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Abstract

In human spaceflight, advanced user interfaces are becoming an interesting mean to facilitate
humanmachire interaction, enhancing and guaranteeing the sequences of space operations. During
their average six month stay aboard the International Space Statioajority of theastronauts'
working time is scheduled for maintenance and mission specific tagiseatch payloads. To ensure

the reliability of such operations, each payload task is assigned to a standardized procedure that is
providedon the Station Support Computer (SSC), a laptop computer laterally fixed to the working
area, which constantly caltsr switching between perceiving and executing an instructBesides

failures of alternating attentiorsuch guidance modés characterized by effortful tegown
processing, unnecessarily loading the working memory, which can be caused by the coamudexity
inappropriate presentation of the instructional information as well as lwsil search to localize

the target area in questioks a result, the performance quality of payload operations can suffer from
an increased workload level and thus beaegisk of astronaut errars

The effortshithertomade to ease astronauts' intravehicular operations have shown strong interests in
using novel humagomputer interactionn a variety of ways. One promising approach is the
utilization of Augmented RealitgyAR), which not only enables the integration of the instructional
information into astronauts' field of view, it also supports fast bettpmprocessing to direct attention
towards the area of intereSteveral projects have been launched to takentagef AR, but were
predominantly driven by technological innovations, neglecting the aspect of Human Factors, which,
however, is required to provide effective and efficient system, fulfilling the users' needs.

Complementary tsuchtechnologicaldriven aproaches, the work presented in this thesis is directed
towards a usedriven design for ARassisted space payload operations, iteratively solving issues
risen from the problem space. Compensating the lack of considering Human Factors implies different
chdlenges, whereby the first one needed to be, meimands for controlled field testing in a
summative way to verify that AR has the real potential to replace the common guidance interface and,
in the best case, is capable to decrease the effort spenk@etBigmance, increasing its quality. A
further gap, not closed by competitive worissthe thorough investigation of specific cainatis for

task localization, which not only implies the visual search of the@tfen target area, but also the
subsequet detection of the hview target objects. While this research is targeted towards solving the
tradeoff between exocentric and egocentiie stimuliandmode of perceptigrother research needs

to be conducted to counterbalance the loss of input medalisually provided by the SSC. Before
discussing concrete approaches to design an AR input device, its placement is just as important as
fundamental, which requesia appropriate spatial reference syst@ssuming that such an interface

is operated by icect touch, it can be placed in a worldead or handreference. Because the
underlying visuomotor coordination is influendaglgravity, such research on AR device placement
needs to consider being operable under modified gravity conditions, especdglyweightlessness.

By closing these gaps by relevant research on hwoamputer interaction as well as by tackling
challenging questions arisen from this research, this thesis presents its justified course of action and
rephrases its findings to proeduidelines and principles, not only complementing existiegign

rules for usability, but also supporting interface designers to deploy a good conceptual model for AR
assisted space payload operations from a Human Factors perspective.
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Kurzfassung

Mit dem Fortschritt der bemannten Raumfahrt steigt auch das Interesse an dem Einsatz innovativer
Benutzerschnittstellen um nicht nur die Mensthschine Interaktion zu erleichtern oder effektiver

zu gestalten, sondern auch um einen korrekten Arbeitsablauéraistellen. Wéahrend ihrer
durchschnittlich sechs monatigen Aufenthalte auf der Internationalen Raumstation, besteht die
Tatigkeit der Astronauten hauptsachlich aus Wartungsarbeiten sowie der Durchfiihrung von
Forschungsaufgaben an sogenannten Nutzlastemnddur Durchflihrung dieser Arbeiten ist jede
Aufgabe mit Hilfe einer standardisierten Prozedur beschrieben, welche eine genaue Durchfiihrung
garantieren soll. Die Darstellung solch einer Prozedur wird auf dem Station Support Computer (SSC)
bereitgestellt,einem Laptop Computer der gewdhnlich seitlich am Rack befestigt ist. Diese
Anzeigemodalitat zwingt den Operator zu einem standigen Wechsel zwischen der
Informationsaufnahme und dem Arbeiten am Forschungsmodul, sowie zu einer aufwéndigen
visuellen Neuausthtung vor jedem Ausflhrungsvorgang. Neben dem Problem der sténdigen
Allokation alternierender Aufmerksamkeit, fihrt diese Form der Anleitung zu aufwandigen
konzeptgeleiteten (tedown) Verarbeitungsprozessen, welche durch die Komplexitat und der
unangemesenen Darstellung der Anleitungsinformationen, aber auch durch die visuelle Suche zur
Objektlokalisierung verursacht wird und somit das Arbeitsgedachtnis in unnétigem Mal3e belastet. In
Folge dieser Mehrbelastung steigt das Fehlerrisiko wahrend der Dunahdiither Arbeitsaufgaben

und birgt somit die Gefahr menschlichen Versagens.

