqugsrovideda more usale experienc®verall on our device and minimally

affectedthe performance of the actual application running. Additionahg, system allowed

participants to interact with locatiorsuch asndoor and outdoor windowthat they might

neve be able to interact with using tlandard HLZRay, evenif we hadenabled live mesh

during the experiments in lieu of tisaticEnvironmentMesh(discussed mori section5.2.3.

We didnot, however, observe a consistealue proposition obur more complicated
experimentainteraction techniquesuch agye Weighted AveragwerPure Averagethe
simplest of our experimental interaction techniqiss/eral obur results didsuggest better
scores occurring foWeighted Averager Eye Weighted Averagwer the simplePure Average
experimental interaction technigumut many of these results warensignificantand overall
inter-experimental interaction technique differences vepase. Overall, in indoor
environments with limited organic shafenost indoor geometry igarallelor orthogonal to one
another) more advanced aggregation algorithms \ikeighted AveragandEye Weighted
Averagedo notappear to be worth the additional overhead and designAiduitionally, since
similar results were achieved without the use of eye trackipg Weighted Averayjehis
reveals that even older andeetper devices that never had lilveury of eye tracking can still

take advantage of the greatly improvadsh estimationVe recommendocusingmore time on
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exploring better and more robust waystdlectmore environmental mesh ddtam areas
surrounding the missing/degenerate area the userstsirgeractwith than the individual
estimation algorithmsThis direction seemt® be a far better use of development and research
time as in almost all cases where our estimation fatiecas dueo little to no environmental
mesh data being collected from adjacent méghsuspecthe nuances of difference aggregation
methods to resolve the collectedvironmental mesh dagecuratelywould come much more

into play and provide more noticeable differences when in ouglmoronmentswherethe

mesh is much more organadditional detailsn section5.4.2
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5.2.3 Variable Environmental Mesh Scanning

Figure 5.1: Photo of thestatic environmentesh for location 12 for all 4 different static meshes (a) Static Mig&h) Static
Mesh3 (c) Static MeslI2 (d) Static Mesi

As a reminderStaticEnvironmentMeshwas utilized inplacedf he Hol oleens 206 s
environmental mapping systetie toconcerns abouyiotential variabilityin environmental
mesh generatiofiom the HoloLens 2 devic&his changebviouslyopens oufightweight mesh
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estimationand usestudyas a wholaip to the questioii i Ho w  wfa difference would our
experimental interaction techniqueovideif we utilizedthe live HoloLens 2 mesas our
controlrather than thetatic environmental me8h While we optedot to use the live mesh in
our user study, we found mamteresting details that can help us infer howlmghtweight

mesh estimation would function with a lrgenerated environmental mesh systEirstly, when
looking at thefour differentstatic environmental maaswe utilized the mesh detailsit boththe
OutdoorWindow andindoorWindow location groups generally did nedry greatlyacross the
different static meshesvith only slightadditions or subtractions afesh from around thieames
of thewindows.In noneof the fourstatic meshedid the HoloLens 2 mapping system
successfully map an indoor or outdoor window, at most getting a good mesh of the window
frame or adjacent window support structurgerestingly the HL2 live environmental mapping
system in several window locatiomgappedhe floor and other geometry on the other side of the
window, not recognizing a solid piece of glasparating the spac&dditionally, when askean
the postexperiment survey which locationsusé s t h o thegvbrst Owmdear\V¥indow and
IndoorWindow location groupsvere consistently chosen more over the Indoor Wall location
group Given this observatigrat least for the HL2, it is improbahileat any mesh would have
beengenerated in any of the windowsen if the live mesh wassed and given time to
acclimate. This leaves our lightweight mesh estimation system as an easy wsst oo

interact with windows on an AR device tliaey otherwise would not be able to interact with.

Second]ooking at thendoorWall location group, exampls of whicharein Figure5.1, we see
there are definitely variations between tber static meshesach with varying levels of

environmental mesh coveragil the indoorwall locationsgroupsfor the most parbhad he
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Asl at 0 Vv e wdsuspegth artjaat oftse@amnimg while walking that was performed to
collect all 4 static meshel general thesdndoorWalls locationscould havepossibly benefited
from the live environmental mappiras the slated mesh they are compadedost likely would
have improvedjiven sufficient scanning tim&he use of the livenvironmentamapping mesh
would probably have decreased thiference between owxperimental interaction techniques
and theStandard HL2 Rayas thesverevolvingenvironmental mapping systamapped more of
the walls over timeThis behavior i®xceller for practical use but provides many areas for
confounding variablem a user study, abke length of time a user looks around or walks near a
locationbefore they perform the experimental task vaiaesl thus the extemd whichthe live
mesh has resolved additional data alibatenvironment also vari¢sesh update usually takes
around 23 seconds)Additionally, our solutios still provideusers of timesensitive AR
applications, like search and rescue, an option to quintéract with the environment even if

they do not have time to let the mesh generation catch up with their movement.

