Rapid Design & Prototyping Methods for Mobile Head-Worn

Mixed Reality (MR) Interface & Interaction Systems

BradyE. Redfearn

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State

University in partial fulfilment of theequirements for the degree of

Doctor of Philosophy
in
Industrial and Systems Engineering

Joseph L. Gabbard, Chair
C. Patrick Koelling
Deborah E. Dickerson
D. Scott McCrickard

January2, 2017

Blacksburg, Virginia

Keywords:rapid prototypingaugmentedeality (AR), virtual reality(VR), mixed reality(MR),
usercentereddesign(UCD), User Experience (UXhumancomputer interactio(HCI), head
worn display (HWD)design,interface interaction



Rapid Design & Prototyping Methods for Mobile Head-Worn

Mixed Reality (MR) Interface & Interaction Systems
Brady E. Redfearn

AcademicAbstract

As Mixed Reality (MR) technologies become more prevalent, it is important for researchers to
design and prototype the kinds of user interface andintzactionsthat are most effective for
enduser consumersCreating tlese standards now will aid in technology development and
adoption in MRoverall In the current climate of this domalmwever the interface elements and
user interaction styles are unique to each hardware and software vendor ayehenadly

proprietay in nature.This results in confusion for consumers.

To explore the MR interface and interaction space, this research employed a series of standard
usercentered design (UCD) methods to rapidly prototype 3D-nead display (HWD) systems

in the first reponder domain. These methods were performed across a series of 13 experiments,
resulting in an irdepth analysis of the most effective methods experienced herein and providing

suggested paths forward for future researchers in 3D MR HWD systems.

Lessons leaed from each individual method and across all of the experiments are shared. Several
characteristics are defined and described as they relate to each experiment, including interface,

interaction, and cost.
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General Audience Abstract

Trends in technology development have shown that the inclusion of virtualized objects and worlds

will become more popular in both professional workflows and personal embeetat. As these

synthetic objects become easier to build and deploy in consumer devices, it will become
increasingly i mportant for a set of standard
icon in desktop software) and user interaction motif ( e . g . , Apinch and zoo

interfaces) to be deployed in thagpes of futuristidechnologies.

This research effort explores a series of rapid design and prototype methods that inform how a
selection of common interface elements in the first responder demaid be communicated to

the user. It also explores how users in this domain prefer to interactunitistic technology
systemsThe results from this study are analyzed across a sembau@Ecteristics and suggestions

are made on the most effeetmethods and experiments that should be used by future researchers

in this domain.
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1: Introduction

1.1: Problem Statement
Augmented/Virtual/Mixed Reality (AR/VR/MRjhreedimensional (3D)systemshave become

increasinglymoreprevalentover the last several decad&schnological trends indicate they will
continue toincrease in popularity in the futuckielargdy to the fact thapreviouslyexpensive
and complexesearckasedheadworn displays HWDs) havebegun to moveo the consumer
developmenspacgChi, Kang, & Wang, 2013; ZhoQuh, & Billinghurst, 2008)This isa direct
result ofdecreasing costs in 3D system hardware and software developitteld.many tools
exist to rapidly design and prototype 2D interfaceboth deskto@mnd mobilebased platforms
(e.g, PowerPoint, Axwe, BalsamigWireFlow), no such tools exist for 3DR interfaces This
results in a much higher investment in the time and resources retjuicegate a 3D interface
when compared to a 2D systerAnd becausethe currently availabldMR systemsare novd
technologiesthat largely exist inside the academigprivate industry researchand development
space no standardized interface elements existlesesystens; hardware and software vendors
are building proprietary element&dditionally, no standardized ti@raction techniques exist for
anMR systemlt is necessary to prepare for flatureincreased use of these 3D interface systems
by engaging in meaningful research effottglay that help enablaiser adoption of these
technologies through the analysigloé methods and tools that currently exist and providpast

hocevaluation of those approaches that are-auglied to rapid design and prototyping workflows.

Before useful 3D interface design tools can be busiigndardized interface elements and
interactionmotifs need to bedesigned and testeR is also plagued by basic human factors
challengesd.qg, divided attention, cognitiveverload,occlusionof virtualreal world objects) that

must be addressed throughout 3D interface developprenesss. Endusers ofMR interface
systems are also challenged by limited methods for information exchange and collaboration across
organizational member$he effect ofrapid prototypeMR interfacedevelopment and interaction
methodsn a realworld applied pdormance setting is not yet fully understo@d. Azuma et al.,

2001)



1.2: Motivation

Mixed Reality (MR) is one of the mosexciting novel technologies dfie computer agéVhen
properly designed and implemented;an be used in myriad situations as a method of enhancing
human performanceand increasing our capacity to efficiently perform various tagkisen
improperly designed and implemented, 3D integfaystems have a negative effect on human
performanceResearch in applicabiomainssuch as maintenancepair(S. Henderson & Feiner,
2011) medical(Fuchs et al., 1998rommunication(Kato & Billinghurst, 1999) and national
defensg(S. J. Henderson & Feiner, 200%99ve been of great interest to demic, government,
and private institutionsBy overlaying2D and 3Ddigital content inthe physical reality, MR
interfacescan provide increased situational awareness, especially irribigacenariosOneof
these higkrisk domairs of interest to the search team is that éifst responderge.g, police,
paramedics)However, the effect of this novel technologyrarmmanperformance and experience
is not yet fullycomprehendedNovel MR technologiesequire a new approachrapid prototyping

for interface design and evaluatiqiR. Azuma et al., 2001)

1.2.1: First Responder Domain

The title of Afirst responder aional FirsteRespondenrsr e me |
Organization (NFRQ)which is a professional group that represents this population of men and
womensi mply defines the title as fAéany individu
(NFRO, 2014)They includeas part of this definitioa norexhaustivaegisterof 90 job titles that

constitute those who fall into this category at localjaegl, and national levelsanging from

lifeguards and doctors, to soldiers and coran€hss domainis of interest to lte research team

because of the unique challenges that existinvitte work context ofirst respondersn addition

to the previousl stated challenges dhe 3D MR interface system domairSome of the

characteristics that apply to these types of positions include:

1 highrisk, criticaljob duties where lifenddeath decisions are often ma@eg., thefirst
responder isneant to protécand serve the community)
high stress levelsffectthe responder (e.g., due to the higdk situations)

little control overdirectassignments (e.g., other people assign them their duties)



1 individuals with whom they interact are often difficult to de#h (e.g., citizens are under
duress)
high-risk scenarios are dealt with da(ls.g, consistently and frequently)
the world in which they work isftenvery negativge.g.,manycitizens do not seek out
their assistance)

1 they are passionate and dedicdtetheir work(e.g., they genuinely want to improve their
communitiesY Kohan & O6Connor , 2002; W, Gary
& James S. Boles, 2@, p. 381)

Additional complexity in first responderganizationsrises when regional and national scenarios
are also considered place where systems engineering principles must be considsradesult

of this complexhigh-risk environment, the sety of the first responder is oital concern to the
systems that support them. Many first responders (e.g., puiti@nal Guardmilitary) are often
working as a physically distributed growgs well When a specific scenario requires
interventionteam members often docate at an incident locati@nd exchange information with
each other. At present, radio systems, smartphones, and laptops allow for this exBhbrge
Sharples, Boardnma Price, & Haniff, 2001; Jan Willem Streefkerk, Wiering, van Esch

Bussemakers, & Neerincx, 2008)

It is often the case that first responder scenarios have frequently changing goal®lamd)
information needs asmergencysituations are dealith. Because of the physical distribution of
team membersluring their daily work tasksoverall situational awareness is challenging to
maintaine ven when emergenci es (Baleeetadl, r2@0l; Farscha, 2000; n
J. W. Streefkerk, 2011)'he highstressenvironment in terms oftime constraints anthultiple
tasks to perform in a single scenaii@also results in a reduced amountattention that can be
dedicated to interacting with technological tools to supporspacific response scenario
(McCrickard, Catrambone, Chewar, Stasko, 2003; McFarlane, 2002) is also the case that
cognitive characteristics, such as memory and subjatier expertise, can influence how
technological tools are utilize(Carroll, 1993) Thesemyriad constraints require that future

technological systendesigned for first responders shomeasuratdimprovement in bottsafety

3
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and situational awarenessorder for enelisers tasee hem as a benefit to their daily operations
andadopt themas a part of their workflow(Bailey, Konstan, & Carlis, 2000; Igbal & Horvitz,
2007)

This work will explore the usef different methods in theesearchdesign and prototyping of

mobile headwvorn MR interfaces for first respondersResearcherwill perform an analysis of the
lessons learned from these various metheds 6emistructured interviewsard sortingGesture

Elicitation) in orderto gathemdataon whatapproacheprove useful talevelopingMR interfaces.

Specificrecommendations thatldresshe use ofapid prototyping methafor mobile headvorn

MR interfaceswill be made

1.3: Research Purpose, Objectiveand Questions
The ultimate purpose of this study isrecommed rapid prototyping methods for mobile head
worn MR interfaces,using first responder®(g, police, paramedics) as the user group of focus.

For tis purpose, this work aims &mldress three overall objectives

1 ldentifyinformation requirementdor first respondeMR systems
1 Designand prototypeMR userinterfacesfor first responders

1 Design and ptotypeMR userinteractionsfor first responders

Along the course of interface development, this work will also examine human factors research
guestions releva to each objectivel he following section enumerates the three main objectives
(e.g.,01, 02, 0O3) of the study in more detail by stating the research questions (RQs) of the
proposed study:

Objective 11nformation Requirements

1 RQ1: What information do fist responders expect to be available to them in a futuristic
mobileHWD MR interfac&
1 RQ2: What information is most critical to the first responder to allow them to perform their

job safely?



Objective 2:User Interfaces

1 RQ3:How can critical interface iofmation be communicated to first respondeii&zing
multiple modalities €.g, visual,aural haptig of notification?
1 RQ4 How does the context in which a user experiences a prototype effect the interface

feedbackheyprovide?
Objective 3:User Interactions

1 RQS5 How do first responders desire to natet with critical information?
1 RQG6 How does the context in which a user experiences a prototype effécteitzetion

feedback theyprovide?

1.4. Significance of the Study

First,this research will providdne guidance necessary to make the appropriate tradeoffsrms

of scope, schedule, and resourteshen designing and prototyping MR interfaces that will enable
future researchers to rapidly design and prototype their own 3D MR experiences, such as is
commonly performed in 2D interface design and prototyping ta8agondthis research effort

will provide guidance on specific information element representationsdoléd be used irthe

first respondedomain.Third, this research will provide specifguidance on interaction motifs
thatcouldbe used in this domain.

A post hocanalysisfrom theinformation gatheringgdesign and prototyping methodsf the MR
experiencesenployed hereinwill ultimately lead toa set ofrecommended rapid prototyping
methods for MR interfaces which do not currently existThe specific characteristics of these
experiences will be detailed in order to enable the reader to select any of the studied experience
types and make their own determination as to whichswits the reds of their own research

agenda

1.5: Method Overview

Rapid prototyping methods for mobile headrn MR interfaces present unique challenges for

researchers and practitioners alike. While tHd&esystems are becoming more ubiquitatiss
5



still not fully understanchow the implications of these system$luenceuser groupsMoreover,
asthis worklooksto the future, existing rapid prototyping methods for 2D interface systems may

not adequately address the needs of 3D interface systems.

This researcheffort will analyze a series ofapid design and prototyping iterations in the
developmenotf a mobile headvorn MR interfacefor first respondersEach of thesierations will
rely on existing usecentereddesign(UCD) andrapid prototyping methods. Each ssbction of
the overall researatffort will include a careful positeration breakdown and analysis that includes
the lessons learned from each implementatioraohenethod and what worked well andda

not work well during each phase. This collectimintakeaways will then feeohto a series of
recommended rapid prototyping methotaracteristicsor mobile headvorn MR interfaces that
take the most beneficial tools and methods used throughout this resiéarcéind provide a way
forward for other 3D0nterface rapid prototype researetfiorts to build upon. The overall progress
of theeffort can be communicated with the followikggure which displays @rogressiorof the

threeresearclObjectives(i.e., 01, 02, O3 discussed in detaihroughouthis paper



Ohjective 2 0Iliective 3

% L

< )

Objective 1

n i e nt

Name: John Tentpeg, AKA “Duke”
Rank: Sergeant

Figure 1: ResearclEffort Overview



1.5.1: O1: Information Requirements

This effort will first follow a basic informatiofgatheringorocesshatwill inform all of the design

and prototype iteratiorgoing forward. Through these of semstructured interviewwith subject
matter experts (SMEsYyesearchers can better understand the domain of application for first
responders (e.g., police apdramedics This understanding will help treateseveral research

artifactsto inform future work.

With a general understanding of the research domain landscape and how the user currently
performs their duties, an enumeration of information elements can be perfibmmegh the use

of User Experience Design (Uxibased semstructured ingrviews and Participatory Design
(PD)-based storytelling methods gatherthe informationelements that areurrently onhandto

the SME With a greater understanding of the current state of information elements, the research
team can thebrainstorm withSMEsand collect & w i listéof informationelementghatcould

beperceived asiseful to the SMEs in thefuture professional duties

Lastly, semistructured interviews and storytelling methods areptaali with a card sorting
method. This isitilized by the research team in order to categorize and prioritize the list of possible
information elements in order to focus the research effort on what elements are perceived as most
useful to SMEguring a common response scenania rapid prototypingnethodfor mobile
headworn MR interfacesThe research artifacts of this Objective will be used to answer RQ1 and
RQ2.A postmortem analysis of the methods and tools utilized during Olthétbe shared in

this paper

1.5.2: O2: UserInterfaces

With the completiorof the initial information gatheringrocessn O1lthat addresses the RQs of
that Objective the research team will perform a seriesle$ignand prototype iterationduring
which user interfacegor mobile headvorn MR systemswill be explored.Each iteation will
progressively include a larger body of work in both design and prototgieodsas theeffort
progresseslhefinal user interfaceesearch artifacts of this Objective vallidresfRQ3 and RQ4

A postmortem analysis of the methods and todiézed during eacluser interfacelesign and

prototype iteratiorof thisresearchwill follow.
8



1.5.3: O3: User Interactions

With the completion of O2, the research team will perfarfimal series of iterative design and
prototypeiterations, whichaddress usenteractions formobile headvorn MR systemsEach
design and prototypeser interactiointeration will consider all of the previous work performed to
be essential to each future iteratids. before, gpostmortem analysis of the methods and $ool
utilized during eacluser interactiomapid prototypingterationwill be performed andeportedn

this researcipaper

1.5.4: Discussion andRecommendations

Finally, apost hocanalysis and discussion of the entire research effort will be performed. A
recommended seif design and prototype methofis 3D MR HWDs will be presentedo the

reader. These methods will be informed by the analyses performed throughout this research effort
and will allow the reader to seldbie best experience type that nsgéeir own reseah objectives

This series of recommendatiorshould helpfuture researcherso avoid the pitfalls and
shortcomings of specificexperiential characteristics that have bedalt throughout this

longitudinal research effort.



2: Literature Review

Previous reseah in areas of interest to this effort illustrate both the existing problems of rapid
design and prototyping methods for 3D MR interface systems and some theoretical approaches
that are applicable to aiding in and experimenting with methods in this doifanfollowing
background research and development subject matter topics have been applied throughout this

effort:

2.1: Development of Longitudinal UserCentered Design (UCD

The earliest identified report of a lortgrm usability study in computer software syaublished

over twenty years ago(Cook, Science, & Science, 1994)ut the subject has gained more
popularity in the twentyirst century with various articles and conference papers discussing the
topic. In 2002, for example, the results of aweek evaluation of Microsoft Word were published,
sharing a comparison of multiple interface designs that were tested and evaluatedisti@a rea
field study to gather feedback on the usability of WvitGrenere, Baecker, & Booth, 2002)
Several years later, a study of scientific databases was publishetréssed the importance of
having a usable system to fAprovide a basis fo
of data shar i ndHudnieNieke SchopfercKineuuller, £ tittenp 2009, p. 565)
The Journal of Engineering Design published aag study on the usability of a home appliance,
with participants ranging 382 years old, that attempted to describe a methodology for tracking
long-term user data by way of user diar{éwai et al., 201Q)These and other studies describe a
variety of longtermUCD definitions and research methods, but none of these methods have been
consistently applied across the studies found in the existidg of academic research, nor were
there theoretical foundations found underlying these methodologies to allow the restatsh

to be easy comparable among each other.

In 2006, Hornbaek published an article in the International Journal of HQm@mter Studies
(IJHCS) that analyzed the current status of usability research as defined by currently published
works from core HCI forums and remarked that
interact only briefly with interfaces under investa t i qHorakizek, 2006, p. 93)n fact, of the

180 studies analyzed that paperonly 13 of them lasted more than five ho(liernbaek, 2006)

In 2010, the necessity for lorigrm usability was stressed to the academic community once again
10



explaining that further reseaagrcthei 9l owyiatl it galdei
interaction experience will become the main success factor [for organizatiaksep Nielsen,

2008 (Alghamdi, 2010; Law & van Schaik, 2010, p. 313; Jakob Nielsen, 2008; Van Schaik &

Ling, 2011). The need for fAa clear picture of how L
t hat ] -@xpectatierr and usaffect dynamically evolve with the actual usage of the product

oV er (ltaw&narmmSchaik, 2010, p. 314earching through theitations of this articlshowed

that onlythreeacademic journal articles have evaentionedhis longitudinalcall for research in

thesevenyears since it was publishé@larivate Analytics, 2017)

The cited literature, in summary, shows that lbegn UCD is an important field of interest to

both academic and practiti oner BCDstadiegestlsonyof r es
capture brieferiods of time (minutes and hours) and are not longitudinal in their duration. The
reasons for this apparent lack in letegmUCD research are outside of the scope of this research

study, but it is clear there is room for the exploration of the eftddtsig-termUCD practices in

a reatworld rapid design and prototyping methfmat mobile headvorn MR interfacescenario.

2.2: Usability Methodologies

Becauselong-term UCD is a new field of study, the research literature indicates that more
longitudinal methodologies are needed to test, refine, and produce more&argec systems.
Because there is a lack of leleymUCD methodologies and practices that are in popular practice
in the UCD domain, an alternative approach must be found. One method of adgréssi
longitudinal UCD process is to begin with existing shtetm testing methodologies and expand
on them to incorporate lortgrm attributes. While there are many applications of sieon
testing methodologies, there is very little research in tadgial UCD and related methodologies
for use in applied settings. The reasons for a lack oflemgUCD testing methods is outside the
scope of this reporas was mentioned in the previous sectidm)t the lack of many well
established, tested, andpen longtermUCD methodologies indicate that shéerm approaches
are currently more popular in research and pradtibas been shown thatost published research
utilizes traditional, shotterm, crosssectionalUCD testing scenarios. A rational appch to
develop a longerm UCD methodology is to build upon existing shtetm practices as a
foundation to research and modify them for ldagn use. This approach will be particularly
11



effective if the chosen shet@rm methods lend themselves to aoambus or cyclically repeated
applications. In the latter case, it is useful if the last stage of one cycle flows easily into the first
stage of the next cycle and if there are mechanisms to preserve and maintéeénnokigowledge

and trends. One stromgndidate for shoitierm testing scenarios are those proposed by Tullis and
Albert (2010). Tullis and Albert suggest that there are ten common usability study scenarios that
can be used to collect and analyze usability data, as shakanfwilowingFigure (Tullis & Albert,

2010, p. 50)

Tablel: Ten Common Usability Study Scenarios

Completing a transaction

Comparing products

Evaluating the frequent use of the same product
Evaluating navigation and/or information architectu
Increasingawareness

Problem discovery

Maximizing usability for a critical product

Creating an overall positive user experience
Evaluating the impact of subtle changes

0 Comparing alternative designs

P OoO~NO OIS, WNE

These methodologies are popular to use in esegonal UCD testing scenarios, but little data
was available for review on lortgrm UCD studies that included consideration for these ten
methods of gathering user dg@kéornbaek, 2006)Because these scenarios have been successfully
applied in traditional shotermUCD testing(Tullis & Albert, 2010) they provided a foundational
testing basis for this lontermUCD study.

Some of the testing scenarioghe previoug-igureare more relevant to this study than others. In
particular, Scenarios-8, and 10were most important due to the naturdghsd scenarios for first
responders antthe practical application of the scenarios to kbegn UCD testing principlesn a

rapid prototyping method for mobile headrn MR interfaces

2.3: Usability Engineering Lifecycle
Originally published by Deborah J. Mayh¢¥©99)i n a text subtitl ed as
12
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handbook for user interface designo, the
process to apply to UCD efforts around the world. First presentedfamrtalized usage to the
CHCI conference in 199@ayhew, 1998)this was a concept and phrase originally conceived
and published by Jakob Nielsen six years ealig92) although Mayhew significantly
expanded the idea by 1999. The followkigureshows this model in its 1999 form:

13
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The Usability
Engineering Lifecycle

Figure 2: The Usability Engineering Lifecycle (Mayhew, 1999)
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While this model has three main phases that describe the process (i.e., requirements analysis,
design/testing development, installation), it is also composed of many-lenelotasks and
processes that make a very comprehensdi@® methodology with great detail at each step as to
what the practitioner needs to do to create a successful product. It also includes several iterative
tasks and processes as well so that thdipoamer can repeat many steps as needed untdftbe

is complete. However, this process includes a
The research team argues that such a step indicates @estrogerspective to the lifecycle and

while one could suggest that merely starting the lifecycle process over again can reengage the
benefits of the lifecycle, this seems contradictory to the perspectloagifudinalethnographic
research studies where the constant change of the envirbantepeople in it actually require a
constant vigilance be maintained with ti€D system at all times; there is never truly a state of

A d o nkaptainin & Nardi, 2009; Mayhew, 1999)

Strictly longitudinalUCD studies, therefore, woukkem taequirea dramatic change in practice

is needed; where an attitude of continuous improvement, much like processes found in successful
manufacturing environments, would need to be analyzed as a template for how to integrate the
perspective of uninteuptedUCD improvement into a business process that has been traditionally
applied as a style of momentary and sidAgtervention enhancements for decadd®nnant,

2001) The Usability Engineering Lifecycle might be helpful for a singtiort, as a temporary
consultant would have with a client, but lacks the longitudinal perspective, knowledge transfer,
and connual process improvement parameters that are necessary to the fut@pb pfactices

in order to secure custonsér n  toyaley detaded (Alghamdi, 2010; Law & van Schaik, 2010,

p. 313; Jakob Nielsen, 2008; Van Schaik & Ling, 2011)

2.4: The Wheel

Another popular approach to moded&D processes was published by Hartson and @2@&2)
inTheUXBook This process 1 s known ¢#esfollowingregurdVh e el , O

15
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The Wheel provides a much diffeteapproach tdJCD practice compared to the Usability

Engineering Lifecycle. Instead of providing a wslluctured and clearly defined set of processes

and individual tasks, The Wheel offers a perspective of continuous improvement through a very

simpleppcess of

four steps: desi gimaryqguearal obmdtivepe, e

of TheWheel lifecycle process is to keep moving forward and eventually to complete the design

process

and

ma k e t h dHartsona&nPgla2012, pn57)This peyspextives c t i o n

seems welhligned to the longitudinal perspective needed@D design methods, however, The

Wh e e |
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developmentiomainof Computer Science (vich is where The Wheel originateshe research

team suggests there is no need for such a formal trangMiomanner ofdesign and prototype

changes, therefore, can be put in production atiamgy as part of a UCD process (.,e Googl e 0 s
Gmail productwas | abel ed (Smight&aCarusd, @l0)Ancenaultide)versions of

such changes can be put in production simultaneously (e.g., parallel software
development/incremental testing performed and deployediszAn, Google, and others) to test

what designs work well for users in a live, Haboratory, truly ethnographic settirfiylyers,

Sandler, & Badgett, 2011Additionally, users can choose interface versions themselves or fully
customize them to inform the software developers on what is preferred (e.g., revert to old system

if you do not like the new one).