In den vergangenen Jahren wurden wiederholt Anstrengungen unternommen, die Innenbordarbeiten
an den Forschungsmodulen zu erleichtern, welches ein vielfaltiges Interesse an areuartig
MenschComputer Interaktion mit sich brachte. Als ein vielversprechender Ansatz zeigt sich hier die
Anwendung der Erweiterten Realitat (engl. Augmented Reality, AR), welche nicht nur eine
Integration der relevanter Informationen im Blickfeld des Astubeia ermdglicht, sondern auch zu
schnellen datengeleiteten (bottaqp) Verarbeitungsprozessen fiihrt, wobei die visuelle
Aufmerksamkeit préaattentiv gesteuert werden kann. Bis heute wurden verschiedene Projekte initiiert
um diese Vorteile von AR fur die Artien an Forschungsmodulen zu nutzen. Diese waren jedoch
vorwiegendtechnologiegetriebeand vernachlassigten den Aspekt der menschlicher Einflussgréi3e,
welcher jedoch eine Voraussetzung fir wirkungsvolle und leistungsfahige Systeme ist.

Komplementar zuliesentechnologieorientierteAnsatzen, konzentriert sich die vorliegende Arbeit

auf einemutzerorientierten Ansatz, welcher zum Ziel hat die vorherrschenden Probleme schrittweise
in einem iterativen Designprozess zu losBer Ausgleich des Mangels an Bek8ichtigung des
Faktors Mensch erfordert zunachst die Durchfiihrung eines kontrollierten Feldtests, um zu prifen ob
AR Uberhaupt qualifiziert ist das vorhandene Informatiomsl Assistenzsystem zu ersetzen und im
besten Fall sogar den Aufwand bei defgabenausfuhrungenken und so deren Qualitat verbessern
kann. Ein weiterer Iterationsschritt erfordert eine griindliche Untersuchung spezifischer Methoden
zur visuellen Objektlokalisierung an den Forschungsmodulen. Diese besteht nicht nur aus der
initialen Suche aulierhalb der visuellen Anzeige, sondern auch in der nachfolgenden Zielortung im
Sichtbereich. Wahrend sich diese Forschung auf das LosenZiedisonfliktes zwischen
exozentrischen und egozentrischen Hinweisreizen beziehungsweise Wahrnehmungsweisen
konzentriert, haben andere Untersuchungen das Ziel den Verlust der herkbmmlichen Eingabegerate,
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wie zum Beispiel der Tastatur, auszugleichen. Bevor aber konkrete Ansadtze zum Gestalten einer
kompensierenden AR Eingabeschnittstelle diskutiert werden, ist rdge Fhach der raumlichen
Position grundlegender und wichtiger. Vorausgesetzt, dass solch ein Eingabegerat mittels direkter
Beruhrung bedient wird, kdnnen Weltkopf- oder handbezogende Referenzsysteme zum
Positionieren genutzt werden. Da die dabei zugeliegende visiomotorische Koordination
wesentlich von der Schwerkraft beeinflusst wird, sollten diesbezigliche Untersuchungen die
Auswirkungen verandernder Schwerkraftbedingungen, insbesondere der Schwerelosigkeit,
bertcksichtigen.