Lastly, looking forward tooutdoor user studieEigure5.2 showcases wo-minutescan of an
outdoor areawith thegreymeshbeing theresult of the live environmental mesh capture from

the HoloLens 2As you carsee from thescan due toenvironmentafactors and the complex and
nonconformal shapes of organic objedtés mesh, which was given ample time to resolve (2
minutes), still has manyesh holes and degenerate méghditionally, much of the planar

surface of the houdacadeis also not present, with only parts close to the sidewalk having much
mesh detail due to the limited extent of the HoloL2®&anning hardware. This example

provides yet another example that eifeliR devices of today could perform perfgcin indoor
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scenariosthey would likely still struggle in the outdoor space and thus still benefit from our

mesh estimation solutions.

Figure 5.2: (a) 3D environmental mesh scan from the HoloLens 2 while walking over the course of 2 minutesat{d) of the
environmental scan

5.2.4 Recommendations draghtweight Estimation

Examiningpaintrelated metricslike Paint Qualityand various participant comments collected
by the experimentexhile participants wer@sing ourexperimentainteraction technique$(re
Average, Weighted Average, Bjeighted Averagewe hawe compled our most important
recommendationfor those wishing to implementsamilar lightweightestimation system in AR.

Firstly, although implementing Roint Distance Culling an@utlier Detectiorsysteminto our
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estimation system was necessary and succegsghhuld be tweaked as it failed in various
scenariosln our implementation, utlier detectiorassumedall EnvironmentMappingto be

ground truth andhus bypassednyoutlier detection when environmental mesh wasvhién

using our experimental interaction techniquBsis creategcenariodike those pictures in

Figure5.3, whereyou can see a clear disjomit paint where a smafistrayd environmentamesh
piececauses the system to paint directly on it because it was never got a chance to run through
the outlier detectionVe recommend future implementations of this lightweight estimautito

take mesh as a total ground truth but rather run all estimation algorithms tloatligh

detection giving the system better chance afatchingsuclii st r ay 0 envi ronment al

In a similarlight, we would also recommembrmal smoothing be implementedthe
lightweight estimation workflowaswe foundthe environmentamapping at least on the
HoloLens 2 devicecancreate sharp mesh geomedigjacent to one anothesometimes causing
object orientatiomot tolook correct even though the normals aggregatedased on the

interaction technique.

Further we recommentlture lightweight estimatiosystemsmplementmore samplgoints

andby a consequencenore sample ray as there wermany times in the user study wha

participantwas not able to complete te&perimental task in its entiretiue to neenvironmental

mesh hit by the samptays |l eadi ng t o préveuslfimrerstionednsegtion ef f ect s
4.2.1 Finally, we recommenti he i mpl ement ati on of a Abl oomd o
mesh is hit with any of the sample rays while they are aligned with the hand plane, they angle out
from the centerThis allows the systeto first focus on retrieving the most accurate mesh

possible thais directly adjacent to the area the participant wishes to interact witlc (butddet
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to a mesh holé)ut still maintains a fallback that attempts to gain data from less adjacent mesh in

the scenario where there is none near the users desired interaction point.

Figure 5.3: Depiction of two instances of outlier detection failing at two different individual locatitthsparticipant view on
top and side profile on botton{a) Location 9 (b)ocation 7

5.3 Limitations

Although weattemptedo create as comprehensive a solution and testing methodadogy

possible pur experiment's limitations restrict potential reackandsignificance Firstly, and

possiby the largestlimitation, was theunreliable nature of the HoloLens 2 hand trackimigich

we utilized to tracka  u shand @nd allow them to draw virtual spray paint using our interaction
techniqgues. Based heavily upo,themandpracking systenp ant 6

would sometimes cut owtnd sometimes evestop tracking entirely. Although we did our best to
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