The Wheel may serve as wdl-designed lifecycle system faghose UCD practitioners who
appreciate brevitybutit is still a processhat relies orhistoricalparadigmghat often no longer

apply to modern and futuferward technology development processes.daised on traditivally

slow software development processes. The research team suggests that while this model is a better
fit for a longitudinalUCD development process, that it is still missing the ethnographic aetivity
based and knowledge management components that poetamt to longterm UCD processes

that will become more important in the futae customer loyalty becomes an ewvereasingly

prominent metric in technology developmeiaptelinin & Nardi, 2009)

2.5: Case Studies in Research Design

Case studies havedredefined by GerrinR004, p.341as fAéan i nt eginglewmie st ud
with an aim to generalize across a | arger seif
physical sciences and began to transition into practice in the social sciences in the early 1800s
when Frederic Le Play began work on what he ld@yentually publish half a century latées

ouvriers européengl878) Case study methods have since been applied in myriad individual
domains, inclding economics, political science, sociology, psychology, business, law, software

development, HCI, Usability, User Experience, and related fields. However, case studies are not

17



without their critics and some researchers argue they contribute veryditilederstanding the
world around ugAchen & Snidal, 1989; Lieberson, 1991, 199%erring, 2004; Healy, 1947, pp.
971 98)

2.5.1: The History and Evolution of Case Study Research

As mentioned previously, cadesed research methods have been practiced for over 200 years in
modern sciencé-rédéric Le Play, 1878; Healy, 194¥Yith such a long tradition of practice, it

should be no surprise that case studies seem to have permeated every scientific domain in practice
today. Being an ambiguouster a @A c as e s tnefloythat is gualitativeeih rature t o a
and of a small population sample; or research that is ethnographic, observational, and outside of a
laboratory settingYin, 1994) Gerring(2004)adds the following additional categories of possible

case study types: research that is charactergegrocesgracing, an investigation of the

properties of a single case, or an investigat
the | ast type of which Gerri n2004bpp.l34042) &Vhatt o b e
this seems to indicate is that because there @e many applied uses of the

myriad domains, then the definition of a case study and the methods used to describe them vary as
widely as their application. This unstructured and indistinct phrase, therefore, results in research
efforts that can be published and practiced anywhere on the scientific contribution spectrum of

beneficial to injurious.

2.5.2: Limitations of Case Studies

While it is a very popular method in use today, many academics are quite critical of case studies

and believehem to contribute very little to the progress of scientific rese@chen & Snidal,

1989) Part of this abhorrence of case studies seems to stem from the lack of standardization of a
method(Gerring, 2004; Thomas, 2011) I n f act , Ger r iitiorgrs continuetoudes |
ply their trade but have difficulty articulating what it is that they are doing, methodologically
speaking. The case study sur (2004,@.s341)Reseachersur i o u

have begun to call for more structure and thought to be put into what a case study truly is to make

18



itamore academically rigorous method altogetf@erring, 2004; Starma@013; Thomas, 2011)

Miles (1979)descr i bes the type of qualitative dat a
nui sance. 0 He f urreehamest cemplaihtsaaof qualitativehdata arehas fellovis:h

(a) Aithe actual p r o -evitisgswasoebsentallyairituitivge, psimitigey and n g C
unmanag®ied 199 p. 597) ( b) fcases wusually requirec
revision to take account of the factual errors, the defensive responses, and the genuinely alternative

i nter pr(Biteg 19%HPms&) and (c) fisitehamalysisrig eveo fess gvello s s
formulated than withirs i t e a(Miled, 3979) ps589He concludes his 1979 paper by stating

that without appropriately rigorous and structured scientific research methods, case studies serve
as |littl e yined ¢Miesgl®To, piiedQ) o r

Flyvbjerg(2006)presents a slightly more structured description of the shortcomings di@see
researchwithadit of what he calls fAfive common-misund
based research, he agrees with many authors that poorly executed case studies are what present the
real danger to the scientific validity of such a research strategy. The bliggéstions of case

studies in his view are as follows:

=

Theoretical knowledge is emphasized as more valuable than practical knowledge

=

Singlecase studies are not generalizable
o Only multiple-case studies yield scientific contributions
1 Case studies are mouseful for generating hypotheses
o Other methods are better suited for testing hypotheses and building theories

1 Case studies are highly biased

0 Authors want their views to be proven correct

T 1tés difficult t @&lyvbjergnm@srpi2d® a case study

In other words, an improperly structured and executed case study is a very popular research output

in the published literature. These kmality academic studies provide an endless stream of fodder
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for critics of case study research.F@d wi ng i n the same vein as Mil
conclusions are also quite valid. However, what Miles fails to address are any possible solutions

to resolve his initial concerns. A more structured and scientific analysis phase, along with more
rigorous data gathering processes can serve to mitigate many of his original complaints with case
based research. In fact, Y{#981)r e s ponds to Mi |l esd rebuke of ¢
later with an equally intrusive reprimand of his own, combined with several suggestions on how

to appropriatly structure a case study in order to improve the scientific contribution to society

with casebased research.

2.5.3: Ideal Applications of Case Studies

While authors such as Miles have been very critical of case study methods, Yin and other
proponentsof casea s ed research provide respong@®s to tFh
p.58)begins his response to Milesd earlier artic
Mil esd6 article fAis an example of a fualiatyaaent c
data), types of data collection methods (e.g., ethnography), and research strategies (e.g., case
studies). o0 This distinction of three separate
study research even today. In fact, Yin isistathat there is no such thing asase study method

it is acase study research stratelgyits very definition. The exact classification of whether a case

study is a method vs. a research strategy in the social sciences is currently of less ithport to
research teambés progress than gathering toget
social science domains in order to determine which case study applications are most ideal to future
researclefforts. However, further exploration of ghdistinction should prove useful in ensuring

the research team provide a beneficial contribution to the academic literature. These subtle
differences should be clearly defined during tfiert. (Yin, 1981)

Flyvbjerg (2006) answers his five critiques of leguality casebased research (as described

earlier) with the followng abbreviated retorts:

1 Concrete, contexdependent knowledgs valuable.
20



Onecangeneralize on the basis of a single case.
The case studig useful for generating and testing of hypotheses.

The case study containg greater biaghan other methods ofduiry.

= =4 4

The problems in summarizing case studies are due more often poothertiesof the
reality studiedthan to the case study as a research method. (emphasis @dgéajerg,
2006)

In other words, there is no reason why a weltumented and structured case stilndy follows

established methodologies published and reviewed in the scientific literature is any less effective

or beneficial to describe a researeffort. In fact, the case study fills an important niche in
scientific experimentation and has been shewnme and again to be fAéa |
wel | when compared to other met hods in the g
(Flyvbjerg, 2006, p. 241)

Case studies are a method wslited for understanding a particular set refationships,
surrounded by a deep understanding of a set of participants in a specific environment. Case studies
are unique and versatile in their approach due to the scope of the method,; it is at the discretion of
the author to decide whether to foausa single person as the unit of study, an entire organization,

or anything in between. And the measures and techniques used in this approach are varied and
unigue to the study at hand. However, it is clear that some case studies have had such an impact
that they are cited thousands of times as important works of re¢e&ehhardt, 1989; Flyvbjerg,

2006; Stake, 2009; Yin, 1981, 199B) incorporating the practices of historically influential case
studies into thigffort, the research team can increase the validity of its research proceks and
positive impact of the research output on the academic literature.

AéThe case study i s pr obtgpe lather than @ method wite hasdt o o d
andf ast (Gewihge 20@4, p. 346)Gerring argues that there are important methodological
ambiguities that cannot be eradicated from a case study: theftypkerence (descriptive vs.

causal), the scope of proposition (depth vs. breath), the unit of homogeneity (is the chosen
21



population generalizable?), causal relationships (if there are any), the strategy of research

(exploratory vs. confirmatory), the efsil variance (single vs. many units), and the relevant
ontologies (assumptions about how the world actually wq2&)4) Thomas2011)provides a
visual of how seven different authors (or groups of authors) define the different kinds of case

studies in research, as shown in the followkngure

George and
Bennett (2005, Mitchell (2006)
drawing on Merriam (drawing on
Eckstein, 1975) (1988) Stake (1995) Bassey (1999) de Vaus (2001) Eckstein, 1975) Yin (2009)
Theory testing Descriptive Intrinsic Theory seeking Descriptive/ lllustrative Critical
explanatory
Atheoretical/ Interpretative  Instrumental  Theory testing Theory testing/ Social analytic ~ Extreme/
configurative- theory building unique
idiographic
Disciplined Evaluative Single/ Storytelling Single/multiple case  Extended Longitudinal
configurative collective (over time)
Heuristic — - Picture drawing Holistic/embedded Configurative-  Representative
idiographic
Plausibility —_ —_ Evaluative Parallel/sequential Disciplined- Revelatory
probes configurative
“Building block” — — — Retrospective/ Heuristic —
studies prospective
Plausibility
probes

Figure 4: Types of Case Studi€Bhomas, 2011, p. 516)

With so many different category names, despite many of them to be overlapping or with somewhat

similar descriptions, it is clear that researchers have not reacttedraon narrative to describe

what a case study is. Addressing these ambiguities and providing clear definitions will be essential

to explore and address as this reseaffrt progresses in order to ensure an ideal apfin of

a case study method. | afl, the state of the art [with regards to chssed research] is not as

impoverished as one might at first think, and case study practice can be dramatically improved by

applying
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2.5.4: Established Methodologies for Case Studies

The research tearnas been slowly building a personalized methodology for this case study
through the literature review process. An important outcome of this writing exercise is to begin to
build a theory to test, complete with the selection of research questions amdrthehfypotheses

that will be tested in the researeffort. Eisenhart(1989) provides an eighstep process for
building a theory from case study research that will certainly prove valtmatile research team,

as shown in the followingigure

Step

Activity

Reason

Getting Started

Selecting Cases

Cratting Instruments

and Protocols

Entering the Field

Analyzing Data

Shaping Hypotheses

Enfolding Literature

Reaching Closure

Definition of research question
Possibly a priori constructs

Neither theory nor hypotheses
Specified population

Theoretical, not random, sampling

Multiple data collection methods

Qualitative and quantitative data combined
Multiple investigators

Overlap data collection and analysis,
including field notes

Flexible and opportunistic data collection
methods

Within-case analysis

Cross-case pattern search using divergent
techniques

lterative tabulation of evidence for each
construct

Replication, not sampling, logic across
cases

Search evidence for “why" behind
relationships

Comparison with conflicting literature

Comparison with similar literature

Theoretical saturation when possible

Focuses efforts

Provides better grounding of construct
measures

Retains theoretical flexibility

Constrains extraneous variation and
sharpens external validity

Focuses efforts on theoretically useful
cases—i.e., those that replicate or extend
theory by filling conceptual categories

Strengthens grounding of theory by
triangulation of evidence

Synergistic view of evidence

Fosters divergent perspectives and
strengthens grounding

Speeds analyses and reveals helpful
adjustments to data collection

Allows investigators to take advantage of
emergent themes and unique case
features

Gains familiarity with data and preliminary
theory generation

Forces investigators to look beyond initial
impressions and see evidence thru
multiple lenses

Sharpens construct definition, validity, and
measurability

Confirms, extends, and sharpens theory

Builds internal validity

Builds internal validity, raises theoretical
level, and sharpens construct definitions

Sharpens generalizability, improves
construct definition, and raises theoretical
level

Ends process when marginal improvement
becomes small
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This theorybuilding method should be a productive guide for the research team in formulating the
beginning stages of the reseasffort, starting with the definition of research questions and
concluding with testable hypotheses that can be exeruggdexperimental setting. Additionally,

these testable theories will be tied to empirical evidence and because of this development process,
Ei senhardt suggest s he rsuitpdtmmew esearch areas or pesearthi ¢ u |
areas forwhichexst i ng t heor y (Esentardts 1989npp. &uB49PU at e O

Keeping in mind that Yin(1981)would describe @asebased research strate@s something
apart from ainiquedata collection methoge.g., ethnography), further research is needed to define
established methods that have been recognized as most useful for case studies. He describes several

necessary characteristics of highality casebased research adlaws:

T AnCase studies can be done by usi(viglo8l t her ¢
p. 58) The research team plans to use both types of evidence to increase the validity of the
study.

T A"éThe case study [does not ] i mply (¥Yime wuse
1981, p. 59) Researcherplan to use several data collection methods to compare user
responses across multiple studies.

1 Case studies represent research strategies. The research team plans to apply its methods in
reatlife contexts, as explained through the use of Activity Theorye speci al |l y a:

boundaries between phenomenoYinalB8d, pcSa)nt e x t

Thomaq2011,p.5133 uggests Aéthat a case study must co
hi stori cal alrallthgsybj@ctofihe casehstudy, asdh(2) an analytical or theoretical

frame, which | shall call thebjecto f t he st udy. q2004uThdmad prokidestii@e r r i n
following definition for a case study:

Case studies are analyses of persons, events, decisions, periods, projects, policies, institutions, or

other systems that are studied bidially by one or more methods. The case that is the subject of
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the inquiry will be an instance of a class of phenomena that provides an analytic&l at)mme
objec® within which the study is conducted and which the case illuminates and explicates.
(Thomas, 2011, p. 513)

Defining the individual units of study, along with the external environment that influences it, is
essentialtoawell e si gned case st udy. subjsciofrthis reSearohmtadyé v er
could be a police SWAT team and thigiectcould be the process by which SWAT team member

training effects their perception of a futuristic technology. Another important characteristic of an
established case study method is to remember that the objesttarage throughout a study, but

Aéit i s important to have some notion of a pol
to confuse i t(Thomag 2011fph5d4)subj ect o

Although a case study is eft very ambiguous at the startof #feortt T homas war ns th
endedness is [often] extended to an(0dnpvarr ant
519) In other words, because a case statybe opemnded in its structure and method, that does

not mean that there is a complete absence of structure altogether. A plan must be made ahead of
the researckffort and established methods must be executed (at least to some degree) or the case
study will be little more than a niesounding story(Gerring, 2004Thomas, 2011)

2.5.5: How to Report Case Studies

The importance of case studies cannot be underestimated. Although some authors do not approve

of them as a valid scientific method or research strategy, the research team believes that a highly
structured approadcind conformance to published methodical processes are what set a good case
study apart from the bad. Proponents of dazssed research reiterate that the importance of
publishing a fiésystematic producti onnesahd e x e mp
that the lack thereof is indication that a domain has little to offer practitioners in the real world
(Flyvbjerg, 2006, p. 242)

By following well-established theoflguilding method¢Eisenhardt, 1989}he research team can
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appropriately judge the quality of published case studies that can serve as architypesffortthis
AStrong studies are those which presteatéstsi nt er
of good theory or concept development (e.g., parsimony, testability, logical coherence) and are
grounded i n c o (Esenmacdi, 1D8%. B49) Bydusimydighquality examples of
well-reported case studies, the research team can determine which portions of the data gathered
during a case study are most relevant to the reporting of the experiment and will aid in helping the
reader understa the scientific method executed in #féort.

Most case study reports are lefogm stories that seem to involve no formal structure in how they

are described. AThis pitfaldl may be avoided i
(Yin, 1981, p. 64)Yin also suggestdat the stortelling habits of caseased research could

Aébe replaced by a serenedse dofq ua¢chS8hipdddoderer, a s et
Flyvbjerg (2006) argues that a long narrative in the case study can often show that a specific
problem in the system is merely cplex. Enough detail must be provided that the reader can
understand the situation well without exhausting the reader with superfluous information that does

not impact the subject and object of study. Pe&2001) warns against summarizing case study
research: Al't is simply that the very value ¢
nature of forces, is | ost when one tr(200ls t o s
p. 260) (Thomas, 2011)

2.6: Case Studies ilJCD

The study of cases has been in practice for decades inftreation Systems|$) domain.

Benbasat et a(1987)described the fitof cadea s ed research to the 1 S ¢
appropriate for certain types of problems: those in which research and theotyhaie early,
formative st ages fbdsdd]problemsvherétbetexperiknges of the ators drec e

i mportant and t he c¢ on(Bembadatebal., 198¢, p.i368uchliikethecr i t i c
IS domainUCDfii s characterized by constantUCDlechnol
researchers, therefore, often find themselvailing behind practitioners in proposing changes or
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in evaluating met hods (Bénbasateta. vie87 @ B7Thealuethat sy st

case studies provide is summarized by these same authors into three main attributes:

performing studies in a natural setting and developing theory from practice
researchers can explore the psxm depth

when few previous studies have been carried out, this is a good method t(Bapblgsat
et al., 1987)

While it is common practice today to perform a case study in many social science domains, the
UCD community appears to be somewhat resistant to wide adoption of this practice. This,
however, Apresent s an opportunity. |l hy po mat i
(Kjeldskov & Graham, 2003, p. 328hd a single proven case study method has nbegst found

that is obvious to apply to this specittfort. This is |likely duased to th
pr ob | (Bemzasat et al., 1987, p. 366ften explored in a case study, along with other
ambiguoussounding adjectives used by other authors when describindpaasd research studies

and method¢Berg, 1998; Budwig, Jeong, & Kelkar, 2009; Kim et al., 2008; Stake, 1995; Yin,

1984) Stake(1995)even refers to performing case study research as an art form. In fact, many
modern texts(Baxter, Courage, & Caine, 2015; Hartson & Pyla, 2012; Karapanos, Jain, &
Hassenzahl, 2012; Kujala, Roto, Vaanawamnio-Mattila, Karapanos, & Sinneld, 2011; Ryan &

Potts, 2015; Tullis & Albdy 2010)discuss many facets of performing an actual case study (e.g.,

how to gather data, which metrics to record, how to analyze the study), but fail to outline a specific
methodology to follow during the research process. It appears many authoetysbili the basic

case study methods described in theD8sign SciencellS), psychology, business, and other
domains, from whence these practices origin@tattin, Hanington, & Hanington, 2012, p. 28)

Benbasat et a(1987, p. 371providesa longform process to apply in a case study that includes

11 characteristics, much briefer method description for performing case studies specifically in

the area of @D is given by Martin et a2012)

1 determine a problem
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make initial hypotheses
conduct research thugh interviews, observations, and other forms of information gathering
revise hypotheses and theory

tell a story(Matrtin et al., 2012, p. 28)

= =4 =4 =4

This simple fivestep process is simply an abbreviated version of the list given by Benbasat et al.
(1987) It remains apparent that this very broad guidance will have to be thoroughly analyzed by
the research team to create a succesafitl prototyping method for mobile headrn MR

interfacedor this longitudinalJCD effort.

2.7. Types of Error

While someUCD practitioners believéhe issues that arise from usability are the same unit of
study as fAerrors, o0 Tullis and Al bert describe
problem, whereas one or more errors ae@s s i b | e (Tulisi & Albern 2040, p. 81)In

other words, error is the output of a process that is fed by poor usability inputs. Error rates,
especially when combined with additional metrics, like task completion times, can provide a
powerful method of conveying how many mistakes were made, whese mistakes were made

in a process/workflow, how the design influenspscifictypes of errors, and how usable a product

really can be(Tullis & Albert, 2010, p. 81)

Many types of error exist in the domain of systems design, including errors in meas\Blaraht

& Altman, 1996) inference to the general populati@iand & Altman, 2015)uncertainty and
sampling(Altman & Bland, 20143)precision and accuragpltman & Bland, 2014h)missing

data pointgVickers & Altman, 2013)selfreporting biasefA. Adams, Soumerai, Lomas, & Ress
Degnan, 1999; Brener, Billy, & Grady, 2003; Donaldson & Ghaaitone, 2002; Huizinga &

Elliott, 1986) mathematial calculationgAltman & Bland, 2011) etc. Within the confines of
traditional UCD, some errors become more prevalent than others, especially because a human is
invol ved as part o &n etroh is ang gcsoh thah prevénts ¢ha eserdrom vy

compl eting a task i ((TuliskAalberh@Gl0,p.8l)Thesecsanee muthorma n n e |
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explain that any deviation in the primary task completion or any inefficiency is therefore
categorized as an error. If taken to an extreme, this could thaawhen a subject is interrupted

from completing a primary task (i.e., writing a research report) by an unrelated secondary task
(i.e., the answering of a telephone call), then one or more errors have oc@woreddunter, &
Hunter, 2005)

2.7.1: Effects of Error

While the usebased actions that cause an error to occur aredvand correlate directly to the
task being measured, a longituditd@D approach has yet to identify whether or not specific types
error will be increased or decreased throughoueffat because of the loagrm nature of the
study. Inferences coultbe made from higlguality and highperforming manufacturing and
statistics best practices, like the Six Sigma process improvement system, that while a performance
level of three sigmas (i.e., 99.99966%) can be expected in theshonvhen a system ismaing
efficiently using this specific improvement method, when a longitudinal perspective is analyzed,
performance rates will degrade and an error rate of about 7% is to be expected in-tearong
(Tennant, 2001, p. 26This general concept of the degrading performance of a system over time
is aligned with the concepts ethnographidJCD researclandActivity Theory-based principles

as discussed previously tihis researchdue to the eveevolving nature of humans and the tools
they use.

Minimizing the effects of error, therefore, plays a key role in this resedfwt at all times The
following paragraphs provide examples on how the research team plans to reduce error when
possible, including some practical examples of data gathering and analysis. The example list of
some system error types in the previous section of this repldrewased again here: measurement,
inference to the general population, uncertainty and sampling, precision and accuracy, missing
data points, selfeporting biases, mathematical calculations, etc. All methods of error reduction
will come from highquality peerreviewed academic publications whenever possible, but one or

more methods may need to be adapted to this unique domain of longitu@iDgbractice in a
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rapid prototyping environment for mobile headrn MR interfaces

2.7.2: Inference to the General Poplation

It is common practice iJCD to develop user profiles and udssed scenarios to help inform

system design and keep product development focused on the®rdr cust omer . Al
usero i s a common mantr a f oresigpdeasionsi Therefanee r s t
accurate representative user groups and descriptions are essential to reducing errors of inference
to the general population. In thissearch effort, the rapid prototyping methods for mobile -head

worn MR interfacesre not meanfor the general populatidio use butare targeted ta specific

subset of users. The expert users, therefore, must play an integral part throughout the product
development lifecycle in order to ensure thatthewrsler cust omer 0s reneeeds ar

errors do not creep into tledfort. (Bland & Altman, 2015; Tullis & Albert, 2010, pp. 538)

2.7.3: Uncertainty and Sampling

Related to the previous sectidhis essential that the research team has an accurate sampling of
the users for whom the system will be designed. The users must also be fully integrated into the
product development lifecycle in order to ensure that all questions are answered and usek feedb

is constantly and consistently gathered throughougffioet so there is consensus among the users
that the proper system design has been created for their variougAdishan & Bland, 2014a;

Tullis & Albert, 2010, pp. 5860)

2.7.4: Precision and Accuracy

All materials must be uniform (e.g., sesiructured interviews, surveys, verbal questions, visual
design elements) in terms of how they are presented to the user. The same words and pictures must
be given to every participant. Pilot studies will be utilized in order to finalize a testing script so
that the experiment can be given precisely and accurately every time, to eve(Alusemn &

Bland, 2014b)
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2.7.5: Missing Data Points
Vickers and Altman{2013)s uggest t hat Athe most straightfor

asubject with missing dat a yand,h perbfudr nt ha sf croern
statistical power, due to the decreased data sample size. There are several other methods that can
be utilized as well, including last observation carried forward and multiple imputation, but
Aanal ysi s o hchasusghe impogtance aftawidihgamissing data in the first place: an
informed guess, even using a technique as sop
(Vickers & Altman, 2013) From these conclusions, diligent attempts at ensuhiag) data
collectionmethodsare successful and redundant, along with ensuring a sample size large enough

that a small data loss has little effect, are the nu=thioat will be employed by the research team

to remove the errors that result in missing data points.