Bei Beantwortung diesdfragestellung durch relevante Forschung im Bereich Me@schputer
Interaktion, sowie bei der Verfolgung weiterfiilhrender Forschungsfragen, préasentiert die vorliegende
Arbeit neben deren Bedeutsamkeit und methodische Vorgehensaabedie Formulierung ier
Erkenntnisse in Form von Richtlinien und Grundsatzen. Diese sollen nicht nur bestehende Normen
der Usability im Allgemeinen erganzen, sondern konkregrfacedesigner dabei unterstitzem
benutzerzentriertes Konzept zur GestaltunglfeRierter Assitenzsysteme zur Unterstiitzung von
Innenbordarbeiten an ISS Forschungsmodulen zu entwerfen.
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Chapterl Introduction 1

C h apter 1 "A common mistake that people make when tryii

design something completely foolproof is to underesti
the ingenuity of complete fool:

|ntrod uction (Douglas AdamsMostly Harmless1992

The ntroduction chapter presents the motivation for the use of Augmented Reality to assist
astronauts during intravehicular space operations. Describing the problem identifies missing issues
and promotes the research objective by formulating the thesis staterAa overview of the thesis
activities constitutes the interdisciplinary scope and establishes the basis to state the major
contribution of this work. Final outlining of the workflow of this thesis illustrates the organization of
the chapters that areriefly described.

1.1 Research Motivation

On an orbital space station, like the International Space Station, astronauts have to deal with a huge
amount of work under challenging environmental conditions. In the absence of gravity they need to
perform compdx tasks that require deep concentration and -pighision movements. The
adaptation to weightlessness and hummathine interaction are challenges that strongly impact the
level of astronaut's performance and is of extreme importance to ensure the fificaespace
mission. As shown in Figure 1.1, the tasks that astronauts have to accomplish are generally classified
into two categories as extravehicular activities (EVA) and intravehiculiasitas (IVA). Beside of
extraerritorial explorations, like # lunar surface exploration by the Apollo program from 1969 to
1972, EVAs are longluration activities conducted outside of a spacecraft and are always associated
with a spacewalk, which requires wearing of an Extravehicular Mobility Unit (EMU), a sphitegui
provides astronauts with life support functions. For example, from 1993 to 2009 several EVA
missions were required to conduct repair and maintenance tasks of the Hubble telescope. However,
regular EVA tasks are currently conducted to maintain atehexthe International Space Station
(ISS). In contrast, IVAs are task activities done inside a space station and are including a variety of
different functions that have already been conducted from the beginning of manned space stations
aboard the Russigdalyut 1 in 1971 until now aboard the ISS.

Such IVA tasks are ranging from operating to maintaining the space statmu&zvousnaneuvers,

like the docking of the Automated Transfer Vehicle (ATV). A majority of intravehicular tasks for an
astronaut ansists of the performance of space science experiments. Such experiments are conducted
for scientists on ground, whose research is engaged with better understanding of the effect of
weightlessness on physical and life science phenomena. While for hdenacidnce experiments,
astronauts also act as subjects (see Fig. |&f®), biological, physical and material science
experiments are conducted by means of research payloads that are regularly housed in a standard
rack, also known as International StartiRayload Rack (ISPR), that is an uniformly sized rack to
accommodate different types and configurations of science equipment. The operation of the ISPRs
requires regular maintenance and repair tasks as needed. A single experiment or maintenance task at
an ISPR may last between thirty minutes and two hours on average and may amount to significant
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workload. To ensure the consistency and reliability of such ISPR tidkinternational Partners of

the ISS prograrhave designed and developed a standardizembgure format (Pruzin et al., 2003).

The Operation Data File (ODF) formiggmizes the necessary tools, the prescribed time period and a
sequence of testased instructions complemented by visual resources. There is a specific ODF
procedure for every IS8peration that will be conducted stbp-step in cooperation between the
astronaut and the ground team of the responsible User Support Operation Center (USOC) to ensure
that a task will be performegk precisely as possiblgecause astronauts have to gamut numerous

ODF procedures, strictformatted procedures guidance is crucial for the success of an operational
task and is therefore intensively practiced as part of the astronaut's ground training.

Figure 1.1: Extra and intrarehicular activities of astronauts' wolleft) ESA astronauHans Schlegel
conducting extreehicular activities (EVA) working at Quest Airlock of the ISS [PhOtdlASA, 2008], and
(right) ESA astronauFrank de Winne conductyy intravehicular activities (IVA) working athe Human
Research Facility (HRF) Radk the European Columbus laboratory of the IFP®otoO NASA, 2009]

1.2 Problem Statement

Successful space missions are vitally depending on human performance to ctankéetecurately

in a reasonable tim&Vhile astronauts are carrying out maintenance and mission specific tasks at
ISPRs using PODFs (Payload ODFs), they obtain the necessary information and instructions from a
laptop computer, called the Station Suppartputet (SSC), which is laterally installed at the rack

! The "Station Suppo€omputer" (SSC), also referred to as "Crew Commanding Station" (CCS), is a laptop computer to
provide crew operations arsthare ISS resources the"Operations LAN" (OPS LAN), while the"Crew Support LAN"
(CSL) provides personal Web access. Most SSCs aravibeThinkPads, complying with the T61p model.



Chapterl Introduction 3

constructior(see Fig. 1.2jight). During such guided operations, astronauts are forced to change their
view constantly between the SSC and the region of operation at the ISPR, which can leadfto los
focus, loss of concentration and attentiBesides this risk of failure of attention, it is conceivable
thatthe current guidance mode additionally implies increased costs of human information processing,
which is conditioned by a high perceptual aognitive load during the reception of the instruction
information and the subsequent task localization. Such shortcomings may reduce the performance
guality, increase the operator workload and, thus, canteadtronaut errors. Thiarned out to be

even more relevant during lorduration procedures and emergency procedures that were not trained
in advance. These issues indicate the need of a proper contemporaryhachame interface (HMI)

to assist the astronaut during scheduled and unschedulegp&yRRd operations in space.

Figure 1.2: Experiment Performance at ISS research payldéft: NASA astronaut Dan Burbank conducts
the Neurospdtexperiment in the ESA Columbus [Ph@oNASA, 2012], ad (right) NASA astronaut Clay
Andersorworks at theMicrogravity Science Glovebox in the U.S. Destiny mod&eotoO NASA, 2007].

Over the last decades tNational Aeronautics and Space AdministratidiASA) and theEuropean

Space AgencyESA) have shan strong interest to ease astronaut's work by applying advanced
humancomputer interfaces, including such as Augmented Reality (ARhough it has been
established thahe procedure standard is limited by its supply of visual resources and needs to be
advanced, the efforts madetoimpreve t r onaut sd operational activit
a fundamental lack of understanding the problem spacexibéng approaches seem to be more
technologydriven not consideringlirectives given by HummaFactors engineering. Thug,érder to
optimize astronautsod payl oad atoidentfytheidravbacksn an
that need to be encounterasl well as to induce dteratively design processatisfying the system

and user neds. Such course of action would also imply the consideration of environmental factors.
Space as probably the most extreme working environiisembt conducive to human performance

and thughe perpetuation of the usability under such extreme environneamtditionsconstitutes a

critical requirement for the design of advanced payload interf&mxsause the absence of gravity

has, amongst others, consequences on the spatial orientation and visuomotor coordination, relevant
restrictions may reduce the béhef advanced payload interfacesspecially thosevhich imply a

direct interaction modality. Although most of thristingAR approaches were field tested onboard

the ISS, they neither were focused on interactive features nor were covered by costindikes)
investigating the effect of weightlessness on astronaut's physical and cognitivbeigll
Consequently, the design process additionally needs to take into account changes of human
sensorimotor system caused by modified conditions of the gfavtty. This enables, for example, to

2 The Neurospat experiment examined changes in spatial orientation and perception affected by spaceflight conditions.
(ESA Erasmus Archig; URL: http://eea.spaceflight.esa.int/portal/exp/?id=9148t visit 28.09.2016)
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detect and compensate visuomotor deficits, which was not considered so far. Thus, the research
presented in this thesis is based on the concept of appropriate integration of Human Factors while
studying the effect of Agmented Reality on payload operations.

This research was initiated by thmestitute of Aerospace Medicihef the German Aerospace Center
(DLR) in 2009. The department of Biomedical Research is, amongst others, responsible for the
preparation of scientif experiments in the Biolab ISPR that enables biological research with a wide
variety of laboratory functionalities to perform under microgravity. In cooperation with the
Microgravity User Support Cente{MUSC), a German USOQJEer Support and Operati@ente}
responsible for the operation of the Biolab ISPR, the DLR has requested to evaluate the benefit of
Augmented Reality for space payload operations, using the Biolab ISPR as case study.