2.7.6: Selfreporting Biases

A S edpdrted data give you the most important information about users' perception of the system
and their i n(Tulis&Albert, 2000, pyi28)When thedergeion of a system is

an important metric to gather, sefporting methods will be very useful to thépid prototyping

method for mobile headlornMR interfacef e. g. , A Do you | i ke how the
you?0) (e.g., A Waog mrhheg .t Mikkneasyerocakr measul
human perception are necessary, alternate metrics will be gathered (e.g., task completion time,
error rates).(A. Adams et al., 1999; Brener et al., 2003; Donaldson & Gvalibne, 2002;

Huizinga & Elliott, 1986)

2.7.7: Mathematical Calculations

It is important to rely on mathematical tools that are redundant and nepesre in this research

effort. When making calculations, it is important to first, gather the data in an accurate manner
(i.e., the same measure is applied to all pgicis); second, record the data in an accurate manner
(i.e., the measure is entered in a spreadsheet); third, accurate mathematical formulas are applied to

the data (i.e., mean calculation instead of mode for the average age of users). To be certain
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calcubtions are performed properly, it is also good practice to check the data points a second time

to ensure they are correfAltman & Bland, 2011)

2.7.8: Statistical Errors

Perhaps more helpful to tH@CD practitioner is the list of nine steps given by Good and Hardin
(2012, pp. 84) that one carperformin order to prevent errors in statistical work. These steps
include a welplanned procedure that will b@plemented in this researefffort to immediately

decrease statistical error, including:

Set objectives and research intentions before conducting any work

Define the population

Recognize that what you are investigating may have chaotic components

List all sources of variation and control them or measure them

Formulate hypotheses and all of the associated alternatives

Describe how to draw participants from the population

Use estimators that are impatrtial, consistent, efficient, robust; with minimum loss

Know the assumptions that underlie the tests you use

= =2 4 A4 -4 A4 -5 -2 -1

Give the complete details of everything you @Bbod & Hardin, 2012, pp.i%)

AThree concepts ar e f unda @asurvayk: variationtpbpelatidne s i g n
and s dGopd &Hardin, 2012, p. 5All of these steps will help to reduce and control the
variation error, population error, and sample error that is expected to be presemiaimbased

research and experimentation. As has been discussed in previous sedtisseskarcleffort,

by thoughtfully applying the structured design processes practiced CBelomain (e.g., user

profiles, user scenariostoryboards and makingstrategic erroavoidance process plans early,

myriad categories of error can be dramatically reduced and/or eliminated throughout this research

effort.
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2.8: Gesture

While a very common word today, the etymol ogy
latet Mi ddl e English and was derived from the mol
exploits. Medieval Latin modi f i"eedtury. The relatedr d t o
Latin word fAgereredo added hédeméanimesgfiibktafige wi

Mi ddl e Ages. While spelled with a Ago in the

as a |joke, as it means today, but a Anotabl e
deefd 8Gesture: Definition of Gesture in .Oxford
AThe original sense [of the word gesture] was

bodily movement or ef fec{iAGaestburaeor PédDinition of Ges
(American Engl.i sMh)i l(eUS)heo t20Im6)igest ureo might
spe&s dramatically by moving their hands around or the negative middle fiaged response

one might be given from cutting a car off in traffic, it can be more broadly described as any physical
action used to express an idéail Guees Definition of Gesture in Oxford Dictionary (American
English) (US),o0 2016, AOnline Etymology Dicti

Gestures will be a very important part of this reseaffbrt. Becausethis work includes an
analysis of the actions of human beings & longitudinal study that interacts with tools,
technologies, and other people, it will be imperative to not only record the things people say, but
also the things they do. This is not limited to general agtitated categories (e.g., a subject
presses autton), but lesebvious actions that convey important gestural meanings as well, such

as a seemingly simple action performed that forces user discomfort (e.g., the subject presses a
button after having to walk five steps away from their workspace.firatp physical actions that

might have a similar outcome (i.e., a button press),atsmhave important impacts on user
performance and/or satisfaction because the gestural processes are actually different intheir real

world execution.
Gesture identifictklon and execution become even more essential when one considers this as a
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possible input method to a technology system. Since the 1980s, research groups have performed
studies that have consistently shown the Avers
management of graphi c Bpltal®8D) Tws reskarckfiori wdlleelyand g e
on semiredundant, multmodal nput methods in order to allow users to perform tasks using well
designed systems that are both efficient and usable in a longitudinal manner, including a hybrid

method of expertand useidriven gesture identification schemes.

2.8.1: Gesture Identification

A Wiingly or not, humans, when in goesence, continuously inform one another about their
intentions, interests, feelinglendm2004,pdPas by |
fact, research shows that gesture is such an integral part of human communication that people who
are congenitally blind use gestures, even with other people who rade lidicause it is so tightly

coupled to human interaction, despite there being no obvious benefit to such physical expressions
(lverson & GoldinMeadow, 1998, p. 228) fiGestures therefore requil
o b s er v a n(lvergora& Goldirdviearow, 1998, p. 228Because all humans use gestures to
communicate, one might assume that gesture recognition systems agaiteélfor controlling a

technology system. However, the prevalence of gestures as a means of intbescticstorically

presented the opposite challenge: high levels of-fadsdive triggers. Consider the development

of a gesture (e.g., eye blink) that triggers
gesture might work for some usettspse persons with more active eye movement or people who
physically squint their eyes more often might trigger the action inadvertently. In fact, one study
showed that while users were observed in such a gesture recognition scenario throughout five
activity classes (reading a book, talking with another person, watching a video, solving
mathematical equations, and sawing wood), that a recognition accuracy of 67% was observed
(Ishimaru et al., 2014)When combined with a secondary gesture (i.e., a specific head motion
pattern), the accuracy of the gesture recognition was @8itmaru et al., 2014)f a mission
critical gesture recognition rate of 99% or h

(e.g., for dirst responder to record evidence at a crime g¢éme type of reliability would simply
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be unacceptabl® the user at even the 82% réshimaru et al., 2014)

Research and development of advanced algorithms and Artificial Intelligence (Al) training
methods haveeen working to address the reliability of positive recognitions and the reduction of
false-positive recognitions for decades, but some approaches are stipeyna(Dalal & Triggs,

2005) An appropriate level of detail must be givenie methods used to identify gestures in any

modern technology system development, especially when performing rapid prototyping sessions
with users(Vatavu, Anthony, & Wobbrock, 2012By relying on proven modern scientific
approaches such as @ro cegognitibnetechniguiess invmliing featde p at t
extraction, object detection, clustering, and classification, [which] have been successfully used for
many gesture r e ¢Mtrg&iAchargayp 2067y Bmlse g wi-t h Ai m
processing techniques such as analysis and detection of shape, texture, color, motion, optical flow,
image enhancement, segmentation, and contour modelinghjwiage also been found to be

e f f e ¢Mitia & &cbarya, 2007, p. 312}he research team carpect tadevelop an appropriate

gesturedentification system for thisffort. (Dalal & Triggs, 2005; Mitra & Acharya, 2007)

Two general identification schemas couldused to define a given set of actions that are part of
a gesture library available to the emsker customer; experaind usedriven collections. The
following sections ofhis researcleffort describe these two methods of identification, along with

a prgosed hybrid solution that is wedluited for this researaffort.

2.8.1.1: ExpertDriven Identification

It is common practice in engineerirgjforts for an engineer building a system to be deemed
(perhaps more likelysefr ocl ai med) t he fAWhiept enaytbetruothat thep at sy
understand how to build a product, they are not generally thasgrdbf the systendCD design
processes hold paramount the mantr a, il am no
people for whom a product is ing developed must be involved throughout the entire product
development lifecycle in order to ensure that the system is aligned with the real needs of the end
user. This also means that stakeholder experts from all relevant parts of an organizatfost(e.qg.,
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responder support personnglipervisorshigh-level managemeptshould be in consistent and
constant communication with the research team. By integratingJ@® experts and the
sponsoring organization experts, following tH€D-based principles dlined previously with
influence fromethnographic research aAdtivity Theorybased principlegxpertdriven gesture
libraries can be developed and standardizetientargetediser group(Gibet, Courty, & Kamp,
2006; Kaptelinin & Nardi, 2009; Peffers, Tuunanen, Rothenberg@hd#lterjee, 2007)

Reliance on expedriven gesture identification systems and methods, such as those currently
practiced in Augmented Reality (AR) i A Sur vey of Augment ed Re
Applications and Limitations, o6 2010; R. Azuma
al., 2008) in team collaborabin settinggBragdon, DeLine, Hinckley, & Morris, 201,19r using

touch screen systengsindlater, Lee, & Wobbrock, 2012are importanto the success of this

study. This is the traditional approach for identifying inpu®ne such study cites an important
expertdr i ven conclusion that st at es-taskingsituatoons ge st |
because they are |l ess interruptive than touch
preferred by uses i n c er t (Kdram, Led, Rosea Quelko & BlaCrickard, 2009, p. 7)
However, another study argues that expleisten gesture systems might be les$eared by users,
Afébecause professionals tend to generate more
(Morris et al., 2014, p. 42T he research team must perform a tradeoff analysis comparing several
possible input modalities at every given moment of time throughout a process in order to determine
whether a gesture is even appiat# for performing the task at hand or if a different modality is

more fitting for the use(Morris, Wobbrock, & Wilson, 2010)

2.8.1.2; UserDriven Identification

The importance of constant and consistent -dseen feedback has already been discussed
throughouthis research paper order to ensure technology development isnglejwith the real
world needs of the endser customer. In terms of gesture identification, however, an emerging

doctrine suggests that a technological system should be capable of being completely customized
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for every user of the systethiu, Zhong, Wickramasuriya, &asudevan, 2009)This concept

allows for the interaction library of one user (e.g., Bob) to be completely different from another

user (e.g., Andy). Both systems will perform the same tasks and processes, but can utilize
individual preferences to be preely aligned with eachends er 6 s per sonal pref
prefers a gesture (e.g., waving his hand in the air) to perform a specific task (e.g., send an email),
whil e Andy prefers a voice command (e.$F, gi Vi
driven identification system is aware of whom it is interacting with and can allow for both
commands to be used for the same single (&ske, Wobbrock, & Ladner, 2011; Liu et al., 2009)

One method of extracting useriven interactions that is growing in popularity is gesture
elicitation (Morris et al., 2014, p. 41; Wobbrock, Morris, & Wilson, 200B¥rhaps the largest

advantage of the gesture elicitationurteetc hni gqu
sensing technologies; it enables interaction
settling for what i s t edMomseta.,l201%, p.ci2Morvissenal. ent af

al so concl udes t hadusetinvalvement hathcandesult e gasbtare dets that e n d
are more likelyto bedissoe r abl e by and me mo r(Moli$ exal.t2014,. | ar g ¢
42). The méhod also exhibits several pitfalls, especially a legacy technology bias (e.g., the user
interactions in use today on a smartphone ar
responses), but these biases can be addressed through future reseanchitiggoncluding this
researcleffort. (Morris et al., 2014; Wobbrock et al., 2009)

2.9:  Augmented/Virtual/Mixed Reality (AR/VR/MR)

Virtual Reality (VR) i dy [immetseas]cahuseo ihsidg & syrithietie t A é
envi r ofRnle Azuma, 1997, p. 355Part of this complete immersion includes the full
occlusion of the real @rld so that only virtual objects appear to the user. In contrast, Augmented

Reality (AR) is fAéany system that has the fol

1 Combines real and virtual

9 Isinteractive in real time
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T I's registered (RMA. Azdma, d¥7, 0.B85@e nsi ons o

This inclusion of real and virtual objects being combined together, along withreegh display

of the real world set AR apart from VR systerince the late 90s, experts have argued that AR
Aeis far behind virt ulIT. Acuma, 1997 p. Bi@pettcstheimore mat ur
difficult challenges that arise from combining real and virtual objects (e.g., augmentation method,
resolution, field of view, object processing
potentially apply to all senses, including hearing, touch, and s@®lAzuma et al., 2001, p. 34)

which potentially make an ARased experience much more engaging and realistietastr.

During the 90s, most AR systems were focused only on the information that was displayed to a
potenti al user and didnodt Afésignificantly cort
interact with these systems. Prototypes that supported inberadten based their interfaces on
desktop metaphorséor adapted des({(RgAzumheéab,m vi rt
2001,p.37) Littl e evaluation of interaction with ,
evaluation of the field(R. Azuma et al., 2001; R. T. Azuma, 1997)

The need for further research in AR remains a
to display data to a user and how theruses hou |l d i nt e(R.&Azumaewadl. t2001,p.h e da
43). Much of the more recent AR research has focused ongiercend other lowevel issues,

but AR includes many higlevel tasks as well, especially in the context of-weatld UCD
applications. In 2008, a review of the IEEE International Symposium on Mixed and Augmented
Reality (ISMAR) was publishedZhou et al., 2008)In the ten years preceding this review,
including a total of 313 published papers, only 46 of them (<15%) addresses the topic of interaction
techniquegZhou et al., 2008, p. 194y his review also concluded two overarching issues with AR
systems; Aifrom a human factors point of view,
Physically, thedesignf t he system is often cumber someé.
the system oft e n(Zhowet a.s2008,pd.o8 490)dEven at this sme,csome

researchers were arguing that these two issues were not necessary to address until more technical
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probl ems were solved, but Zhou concludes dAit
and cognitive issues with ABystemgZhou et al., 2008, p. 19@nd adds that social, economic,

and cultural issues must also be part of the design of AR systems. Subsequent literature surveys
hawe identified similar needs and have provided similar conclusions in the last d@esiten,

Wolf, Oh, Seo, & Kim, 2005; Rabbi & Ullah, 2013; Sanna & Manuri, 2016; Soo Kyun Kim; Shin

Jin Kang, YoeJoo Choi, Mn-Hyung Choi, & Min Hong, 2017; Van Krevelen & Poelman, 2010)

The phrase AMi xed Realityo ( MR) serves as th
although the title was first used by Milgram with the publication of the Virtuality Continuum (VC)
andReality-Virtuality Continuum (RVC)over two decades ad@994; 1995) The VC desgbes

an infinitely-variable scale between reabrld and completely virtual environments along which

a technology can potentially exist. In essence, MR is a more generic umbrella word to describe
both VR and ARbased systems. Because myriad technolag@sexist that have some level of
virtual f i del invblyes]theNiRrgisgiofmgalland vifivaljworlld t o any degr
This has resulted in a resurgence of MR as a taxonomy of choice to describe HWiS¢fee

and other augmented/virtual\eronment technologies. It will be used as the phrase of choice for

this research effort because multiple technological systems that utilize varying degrees of realism
and virtuality were utilized throughout this paper, depending on the scope, schedudscamces

available during the rapid prototype design and prototype ph@#mghurst, Clark, & Lee,

2015; Milgram & Kishino, 1994; Milgram et al., 1995; Van Krevelen & Poelman, 2010)

2.10: Participatory Design (PD)

Participatory Design (PD), unlike the many social scidrased qalitative approaches used in

UCD, was developed as a political and social movement in Scandinavia. As terms of a design
approach, it néoften is viewed primarily as a
i n d gBlambengd Burrell, 2009, p. 88nd remaining committed to involving those users
throughout the entire techiogy development lifecycléKensing & Blomberg, 1998; Muller,

2009; Schuler & Namioka, 1993) I't i s connected to ethnographi
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[ is] placed on partici pan {Boraberg & Buwdll,2@09, .88 f t he
PD has also proven to be of wuse fiéas a way of
of | oc al (Blpmberg & Buoredl,s2009, p. 88)Bgdker, Kensing, & Simonsen, 2010;
Crabtree, 1998)

When describing the relationship of PD to product design, Lar{Z8&8) suggests that large

scale projects mostly involve resolving how conceptual and mental models translate into design
work. In other words, designers are tasked with takneginput from many different uséased
stakeholders and translating their collective feedback into definite and relevant problem statements
to solve. As will be described later in this reseagtfort, the ethnographic, Rbased methods

used in this effd were essential to jointly construct many of the research artifacts with SMEs and

to synthesize their various feedback into digestible problem statements.

2.11: Rapid Prototyping

Prototyping has existed for as long as mankind has been capable of using¢oedsetohings: in

physical and conceptual forms. With the advent of computer software, the creation of digital
prototypes were added to our <capabilities; t
simply abstract mental models either. They Beenewhere between those two extremes. In terms

of UCD, rapid prototyping methods include ldidelity artifacts, like conceptualhite board

drawings of what a system could potentially look like, and more fiigiity artifacts, like a basic

web page thaallows a user to complete a single task. These rapid prototyping methods are not
meant to create a system that is 100% functional and ready for public release, but are designed to
give the user a basic understanding of what something might look likeoanid might operate in

order to gather useful feedback throughout the technology development lifecycle.

In relation to this research effort, rapid prototyping methods are used to gather design feedback
and requirements early in the technology developmetess. These mostly lewand mediumm

fidelity artifacts serve as disposable designs that take low levels of resources and require short
schedules to finish. They can then be placed in front of SMEs and coupled witentsed
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design methods in order tietermine whether the prototype serves a purpose in aiding the expert

to do their job.

2.12: Summary of Literature

Although MR technology has been a topic of study for decades, there is still much work to be done
to better understand how to rapidly prototypebiteheadworn MR interface and interaction
systems. Because MR headsets are becoming more consumer friendly, standards should be
established in how to interact with these systems and how to best convey information to the user.
One of the challenges of awel technology, like that of MR, is that a multiplicity of related
research domains and theories apply to the research effort. Basic human factors challenges exist
in this domain, but the exploration of UCD methods will help to explain where specifically
implemented processes are walited to the development of mobile hemaorn MR interface and

interaction systems in the first responder domain.
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3: Objective 1 (O1): Information Requirements

The ultimate purpose of this study isrecommend rapid prototypingiethods for mobile head

worn MR interfaces,using first responders (i.e., police, paramedics) as the user group of focus.
The following Figure provides a visual reminder of the three research Objectives described in
Chapter 1 and how this chapter fitsanbhe overall effort:

Objective1 Ohjective 2 Ohjective 3

ldentify User Interfaces User Interaction
Requirements

Figure 6: Abbreviated Research Effort Overview

Along the course aflentifying information requirementshis workhasexaminel human factors
research questions relevant to each objeciihe. following chater describes O1 of the effort,
which represents the first of the three main objectives. The stated research questions (RQs) of O1

are as follows:

1 RQL:What information do first responders expect to be available to them in a futuristic
mobile HWD MRinterface?

1 RQ2:What information is most critical to the first responder to allow them to perform their
job safely?

The first portion of this research effort began with a series of basic inforagatbering methods

that informed all of the design and protayjterations going forward. By collecting both
gualitative and quantitative useentered data that supported each RQ, through the use ef semi
structured interviews with subject matter experts (SMESs), researchers were able to better
understand the domairf application for first responders (e.g., police and firemen) and create
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generic usebased stakeholder profiles, scenarios, and storyboards. The output of this applied
method has provided the research team with an understanding of the landscape o$thow fir
responders perform their duties today at a mievel and also how their specific tasks and
responsibilities fit into the larger maetevel team in which they perform. This largely systems
engineering understanding was vital to the creation of realigerbased scenarios and
storyboards to drive the effort forward. User requirements were also determined from the
information gathered in serstructured interviews. These user requirements were examined and
summarized by researchers. They were thenewad with SMEs to ensure an accurate

representation of user groups and scenarios.

The following Figure provides an overview of O1, including the four Activities that were
completed, the methods that were employed, and the research artifacts that wered gath

throughout this portion of the research effort:
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Activity 1 Activity 2 Activilty 3 Activity 4

- - Semi-structured Interviews,
Semi-structured Interviews, Senl-slnnurel_merungws, Storytelling, Brainstorming,
Storytelling, Brainstorming ni‘:”;‘;ﬁ:: ff?;tﬁ‘;l!;':r';n Card Sorting, Afinity
Diauram, Storvhearding

Semi-structured Interviews,
Storytelling, Small Focus
H{]

Information Information Timenoints

Kev Learnings Hements Hement Gategoeries

Information
User Roles Hement Prierities Storvheard

Gommeon Response Hement Priority
Scenario Duerall

Baseline Scenario

User Profile Hements

Figure 7: Objective 1 Overview
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The rigor of the sermstructured interview and Participatory Design (Riased storytelling
methods, coupled with the creative output of braimsing, card sorting, affinity diagrams, and
storyboarding methods, resulted in a high quality level of-based feedbadkin terms of detall
and substancikin a logisticallyconvenient period of time (i.e., were short in their duration), in a

rapidly iterative environment, because of immediate access to first responder participants.

3.1: Activity 1: Who, Why

The purpose of Al was to better understand the domain of application for this research, including
who the users were and why research in this domaihdnszrve to further the academic progress

of prototyping methods for 3D MR HWD systems. The following Figure provides a look at the
usercentered design methods employed and the research artifacts constructed during Al:

Activity 1

Semi-structured Interviews,
Storytelling, Small Focus
Group

User Roles

Figure8: Al Overview
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3.1.1: Method
3.1.1.1: Participants

Initially, because this research effort involved a domain in which the research team had no
expertise and very little professional interaction as well, a very wide net was cast in order to gather
usercentered feedback fno any and all available persons with any level of subjeatter
expertise. This resulted in sestructured interviews with a wide array of demographic
participation; men and women, novice to expert, 18 to 60 years old, current and retired first
respondes from many different domains (e.g., military, medical, police, aviation). Participants
were located in four different states across the United StaBadifornia, Connecticut, Florida,

and Virginiai with experience at local, regional, and national agsncAdditionally, these
participants performed their professional duties in myriad parts of the globe. 12 individual
participants were interviewed and no monetary compensation was given for their time. The same
group of 12 participants were recruited agéd participate in a second iteration of the semi

structured interview process for this Activity.

3.1.1.2: Instruments

Handwritten notes were taken by the research team that were used lateriioiegpastv analysis.
No recordings were made during this Activityorder to allow participants to speak freely and

confidentially.

3.1.1.3: Procedure

Each participant was asked a series of questions individually and in person in the form ef a semi
structured interview. Each participant was seated across from the researchhiaver they

were located in their workplace (e.g., in their office, in their conference room) and were given a
brief verbal description by the interviewer that the interview was completely confidential and
simply served to give researchers an overviewheffirst responder domain as a whole. The

following structured questions were asked of all participants:
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What is your last name?
What type of job do you/did you do?
What does a typical day look like for you?

= =4 4

What do you like/dislike about your job?

During these interviews, the research team began to understand more about the first responder
domain, including what types of tasks and processes are the most popular to perform, which are
the most tedious, which are the easiest, etc. Based on what reseaecbeirsed to be important
to understanding the context of the domain, additionasturctured follow up questions were

asked of the participants, such as:

1 What technologies do you use in your work?
1 How do you think futuristic technologies could help y@aunore safe at work and do your

job better?

Additionally, when the interviewer perceived from verbal and-werbal social cues that the
participant had more to say about a given topic or subsequent clarification was necessary, further

openended investigary questions were asked, such as:

1 Tell me more
1 What else?
1 Why is that?

A final question was asked when it appeared that the discussion had generally concluded:

1 Is there anything else you have been thinking about during our discussion that | have not

askal you about yet?