1.3 Advanced User Interfacing using Augmented Reality

In order ttat humans benefit from computational devices the interaction to the computer slyatiem

be proper designed in an effective, efficient, easy, and enjoyable way (Dix et al., 2003). While until
the late 1970s only experts in information technology weredatieg with computer systems, today,

45 years later, everyone will be able to use computers, whether professionally at work or privately at
home. With the arising of the desk metaphor introduced by Xerox and popularized by Apple since
1984 the foundatiorfor HumarrComputer InteractiofHCI) as a research field in computer science
was laid. As stated bilewett andcolleagues othe Curriculum Development Group tfe ACM

SIGCHI (Special Interest Group on Comptithrman Interaction) in 1992:

"Humancomputelinteraction is a discipline concerned with the design, evaluation
implementation of interactive computing systems for human use and with the stt
major phenomena surrounding them." (Hewett et al. 1992)

By considering ergonomic and physiologicabacts, HCI has become a tadoldeveloping and
investigating usecentred computer interfaces consolidating Human Factors engineering and
cognitive science. Beyond desktop computing, soon the technological development revealed novel
device contexts ranginfrom laptop and handheld devicesUbiquitous Computin@gs pervasive
presence of computing in human surroundings, first introduced by Mark Weiser (1993). Whether in
cars, accommodation, clothing or articles of daily use in general, ubiquitous comgintegded to

be everywhere, regardless of the device, location or format. While ubiquitous computing enriches the
physical world with computers, other approaches are mixing the physical world with the digital
environment of computers. ThiMixed Realityis bridging the gap between the real and virtual world
that has established new conditions for HCI towards a combined multisensory level of perception.
The term Mixed Reality" (MR)was defined by Paul Milgram and Funigshinoin 1994 (Milgram

& Kishino, 1994)in their description of th&eality-Virtuality Continuum(see Fig. 1.3) that describes

a gradation between the real and the virtual world. Thereby Mixed Reality can range from
applications in the real world with synthetic objects, referred tAummented RealitfyAR), to a
synthetic world with real objects, known Aagmented VirtualityAV). While AV applications are
integrating something from the real world into a virtual environment intireal and are used for

3 Institute of Aerospace Medicif®LR-ME). URL: http://www.dIr.de/me/|ast visit: 28.09.2016
4 Microgravity User Support Centé@MUSC). URL: http:/Avww.dlIr.de/must, last visit: 28.09.2016
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instance in concepts using a vatustudio, AR applications are using a reverse concept by
dynamically setting up the physical reality superimpasitd virtual objects.

— Mixed Reality —

—_— —
Real Augmented Augmented Virtual
Environment Reality Virtuality Environment

Figure 1.3: The RealityVirtuality Continuum (reproduced from Milgna & Kishino, 1994).

In 1968, Ilvan Sutherland already built the foundation for AR by his development of the first
seethrough display gee Fig. 1.3, leftcoupled with a rudimentary mechanical tracking system
(Sutherland, 1968 But only in 1992Bajura awl colleagues conducted the first attempts of practical

AR use by overlaying 3D visualizations of ultrasound data onto patients to support surgical
procedure¢Bajura et al., 1992 In the same year, Caudell and Mizell (1992) introduced the term
"Augmented Reality" and discussed its applicatiofor aircraft manufacturing With the
technological development of powerful devices for computing and tracking in the 1990s and beside
stationary interface setups, first mobile AR systems used for outdoor applicagomsppearing.

In 1993, Loomis and colleagues constructed an outdoor personal guidance system for visual
impaired (Loomis et al., 1993) using a laptop computer, a head worn electronic compass and a GPS
(Global Positioning System) receiver. Neverthelesditist visual mobile AR system was presented

by Feiner and colleagues in 1997. ThBiuring Machinewas developed as campus information
system and used differential GPS for position sensing and mainly consisted ofhaioagh
headmounted display (HMD)and a laptop computer worn on the person's back (see Fig. 1.4,
middle and right)In 1997, Ronald Azuma reviewed the by then status of AR systems and defined
AR more closely as requiring the fulfillment of the following three criteria:

1. Combine the real and virtual world: AR merges the physical world with synthetic
information, where a user still perceives the usual surrounding.

Interactive in real-time: AR systems are interactive and resgd to user input in redgime.

3. 3D registered in the real wold: AR spatially integrates virtual objects into a real
surrounding by tracking the 3D pose.