Once both parties were satisfied with the discussion, the interviewer asked for a referral on who

they should speak with next, left the proximity of the current participant, and moved on to
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interview the next participant.

The same procedes were followed again for the second iteration of this Activity in terms of
physical arrangement and location. Each s&muctured interview was individual in nature and
emphasis was placed on having a brief interaction for this iteration. Researdkesistlees

following questions in this iteration:

Whatisacommonhigher f or mi ng first respondero6s job
How old are they?
How long have they been doing their job?

What types of emergency activities are most common to those specific jobs?

= =2 =4 A A

Which of thecommon response scenarios are the most dangerous?

When necessary, additional follewp questions were asked, but only to further explore more fine
grained details with the participant. To conclude this Activity, participants were shown a User
Profile artifact in a small focus group and asked to come to a consensus on a final common

response scenario that would apply to the ideal user profile.

3.1.1.4: Summary

No time | imit was enforced in a participantos
participan asked was answered by the interviewer immediately. No participant withdrew from any
interview. Once the notes of all 12 participants were gathered together, a review of the written

information and an analysis was performed in order to:

Discover preliminay trends
Determine which areas of the domain required further research and exploration
Decide how many additional participant interviews would be required to understand the

domain enough to progress in the subsequent design and prototyping efforts

Researbers attempted to limit the conversations of the second iteration of this Activity to 10
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minutes or less. The final small group discussion of this Activity was an impromptu one held when

three SMEs visited the research team and asked how things weresprmugnith the research

effort. This small group meeting lasted no more than five minutes.

3.1.1.5; Results

12 first responder participants were interviewed individually in sgmictured interview sessions.

Interview durations ranged from -&D minutes in rangd.he followingFigurerepresergexcerpts

of two commonly iterated points from the notes taken during this exercise:
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Figure 9: Note Excerpt from User Interviews

The following list summarizes the 12 key domain learnings fromAbtivity:

= =2 4 A4 A4 A2 -
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Want highedevel understanding of area via maps

Want to have conformallR markers of all information all over the place

Want to know where my friends are
Want to know where the bad guys are
Radio information

Situational Awareness is paramount
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Want to clear/restore information on my screen easily
Offload radio calls to text messages
Customization is key

Leave digital markers/pointers

= =/ =4 A

Video sharing is important

During the second iteration of this Actiyj 12 additional serastructured interview sessions were
conducted. The names of various job titles and user roles were gathered and writighiten a

board including the partial list shown in the following Figure:

Table2: TeamRoles WhitdBoard Session

“ 2. ((wmp\\caﬂﬁr\\s
%) Cotminmett * Taolehon
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The most common user roles from this list were used to create aocgasszation user role

naming convention that applied to multiple first responder domains, as shown in the following
Table:
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Table3: Most Common User Roles

Role # |Role Title Role Responsibilities
1|{Command & Control |Any leader on the ground.
2|Radio Operator Asset coordination. Work with Role 1, talk with everyone
3|Perimeter Control  |Containing the house and keeping everything else out
4| Assault Clear and secure building
IN 50/50 SCENARIO:
5|Pursuit Chase the runners down
6|Medical emergency |Evacuate & move to safety

**Target user is for Role 4 primarily to increase safety level and situational awareness

The Assault role was identified as the primary focus for this research effort, defined as the first
person to enter into a danger zone. Participants agreed that mepeHigiming first responders

had the following charactetiss as well:

Approximately 10 years of experience
Approximately 30 years old

Lieutenant or Sergeant in rank (depending on specific organizational rank advancement
structures)

Many response scenario suggestions were gathered from the first respondensniire follow
up question was asked as to what was the most dangerous of the common responses, one scenario
stood out immediately to all participants:

1 Clearing a building of danger for my team (i.e., moving from rdosroom and ensuring

no dangers arerpsent)

These characteristics resulted in the following user profile, which addresses an ideal participant:
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First Responder User Profile

Name: John Tentpeg, AKA “Duke”
Rank: Sergeant

SGT Tentpeg is a 30-year old male who enlisted in the military when he was 20 years old. With
10 years of experience, he has served his country around the world. As a soldier, he is most
concerned with the dangers of urban warfare and is excited about the possibility of future
technology systems that can offer him increased safety and situational awareness as he
executes his future missions.

SGT Tentpeg is a 30-year old male who joined the police force when he was 20 years old. With
10 years of experience, he has served his community countless times. As a police officer, he is
most concerned with the dangers of urban environments and is excited about the possibility of
future technology systems that can offer him increased safety and situational awareness as he
continues to serve and protect

Figure 10: User Profile Example

The final data point for this Activity was developed in a small focus group meetingef$MEs.
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A review of the User Profile Example, along with the common response scenario, was performed.
The first responder participants then verbally acknowledged that these research artifacts were
accurate in their descriptions and useful to the resdaam and participants in framing future

research progress.

3.1.1.6: Discussion

Preliminary analyses of this iteration of sestiuctured interviews resulted in several important
findings and insights. A wide array of information was gathered during these se¥¢iolesthis
proved useful in understanding the domain of first responders in general, it did not provide
consistent and specific feedback that would allow forefifi@t to progress with a targeted scope.

In other words, there were no clear user trende@mnes that would feed into the input of a rapid

prototype design iteration after the first set of user interviews.

Specific first responder subject matter expertise was an essential influence to the content of the
semistructured interview feedback. Eafifst responder only felt qualified to comment on his or

her specific job. Asking a patréével police officer about what a police chief might do in their

work was perceived as outside the scope of their expertise. Asking a soldier about what a police
officer might do in his work, although considered to be similar types of work as they are both part

of the fAisecurityo subdomain of first respond
because they had no direct expertise in that job role. Ev@lomsains that share similar higgvel

tasks and knowledge were perceived to have a great deal of highly specialized information that
was required to perform that job role. For instance, the civilian and military versions of the team
rol es de 3able3d: MesdCommmon Wser Roléss wer e only closely al
specialization of that specific role was perceived to be at the same level of team organization. This
equated to a SWATrained police officer and a Special Foréegel assault member being
perceived to be generally equivalent in training and experience while alpa&bpolice officer

and basic infantry soldier were at a more generalized level of training and experience.

The actual scenario that was being resj@ohto by the participant dramatically changed the
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content gathered during the interview. The processes and procedures that were followed during a
response scenario were a direct result of the type of emergency that was in progress and varied
widely depenthg on the emergency. For instance, a patrol exercise, where police or military
personnel were traversing a region and looking for potential threats involved a completely separate
series of actions and attitudes than when a civilian was identified asibb&ngnent danger and

required immediate emergency support (e.g., domestic dispute, hostage scenario).

Because of the lack of commerciallyailable MR technology available today for first responders

to use, it was essential to acknowledge initially scdssions and remind participants frequently
that we were discussing scenarios that could potentially occur in the future (e.g., five or more years
away). Without grounding discussions in the realm of a possible future, many first responders
immediately dsmissed the postulation that MR would be useful to them because current
technological systems are perceived by first responder participants to be limited in their

capabilities (e.g., field of view, portability, computing power).

The choice of a senstrucured interview was quickly identified as the informatethering

UCD method of choice for this Activity. Because the research team did not know what they would
need to ask the participants, apart from a few basic boilerplate questions, it was essbatial t
prepared with something to ask the participant, but to allow the freedom in questioning and
scenarios to investigate potentially important subjects during the interview process. Until a better
understanding of both the content and context of therBsgionder domain was gained, a truly
collaborative UCBbased communication structure was not possible between SMEs and the

research team.

As a result of this widely varied user feedback of seemingly disparate information at times,
researchers decided thaat ideal user profile was needed to focus future work. This decision was
further strengthened by the insight that many SMEs would ask the researchers for clarification on
the exact circumstances of the response scenario (e.g., is a citizen injuredfitdeairwvolved?

Is a team member in danger?). A second round of-semgtured interviews was necessary to
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refine the first responder scenario within Al to specify a team member job title (e.g., police officer,
paramedic) and common response scenaries émergencies that were frequent and common)
that could ground future research by gathering information that would be more unified in its

content and guide future design and rapid prototyping decisions.

Due to several factors, including the lack of cemgation given to participants and the
interruptions that were occurring in the parti
better to gather small sets of data more frequently with participants than to have longer duration
interviews thatvere more irdepth. This was a result of attempting to schedule more formal times

and durations for interviews with SMEs; which did not work well when attempted. Instead, when
participants were asked, Acan | are kuclymare a c o
willing to stop their work and spend time providing short feedback. This was an important decision

to this and future interactions with participants because participants could rely on quick iterations

and low levels of time commitment requiredprovide useful feedback to researchers. In turn, the
research team was able to gather the feedback required to make progress toward future information
requirement, design, and prototype iterations later in the effort.

The introduction of the qualifying d j e c t ipveer fiohrindhngo t o t he first
proved important to focus the mental models of participants. Researchers were not interested to
know what untrained or novice first responders thought, but what the best and brightesttezpresen

as a whole. The experience, age, and rank advancement qualifications served-ootwewd

performing persons while the autonomy and leadership characteristics of the ideal first responder
profile meant they required very little outside support feirthob (e.g., they were leading and
mentoring others). This narrowing of a user profile resulted in an ideal participant for the research
team. As the profile was formed in reéahe, participants were asked to verify that the researchers

were interpretip t heir f eedback correctly. This result
pool of participants. In statistical terms, this ideal user profile grouping was meant to represent one

standard deviation in a bell curve of first responders.
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The meging of the police officer and soldier job titles was made after verbal feedback from the
participants in a small group setting; most of whom came from military and police backgrounds.
The advanced experience and levels of expertise were what made achigdiye team member
from the civilian world generally equivalent to the military security domain; not just the job title
they had.

The specific common response scenario (i.e., clearing a building of danger) was agreed upon to be
a common task that presedtthe highest level of danger to security forces. This highly focused
response scenario provided the context to future participants that would allow useful data to be

gathered by the research team throughout the research effort.

The participants agreedahthis same scenario was actually applicable to multiple other security
related domains (e.g., all law enforcement, security, protective, and military personnel around the
world). In other words, Al distilled not only an ideal user profile that was raofetative UCD

based feedback, but also a specific common response scenario that would apply to more general
domains of application, increasing the power of future design and rapid prototyping iterations by
applying to a larger general population.

No mgor issues presented themselves during Al. This was largely due to the inexperience of the
research team, however; researchers did not understand what they did not know until a post
analysis of each Activity was performed. Sestructured interviews provedery effective in
gathering initial data and wunderstanding mor
workplace. Due to variability across the many tasks a first responder might participate in during a
given work shift, the research team quicklgabvered that a single user profile was essential to
guiding the direction of the conversation. While this eliminates the consideration of outlier
challenges to first responders, the need to focus on a single ideal user profile was determined to be
more mportant at this stage of the research effort than enlarging the scope of the effort to include
many different types of prototypical first responder profiles. After the completion of this activity,

the research team did not regret this tradeoff in scop&s necessary at the time to work within

56



a set of given constraints (i.e., rapid iterations with storation scheduling and low investment

of resources) in order to make progress toward future Activities and Objectives. Additionally, the
common respase scenario appropriately grounded the discussion of future MR experience design
and rapid prototyping activities and iterations. Researchers now felt prepared to discuss what
information was important to SMEs and how to best convey that informatiomtariteefuturistic

MR HWD experience.

3.2:  Activity 2: What, How

While Al helped to define who the targeted user was and why this research would contribute to
the progress of rapid prototyping methods for
fully undersand what information was important to the user and how to best communicate that
information to the user. The followiriggureprovides a look at the useentered design methods

employed and the research artifacts constructed during A2:

Activity 2

Semi-structured Interviews,
Storytelling, Brainstorming

Figure 11 A2 Overview
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With a general understanding of the research domain landscape and how the user currently
performed their duties in the common response scenario, the research team made a UCD process
plan for how to proceed with the effort. & fiollowing Figureshows the handwritten notes from

this plan:

Figure 12 UCD Process Plan

This plan had been partially completed by the time it was digitized for the research effort and
shows a general overview of what tasksenexpected to be accomplished in the near future. With
this plan in place, an enumeration of information elements was performed through the use of UCD
based serrstructured interviews and Participatory Design (#®B3$ed storytelling methods. The
focus ofthese interviews was to explore and document the information that was currenégan

to the SMEs in their workplace. The output of A2 provided the research team with a laundry list
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of the specific pieces of information gathered here. This includesrafamn passed to the SME

from other stakeholders (e.g., internal and external) via multiple modalities (e.g., communications

on phone and radio, reference information from area maps, and specialty manuals). The
storytelling method was especially usefuh&lping the SME to envision themselves in their duties

while responding to an incident although they were in a mostly sterile laboratory environment
(e.g., sitting in an office chair in a meetin
thesesemistructured interview and storytelling methods resulted in a high quality level ef user

based feedback, in a logisticatpnvenient period of time, because of immediate access to SMEs.

With a greater understanding of the current state of informatements, the research team was

then able to brainstorm with SMEs and compile a list of all the different pieces of information that
could be perceived as useful to the SMEs in their current professional duties, regardless of what
information was currenglpresent during their professional day (i.e., the information currently on

hand to internal and external stakeholders). Sstmictured interviews and futuristic storytelling

met hods were used again to al |l owormakiomelemerse ar ¢ h
that could be available to users and external stakeholders in the future (i.e., the information that
would be Anice to haveo) wi tfieddedttechndlogiesnTeian t a | r
resulted in an expanded list of infortiwm elements that encompassed a more fiftumgard
perspectiveé a place where current design constraints do not éxsst that future technology

creation processes can be better prepared for changes in a more longitudinal system development

lifecycle.

3.2.1: Method
3.2.1.1: Participants

Six total participants were recruited for this Activity. All six were a subset of the group of 12 that
had been used in previous Activities. Three of them represented the ideal first responder user
profile and regularly participated ithe common response scenario, as detailedlin Two

participants were first responders with five additional years of experieacd b years instead of
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10), but served in supportive roles to the common response scereyith¢y did not cleathe
buildings of danger themselves). These first responders had the same training to perform the
common response scenario, but didpenticipate as frequentlyith that specific task as the ideal

user profile group. The sixth participant was a sedemdl command structure participant who

had additional years of experience and was serving a more administrative role to first responders
when he was interviewed. This participdad performed the common response scenario many
times in the earlier years of his ear, but also had an understanding of higbeel processes and
systems in the organizational hierarchy due to his longer service in the first responder community.
The same six participants were then utilized in a second iteration of this Activity & gabhe

data.

3.2.1.2: Instruments

Once again, handwritten notes were taken by the research team that were used later for post
interview analysis. No recordings were made during A2 in order to allow participants to speak
freely and confidentially. The enumeratest lof information elements was later digitized into a
spreadsheet format and standardized to combine the different phraseology used by each participant
that was meant to represent the same individual information element. More details on these notes

are provided in the Procedure section.

3.2.1.3: Procedure

The same procedures were followed for this Activity as the previous one in terms of physical
arrangement and location. Each sestnuctured interview was individual in nature and emphasis

was placed on having a bfiinteraction for A2. Researchers began by grounding each participant

in the ideal user profile and common response
been asked to cl ear a b ui-Haskd sogtellndg methodgsistch nger s
the research team in engaging the cognitive processes of the participant to mentally recall the
common response scenario in their mind, although the interview was physically held within a

seated office workspace. The participant was then askedrtally picture themselves performing
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this task and to provide verbal feedback on what kinds of information they access and rely on to

perform that specific task today:

1 What kinds of information do you use today to do your job?

1 What pieces of informatiodo you utilize during the common response scenario?

The research team then feverishly wrote down every information element that was cited by the
participant. The last three first responder participants (i.e., two support roles and one command
role) were &0 asked to mentally explore the same scenario but from their native external support

role. This list was also gathered by the research team.

The second purpose of this Activity was to understand how the information elements were
currently conveyed to thgarticipant in the common response scenario. The following questions

were asked after the enumerated list was recorded:
1 How are these information elements communicated to you today?

When necessary, additional follewp questions were asked by the reset@am, especially when
a new acronym or an unfamiliar term was used

Forceo) .

In the second iteration of this Activity, the same initial procedures were followed as in the previous
iteration. The partigiants were reminded of the ideal user profile and common response scenario,
but this semstructured interview stressed an additional component to thieaB&d storytelling

method: that the participant was now instructed to imagine themselves in the fetureg . , A Yo u

a first responder living in the year 20200) .

elements and interactions were endless as to the available technology to make it realistic. The
participants were also told to provide vdrieedback on what kinds of information they would

like to utilize in the future. The prompts given to the participants began as follows:
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1 If anything were possible, what kinds of information would you like to have access to?

1 What pieces of information wadilyou like to utilize during this scenario?

The research team recorded every information element that was cited by each participant. Like the
previous Activity, the last three participants were also asked to enumerate lists of information
elements from thperspectives of their supporting roles as well and those responses were recorded
by hand.

The final purpose of this Activity was to also understand how the information elements could best

be communicated to the future participant in this common respoesaro:

1 How would you like to be notified of an information element?

1 What is the best way to communicate an information element to you?

When necessary, additional follewmp questions were asked by the researchers, but all interviews

were kept brieftorgse ct t he participantsd ti me.

3.2.1.4: Summary

No time limit was enforced during these interviews, but all interviews lasted less than 20 minutes
each. Participants were given a little more time to respond to questions in the second iteration
because this was an aten exercise and required a greater level of mental creativity. The data

was collected in the same manner and analyzed in the same fashion as in Al by the research team.

3.2.1.5: Results

12 semistructured interview sessions were conducted during A2 regardingstaailt team
member role. Additionally, six interviews were conducted regarding the support team member
role. Approximately 30 different pieces of information were gathered that applied to the common
response scenario, in addition to how they were contated to the participant. The following

is an example of information elements recorded during A2:
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1 Current time (via watch)
1 Location of the emergency (via radio call)

1 Who else is supporting me? (via mental recollection of who is working with me right now)

As mentioned previously, six of the sestiiuctured interviews were performed from supporting

role perspectives of the common response scenario. These perspectives provided few additional
information elements themselves, but were generally a more absteacto’ a previously
mentioned el ement (e.g., Awhat other teams ar

team?o0) .

During the second iteration of A2, the same number and focus ofksermiured interviews were
conducted in the futuristic informati element domain. This provided an addition of 50
information elements to the original list that applied to the common response scenario, including

the following example elements:

1 MR markers
Where are my team members?
Where are the bad guys?

Where are wgoing?

o O o o

Where have we been?

This resulted in an information list of 81 elements during A2. The following Table shows the entire

list of information elements at this point in the research effort:
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is radio operational

radio channel info

comms rado, channel, callsign
fire coverage

comms meshnet, BFT, threat location
time of day

self injury indicator

remaining power

ambient temperature

system temp

diagnosis tests

access to reference documents
personnel files

facilitiy files

pictures of individuals of interest
operational docs

ammo inventory

checklist

manifest

ambient air breathability

known danger areas
alerts/notificaitons

user respiration

self health vitals

remaining water/food supply
supporting arms, additional info
self hydration indicator

Table4: Information Element List fromA2

user temperature

user blood glucose

remaining air supply
whiteboarding sharing
video capture / playback / sharing
Video Down Link
video/images from other users
video feeds from MY system
expected time until extraction
range and bearing to next objective
expected time to target

time since engaging target

self GPS location

user pulse

compass heading

weather conditions

mission map

terrain data overlay

intelligence overlays

ocean conditions

checkpoints

nav routes

time to target

image and video capture controls
video and annotation Ul

image capture Ul

speech-to-text autofill Ul

rear view mirror

health vitals of team members

current altitude

enhanced vision perspective (e.g, thermal, night vision)
immediate threat locations

shot sensor display

ground reference guide (as created during planning)
team tracking

3D map of timelines and points

video feeds

breach points

incoming fire locations -- aggregate when appropriate
supporting arms, assets

supporting arms, call signs

expected time to next objective (e.g., checkpoint, target)
what parts of the system are malfunctioning

weapon inventory

targeting graphics (for ranging and firing)

PPT brief created for planning, priortized slides
distance to target

direction to target

comms meshnet, team location range/bearing/elevation
known geographic danger areas

sniper detection alert and location/bearing

GPS location of team members

enviornmental and CBNRE detectors and notificaitons
speech-to text-transcriber for radio comms



All participants expressed a desire to have a larger perspective of the common response scenario

communicated to them. Some of the suggestions included the following elements:

1T Areatt i me birdodés eye view of the entire area
o Communicated via a 2D map
o Communicated via a 3D map

o Communicated via 3MMR-based markers

3.2.1.6: Discussion

The shorduration semstructured interview method proved very useful in A2. Because of the
good rapport that had been built between the research team and the participants duagnhAl
participant was willing to be interviewed briefly when asked. The decision to engage in more
frequent, rapid iteration engagements resulted in no participant withdrawing from an interview nor
declining a request to interview, although some intergibad to be postponed for a few minutes

while the participant finished their current task.

The three supporble participants served to expand the scope of the information gathered and
helped to bolster the feedback from the ideal first responder as ielated to the types of external
information that were currently provided to them by supporting persons. The -leghker
command participant also provided an important reminder that while the first responder in the
common response scenario was only eoned with their own safety and the safety of whatever

team members were performing the task with him, there could potentially be several teams that
needed to be coordinated and organized. This systems engineering perspective was essential to
consider whem larger building (e.g., a warehouse) or compound (e.g., a campus containing many

buildings) was the location for the emergency response scenario.

Researchers also used this time to understand the way in which each piece of information was
currently convged to the participant. These included multiple modalities (e.g., aural radio calls,

visual laptop resources, cognitive recollection of past training, visual reference of manuals, haptic
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cues) and sources (e.g., witheam communication, external team gag communication,
commanestructure guidance, interactions with citizens), which present additional human-factors

related challenges (e.g., cognitive overload, ability to perceive speech, sensory overload).

This Activity did include a slightly larger &pture of research scope than the single ideal user
profile in the common response scenario. Researchers feel this was necessary in order to ensure
that all currently available information elements were enumerated for the ideal first responder,
especiallydue to the smaller sample size of participants. Overall, these UCDstetured
interview and PEbased storytelling methods resulted in a high quality level of-hesszd
feedback, in a logisticaltgonvenient period of time, because of immediate actesSME
participants. While this slightly enlarged team role perspective could be considered to be scope
creep, no research exploration is immune from such a pitfall and constantly vigilance is required
to ensure resources are not unfairly focused in fiesgul areas as they relate to the overall

research objectives.

No major issues presented themselves during A2 because of the presence of the ideal user profile,
team roles, and common response scenario. And because this was simply an informatiog gatheri
activity, there were no Awrong answerso to th
information elements established, the research effort then reflected on the futuristic MR experience
that would later be designed for the first resposditrwas now time to place participants in an

ideation exercise to make progress toward gathering what types of information could be useful in

the future when a first responder would use an HWD in their daily work.

The use of handwritten notes proved vanportant to an iterative, rapid prototyphstyle of
information gathering. Because the research team did not rely on video or voice recording
technologies, there was no minlgminute data to review after a participant interview was over;

the researcteam had to be fully invested in the feedback that was given in the moment and quickly
analyze that data after the interview was over. In some cases throughout O1, this meant

immediately discussing trends with colleagues before making final conclusiowsyvElr, in later
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interactions with participants (e.g., O2 and 0O3), this meant that a more collaborative
communication was occurring with the SMEs. Due to the gradually building rapport with
participants, the SMEs perceived their feedback to be of grest t@khe overall researeffort

and were eager to assist the research team in designing and prototyping 3D interfaces for futuristic
HWDs in a MR setting. It is important to note, however, that voice and video recording devices
that can be analyzed in meodetail and at a later date should be included in future design and

prototype work.

Because this was a brainstorming exercise, it was important to allow participants time to mentally
scour their cognitive processes for what they would perceive to s af the futuristic common

response scenario. Depending on the duration of time that a participant had spent pondering the
futuristic common response scenario, one could argue that a more formalized priming of
participants (e.g., grodpased brainstorming pr esent ati ons, instruct.
possibleo) could increase the quality and var
requires a larger initial investment of time and resources from researchers in order to organize their
participants. Due to the iterative, fast prototyping goals of this particular effort, such an investment

in schedule and resources was not feasible at this stage of the research.

The possibility of a truly functional futuristic MR HWD technology presented tbst mxciting
change to the participants during A2. While many information elements can be conveyed through
multiple mediums (e.g., aural, haptic), first responders all remarked that they would prefer most
of the list of elements to be conveyed visually\BBsassets presented on an HWD. According to

the participants themselves, this was perceived to be the most effective way of communicating
information and would relieve the cognitive strain that currently plagued them with other

communication mediums; nanyelerbal messages via radio.

Due to the overwhelming number of information elements gathered throughout this Activity, there
was a clear need for prioritization and categorization of the element list. Even with extensive

training, the likelihood of any onfrst responder being able to utilize every information element
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that was requested would be highly improbable.

This ideation exercise was very helpful to brainstorm possible future functions of a 3D MR HWD
system, but participants also used this sessmomive suggestions on future functions or
capabilities of a possible system. While this was out of the scope of this specific information
elementbased Activity, the suggestions were recorded and cataloged and, if anything, were an
indication that the padipants were solidly grounded in the futuristic BBsed storytelling

scenario.

It was important to remind participants that current technologies and resources were irrelevant to
the futuristic storytelling scenario; the researchers were concerned twite froofing the list of
information elements that could prove useful to any first responder. 3D MR HWDs are not
currently fielded by first responders and will take many years to become ubiquitous in their jobs,
therefore, because anything was conceptyadssible during this ideation session, nothing was

considered a Awrong answer . o0

Many of these types of elements, in terms of implementation, would require currently inaccessible
external data sources and an untold number of sensors and communicatatks&twealize,

which is an important design consideration for future research in this domain.

No major issues presented themselves during the execution of A2Adtigy did include a

slightly larger aperture of research scope because it utilizelbraiestorming/ideation exercise

that was used to enumerate a more complete list of information elements (i.e., 81 elements at this
stage of the research effort). This enlarging scope was determined to be essential to the research
effort because it will likly be many years before a commercially available 3D MR HWD is fielded

to first responders. If only currently available information elements were considered, a 3D MR
interface would already be obsolete by the time it were actually built out by commeruiiairs,

due to the longitudinallnecessary scope, fagaching schedule, and large investment of resources

required to create such a system. Overall, thesestencitured interview and storytelling methods,
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combined with ideation methods, resulted inighhquality level of usebased feedback, in a
logistically-convenient period of time, because of immediate access to SMEs and supporting

personnel.

With an understanding of all the possible information elements that could prove useful to the first
respone@r participant group, along with a perceived preference on how to communicate the

elements via specific modalities, the research team was now prepared to move on to A3.

3.3:  Activity 3: Priorities, Categories

While A2 helped to define what information elementse important to the user and how to best

communi cate them in a 3D MR HWD system, A360s

each information element fit into a categorized information hierarchy and which elements were
most important to the user. Thellowing Figure provides a look at the useentered design

methods employed and the research artifacts constructed during A3:

Activity 3

Semi-structured Interviews,
Storytelling, Brainstorming,
Card Sorting, Affinity Diagram

information
Element Calegories

information
Element Priorities

Figure 13: A3 Overview
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Usercentered semstructured interviews and PBRased futuristic storytellingnethods were
coupled with a card sorting method; utilized by the research team in order to categorize and
prioritize the list of previously defined information elements (n=81). A3 was designed to focus the
research effort on how to organize the elemeateeptually and what elements were perceived

to be most useful to first responders during a common response scenario for mobile 3D MR HWD

interfaces.

3.3.1: Method
3.3.1.1: Participants

Six first responders participated in A3. For more details on the participants, agiezvious

Activities.

3.3.1.2: Instruments

As in previous Activities, handwritten notes were the recording method of choice for general
participant feedback. However, photography was added as an instrument in A3 in order to simplify

the recording of card sortingsults. No video or audio recording devices were utilized. Each
information el ement was written on a single 3:;
total individual card elements. A stack of sticky notes and a pen were also utilized iftek3hé&

card sorting exercises were completed by the participants, the research team digitized each

participantdés feedback into a spreadsheet for

3.3.1.3: Procedure

The same locations were used in this Activity as the previous one. Participants were reininded o
the ideal user profile (which was waktablished by this time because each participant had been
involved in multiple interview sessions previously) and the futuristic common response scenario
of safely securing a building five years in the future. PBebased storytelling method was used

to mentally place the participant in this possible future where current technological limitations did

not exist. Each participant was then handed the stack of information element cards and asked the
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following questions

1 While you are securing the building, what information elements are the most important for
you to have in order to do your job?

1 Of these elements, what is the priority of information to communicate to you?

The participant was then instructed to verbakylain their reasoning and prioritization; these

notes were recorded by the research team and a photograph was taken of each sorting result. Once
this sorting exercise was completed, the information element card deck was gathered together and
a second versn of the sorting exercise was performed. The participant was then instructed, using

the same scenario and user profile, to take the card deck again and do the following:

1 Organize the elements into meaningful groupings and categories

1 Give each categoryrsame that describes what that grouping represents to you

The patrticipants then grouped the elements into categories and used the sticky notes and pen to
name each category. The results were photographed and additional notes were taken by the
researchers. Wen necessary, additional follewp questions were asked by the researchers. Each

participant interaction with the research team was kept to a minimum.

The research team performed an analysis of the collected card sort data and categorized the data
accordng to their understanding of the domain and relevant notes/context gathered during this
effort. This was performed because of the disparate categorical information gathered during the
participant interviews. A final sicategory organization was presentddring a small
collaborative design focus group session with three first responders. This resulteecategbBy

listing of information elements that was approved by the focus group participants as an appropriate

information organization structure for3A

3.3.1.4: Summary

No time limit was enforced for this exercise, although the range of time used in this experiment
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was between 10 and 30 minutes. The data was digitized and analyzed by the research team
i mmedi ately foll owing e acedgonpirdornmaiions orgardazatiorbwas r e s p
developed by the research team, but this was quickly iterated inteca@edbry organizational

structure after feedback from participants.

3.3.1.5: Results

A total of six semistructured interviews utilizing a card sorting metheere conducted during

A3. This produced twelve total card sorting results, which can be described as:

1 Six priority-organized information element sortings

1 Six categry-organized information element sortings

An example of an individual card sort resulsigwn in the followind-igure

Figure 14: Card Sorting Example 01
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This participant chose to categorize his elements into two simple stacks:

T Donodt need

1 Useful and worth the cost

In contrast, another participant required a veryitkoh set of information to be displayed on his
futuristic 3D MR HWD, as shown in the following Figure:

Figure 15: Card Sorting Example 02

This second example shows that this participant only wanted two information elementdshown
him all the time: fAradio channel so and dr emai

turned on and off as needed. The following Table displays the number of categories that each
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participant chose during this exercise:

Table5: Number of User Categories

Participant ## Categorie
1 8

6

10

11

13

2

o gk, wWDN

Due to the large variation in participasiefined categories, the last three participants were
informally questioned as to why their results were so different than that of their peers. Their
responses were recordeddaanalyzed. The research team then attempted to categorize the

elements themselves and developed the following information structure based on previous user

feedback, as shown in the following Table:
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Table6: Research Team Categortamn of Information Elements

Enhanced Vision

Maps
Range
Rear view mirror

Red force detection
Threat location

Incoming fire location

Direction to target
Distance to checkpoin

Surveillance CapabilityDistance to target

Elevation
Maps
Heading

H at/Long
Nav. Routes
Range

Terrain Maps

Direction to checkpointRange

[

Key of Indicators:

Danger
Navigation

Etc.
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Maps

Enhanced Vision |Navigation Weapons Mission ChecklistfNotifications Capabilities
Bearing Ambient air breathability Application 1/0 (Method TBD)
Checkpoints Fire coverage [Fire coverage CBRNE Alerts/Notifications |Breach points highlighted

Danger sensor display
Team vitals

In-team support
Incoming fire locations

Known danger areas
Ocean conditions
Operator pulse
Outside Temp

Radio Channels

Radio Working?
Remaining air supply
Remaining food supply
Remaining power
Remaining water

Self injury indicator - am | sho

system OK?

diagnosis tests

system temp

Threat location

Time of day

Time since engaging target
Time to checkpoint

Time to target

Time until extraction

Vital signs

Weather conditions

Controlling system (Method TB
Data capture (of anything)
Data review (of anything)

Data sharing (of anything)
Things to do

map elements highlighted
Meshnet

Rear view mirror
Speech-to-text & text-to-speech




This sixcategory organization was shown to a small focus group of three first responders. They

critiqgued the researcherganized groupings and arrived at the followingch8gory organization

of how the information elenmés could best be structured for future design Activities:

Table7: 13-Category Information List

Blue Status

System Status

Call sign

Team location
External support
Blue force tracking
Fire coverage
In-team support

Threat Status

Threat location
Incoming fire locations
New dangers identified
Known danger areas
Surveillance

Red force detection

Radio Working?
Remaining air supply
Remaining food supply
Remaining power
Remaining water

am | hurt?

system OK?

diagnosis tests
system temp

Weapons

Range
Targeting system
Weapon System

Navigation

Weather

air quality

Ocean conditions
Outside Temp
Weather

Green Status

Bearing

Checkpoints

Direction to checkpoint
Direction to target
Distance to checkpoint
Distance to target
Elevation

Maps

Heading

Nav. Routes

Range

Comms

Radio Channels
Radio Working?

Chat Window
Speech-to-text

Mission Status

Friends User Status
Surveillance Health of team
Operator pulse
White Status air supply
School/Church/etc. Identification food supply
time of day milestones water
Friendly Forces am | shot?
Surveillance Vital signs
Enhanced Vision Data review

Enhanced Vision

Maps

Range

Rear view mirror
Long-range vision
Breach points highlighted
Surveillance

Planning materials

Preparation for mission
checklist
Nav. Routes
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Checklist

Nav. Routes
Surveillance

Time to checkpoint

Time to target

Time until extraction
Time of day

Breach points highlighted




3.3.1.6: Discussion

It was important for participant interaction to be kept at a minimum. The prompts for this exercise
were very ambiguous dneach participant was actually rather uncomfortable with the lack of
structure and guidance in the prompts that were given to them. However, in order to not influence
the | ater participantso6 responses, ftedpendes a me t

card sorting session.

As the results were analyzed by the research team, there was no obvious consistency in the
responses. Because the responses were scrutinized after each card sorting session, it became more
apparent as the informatigyathemg process progressed that something was not quite right. This

led to three informal investigative conversations with the latter three participants after their sorting
exercise was finished and their responses were recorded in order to understandemvgdhser

much variability in participant responses as to both the priority of elements (e.g., which were most
important to display to the user) and the categories of organization (e.g., conceptual information
organizations). These participants were shdvenrésults of their peers and questioned as to why

each first responder had dramatically unique responses. These final respondents indicated that the
exact context of the common response scenario was still too vague for a proper card sorting

exercise to yald the consistent results sought by the research team.

Although the resultant priority and category information gathered in A3 could largely be
considered not useful to the overall RQs of O1, the realization of this additional required context
marked a piotal point in the research effort. As will be described later in this paper, without this
important realization at the end of A3, it is expected that future Activities would have continued
to experience similar data variation and more time would havelbsten progressing the design

and rapid prototyping of the overall effort.

3.4: Activity 4. Storyboard Context

While A3 helped to categorize, organize, and prioritize the information element list according to

the perceived needs o fomorédfelly undeestand thé ebiitext ofpther p o s e
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common response scenario and resolve the data variation issues encountered during A3. The

following Figureprovides a look at the useentered design methods employed and the research
artifacts constructed dugnA4:

Activity4

Semi-structured Interviews,
Storytelling, Brainstorming,
Card Sorting, Affinity
Diagram, Steryboarding

Time points

Figure 16: A4 Overview

With this previously missing context in mind, a feparticipant user group was gathered together

in A4 to discover the additional detail that was absent from the card sorting exercise of A3. A4
would explore the common response scenario in more detail and then execute a second iteration
of the cord sorting exercise that was performed in A3 within this newly detailed common response
scenario.
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3.4.1: Method
3.4.1.1: Participants

Four participants from the ideal useofile group were gathered together for a small focus group
collaborative design sessioBeven first responder participants were utilized in A4 for a second
iteration of the card sorting exercise used in A3. Six participants were also used for a small foc
group to verify the findings of A4. For more details on the participants, see the descriptions in the

previous Activities.

3.4.1.2: Instruments

A white boardand marker were used for the small focus group exercise. Notes were made on the
white boardin collaboradion with the first responder participants. Tivbite boardnotes were

captured via photograph and stored for future use in this research effort. An artist was also utilized
during A4 to better convey the concepts being described by the research teast aespbbnder
participants. The set of 3x50 index cards frol
was also used in the A4 card sorting session. Handwritten notes, as needed, provided additional
postexperiment analysis material. After eaxgrd sorting exercise, the results were photographed

for later review by the research team. Each result was also digitized into a spreadsheet format.

3.4.1.3: Procedure

The participants were gathered aroundvlsite boardin a common workspace. Researchers
explainedthat the responses gathered in the last card sorting exercise did not provide a consistent
picture of the priority and categorization that should be consideraduturistic 3D MR HWD

system design. Researchers perceived that this was due to a laekegatt context and a level

of specificity that was necessary to add to the common response scenario. As a result, these four
participants were gathered together to help add additional context to the clearing a building of

danger storyboard. The reseateAm then asked:

1 What is missing from the scenario description?
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1 What context is not being discussed in the questions we are asking you?

1 Why does everyone have such different responses?

The research team then listened and wrote the notes of this discoisdios board. Five time

points were standardized and turned into a storyboard format. Seven first responders were
interviewed for a final time using the additional context provided by the five time points of the
common response scenario. The testing podteeript for A4 is shown in the following Figure:
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Confidential Demographics
e Date & Time?
e First Name?
e Where do you serve?
e Years Experience?

Timepoint 1:
You are a first responder on your way to a secure a building. You are the first person respond-
ing at the emergency. You are moving toward the target location.

e \What categories of information are most important for you to know?

o What are the top 3 pieces of information that are most important to you at that moment?

Timepoint 2:
You arrive at your target and are getting ready to enter the building.
e \What categories of information are most important for you to know?
e What are the top 3 pieces of information that are most important to you at that moment?

Timepoint 3:
You entered the building and are clearing rooms inside it.
¢ What categories of information are most important for you to know?
e What are the top 3 pieces of information that are most important to you at that moment?

Timepoint 4:
You cleared the building and everyone is safe.
e \What categories of information are most important for you to know?
e \What are the top 3 pieces of information that are most important to you at that moment?

Timepoint 5:
You finish at the building and it's time to go home.
e What categories of information are most important for you to know?
e What are the top 3 pieces of information that are most impaortant to you at that moment?

FOLLOW-UP:
e Are there any pieces of information that you want to see all of the time?
e |s there anything else you would like to share with us?

Figure 17: Testing Protocol Script

Notes were taken during A4 and card sorting responses recorded via photograph. The research

team anal yzed each r edlpuvngtbed imtendesy todieternane whathee d i a t

81



the data inconsistency issues from the previous card sorting session had been resolved (e.g.,
disparate category/no common priority of element organization across participants). Each response
was digitized intca spreadsheet format and scrutinized by the research team in terms of both an
individual participantds r es pontsne poing) andgn |, t he
individualsubs ect i on of ti meds responses d{reipagtsin t he

a singletime poin). It was assumed throughout this card sorting exercise that the response scenario
went smoothly; no emergencies were experienced and no contingencies were needed that would

alter the traditional first responder reaction.

A small focus group was held with six first responders, during which all six participants came to
an agreement that the stated information elements, arranged accordingintetpeins of the
common response scenario (i.e., securing a house), were atgoddrd with which a future first

responder participant could be introduced to a 3D MR HWD system.

3.4.1.4. Summary
No time limit was enforced for this Activity, although the range of time used in the experiment
was between 10 and 30 minutes. The data was diditend analyzed by the research team

immediately following the small focus group meetings and each card sorting exercise.

3.4.1.5: Results

Participants provided the details of the different chronological segments involved in the common
response scenario. Differenames for the segments were written owhite boardand then

standardized into the following five time points:

Traveling to Building
Preparing to Enter
Securing Building
Processing Building

a r~ N

Going Home
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These time points were formalized into a storyboarch&t that is shown in the following Figure:

Securing building

Processing building Going home

Figure 18: Storyboard with Five Time Points

The research team collaborated with an artist to develop the storyboard research artifact due to a
lack of such creative talent within thesearch team itself. But the direction for what was to be

drawn and the message that was to be communicated was under the immediate leadership of the
researchers and first responders at all times. This storyboard was produced in a small focus group

setting

For the card sorting exercise, each participant was seated at their workspace. The-basedPD
storytelling method was utilized in A4 as in previous Activities to properly place the mind of the
participant in the appropriate context to gather reletesdback. Now the first responder was
asked to stop at each time point, mentally reflect, and organize the cards according to the testing

protocol script, as was shown in the Procedure section of A4.

One example of t he not e sintetviakig showd inthe follpwingn e p a
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Figure:

522 @ 3:14 pm
I
-

Timepoint 1: moving towards location
e Navigation, Threat Status, Mission Status
o Navigation and threat status shift in priority throughout approach
e Obstacles (tied to route), threat changes from Pre-Brief, FF status (everyone on the
ground?)

Timepoint 2: getting ready to enter
e Threat Status, Blue Status, Mission Status
e changes to threat, ready for entrance (everyone in position?)

Timepoint 3: clearing rooms in the house
e Threat Status, Blue Status, Mission Status
e Room/floor/sector/building secure, casualties

Timepoint 4: you have successfully cleared house
e data capture, blue status, process scene
e who is here?, what's everyone doing? Everyone save?

Timepoint 5: finish and go home
e Threat Status, Navigation, Data sharing
o As before, Navigation gains priority with distance from scene
o Data share is important before next high risk situation
e changes to route, changes to threat, team status

Figure 19: Response Example from Second Card Sort

The demographic information for this participant is redacted from this research artifact in order to
provide the necessary identitydmlentiality. It was assumed throughout this card sorting exercise
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that the response scenario went smoothly; no emergencies were had and no contingencies were
exercised. Each interview resulted in a list of the information element priorities and catégorie

each participant. A summary table was created that shows a firatdgory information
organization of data by the first responder test group (i.e., the row headings) compared to the five

scenario time points (i.e., the column headings) of tha iard sorting exercise below:
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Table8: Summary of Categories Utilized in Common Response Scenario

Scenario Time Points
1: moving towards targedz: preparing to enter|3: clearing room44: rooms-clearedS: finish and go homg

Blue Status 3

w

Threat Status

[EEN
=
[EEN

Weapons

o

Navigation

Mission Status

Comms

NP, WEFE OO

Data Sharing

Processing

Questioning

System Status

White Status

Green Status

Categories of Information

Data Capture

Data Review

User Status

Weather

N OOPFPOFPF OPFP, OOONN

P OOOORFR,EFRPLRELOOON

P OPFP OO OO0 WOOONPEFE O W
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This Table shows that when this analysis was finished, very clear information element priority
trends emerged across the entgengroup. The categories and time point pairings highlighted in

green represented the most common categories identified as important to display at that point in

the response scenario, while yellow highlights represented moderately common categoriks and re
highlights indicated the least common categories needed at that time. It is also important to note
that four additional categories of information were described by participants after the end of A4,
expanding the previously used-&8tegory organizatiorrdm A3. The additional four categories
represented generally repetitive ssdis of information and were typically the result of a few
participantsd personal preferences in infor ma

AQuesti oniunsgeor éosa sewhmey f or AProcessingo)

The following Table shows a visual representation of the average number of priority elements

gathered from this experiment, broken down according to response sc¢enanmins:

Table9: Average Priority Element Breakdown

Response Scenario Sub-Sections
Traveling to|Preparing to{Securing|Processing Returning to
House |Enter House| House | House station
Average
Number of 5 5 2 5 5
Priority
Elements
Participants 7 7 7 7 7
Average
Total of 30 30 12 30 30
Priority
Elements
Total Average Priority Elements| 132|

132 useful information element data points were gathered during this second card sorting exercise,
with an average of five elements displayed during time points one, two, four, and five. Time point

three had an averagetofo elements displayed, also across all seven participants.
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A final list of the most important individual data elements (not just categories) to display at each

time point of the common response scenario for the assault team member role was created and

verified with first responders in a small focus group to develop a final baseline information

recommendation. All seven participants agreed that these information elements, arranged

according to the time points of the common response scenario, were a goladdsteith which a

future user could be introduced to a 3D MR HWD system. This basic information organization

was termed the Atraining HUD. O Throughout t hi
need to be allowed to fully customize their MR nfdiee preferences; in both the number of
information elements that would be communicated and the method of communication (e.qg., visual,
aur al , haptic) . The Atraining HUDO | ist of cr
points is shown in #afollowing Table:
Table10: Common Critical Elements, Arranged BymePo i nt AKA, the fAiTraining HUDO
Sub-section: |1 2 3 4 5
CompasgCompasgCompassCompasgCompass
Elements Time Time Gaze |Time Time
included: Radios |Radios Radios |Radios
' MessagegViessages MessagepgViessage
Gaze Gaze Gaze Gaze

This more restrictive storytelling exercise typically resulted in a card sort of less than eight

elements for each time poiryioritized by criticality, with the remainder of the information

element list discarded at that moment in experiential storytelling time.

3.4.1.6:

Discussion

Although the responses gathered during A3 indicated that the common response scenario did not

include enagh detail in order to gather the level of comprehensive card sorting feedback that the

research team desired, it was important to state this sentiment to the first responders in the small

focus group information gathering session to verify that the redear t e a mo s

percepti

databased shortcoming was indicative of reality. Once confirmed, this brought the research team
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and participants into a common baseline understanding that proved essential to future research

progress.

This discussion revealdtiat the first responders had all been mentally organizing the common
response scenario subconsciously into five distinctive time points. While this was intuitive
knowledge to the participants, the research team did not clearly understand the existieisce of
chronology. It is unknown why this level of detail was never clearly identified by the research
team earlier in the process. Perhaps ignorance within the research team as towioedeal
expertise of the first responder domain was the culpritisfdhersight. Or perhaps the priority
placed on rapid iteration and development of the research effort resulted in a lack atdépéin

data necessary to properly understand the first responder domain for this research application.

A formal storyboard wsuseful to bounding the mental progress of first responders in the common
response scenario. Apart from verbal communication and descriptions from the research team, this
visual representation created an even more realistic mental model for first resgordiescribe

their needs.

The context of these time points was a critical turning point in this research effort. While the results
of the first iteration of the card sorting exercise were erratic and inconclusive, the injection of the
five-time-point-chronology suddenly brought a clarity of purpose to the participants and resulted

in a baseline of the categories in the second iteration of the card sorting exercise where participants
came to an almost immediate consensus on the most important inforntatenused in the

common response scenario.