Thus, the static presentation of the flight altitude in a pilot's-ngatisplay as an example, fulfills the
requirements according to Milgram's afighino'sdefinition of AR, but lacks the third criterion from
Azuma. With the compliances to Azuma, Augmented Reality offdieat interface to the physical
reality enriched with virtual spatially registered information in téak. This has not only the
potentid of increasing the perception of our daily surrounditgs,also during the performance of
complex working tasksUntil now, AR is investigated and used in a variety of applications areas,
such as, but not limited to medicine, architecture, educatiamirtg, tourism, construction and
entertainmentlThe design and development of AR interfaces ranges across a wide field of researches.
Many projects, like ARVIKA (Friedrich, 2002), StudierstdbéSchmalstieg et al., 2002) or
AVILUSplus®, are focused on impving of the key technologies including pose tracking,
registration, ergonomic displays, visualization and rendering. Alternativédigktdy complex AR

5 StudiestubeURL: http://www.icg.tugraz.at/projéstudierstubelast visit: 28.09.2016
5 AVILUSplus. URL: http://iwww.avilusplus.dglast visit:28.09.2016
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setups, some researchers are focused on handheldVaAghér & Schmalstieg, 20pZnabling
anyone to egerience AR on mobile phones (Gervautz & Schmalstieg, 2012). Overall AR occupies an
important position in the field of HCI research with the potential of being one of the most influential
interface technologies for operations with digital content.

CLE2T O -1 (— F(7:29.30.22.1)
\

Figure 1.4: Augmented Reality in applicatiofleft) the first seehrough display (from Sutherlanti968),
(middle and rightthe Touring Machinas first mobile AR system (frofeiner et al., 1997

Beside of innovative technologies intended to make AR retdyse in smart technical
environmentsthe human performance decides finally on the usability. While AR as interface
technology claims being in the physical reality, resulted AR systems should sattiegreahworld
problems ancffectively ensure a consistielevel of task integration with a provetfigibility ’. To
successfully apply an AR system, it needs to be evaluated related to its task domain. This also
includes that adequate usability tegtshould leave bulky laboratory settings and take place within
the corresponding environment to which the AR system is intended to operate, as well as being
conducted from a representative range ofesers. Thus, AR interfaces should be adapted to human
needs and be optimized for the environmental conditions to which the AR interface will be applied
(Kruijff et al., 2010;Huang et al., 2013;i & Duh, 2013). Besides the lack of adequate controlled
field tests, the wrrent research in Human Factors ondigng AR interfaces is presumirigrrestrial
conditions and therefore normogravity. Its adoption to operations under weightlessness is a unique
challenge that strongly affects the level of usability @mas it is of particular importance to
investigate whther the human performance is adequately preserved under altered gravity conditions.

1.4 Research Objective and Thesis Statements
In order to support payload operations in an efficiently way, this research discusses and investigates

the capability of mobéd Augmented Reality in consideration of a udeven design process. Because
of the fact that altered gravity has a tremendous effect on the human physiology and psychology, and

therefore also on userso6 perf orhmeesearehneedstorbeand! i ng

timely addressed on environmental restrictions given by the condition of weightlessness. Because
payload operations also demandetder commandbased instructions, the loss of traditional input

” "The longterm goal for many AR researchers itold usable applications that people prefer over conventinetiods
and with which they perfon tasksbetter. This requires identifying applications that banefit from AR and building
good interfaces to suppdhose tasks.(Livingston, 200%

8 "Getting useful results with cognitivevaluations usually requires hag subjectsvho are reasonablprecise represen
tatives of the intended endser population."Huang et al., 2013
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devices needs to be compensatksl.aresult, this research aims to deepen the understanding of
problems faced by payload operations in reference to Human Factors, as well as how AR can
contribute to this problem space. Finally, the research findings should provide guidelines to support
and @timize the design of an adequate AR assistance from a Human Factors perspective.

Hence, the research objective can be simply stated by the following main goal:

To improve thework of astronauts during intvahicular payload operations by means of advanrsed
interfaces using Augmented Reality.

To reach and verify the main goal, the following hypothesis statements have been drafted:

H1l: Augmented Reality is capable to fulfill the requirements of payload operations.
H2: Augmented Reality enhances thefpemance of payload operations.

H3: Augmented Reality decreases the workload during payload operations.

H4: Augmented Reality is operable under altered gravity conditions.

H5: Handheld Augmented Reality input devices enhance the quality of visuomatatir@iion under
altered gravity conditions.

H6: Tactile sensation enhances the quality of visuomotor coordination while operating Augmented
input devices under altered gravity conditions.