Participants also began to use similar category naming conventions, even without the intervention
of their peers during the card sorting exercise (i.e., each interview was performed individually and
without exterml collaboration). This was partially a result of the adoptive categories of previous
research iterations, but was also indicative
responder participant pool overall and the understanding of theidomapplication within the
research team. Due to the common workspace used during O1, it is possible that participants were

having informal discussions about our experiments with each other on their own time, but it is
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highly wunli kel yootlheartd tchoensveer wdt emsc wer e havi

consensuduilding user feedback data set. This was largely due to the fact that the participants
never had any formal meetings or discussions on the experimental treatments of this effort outside

of the small group collaboration sessions held with the research team.

The prioritized information elements that participants suggested should be included on a 3D MR
HWD system of the future also rose to a level of consensus at the same time. It is inpadsent

that it was assumed throughout this card sorting exercise that the response scenario went smoothly;
no emergencies were had and no contingencies were needed. This allowed the participant to focus
on what information elements were truly criticalaocomplishing their task at that moment in

ti me, without having to mentally process all
and highly unpredictable operational scenario.

The common response scenario time points were integral to disguabkifuture experiments
throughout this research effort, especially as related to later research phases. It is thought likely
that without this time point differentiation realization early on in the research process, future design
and prototype sessiomgould have largely failed because the context of the specific moments of
time were critical secondature types of cognitive context that were deeply engrained in each
participant both mentally and perceptually. And without this seemingly small detaiit; st
responses would likely have continued to be conflicting among the users and unpredictable for the
research team to gather.

Although each information element was provided by a first responder as a desired future capability
of the 3D MR HWD systemthere were simply too many cards to sort through. The cognitive

overload from a stack of 81 information elements meant that no single participant could recall
what the entire list consisted of in the first place; there were too many variables to consider

depending on how the response scenario played out.

The final brief small focus group interaction with the first responder participants in A4 was
important to doubleheck the work of the research team. Finding the six participants of this final

review to bein agreement with the organization of the most critical information elements at each
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of the five time points of the common response scenario meant that a clear consensus had been

found across the first responder test population.

Overall, these senstrucured interview and PDased storytelling methods, coupled with
brainstorming, card sorting, and storyboarding methods, resulted in a high quality level of user
based feedbadkin terms of detail and substaricen a logisticallyconvenient period of timg.e.,

were short in their duration), in a rapidly iterative environment, because of immediate access to

first responder participants.
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4: Objective 2 (02): User Interfaces

The ultimate purpose of this study isrewommend rapid prototyping methods for mobilead
worn MR interfaces,using first responder®(g, police, paramedics) as the user group of focus
For the benefit of the reader, the followiRggure communicates the three overall Objectives of
this effort. This chapter will discuss O2. See previokhapters for more details related to this
Figure

Objective1 Ohjective 2 Ohjective 3

Figure 20: Abbreviated Research Effort Overview

Along the course of interface development, this work wdlhtinue toexamine human factors

research questions relevant to eabjective. The following chapter describes O2 of the effort,

which encompasses a description of rapid design and prototype user interface development

experimentation. O2 answers RQ3 and RQ4, while O3 includes the final research work that

answers RQ5 and RQ®%he stated RQs of O2 are as follows:

1 RQ3:How can critical interface information be communicated to first respontiBzeng
multiple modalities€.g, visual aural haptig of notification?

1 RQ4: How does the context in which a user experiences atypeteffect the interface
feedback they provide?

Focusing on a methodsst approach, appropriate detail is given related to the execution of each

Activity within this chapter so that relevant lessons learned can be garnered from each research

experiment By collecting both qualitative and quantitative usentered design and prototype

data that support each of the RQs related to O2, researchers were able to better understand how

user interfaces could best be implemented within the first responder ddrhesngh the use of
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semistructured interviews with SMEs, Pliased storytelling, small collaborative focus groups,
and brainstorming ideation methods, the necessary qualities of an overall positive user interface
within this highly specialized domain webetter understood and can be used to inform future

research applications in this area of interest.

The following Figure depicts an overview of the each Activity described in O2, along with the

methods that were used during and the research artifact utput
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Semi-structured Interviews,
Storytelling, Small Fecus Groun,

Semi-structured Interviews,

Semi-structured Interviews, Storytelling, Small Focus Groun,

Brainstorming Storvieliing Brainstorming

Modality Preferences

Figure 21: Objective 2 Overview
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Similar to the discussion in the previous chapter, this chapter includes three unique Activities (i.e.,
A5, A6, A7) that comprise the work of O®Vith the completion of the indl information
requirements gathering in Othe research team perfoecha series of iterativeapid designand
prototypephases during ich 3D MR HWD system usemterfaceswere explored.O2 was
informed bythe results of @. A post hoanalysis of the methods and ®atilized during02 will

bedescribedater for this portion of the research effort

4.1: Activity 5: Interface Design

While Al1-4 within O1 helped to determine the information requirements of the users and how best

to communicate the highest priority elemeintshe common response scenario, no designs had

yet been formalized. Aéntereddesigngoausentativraasid concepts r e a t
that could be implemented into a user interface prototype and tested with first responders. The
following Figure provides a look at the useentered design methods employed in A5, along with

the research artifact outputs:

Semi-structured Interviews,
Storytelling, Small Focus Group,
Brainstorming

Modality Preferences

Figure 22: A5 Overview

95



4.1.1: Method

41.1.1: Participants

12 first responder participants were interviewed individually in a-sgmnctured interview session

during A5. Six of them fit within the ideal user profile described in O1. The participants
represented local and national agencies. No monetary compensation was given for any of the
interactions described in this paper. Six @ pgarticipants (i.e., three of the ideal user group and
three additional first responders) had previous experience with the research team in previous
Activities, while the remaining participants were new recruits. See O1 for additional details on

these paicipant groups. A small focus group was held with three first responders.

4.1.1.2: Instruments

White board sketches, digital sketching devices (e.g., tbaskd tablets), paper drawings,
handwritten notes, photography, and sticky notes were all utilized durihg r&6ord participant
feedback. These digital and physical artifacts were recorded and archived and were used later for
post hoc analysis and discussion. The storyboard described in A4 was hung on the wall and used
throughout A5 to provide visual contdrir the participant.

4.1.1.3: Procedure

Each participant was asked to provide feedback on the specifiphdagity information elements

that were identified in A4. Each participant was individually brought to a communal workspace
controlled by the research teamvhich was equipped with the instruments described in the
previous section. A short demographic survey was given to record the following data points for

later reference in the analysis portion of A5:

What is your first name?
What is your age?
What is your pb?

What is your rank?

= =4 4 4 -

How many years of service do you have?
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A PD-based storytelling method was then used to describe the ideal user profile, team member
role, common response scenario, and the futuristic storyboard context created in A4. Once this
backgound was set and expectations were established, a series eftsertured interview

guestions were asked of each participant:

1 What are the different ways to communicate these specific information elements in the
common response scenario?

Compass

Time

Rados

o O O O

Messages
o Gaze
1 How would you prefer to have these specific information elements communicated to you
in the common response scenario?
o Compass
Time
Radios

Messages

o O O O

Gaze

The research team then helped the participant record a version of the elementiasdtiesd it.

This sometimes resulted in an aural or haptic modality of communication (e.gg-spdech of

a message to my radio), but most users preferred to describe visual representations of these specific
elements. Myriad drawings were made andtidied for later analysis. When users also described
additional elements that were outside the scope of thddrgeted elements for A5, they were
recorded as well, but set aside for later use in later Activities. Additionally, when the interviewer
perceved from verbal and newmerbal social cues that the participant had more to describe or

discuss about a specific element, further epeded investigatory questions were asked, such as:
1 Tell me more about that
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1 What else?
1 Whatis that?

Responses were recead again and at the conclusion of digitizing each of the five critical elements

in A5, the interviewer asked one final question of each participant:
1 Is there anything else you would like to tell me?

Once the interview was finished, the participant retitnehis normal workspace and the research

team invited the next participant to join them. The digital artifacts of each interview were left on

di splay in the communal workspace so that eact
suggestionsThe research team performed a Content Analysis for A5 and then created a final
representation standard for each element based on theemsered feedback that was gathered
throughout A5.

The final representation of each information element was verifiedsmall focus group setting

with three first responder participants.

4.1.1.4: Summary

No time limit was enforced during any interview. All additional questions that were asked by any
participant were answered immediately. No participant withdrew from any inter@iece all 12
interviews were completed and all information sources were digitized, a brief Content Analysis

was performed by the research team in order to:

Determine which element style was the favorite overall
Discuss preliminary trends during this itlea exercise

Determine if additional participants were required for interviews

= =2 2 =4

Create a recommended standard representation for each information element

4.1.1.5: Results

12 first responder participants were interviewed individually in a-sémctured interviewession

during A5. As responses were gathered and recorded, the representations of elements became quite
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numerous. The following Figure shows several examples of the different UCD information
element depictions that were recorded during A5, along with itfe¥eht instrument mediums

that were utilized to create them:

Figure 23: Element Ideation Examples
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While the previous Figure shows many different examples of specific elements and feature
requests from several participantssialso useful to show the results of a singidepth interview
discussion with a first responder participant. An example of thewihaé boardconcepts from

two participants are shown in the following Figure:

Figure 24: In-depth Interview Notes
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Once the standard basic trainibgsed information elements were established, the research team
began to start merging these concepts with the common response scenario in its previously
established time point organization. The follogiFigure shows one example of a finalized-low
fidelity version of this futuristic first responder display system, created with the assistance of the

same graphic artist used in O1:
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Figure 25: Low-fidelity First Responder Displa8ystem Concept

After all 12 interviews were completed, the following data points had been gathered:
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1 60 storyboardnatched time point interface designs created; five for each participant
1 50 visual element designs illustrated

1 10 aural element designs deked

1 5 haptic element designs described

T A finalized vi sual Atraining HUDO

A Content Analysis was performed on the design notes from A5. The results from this methods

based analysis are discussed in the following section of this paper.

41.1.6: Discussion

The researh team believes that as the ideation process progressed during A5, the element artifacts
that were on display in the communal workspace helped later participants to perform an internal
anal ysis of their peerso6 r e s psedisbeter.commancate e X i
At heir versiono of the el ement (e.g., Al woul
it. o).

While all of the information elements were displayed in the communal workspace in some level
of fidelity, as the number ofisual representations of element data points grew, we believe that
later participants were less inclined to suggest alternate modalities of communication. It is
postulated that this is partially due to the difficulty in describing thesesisoial commuication
mediums in what became a largely visual workspace. Later experiments in O3 will more formally

address this shortcoming.

As information element representations were communicated and createeimedadtween each
participant and the research tedis allowed for immediate feedback and iteration through the
design process. It was easy to create many different representations (e.g., a large quantity of
feedback was gathered), in a very short period of time (e.g., low time/effort requiremerky, than

to immediate access to first responder participants.

As the research team worked through the analysis of A5, it became more obvious that the actual
hardware and software devices that would be used to prototype this 3D MR HWD system would
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play a criticalrole in determining the experience of the participant. It was infeasible to create a
fully functional highfidelity user experience in the first prototype of this effort: a-tesh solution
was needed instead.

While the collaborative brainstorming sessibelped to create a large number of information
element representations in multiple modalities, the ideation used in A5 also commonly resulted in
participant responses that were unrelated to the most critical timeljasied information element
targets hat were the objective of A5. This resulted in many interface designs that were helpful in

later Activities, but were out of scope for A5.

As user interfaces were discussed, participants generally had suggestions for user interaction
motifs that were alsamportant to them. Gesture control, voice command, and other interaction
models were recorded and catalogued for later analysis. Additionally, different levels of overall
interaction were discussed by participants, which incorporated single user anderaskip
systems engineering principles. Again, this was out of scope for A5, but provided useful feedback

for later Activities.

Customization was perceived as a critical system requirement for all users. Although a
standardized set of information elemerdsild be discussed and understood amongst the research

team and first responder participants as they related to the training HUD, every participant
reiterated their expectation for being able to customize every aspect of the future 3D MR HWD

system.

4.2: Activity 6: User Interface Prototypes

While A5 helped to determine the initial design of the most critical information elements of the
common response scenari o, A66s purpose was
actually be tested with first respa@rgoarticipants in an experimental setting. The following Figure
provides a look at the useentered design methods employed and the research artifacts

constructed during A6:
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Semi-structured Interviews,

Storytelling

Figure 26. A6 Overview

4.2.1: Method
4.2.1.1: Participants

A total of 12 participants were used across all interview sessions, six of them were first responders,
while the remaining six were simply participants that were familiar with the domain, but had no
first responder experience themselves. The-8dME p ar t iesulis pvaera tmairdained

separate from that of the first responders so as to not pollute the targeted user population.

4.2.1.2: Instruments

A series of prototype Experiences were iteratively built and evaluated by the research team. Each
had different interface, imm&on, and interaction characteristics within the experiment. The

foll owing seven experiences (i.e., E1, E2, e,

4.2.1.2.1:E1: Projected Elements with Real World
Elinvolved projecting the baseline digital element representations thatreated in A5 on
a blank wall to simulate a possible field of view for the futuristic HWD systdma.display
hardware utilized a traditional projector wi
screen at a distance dof 46 from the particip
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4.2.1.2.2:E2: ProjectedElements on &rojectedEnvironment v1
E2added the context of projecting a specific time point on a wall that aligittethe common
response scenario to provide a higher fidelity experience of the moment in the scenario that
was being ommunicated to the participanthe display hardware utilized twwaditional
projectos,eactwi t h a resolution of 1080p that was s

from the participantoés head.

4.2.1.2.3:E3: Mobile Phone wth Real World
E3 allowed the usesome mobility in being able to traverse a physical spbotat the
restriction of a much smaller field of view. This mobile phdwased experience required to
user to hold their AHWDO in front of their
drawn on top of a pasthrough video feed of the world in front of thefhe display hardware
utilized an Androidbased smartphone with a resolutio®dépi n a 50 si ze t hat
a variable distance of | ess thdidahedeRié¢e, dependi

4.2.1.2.4:E4: Mobile Phonewith Low-fidelity VR World

E4 allowed for a low level of usdvased customization of the placementh® information
elements on a mobile phobased HWD device with a small keyboard, but at the cost of only
displaying avirtual environmentThe display hardware utilized an Andrdddsed sm#phone

with aresolutionof445p n a 50 s i z imaVYRheatdsetwiths Adegnee diagonal
FOV.

4.2.1.2.5:E5: VR HWD with High-fidelity VR World

E5 included a completely virtuahigh-fidelity environment with a consumerade
development edition VR HWD. A lodevel of usetbased interaction was allowed here as
welL,LThe di spl ay h a  rsidevsaaerwithia resdlution ef §0fa FOQV®f 110
degreesliagonal

4.2.1.2.6:E6: Tethered R HWD with Low-fidelity VR World

The virtualized world concept from E4 was ported to arplease researcanddevelopment
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based ARcapable HWD. The same lelgvel user interaction was allowed in this experiment.
The display hardware utilized an Andrdddseddevice with a binoculaoptical seethrough
display with aresolution of 720p with a total FOV 8f-degrees diagonal.

4.2.1.2.7:E7: Tethered AR HWDwith ProjectedEnvironment v1

The MR-based concept from E2 was ported to arptease research and developrvgaded
AR-capable HWD. No user interaction was incorporated into this experifieatdisplay
hardware utilized an Androidaseddevice with a binocular optical s¢ferough display with

a resolution of 720p with a total FOV of-8@grees diagonal.

Each prdotype in each Experience contained the critical element designs that were identified in
A5. The user feedback on each experience was recorded via handwritten notes and used for future

development.

4.2.1.3: Procedure

The same process was followed for each expetinfdter each Experience was created, it was
presented to six participants; three first responders and thregMBa to gather feedback on the
system. Each participant was individually brought to the same workspace as A5. The same
demographic survey frorA5 was given here. The same Bsed storytelling method from A5

was used to give the participant the appropriate context of the experiment. Depending on the
individual Experience, different instructions were given on how to control the hardware devices

(if any usetbased control was available). Each participant was then asked the following questions:

What do you like/dislike about time point 1 in this Experience?
What do you like/dislike about time point 2 in this Experience?
What do you like/dislike aboditme point 3 in this Experience?

What do you like/dislike about time point 4 in this Experience?
What do you like/dislike about time point 5 in this Experience?

What would you change for future Experiences?

=4 =2 4 A4 -4 A -

Is there anything else you would like to sharthws?
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The responses from each interview were recorded and additional-igil@westions were asked
when necessary. These results were analyzed by the research team and used to create future

Experiences in future Activities.

4.2.1.4: Summary

No time limit was endrced during any interview and no participant withdrew from any interview.
The user feedback gathered after each Experience was used by the research team to design the next

Experience. A Context Analysis was performed on the written responses in order to:

Discover preliminary trends

Determine which areas of the Experience required further research and exploration
Decide how many additional participant interviews and Experiences would be required to
understand the user interface enough to progress in teecgent design and prototyping

efforts

Researchers attempted to keep each participant interview as short as possible throughout A6, but

allowed the participant to speak as freely as they wished.

4.2.1.5: Results

The seven Experiences of this Activity resulted imyndifferent research artifacts. Additional
detail on each of the Experiences will be described in this section, including relevant example
figures where appropriate.

4.2.1.5.1:E1: ProjectedElementswith Real World

E1l included a refined digital version of the infation elements that were developed in A5. These
elements were placed within a presentation file format that could be displayed via a projector on a
wall within a workspace. This allowed the research team, first responder participants, and
supporting persmel to all experience what a futuristc MR HWD system might feel like.
Feedback was gathered from participants and used to inform E2. An example slide from this

presentation is shown in the following Figure:
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Figure 27: Experiene 1: Projected elements on a blank environment

E1l was a good start, but the experiment participants all indicated that increased user interface

fidelity was needed in future experiment iterations to provide more realistic feedback.

4.2.1.5.2:E2: ProjectedElementson aProjectedEnvironmentvl

E2 included the same presentation file as E1, but included additional timespogitive context

during this experiment. A second projector system was added to E2 to display these time points,
with both projectors being ovard on each other. Feedback was gathered from participants and
used to inform E3. An example combined slide time point from this experiment is shown in the

following Figure:
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L1 247 l2:20:00
N 45 Lb:20:00

SEARCH THIRD FLOOR

Figure 28: Experience 2: Rojected elements on a prajed environment

E2 was a good next step in this effort, but all participants wanted to have more user interface

fidelity in future iterations.

4.2.1.5.3:E3: Mobile Phone with Real World

E3 was a first attempt at an AbBased HWD system. Using a custom mobile phey@ication,

the research team was able to view representations of 2D information elements placed on a 2D
viewing device (one camera and one display screen)-hisad feedback from this experiment

was recorded and used to quickly iterate to E4. A s@enof this application in action is shown

in the following Figure:
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Figure 29: Experience 3: Pasthrough camera mobile application

E3 provided a much smaller FOV, but was the first Experience that was mobile. All participants

communicated their desire to have more user interface fidelity in future iterations.

4.2.1.5.4:E4: Mobile Phone with Lowfidelity VR World

A VR-based mobile phone application was used in this experiment. Although E4 was a completely
virtualized environment, it didnclude the first attempt at including a user interaction in the
experiment. Although crude, this application did allow for users to customize where some
information elements were located on their screen. The following Figure shows a screen shot from

this gplication as it was operated:
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Figure 30: VR-based mobile HWD

The following Figure displays the list of available control commands provided to the user during
E4.
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For Both:

Left/Right Arrows to rotate view
Spacebar to shoot
Q, W, E, R to speak into different radio channels

To manipulate location of display elements:
Hold down:
1 for Radio
2 for Notification window
3 for Clock
4 for Compass Tape
5 for Weapon Status
6 for AR Overlay
And:
Arrow Keys to move element
+,- to toggle element on and off

Press X to reset location of elements

For Full Simulation:

V to begin background video as environmental alternative

Figure 31: E4 User Interaction Contral

And the following Figure shows a thimkerson perspective of E4 in operation during an

experiment:
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Figure 32: E4 Third-person Perspective

Because participants were not able to see the control devices employed in E4, éutiltg-th
occluded HWD, experimentation was abandoned by the research team and E5 was developed to
replace E4. Researchers were given enough time during the development of this experiment to
memorize the operation of E4, but such an expectation was unceédistfirst responder

participants.
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4.2.1.5.5:E5: VR HWD with High-fidelity VR World

A consumemgrade development version of a popular tethered VR HWD was used in this
experiement. E5 simplified some of the user interaction in E4, but provided a much larger FOV at
a much shorter level of latency than the phbased applications in prior experiments. An
increased fidelity in terms of user interface elements was also explored during E5. The user was
also allowed to move themselves around in the virtual environmeatnings from gathered

participant feedback in E5 led to the development of E6.

4.2.1.5.6:E6: TetheredAR HWD with Low-fidelity VR World
The research team acquired a beta version of a profesgiau ARcapable HWD during A6.

The virtualized world from E4 was gded to this highly specialized HWD and the same level of
user interaction from E4 was available for testing in E6. Although a VR world was used on this
HWD, which generally occluded the reabrld environment, the participants still had enough
peripheral ision that they could manipulate a secondary control device and customize their screen.
These initial screen preferences were saved and digitized for future reference. The feedback from
participants was gathered and a Content Analysis was performed ogstitis of all previous
Experiences.

4.2.1.5.7:E7: TetheredAR HWD with ProjectedEnvironmentvl

This final Experience within A6 served as the afeuel event for this portion of the research
effort. It was the final physical demonstration of the futuristic HWDfifst responders that was
developed during O2 in order to highlight the system designs for the user interface. Based on
previous participant feedback from{EB, the research team used the-édpable HWD from ES6,
combined with the projected environmentsnh E2 (which provided the realistic context) and the
information elements from E1 (in digitized 2D designs) to create E7. The following Figure shows

two perspectives from this experiment:
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Figure 33: Over the Shoulder and Pactpant View of E7 Experiment Session

E7 allowed for minimal user interaction in order for the research team to better control the user
interface prototype elements included in the experiment. Feedback from E7 was gathered and
analyzed. The discussion belaletails the lessons learned throughout AG6.
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4.2.1.6: Discussion

Quick and rapid iterations in prototyping allowed for seven Experiences to be explored during A6.
Although each was short in its duration, there were many notes and research artifacts for the
researchieam to analyze. The sestructured participant feedback from these Experiences led to
many important decision points during this portion of the research effort. Each Experience had its
own unique benefits and drawbacks. Individual lessons learned draatgExperience will be
shared in the following subections. A final discussion section for A6 will then be described

overall.

4.2.1.6.1:E1: ProjectedElementswith Real World

Beginning with a very lowidelity user interface and user interaction experiment, ¢ésearch

team could quickly gather initial impressions on how the information elements that were developed
in A5 would actually be displayed in a futuristic 3D MR HWD system for first responders. This
allowed for final changes to the designs of informagtaments (colors, sizes, shapes, etc.) in a
rapidly iterative manner. This also standardized the training HUD described in previous Activities.
What was completely lacking from E1 was mobility in the Experience and any sense of a realistic
scenario to prade context to the first responder.

4.2.1.6.2:E2: ProjectedElements on &rojectedEnvironmentvl

E2 added a realistic time poibaised environmental context to the testing scenario. This was
helpful for the PBbased storytelling method goal of placing the pardictgn the proper mental

situation of the moment that was being discussed.

Users continued to remark that they wanted more user interface fidelity in future experiments. The
elements themselves were visually watisigned and displayed within a good cohtxhis stage

of A6, so little was remarked in relation to any element changes, such as apply to the size, shape,
color, etc. Researchers then decided that a mobile version of E2 should be created in order to view
the individual elements in the conterfsvarying realworld background colors and patterns. This
would further progress toward the goal of a futuristic 3D MR HWD system that first responders

could actually use in the field.

117



4.2.1.6.3:E3: Mobile Phone with Real World

E3 included a simple Androidased pssthrough camera mobile phone application. This
application allowed for 2D information elements to be placed on a 2D screen that showed a video
version of the real world in front of the phone. The user was required to hold the mobile phone
with their ownhands in this experiment. This gave a more realistic sense of the environment and
brought to light how some information element designs would not be feasible in some scenarios,
due largely to color choices of elements. It became especially obvious thatattaeteristics

(color, brightness, etc.) of realorld objects often would occlude what was displayed on the
HWD, so a more controlled testing scenario was necessary in future experiments in order to keep
the user focused on gathering feedback on the ingerface prototypes themselves. A celor
limited nightonly mode of operation for these experiments would later become the time of day
that was preferred for experimental purposes in order to decrease the issues that arise from daytime
HWD HUD operationsimilarly to what previous researchers in this domain have indicated for
many yeargJ. L. Gabbard, Swan, Zedlitz, & Winchester, 2010; Joseph L. Gabbard, 1997)

The lagest drawbacks from E3 were the limited FOV (determined by the resolution and screen
size of the device) and the requirement of the user to hold the device in order to view it. It is also
important to note that a 2D screen and 2D objects were used becagsekly-deployed 3D

option was available to the research team at the time E3 was developed. These shortcomings will
be addressed in later iterations and Experiences. Users continued to mention their desire for more

user interface fidelity in future expments.

4.2.1.6.4:E4: Mobile phone with Lowfidelity VR World
E3 marked the first experiment that utilized a visualtgluded HWD. The physical hardware

used in E4 was the same as E3, but included a virtually generated environment in place of a camera
passthroughvideo mode of operation. In this VBased experiment, the first attempt at creating

3D user interface objects and user interaction motifs was accomplished. Additionally, the VR
HWD could be placed within a hol gerategsecdndavyi c e

control devices.
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The largest drawback from E3 was the occlusion of thewedd environment. Although the
research team had enough practice with secondary user interaction devices during development
that they could control them withouisual reference of the controllers themselves throughout an
interaction session, the first responder participants were not able to operate the controls without
seeing the realorld device. Although experiments were performed, because the targeted users
were unable to complete the task, the setnictured interview was ineffectual in gathering useful
feedback on the user interface and user interaction system beyond the truth that no user was able
to customize their HUD. A complex interaction system, tleeeefrequires an accurate virtual

analog system within a VR environment experimentation scenario.

4.2.1.6.5:E5: VR HWD with High-fidelity VR World

E5 moved to a higher resolution consusiexel development version of a VR HWD. This also
included a larger FOV with aitional user interaction devices. With this additional functionality,

a higherfidelity virtual environment was created in which the user was allowed to move
themselves around. The same HUD customization in previous experiments was also present in E5.
Useas generally enjoyed this more-itepth and immersive user interface and user interaction

Experience, but called for aMR version where the real world was not occluded.

While most users enjoyed this experience overall, the user interaction level walsagery
involving moving the character around the virtualized world. HUD customization was available to
perform, but the research team was unable to provide an analogous virtual representation of the
control devices that were available to them within thewRId. This, in turn, meant that a user

was still required to memorize how to operate the user interaction device. This proved less effective
than hoped when tested with first responder participants due to the training time required to learn
the interacthn system before a user would become proficient in its operation. Users again repeated

their desire for more user interface fidelity and capability in future experimental settings.

About 40% of all users who tested this VR system (including the reseamhated other co
workers) suffered from simulation sickness; thereby discouraging the use of this fully occluded

technology in future Experiences. Every attempt was made during the development of this
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experiment to decrease the nauseous feeling of sinulsit&ness, but it was never removed to

the degree that everyone could participate in E5 without motion sickness. While there were many
different iterations of this application within E5, only the final version was tested with the first
responder participd pool. The level to which simulation sickness could potentially negatively
impact the perceived and actual functionality of a futuristic 3D MR HWD system designed
specifically for first responders meant that future Experiences would need to relR-txased

HWDs whenever possible.

Finally, a large amount of resources were dedicated to specialized programming that could only
be used in the VR HWD for E5. While this provided a more immersive virtual Experience to
participants, this also meant that a largetipn of the effort expended to make E5 a worthwhile
experiment could not be used in futbi®-based HWDs.

4.2.1.6.6:E6: TetheredAR HWD with Low-fidelity VR World

Starting with the code base from E4, the research team ported that concept to the E6 testing
scenario The greatest change that occurred by this point in the research effort was a cutting edge
professional grade ARapable HWD that was acquired by the research team. Essentially a beta
release of an Androilased mobile device packed into the form facfoa onobile HWD, this
headset would allow the mobile applications of previous experiments to be used in a much more

convenient, handsee HWD.

Because the virtualized world of E4 was being reused in E6, the AR feature of this new headset
was not maximizeduring experiment. Although the VR environment was being projected through
the display of the HWD, it did not fully occlude the rearld environment of the participant pool.

This allowed for a relatively fast iteration of the E4 code base to the new Whkiéite the first

responder participants were finally allowed to fully customize their HUD as they saw fit.

There were many drawbacks to the overall E6 scenario. The largest complaint from the first
responder participants was the smaller FOV with thecapdble HWD. While this was an
understandable tradeoff to the research team, the first responders responded very negatively to the

reduced FOV. This smaller FOV also meant that the movement of the information elements was
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highly restricted; all users essentiay pl aced t he el ements at the b
Many participants also remarked that they would decrease the number of elements displayed

because of this smaller operational area.

Because this was a beta release product, there were mamgreadnd hardware issues to contend

with. Overheating, system crashes, and/or user interaction device inconsistencies occurred during
nearly every dat@athering semstructured interview session with first responder participants.
Regardless of the precaaris taken by the research team, this specific HWD was quite unreliable

in its prepublic release form. This showed the research team that they needed to control as many
of the variables of E6 as were possible in order for future experiments to be agbtubwverall

progress of the entire research effort.

4.2.1.6.7:E7: TetheredAR HWD with ProjectedEnvironmentvl

E7 was the final experiment within A6 and served as the cumulative exemplar of what a futuristic
3D MR HWD system for first responders could be. Dudéosoftware and hardware complexities

and inconsistencies of previous Experiences, E7 was designed to befadlighvisual user
interface experiment, but without user interaction capability. In technical terms, the HWD of E6
was reused in this exparent, which displayed a highly customized set of information elements
developed from E1. At the same time, the time point scenario examples of E2 were projected on a
large wall in front of each participant. This gave an immersive and realistic feel testhreg
scenario, but with the addition of a much more realistic HWD than had been utilized previously.
In order to sync all of the display systems in E7, all display surfaces were tethered and controlled

by a series of three laptop computers.

Each partigpant reiterated their desire to have a larger FOV, higher fidelity user interfaces, and
user interaction capabilities in future experiments. Some software and hardware bugs persisted in
this highlycontrolled experiment, but these were dramatically reduoamipared to EG6.
Additionally, the research team had been using the HWD of E7 for a few weeks at this point in the

research effort, so working arounndturée. he exper.
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4.2.2: Additional Discussion

As participant feedback was gatkd, the research team attempted to gradually increase the level
of user interface fidelity. As will be continually referenced throughout this paper, every first
responder participant always requested more user interface and interaction fidelity denng ev
semistructured interview session. When determined to be easy to add, interactions were included
in various experiments (i.e., E4, E5, E6), but often proved distracting to the overall purpose of the

experiment in relation to increasing the user intarfiadelity of the system.

Interestingly, from apost hocanalysis perspective, only E3 allowed for truly #iethered
experimentation. This was another complaint that users consistently provided during every semi
structured interview session that involvedethered experience (i.e.,-E2, E4E7). To emulate
a futuristic 3D MR HWD system for first responders, it was important that future Experiences

include nonrtethered interface and interaction devices.

In order to rapidly prototype, no Experience cooddranked as truly higfidelity at this phase of

the research. Rapid iteration required a small scope and a low level of resource dedication for this
effort. While some Experiences (E5, E6, E7) relied on previous work, when it was available, each
experimet had to be designed, developed, and executed in a matter of days. The largest constraint
during A6 was the limited time to complete this portion of the overall research and gather data
based output artifacts for use in later design and rapid protogrpéons.

By the end of A6, the research team and first responder participants were comfortable with the
design and visual execution of the basic training HUD with the test HWD technologies. From basic
hardware projector tests to cuttiegge betaelease AR HWDs, a dynamic range of
experimentation testbeds were employed throughout A6. A firm understanding was achieved by
the end of A6 of the common response scenario as it relates to a single assaulter acting within the
futuristic 3D MR HWD environment. Theesearch team now felt qualified to explore additional
team member roles and increase the user interface and interaction fidelity of the common response

scenario.
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4.3: Activity 7: Storyboard 2.0
While A6 helped to create many different user interface Expersetiat could be tested with first

responder participants during fast, iterative evaluations, A7 was designed to add breadth to the
user interface scenario and prepare for an interactive user interface prototypeirsy@8mhe
following Figure shows th&/CD design methods employed during A7, along wité research

artifact outputs

Activity 7

Semi-structured Interviews,
Storytelling, Small Focus Group,
Brai 2

Additional User Roles

Figure 34: A7 Overview

4.3.1: Method
4.3.1.1: Participants

Six first responder participants were individually interviewed in a s&mictured fashion
throughoutA7. Two of these participants became SME representatives for A7 and were integrated
into the research team for approximately two work wegKmal small focus group was held with

four first responders to critique Storyboard 2.0.
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4.3.1.2: Instruments

White board &ketches and other physical adigital creationdevices were used as instruments to
build analog and digital artwork. Additional notes were taken during interview sessions, digitized,

and later analyzed by the research team.

4.3.1.3; Procedure

Each participant waasked toprovide more detailed information about the common response
scenario. Initially, the participants were questioned as to which two team member roles from O1
might benefit the most from a futuristic 3D MR HWD system for first responders. All enits

agreed that a command and paramedic team member perspective would greatly benefit from such

a capability.

With the command and paramedic team member perspedtivasnd, the five time point
organization and PIbased storytelling methods employegmevious Activities were used again

here to place each participant in the common response scenario. Being that these additional roles
had generally been ignored by the research team prior to Briefaexperimental version of O1
wasexecutedn order to @ther the necessary information on thadditionalrolesandto rapidly

design and prototype the command and paramedic team member perspectives. The following
guestions were asked of each first responder participant, adapted from the same typesmsé questio
asked throughout O1:

1 Attime point X (where X representss)
o Which kinds of information do you use today to do your job?
0 What pieces of information do you utilize during this time point?
0 How are these information elements communicated to you today?
o If anything were possible, what kinds of information would you like to have access

to?

o

What pieces of information would you like to utilize during this scenario?
o How would you like to be notified of an information element?

o What is the best way to communicateinformation element to you?
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o While you aredoing your job what information elements are the most important
for you to haveat this time poir?

o Of these elements, what is the priority of information to communicate to you?

The research team, now with thenefit of having worked in the first responder domain for the
previous year of this effort, was able to much more quickly gather the general information required
from these sernmstructured interviews. When necessary, additional follguguestions were ksd

and discussion related to the common response scenario was recorded via handwritten notes. When
the initial six interviews were finished, researchers had enough information to begin creating
prototype designs and research artifacts for review andimggation with first responders. Two

first responders volunteered to integrate into the research team, represent the voice of the SMEs,
and rapidly iterate through myriad design sessions to create a newly updated version of the
storyboard originally develped during O1. During this period of storyboard development, the
most critical information elements identified during each time point were standardized and vetted
with first responders, as was also done duringAd#dnal small focus group session wasdelith

four first responders to ensure the accuracy of Storyboard 2.0.

4.3.1.4: Summary

Notes from the interviews were recorded by the research team, digitized, and a Content Analysis
was performed after each partici pA/andéhefirst espon
six interviews lasted approximately one hour. The iterative design woidrmpedwith the two

SME representatives within the research team lasted approximately two work weeks. Hundreds of
hours of design and prototype work were perforrdadng A7, spanning approximately three

work weeks of effortA final focus group was held to verify Storyboard 2.0.

4.3.1.5: Results

One consistent complaint from first responders during this entire research effort that has not been
detailed previously had beeretfocus on only one membership role in the overall team. This was
initially limited by design in order to reduce the scope of the effort and ensure that the concerns of

the mostendangeredeam member role were addressed first. It was also necessaryt tdalian
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input from first responders because the research team had no prior experience in this domain.
However, by the end of A6, it was clear that the research team was competent in the first responder
domain and capable of exploring additional team ralesld breadth to the effort. These two roles
were researched-depth and a new storyboard was created, similar to the one discussed in O1 of
this report. The revised storyboard included a much greater level of detail for the common response
scenario, alog with the three chosen perspectives, which would be used for this and all future

Activities.

One example of an ideation session from one time point of the medic perspective is shown in the
following figures. The first shows the output of one interviem iterms of the priority of
information that needed to be communicated to the first responder during one time point of the

common response scenario

What do we need to know

* Blood 02
* Body Temp

* Pulse

Figure 35: Identified Priorities of Information for Paramedic Perspective

The net Figureshows an ideation design and prototype session with one participant tteat help
identify what specific information elements would be displayed and how those would be

communicatedsimilarly to the procesgerformedduring O1:
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Dots indicate
normal level

Numbers Indicate
Concern Areas

Assault:
T-100.3 F Pres- 180/60

Details on biofeedback can always be
viewed on lower display

Flashing orange
dot indicates
medical attention
required

Treating a byjje;
armor leg. yse

of Wound,
per and Type
'\dr\‘:[\:v or iness (Peacehma)

String on hang

(or can tear one off clothing)

First aid reminders and treatment options
can be accessed through display.

9 Line medevac form can be filled
out via voice to text.

Figure 36: Ideation for Medic Perspective
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The following Figure shows a picture of one of the research team design sessions that was held
during the storyboard creation, including two artistdGD researcher, and a first responder SME
representave:

) N,

Figure 37: Storyboard Creation Session

A final storyboard was developed by the research team and verified by first responder participants

in a small focus groupDue to the complexity and length of this documird 14page, 4K
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resolution artifacti the storyboard is not included as antemt citation in this chapter. See

Appendix A for the revised Storyboard in its entirety.

4.3.1.6: Discussion

Because of the addition of tedmased perspectives, it was necessary to develop mamy ne
information element representations. A simplified and expedited version of the same information
gathering processes followed in O1 was performed during A7. New elements were prioritized,
designed, and vetted with first responder participants. This dmulderformed in a rapid and
iterative fashion due to the domain knowledge of the research team by this stage of the overall
effort, in addition to the makeup of the research team itself. First responder SNBs,
researchers, artists, and graphic desigwers all celocated in the same physical workspace and
were able to work together every day to progress the overall research effort. This rapidly iterative
design and prototyping could not have been performed as easily in a telecorrypging

environment.

While some small issues were encountered during A7 (e.g., SMEs not always agreeing on what to
name a specific element), no large methodological interruptions occurred. TasE®
storytelling method, combined with sestructured interviews, small focugroups, and

brainstorming sessions were very effective in developing the storyboard during A7.

It is important to note that while this moredepth storyboard was developed, the main focus of

the research effort remained on the nmesslangereteam membe the first person to answer the

call of the common response scenario. However, the first responder participants reacted very
positively to the revised storyboard and were very clearly engaged in its creation; they appreciated
the work that went into créag it and were happy to spend tirdeveloping it alongside the

research team

129



5: Objective 3 (O3): User Interactions

For the benefit of the reader, the following Figure communicates the three overall Objectives of

this effort. See previous chapters for mdetails related to this graphic:

Objective 1 Objective2 Objective 3

ldentify User Interfaces User Interaction
Requirements

Figure 38: AbbreviatedResearch Effort Overview

Along the course of interface development, this work wdlhtinue toexamine human factors
research questions relevant to each objeciihe. folowing chapter describes O3 of the effort,
which encompasses a description of rapid design and prototype user intebasgon

experimentation. O3 answers RQ5 and RQ6. The stated RQs of O3 are as follows:

1 RQ5:How do first responderdesireto interact wih critical information?
1 RQG6:How does the context in which a user experiences a prototype efféutettzetion

feedback theyprovide?

The following Figure depicts an overview of the planned methods that will be used during O3,

along with the resultingesearch artifacts:

130



Activity 8 Activity 9 Activity 10

Semi-structured Interviews, . . . .
Storvtelling, Brainstormins, Semi-structured Interviews, Semi-structured Interviews,

Small Focus Group Sterytellins, Brainsterminy Storytelling, Brainstorming

Figure 39: Objective 3 Overview

Like the discussion in the previous chapter, this chapter includes three unique Activities (i.e., A8,
A9, A10) that comprise the research work of @8th the completion of thaitial information
requirementgiatheringof O1 and user interface design and prototype iterations in O2, the research
team performda final series of iterativéesignand prototypghases during whicBD MR HWD

system user interactiongere explored.O3 wasinformed bythe results of @ and O2.A post
mortem analysis of the methods and tools utilized duBwill be describedater for this portion

of the research effart

5.1: Activity 8: User Interaction Prototype

The original purpose of A8 was to creatbighfidelity user interaction prototype that was based

on the lessons learned from previous Activities. It would incorporate the consistently requested
high-fidelity level of operational user interaction between the participant and the HWD system.

The formal addition of user interaction design and prototyping in A8 marked an important

mi |l estone in terms of the research teamds r esfg
levels of interface and interaction capabilities in the prototypemsysthe following Figure shows
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the UCDbased methods employed by the research team during A8, along with the research artifact

outputs created:

Activity 8

Semi-structured Interviews,
Storyteliing, Brainstorming,
Small Focus Groun

Figure40: A8 Overview

5.1.1: Method
5.1.1.1: Participants

18 total participants were interviewedlimidually in a semistructured interview session during
A8. Nine of the participants were from the ideal first responder user profile while the remaining
participants were neBME users that could provide more technical feedback on the overall user

interface execution and interaction motifs of the experiments.

5.1.1.2: Instruments

Handwritten noteswhite boardconcepts, and digital system engineering files served as the
instruments used here. Allhite boardesearch artifacts were digitized via photograph anegdto
for later analysis by the research team. Three different Experiences were developed during A8.

These Experiences are described in more detail in the following sections:
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5.1.1.2.1:E8: Tethered AR HWD with HigHfidelity VR World
E8 utilized the same ARapable HWLCrom E6 and E7, but with a higidelity VR environment
projected onto the headset to provide additional situational awareness. E8 also had several user

interaction control devices integrated into the Experience, including the following devices:

Small Blwetooth keyboard

Fingeroperated mouse

Gesturetracking haptic response armband
Touch pad mouse

Touchsensitive glove

Bluetooth direction pad

= =2 =4 A4 A4 A -

Earphones (for audio feedback to the user)

This resulted in an experimental testbed with visual interface sin@atd what was executed in
E6, but with a suite of thirgarty consumer interaction devices that were designed to allow the
user control of the HWD systenfihe display hardware utilized an Andrdddsed device with a
binocular optical sethrough displaywith a resolution of 720p with a total FOV of -8@grees
diagonal.

5.1.1.2.2:E9: Tethered AR HWD with Real World v1

E9 was a simplified version of E8 with the removal of the fidelity VR world used in that
Experience. The same user interaction options existed E8.The display hardware utilized an
Android-based device with a binocular optical 4keugh display with a resolution of 720p with

a total FOV of 3edegrees diagonal.

5.1.1.2.3:E10: Large FOV AR HWD with Real World

E10 was a further simplified version of EStlwithe removal of all user interaction devices
from this experiment. It was meant to showcase a large FOV AR HiWwbhardware utilized

a binocular optical setthrough display with resolution df200p with a total FOV of 120
degrees diagonal.
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5.1.1.3: Procedure

Three Experiences were developed during A8. Each release candidate version of each Experience
was tested with first responder and technical experts. Theel@@se development versions of

each iterative prototype were only tested internally with the reséaaoh. The same five time

points of the common response scenario were explored and served to mentally structure each
experiment. PEbased storytelling methods added further context to the situational awareness of
the participant. The commaielvel team merper profile was the targeted user for E8 and E9,
while the assaulievel team member profile was the targeted user for E10. Users were given a
brief verbal tutorial about the interaction systems included in the experiment, including voice and
gesture capaltties, along with physical buttons that would change the information displayed on
the HWD. In all sembtructured interviews with endsers for E8 and E9, the following questions

were asked, similar to the questions asked during A6 of the research effort

1 Atall time points:
o Perform a voice command to change your HUD.
o Perform a gesture command to change your HUD.
o Press a physical button to change your HUD.
o What do you like/dislike about this Experience?
1 What would you change for future Experiences?

1 Is thee anything else you would like to share with us?
The semistructured interview questions for E10 were as follows:

1 Atall time points:
o What do you like/dislike about this Experience?
o What would you change for future Experiences?

o Is there anything else yauould like to share with us?

The results from each test were recorded and later analyzed by the research team. A final small
focus group session was held with two first responders and the research team to summarize the

findings of A8.
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5.1.1.4: Summary

Notes from eeh of the three Experiences were digitized ambst hocContent Analysis was

performed by the research team.

5.1.1.5: Results

The end of A7 marked the decision point of the research team to formally adthesdrcontrols

and interaction motifs to the first remmpler testbed system that would be implemented in O3.
Because previous attempts at integrating -bssed controls had not been the focus of prior
research experiments and had generally failed to provide usefutergered feedback, a more
formal desigrof the concept was needed. An example of one ideation session for a control system

is shown in Appendix B.

Several control systems were also designed conceptually and were physically implemented in later
Activities. In addition to the more idepth storybard scenarios from A7, increasing the fidelity
of the system was important to give more realism to the experimentatiorbassst interaction

was designed and implemented in several different modalities:

Voice command input to system

Gesture input to sysi

Physical controller input to system (via various controller buttons)
Haptic feedback to user

Voice feedback to user

= =2 =4 A4 A -2

Visual feedback to user

Each participant was asked to give general feedback on what they did and did not like about each
Experience. Théhree Experiences of A8 resulted in different research artifacts. Additional detail
on each of the Experiences will be described in this section, including relevant example Figures

where appropriate.

5.1.1.5.1:E8: Tethered AR HWD with HigHfidelity VR World

E8 utilized the ARcapable HWD from E7 within the context of a hifythelity VR world.
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Similarly to E6, the context of the VR world was visible by increasing the brightness of the HWD
to its maximum setting without the HWD being fully occluded. An example settipsodlisplay
system with its associated support cables and testing environment is shown in the following Figure:

Figure41: E8 Display Experiment Example

In addition to these support cables, several custom hardware bracketslegeggned and 3D
printed to allow for additional capabilities in the HWD system, as is shown in the following Figure:
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Figure42: Creating Custom Hardware

Finally, a set of user interaction and control devices was designecugindsbwell, including a

touchsensitive glove, shown in the following Figure:
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Figure 43: Touch Glove Device

Additional consumetevel gesture tracking, haptic feedback, keyboard, and mouse devices were

selected to integratetmthe user interaction testbed, as appear in the following Figure:

Figure 44: Additional Interaction Devices
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Each of these devices was given to the user in order to operate the user interface system. The
unseen digital voice ctmol system was also operational during E8. The participants were
guestioned and results were recorded. However, many technical glitches occurred throughout the
experimentation of E8, so little useful data was actually collected during E8. No singleassen s

during E8 was successfully executed to its completion; therefore no resultant data will be shared

here.