1.5 Thesis Activities

The research needed to prove thedityl of the hypothesis mentioned above, have implied various
underlying activities that | conducted in the scope of this thesis at the Institute of Aerospace Medicine
at the German Aerospace Center (DLR) in Cologne. Listed below is an overview of tise thes
activities, whose results airgcorporated into the content thfis thesis:

(1) Studying astronauts' workplagaarticularly in the contd of intravehicular payload
operations.

(2) Studying the effect of microgravity on human sensorimotor system.

(3) Studying thedes and concepts of Human Factors and usability engineering.

(4) Selecting methods for usability testing in an AR environment.

(5) Compiling a survey of selected works done in the field of instructional AR.

(6) Compiling a survey of research on AR task localization.

(7) Compiling a survey of research on the placement of interactive AR interfaces.

(8) Compiling a survey of advanced humaachine intefaces for spaceslated workprocesses
in particularregardingAR interfaces

(9) Identifying challenges and their roots, astrosare facing during payload operations.
(10) Identifying gaps, not closed by competing works on AR supported space operations.
(11) Implementinga high-fidelity prototypeof Mobile AR for Space @erations (MARSOP).
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(12) Designing and coordinating a preaf-concept studyo test the MARSOP system at the
European Astronaut Center (EAC).

(13) Designing and coordinating a grouhdsed user study investigating the spatial orientation of
target cueing during payload operations.

(14) Acquiring, designing and coordinating two experimeamtder parabolic flight conditions,
investigating the placement of interactive AR interface.

(15) Developing and grountdased usability testing of two approaches to enhance direct AR object
selection by means of increased sensorimotoric load.

(16) Implementing higkidelity prototypes used for usability testing related to points-(12).

In addition,one master project artddo master theses related to this thesis topic were announced and
supervised in cooperation with the Department of Computer Science of thedityieé Applied
Sciences BorvRheinSieg:

Shazad, M. (2011). Detection and tracking of pointing hand gestures for AR applications.

Millberg, J. (201). Generierung von Keyframes als Basis fur markerloses Tracking in 3D
Augmented Reality Anwendungen(Gereration of keyframes for
marketesstracking inAugmented Reality applications

Millberg, J. (2012). Markerloses, modellbasiertes EchtZBiacking fur ARApplikationen.
(Markeless, modebased realime tracking for AR applications)

1.6  Contribution

Thisthesis contributes to the area of hurgcamputer interaction (HCI) in computer science and, as a
consequence, also to the superordinate area of Human Factors Engineering (HFE) in ergonomics.
Regarding the specific aspect of altered gravity conditionsthbsgs also contributes to hypand
microgravity research in space life science and space technology. The overall contribution of this
thesis is the improvement of the working process during payload operations that are used for ISPR
tasks by the introduion of AR supported information delivery, also taking its consequences into
account, such as the loss of traditional input devices. This includes the following contributions that
were originated in the scope of this thesis:

(1) Field Testing of Mobile Augmeded Reality for Space Operations.

(2) Evaluation of the effort spent on AR task localization by rditiensional workload
assessment.

(3) Verification of the relevance ¢gfumanindividual predisposition in spatial processing for AR
task localation.

(4) Determinatiorof spatial placement conditions on AR ingievices under altered gravity.

(5) Introduction of gravityadapted interface resizing for direct AR selectioartbance
visuomotor coordination.

(6) Enhancement of visuomotor performance of direct seleon nonhapti AR interfaces.

(7) Providing guidelines and principles to support the desigkRefssisted payload operations.
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Thepreviouslylisted contributions are briefly described below:

(1)

(2)

Field Testingof Mobile Augmented Reality for Space Operations (MARSOP Study)

Contrary to common laboratory usability tests, a field test enables to systematically observe the
behavior of the intended user group in the target environment in question. To verify whether
AR can contribute to payload operations and replace the commoangeidnterface, a
controlled field study is required, comparing both conditions in the course of a summative
evaluation Although previous work on ARssisted space payload operations was tested by
astronauts onboard the ISS (Arguello, 208&heid et al.2010), there was no consideration of
usability engineeringn an adequatevay, it wasrather focused otechnological apsects and
operational testd'he opposite is covered by most AR research beyond the spaceflight sector.
Although AR raises the claim fdhe physical reality, most usability tests take place under
controlled conditions in laboratories and neglect the external validity with respect to the
transferability in practice. Only few usability tests consideaelequate field conditions to
investicate the benefit of AR to instructional reabrld tasks (e.g., De Crescenzio et al., 2011;
Henderson & Feiner, 2009, 2011a, Webel et al., 2DMMbether by insufficient usability test