5.1.1.5.2:E9: Tethered AR HWD with Real World v1

After the hardware and software failures of E8, a simplified version of E9 was quickly iterated that
remowed the VR environment and allowed for a display of information elements only within the
real world office workspace of E9. E9 had all the same interaction capabilities of E8 and the same
semistructured interviews were conducted with first responder acdknial expert users.
However, each experiment in E9 also was unsuccessful in its completion; there was always a
software or hardware error that required the test to be stopped, so no usefehtrserd feedback

was gathered during E9 apart from the gaheecessity to build a more reliable user interaction
system. As a result of no successfully completed participant experiment, no feedback data will be

shared here.

5.1.1.5.3:E10: Large FOV AR HWD with Real World
A professionalgrade large FOV AR HWD was acquirby the research team during A8 that had

not been part of the original design and prototype plan of this Activity. After the hardware and
software failures of E8 and E9, E10 was simplified to a dispidy user interface system; no user
interaction systenwas used to operate it. This greatly decreased the complexity of the E10
experiment and allowed the research team to properly test and refine the software required for this
Experience. Several dynamic information elements were displayed (e.g., comMBassrkers,

time of day, head pose, system messages) in addition to a few-8gegkimformation elements

meant to convey general concepts (e.g., a navigation route, radio operation). While these elements
had been tested before, the HWD used in this expatinas over twice the viewable FOV of
previous Experiences and allowed the research team to experiment with how information elements

might be reconfigured and redesigned in this larger physical display setup. The following Figure
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displays a oneye perspetive on this HWD of the navigation time point within the common

response scenario in the assault team member profile:

Figure 45: Seethrough Optical Display of E10

5.1.1.6; Discussion

Three interaction Experiences were created during\iey iterations were made within each of
these Experiences in order to find an appropriate tradeoff in terms of what was feasible (e.g., in
terms of commercialhavailable resources) and possible (e.g., in terms of rapid prototyping, short
iteration timescales) to accomplish. While E8 included stat¢he-art, custorrbuilt hardware and
software systems, the hardware and software was utterly unreliable for experimentation with first
responder participants and did little to actually progress the reseHorh overall. When a
participant was placed in the testing scenario with all of the user interface and user interaction
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capabilities that had been designed into the system, the research team was unable to predict how
many time points could be exploredtwthe participant. Additionally, once the system inevitably
crashed or failed to respond, the research team was unable to salvage the test without resetting the
entire system. No endser test of all five time points of the common response scenario was ev

recorded.

Using the VRbased ES8 display system represented a step back perseived progress as well,

but the ARbased version of the same experience, E9, also had to remain tethered to a single
location in order to allow usdrased interaction toccur or to provide any storyboard context to

the experience. Without a VR environment, there was very little visual context provided to the
user in terms of experiential immersion because the test had to be conducted indoors with a power
supply and sevef@omputers to operate it. Users expected, at this stage of the overall research
effort, that everything would be wireless and they could walk anywhere they wanted to experience
A8.

With the removal of the VR world context in E9, the same software anavagrdroblems
plagued the research team. No comprehensive test including all five time points of the common
response scenario was ever recorded with aresearch team participant. The hardware and
software of E9 was still too complex and unreliable teceke a reliable experiment. One
particularly challenging difficulty during E8 and E9 was from a commereaibjilable armband
device that was meant to track alenel gestures. Researchers determined through a series of
internal software testing that ghilevice only worked on participants that had very little arm hair.

If you had hairy arms, it would not function at all.

After the hardware and software systems of the previous two Experiences, the E10 system utilized
a professionagjrade larger FOV tethed AR headset. While the tethered HWD remained another
common complaint across first responder participants, the physical tether allowed for this larger
FOV to be possible in the first place. Although this detracted from a futuristic 3D MR HWD
capability hat was being designed for first responders, the software systems built for E10 were
extremely reliable and every sesitructured interview with participants was completed

successfully.
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The largest problem experienced during this Activity was the custodwhee and software built

for the research testbed. While highly competent developers were used to create the needed
software systemiswhich only worked consistently during internal testingnce the systems were
deployed to a user, they failed to fulctifor myriad reasons that could never be remedied one
hundredpercent of the time. Some of the reasons for which the system would fail include the

following:

1 Voicerecognition subsystem:
o Training often required to recognize uUs
o When trained, usewnas required to give several duplicate commands before the
system would recognize the command
o Commands were often not recognized after several attempts, resulting in user
frustration
1 Gesture/haptic subsystem:
0 Users with hairier arms were not recognizedlat
o Gesture training was required
o Gesture motion required exact movement patterns; very low tolerance for variation
1 Interaction control subsystem:
o0 Bluetooth devices often powered off and failed to reconnect to software system
o Touch glove was sensitive becoming detached from hardware cabling
o Complicated button controllers required user training
1 HWD subsystem:
o High-power requirements for
A HWD had to be plugged in at all times

A HWD often overheated and system froze

The unreliability of these systemsstdted in very low levels of interaction and user interface
immersion; the antithesis of dedicating scheduled time and resources to developinrficeligh
prototype in the first place. After these failures, it was essential for the research tearalt@mtee
the current trajectory of the effort andakgn the effort goals with the practical execution of UCD
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based experimentation for a 3D MR HWD interaction system.

5.2: Activity 9: Action Elicitation
While A8 helped to develop several prototype systemesettprototypes did little to create an

I mmersive user experience overal/l due to haro
was to reevaluate the outcomes of A8 and create -usetered design documentation and
concepts that could be implementatbian interactive prototype and tested with first responders.

It was also essential that the output of A9 would be reliable and provide useful UCD feedback to

the research team. Finally, a series of experiments were performed with a large pool of first
responders to address the RQs of O3 to a reliable degree of certainty. The following Figure
communicates the methods employed during A9 and the output research artifacts that were made

during it:
Activity 9
Semi-structured Interviews,
Storytelling, Brainstorming
Figure 46: A9 Overview
5.2.1: Method

5.2.1.1: Participants

One first responder student joined the research team for A9 and served as the representative voice
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for this Activityds design process. A set of
study for A9. 23 first responder students waterviewed individually in a structured interview
session for the fulsized study during A9. Each first responder student was a member of the Corps
of Cadets at Virginia Tech. None of the students used in A9 had prior exposure to the research

effort.

5.2.1.2: Instruments

5.2.1.2.1:E11: Projected Elements on a Projected Environment v2

Whiteboarding, digital sketches, graphic editing software, and video presentation instruments were
used in A9.A more physically and visually immersive environment was then created in a
laboraory office building, including the following characteristics of the common response

scenario:

Full-screen projected situational environment (simulated by a video game)
Testing protocol script (to establish the storyboard and testing scenario)
Gesturebasel video recording devices

Audio recording devices

= =2 =4 A4 -

Immersion tools used by the participant:
o Tactical vest
o Ballistic helmet

o Airsoft rifle

The following Figure is useful to communicate the physical organization of the laboratory
environment, including the duprojector setup in relation to the test subject and research team

computing devices:
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Projector Screen

Kinect

s19ndwo)

Projector A | Projector B

Figure47: E11 Laboratory Environment Setup Diagram

Video, audio, and skeletal tracking recording devices were used sptdstedContert Analysis
could be performed by the research team. The results of the test were cataloged in a spreadsheet
format for later reviewThe display hardware utilized two traditional projectors, each with a

resolution of 1080p thata wldastsamawn odn 68 &.roan s

5.2.1.3; Procedure
5.2.1.3.1:Pilot Study

The participant was first required to sign an Institutional Review Board (IRB) release for this and
the remaining Activities of O3 that included student participants. After donningniinersive

gear provided by the research team, the student was introduced to the common response scenario
and was instructed to provide concurrent thahdud feedback for all of their actions. These

instructions were provided verbally and displayed on takiw front of them.

A set of demographic information was gathered from each participant (e.g., name, age, technical
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expertise level). Once ready, three priming questions were given to the participant to introduce
them to the prompts that would be usedthe test. These questions included a justification

statement, followed by a command, as is shown in the following example:

T You want to communicate the number it woo t

1 What action will you performa¢ c ommuni cat e 0?he number At wo

The participants were then questioned accordingly at the appropriate time point of the experiment

to perform the following actions:

Select and hide an element
Select and cycle an element
Clear and restore their screen

Activate and deactivate system

= =/ =4 A

Senda text message

Before each question, the research team would move the video game character to a new position
in the virtual environment. Each type of question was asked at least twice during the experiment.
At the end of the test, each participant wasdskhat they liked and disliked about E11 and what

they would change in future versions. Each structured interview session was recorded via multiple

devices fompost hodligital cataloguing, Content Analysis, and review by the research team.

5.2.1.3.2:Full Study

An updated version of the information elements from A8 were redesigned in A9. These elements
were arranged in a HUD format for the first responder assault team member profile that had been
used in previous experiments. An updated version of the common respaesario was also

developed. These research artifacts are included in the Results section.

The participant was required to sign an Institutional Review Board (IRB) release for this and the
remaining Activities of O3 that included student participantrinésvs. The subject was asked to

wear a tactical vest, ballistic helmet, and an airsoft rifle that were meant to increase the realism of
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the testing scenario. The common response scenario was explained to the participant verbally and
displayed on the waih front of them. A reatime video game environment was also projected on
the wall in front of them, which added to the realism of the scenario.

A set of demographic information was gathered from each participant (e.g., name, age, technical
expertise legl). Once ready, three priming questions were given to the participant to introduce
them to the prompts that would be used in the test. The participants were then questioned
accordingly at the appropriate time point of the experiment to perform the fofj@gtions:

Clear and restore their screen
Select and cycle an element
Select and hide an element
Select and show an element

Send a text message

= =4 4 A A -

Activate and deactivate system

Before each question, the research team would move the video game charaotaw fgoaition

in the virtual environment. Each type of question was asked multiple times during the experiment.

Each structured interview session was recorded via multiple deviceposir hoc digital
cataloguing, Content Analysis, and review by the neteam.

5.2.1.4: Summary

The video and audio results of each participant were reviewed by the research team and converted
into a spreadsheet data format that <catalogue
was performed. No time limit was enforcedritig any interview, no participant withdrew from

E11. Most tests lasted approximately-AB minutes. A prototype experimental testbed was

designed and tested in A9.
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5.2.1.5: Results
5.2.1.5.1:Pilot Study

As explained earlier, A9 includes many new and updated researchtartiésigned to reevaluate
the progress that had been made in A8. The common response scenario was changed slightly to be
more directly applicable to the situational environment of the experiment and to include the context

shown in the following Figure:

» You are acting as a soldier in the year 2020. You have
very advanced technology to help you do your job
better and to come home safe, including information
shown on a heads-up display, also known as a HUD. Your
current HUD displays information relevant to your mission,

Including a compass, weapon status, radio status, text
messages, the time of the day, a fixed-center radar, and
a retficle. You've been asked by your tfeam to clear a
few rooms. You've already arrived at the target building
and are ready o breach the doorway to your left.

Figure 48: A9 Pilot Study Scenario Overview

A newly updated set of information elements was also designed to show arbggiation set of
more complex data representations. These were largely borrowed from popular videdlgame ti
and modified as necessary to fit within the display constraints of E11. These elements were

organized into a standardized HUD, as shown in the following Figure:
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Figure 49: A9 Pilot Study Training HUD

Additional versions ofeach information element were also developed to allow for certain

experiment prompts to function (e.g., select and change the element).

The following Figure shows a thiplerson perspective of the testing environment with the student
first responder partipant. The common response scenario description is shown on the wall in
front of the participant and the multiple computer and recording devices required to execute the

experiment are visible around the room.
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Figure 50: A9 Pilot Study Testing Environment

Because A9 was primarily a design exercise, no further research artifacts were developed.

5.2.1.5.2:Full Study

Small design revisions were made to the information elements used in the pilot study of E11. The
default HUD presentation forétfull study is shown in the following Figure:
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Figure51: E11 Full Study Training HUD

Additionally, small changes to the common response scenario description were also made:

You are a member of a SWAT team in the year 2050.héme very advanced technology

to help you do your job better and to come home safe, including information shown on a
headsup display, also known as a HUD. Your current HUD displays information relevant
to your mission, including a compass, radar, raditust text messages, weapon status, the
time of the day, and a reticle. You have been asked by your team to clear the compound.

You have already arrived at the target building and are ready to breach the doorway.

The following Figure shows that the envimantal immersion and other supporting technologies
used in the pilot study of E11 were otherwise unchanged for the full study:
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Figure52: E11 Full Study Environmental Immersion From the Tipedson Perspective

The firstpersonperspective of the participant appeared as shown in the following Figure:
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Figure 53: First-person Perspective of Training HUD in Full Study of E11

E11 provided myriad datbased research artifacts. Three priming gestures wieree@lby the
research team in addition to 17 generic actions in each interview. Participant actions were

classified into four general categories:

1 Gesture
1 Verbal

1 Physical
1 Eyes

Gesture actions generally utilized a large body motion, like waving a hanoh an &ront of the
participantds body. Verbal actions generally
system. Physical actions generally involved pressing a hardware button of some kind. Eye actions
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generally were intended to activate an -tgeking system within the HWD device. For
standardization across all subjects, any action directly utilizing an eye as a means of user
interaction (e.g., looking at a specific information element and intentionally blinking at it) was
considered an eye action.héh more than one category of user interaction was clearly used, this

was noted foposthoo esear ch analysis as a fAiComboo categ
frequency with which each of the four categories of user interaction were utilized dweihglt

study of E11:

Total Number of Action Responses, Organized by Category
300

280

250
200
150
100
50

86
33 7
L -
N —

Gesture Physical Verbal Eyes Combo

Figure 54: Total Number of Action Responses, Organized by Category

The data indicates that the vast majority of actions performed (n=280) used a-typsure
response. When graphed in a pie chart formatfatowing Figure shows the percentages of each

category response:
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Total Percentages of Action Category Responses
Combo
Eyes 3%
6%

Verbal
7%

Physical
20%

Gesture
64%

Figure 55: Total Percentages of Action Category Responses

While 64% of all action responses included a gesture, when paired with the second most popular
respons, Physical, the two top categories of action responses incorporate 84% of all responses.
To further break down the data, the following Figure describes the number of action category
responses organized by each of the 20 total questions from the experiment
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Number of Action Category Responses, Organized by Question
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Figure 56: Number of Action Category Responses, Organized by Question

This Figure shows that in all but the last two questions, the majority of user responses fall in the
gesture category. When gesture and physical categareexombined, they are always the

dominant responses across E11. Additionally, the large majority of combo action responses fall in
the final two questions of the experiment. The data can be additionally analyzed when the action

responses are organizeddgch participant, as is shown in the following Figure:
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Number of Action Responses, Organized by Participant
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Figure57: Number of Action Responses, Organized by Participant

While two participants relied on eymsed responses for the majority of their actions, these users

represenbutliers to the common trends of the remaining first responder pool.

5.2.1.6: Discussion
5.2.1.6.1:Pilot Study

Because of the failures from A8, it was necessary to design a failsafe research testbed Experience
that could be quickly deployed in order to gather useful feédbadow first responders would

prefer to interact with a futuristic 3D MR HWD system. While A8 attempted to physically integrate

a set of user interactions, it was shown to be too unreliable to gather usefténteeed feedback.

The highlycomplex rapil prototype system of A8 ultimately failed. A9 was meant to take a step
back, rely on previously proven and reliable -B&sed storytelling methods, and design an
experiment that could gather the interactimsed data that was originally designed to bleegat

from A8, but could not be recorded because of highly unstable hardware and software products.
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The research team considered the addition of aural simulation to E11, but decided to omit it so as

to avoid any communication interference during the ssractured interview discussions.

In order to ensure a successful first responder experimentation session, A9 included no software
programming to operate and no functional user interaction hardware was utilized. It was a
manually operated Experience thajuged two research team members to operate. Each recording
device was manually started and stopped. Tkgame player that was designed to represent the
first responder in situ was controlled by a researcher as well. The successful execution of each
expeiment, therefore, was completely dependent on the competency of the research team in
carefully performing each step on their own. This required much greater care on the part of the

research team during each interview session, but resulted in reliabkpaathble test results.

With the data gathering process clearly defined and shown to reliably gather the necessary user
centered feedback, the research team was able to runsadldlexperiment with a large pool of

first responder participants.

5.2.1.6.2:Full Study

Although 23 subjects were interviewed in total, the recording devices used to track the participant
data failed during the 23est. Only the 22 fully recorded user data sessions were presented in the

Results section and used during the analysis of A9

A rapid iteration in design allowed for a single Experience to be explored during A9 that resulted
in quantitative and qualitative data points that directly addressed the RQs of O3. While A8 was
intended to address these same questions, the relialfiibatorapid prototype failed to yield

gualitative results to progress the overall research effort.

The largest complaint from participants was due to the lack ofhassd control during this
experimenti a sentiment that should sound-tib familiar bynow to the reader. While every
participant in each rapid prototype experiment continued to express this desire throughout the
entire research effort, it was important to step back from this continued request during A9 of the
overall research in order t@nrepeat the mistakes of A8.
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From an external observeroés perspective, it i
participant pools during A9. While previous Activities utilized higtigined SME participants
that met the criteria of ehideal first responder, as described in O1, it was necessary to move to a

different participant pool for many reasons:

1 The research team was no longerlmmated fulltime with the ideal first responder
participant pool used in previous Activities

1 The useof PD-based storytelling methods had previously proven higkigctive in
mentally situating first responder participants into the common response scenario, so it was
postulated that more generalized first responders would appropriately fill the riekdef
experimentation session

1 Corps of Cadets members have training similar to other first responder groups (e.g., police,
paramedics) that perform the common response scenario regularly; they simply represent
a more novice subset of these same groups

1 Cormps of Cadets members might have greater levels of familiarity with future technologies
(e.g., play more video games, study more future trends, more prone to ideation)

1 As defined initially in this research paper, Corps of Cadets members clearly fall der t
same umbrella definition of Afirst respond
Corps of Cadets members were available and eager to participate in experiments
Corps of Cadets members represent a greater representation of the general population of
first responders instead of the higlsyecialized SMEs that were reliegon in early
Activities

1 One of the conclusions of the expert SMEs in O1 was that the common response scenario
was an action familiar enough across the secbased first responder domain, that it

would apply to a moreaneralized domain, like that of the students used in A9.

It is important to also note that the number of measured responses (i.e., 440 actions) from the
participant pool (i.e., 22 users) represent a very low level of statistical variation. Only two
participants utilized an eye response at all; three used a verbal action. Half of the participants
utilized physical actiongt is expecedthat in future experiments of this type, that more specialized
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SMEs would follow similar trends with the vast majoritytbém utilizing gesture and physical

action responses to these same question prompts.

It is important to note a slight variation to the Gesture Elicitation method described in Chapter 2
of this paper. While the Gesture Elicitation technique for gatheriefuuslCD feedback was
followed generally, this Activity was designed to explore muitidal methods of communication

that might be most natural and intuitive to the first responder participants interviewed throughout
this Experience. While Gesture Elicitat focuses on gestures alone, any conceivable type of
action response from the participant pool was considered a valuable response to the overall
research effort. While Gesture Elicitation, as practiced by its current experts, is focused on gesture
baseddevelopment, the more general actlmased prompts utilized in this Activity provided a
more broad response set than would have been achieved by a strictly-gasaarenterview

prompt.

Confident that an understanding of the actions participants exgeetform in a futuristic 3D MR
HWD interaction system was established, A10 addresses the ongoing desire to have more control
over the interaction testbed and a renewed attempt to more carefully implement user interaction

control devices into the experinmahtestbed.

5.3:  Activity 10: User Controls

While A9 helped to create an Experience that could reliably be tested with first responder
participants during a fast, iterative experiment, A10 was used for a final user interaction prototype
system that could be ntrolled by the participant themselves. This included myriad rapid design
and prototype iterations over 12 months of time to develop a reliable set of Experiences. The
following Figure shows the methods used and research artifacts developed during A10:
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Activity 10

Semi-structured Interviews,
Storytelling, Brainstorming

Figure 58. A10 Overview

5.3.1: Method
5.3.1.1: Participants

The same first responder student participant from A9 served as the voice for A10 in partnership
with the research team. 10 first responders were interviewed in &gaptured manner @ather
feedback on the final versions of each interaction Experience.

5.3.1.2: Instruments

Whiteboarding, digital sketches, and presentation instruments were used for design iterations.
Designs were created for a newly released untetherethmeggh ARbased HWD.Various
software and development suites were used to construct each Experience. E12 and E13 formal
experimentation was performed in a similar laboratory environment to E11, including the tactical
gear worn by the participant and a projected virtual immemnvironment. More details on each
Experience are described in the following sections:

5.3.1.2.1:E12: On, Off, Cycle
A newly released untethered AR HWD was acquired by the research team. This HWD used
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existing development tools that made the creation of E12uellatasy to deploy compared to
previous Experiences. The research team targeted a limited set of user interactions to execute in
E12. The user was provided the training HUD from E11 and could use the gaze tracking of the
HWD to turn any information elemeé on, off, or to cycle through a set of elements that would
change the specific visualization of that piece of data. A single Bluebasttd game controller

was used to perform these three interactions with a limited set of controller buttons. Thoes vers

of E12 were ported from the same basic code base, but resulted in slightly different

experimentation characteristics:

1 El2a:Untethered ARHWD wi/projected environment v2
1 E12b:Mobile phone w/lowfidelity VR world v2
1 E12c:Mobile phone w/real world v2

The same video game virtual environment of E11 was used again in E12 to provide additional
context to the participant in the laboratdrgsed experiementhe E12adisplay hardware utilized

a traditional projector with a resolution of 1080p thatwasshawn@ 6. 56 scr een at
60 from t he pEeHWDchargwarLtilizesl a Wiadowisbased device with a

binocular optical sethrough display with a resolution of 720p with a total FO\3b{fdegrees
diagonal.The E12hdisplay hardware uiied an Androiebased smartphone withrasolution of

445pi n a 50 size that was sdegree diagonal F@QVTh&ER2che ad s e
display hardware utilized an Andrelthsed sm@phone with a resolutionof 44%pn a 50 si z e
wasshownata ari abl e distance of |l ess than 26, derg

device.

5.3.1.2.2:E13: Menu Comparison

The same novel AR HWD of E12 was used here, along with the same game controller interaction
device. The user was allowed to interact with E13 bygisvo different designs of menu systems:
radial and linear organization. A precorded video game virtual environment was played for the
participant in place of the researciventrolled environment of E12. A screen shot of this video

file is shown in tle following Figure:
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Figure59: E13 Video File Screen Shot

The same three versions of E12 were replicated for E13:

1 El13a:Untethered ARHWD w/projected environment v3
1 E13b:Mobile plone w/lowfidelity VR world v3
1 E13c:Mobile phore w/real world v3

Video and audio recordings were made for later analysis and categorization of user feduback.

E13a display hardware utilized a traditional projector with a resolution of 1080p that was shown

on a 6.50 screen aet paardiiscti §eeldveD hertiwdréetizéa om t h
Windowsbased device with a binocular optical $keugh display with a resolution of 720p with

a total FOV of35-degrees diagonallThe E13bdisplay hardware utilized an Andreizhsed
smatphone with aredutionof445p n a 50 si ze t hat was -degteewn i n
diagonal FOVThe E13display hardware utilized an Andrelshsed sma&phone with a resolution

of445pi n a 50 size that was shown atgoawherathe abl e
participant held the device.
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5.3.1.3: Procedure

The student first responder was asked to create several updated versions of the information
elements of the updated common response scenario. The feedback from A9 was used to create
more legible data presentations that could be displayed on the untethered AR HWD. Six
computer science undergraduate students joined the research team during A10 to build and test
E12 and E13. The Experiences that were developed focused on a single user interaction request:
to customize the training HUD. The following Figures represent the results of one of the design

sessions from E13:
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Figure 60: E13 Design Session
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