or missing field conditions, to prevent such inadequacies, it is rageassstrike the right
balance between thevels of control andealism.Hence to demonstrate its feasibilignd get
adequate feedbackhe concept of AR was pronedy field testingat the ESA European
Astronaut Center, which not only provides a reaylpad environment, it also enabled to
recruit participants, who were representative of the intended user poputiieayver, his
should be preceded, on the one hdndan analytic evaluatiorof the problem spagevhich

ideally comprises the analysis akpresentative tasks, the emskr group and the
environmental conditionsThis not only has enabled to identify ttheawbacks of the current
guidance interface (see section 5.1.1), but tsdarify why andhow intravehicular payload
taskscouldbeneft from AR (see section 5.1.2pn the other hand, the prior development of a
full-fledged AR systenis required This was realized by implementinga highfidelity
prototype (see section 6.1)hich enabésthe authoring and viewing dflobile AR for Space
Operations (MARSOP) in an appropriate manrideverthelessthe contributionof this
research is on the one hand to evaluate the benefit of AR to payload tasks in a suwemative
which was not considered so far, and on the other hand to provide eviden&R gupports a
higher level of performance quality than the traditional guidance method. This research
contributes to HCI by applying AR to space technology. While the underlying challenge is
discussed in section 5.2.1, details on the controlled fiskdatied its results are presented in
Chapter &2.

Evaluation of the Effort Spent on AR Task Localization by Multidimensional Workload
Assessmen{ARGuide Study)

One fundamental issue while developing usmntered AR interfaces for ISPR operations is

the sp@tial alignment of the target cues, supporting the localization of the task area and object in

guestion. Thereby the visuospatial perceptitgtivers the necessary informatioém reach

objects in the visual field and to facilitate the human ability td diéf gaze to specific points

of interests. This can be influenced by the reference frame, in which the target cues are coded.
Consequently, a target cue can be coded in an exocentric or egocentric way, each providing its
own coordinate system and proctsspdate the spatial information. Taking this into account,

the common method to guide payload operations by the SSC implies exocentric target cueing,
forcing the astronaut to an effortful visual search at the payload. In contrast, the use of an AR
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®3)

(4)

display, such as a HMD, offers an egocentric perspective, but can vary in the way the target
cues are visualized. While an exocentric display automatically implies the same orientation of
the visualization, an egocentric display can provide either an egoceidalization,
optimally 3Dregistered, as done by AR, or an exocentric one, visualizing the target cues in a
static manner on top of the display, not registered to the visual information attended. As shown
by AR research, it is not clear which kind of plupdating supports the best task localization
(e.g., Tonnis et al., 2005; Tonnis & Klinker, 2006; Robertson et al., 200@&jenica et al.
2011;Khuong et al., 2014 Because it can be reasonably assumed thgtrduess otask
localization depends othe task requirements in question, it is needed to be checked for
payload operations. Thus, a traafé study was conducted to find othe most suitable
reference frame for payload operations. By doing so, an important criterion was identified by
the lak of assessing the effort spent on task localization. Not only in research on task
localization, evaluating the efficiency by the resulting workload level in an adequate way is
usually neglected in AR research. Thus, the taffistudy claimed to assedsetworkload in

its full dimension, analyzing primary and secondary task indicators, subjective ratings as well
as cardiovascular feedback. Therewith, this research makes not only a contribution to HCI by
applying AR to space technology, it also contributegsability testing in AR. To date, there

was no work, showing the relevance and importance of assessing the workload level in an
adequate way. While the underlying challenge of the research on task localization is further
underpinned in section 5.2.2etdils on the tradeff study and its results are presented in
Chapter 7.

Verification of the Relevance ofHuman Individual Predisposition in Spatial Processing
for AR Task Localization (ARGuide Study)

Spatial tasks, like solving of navigation problemddcalize a target object, require human
visuospatial ability of orientation, which is associated with the use of a specific reference
frame. To localize objects in their environment, humans are in general capable to use both
reference frames (egocentricdaxocentric), but are often influenced by a preference.
Research in biopsychology even showed that human spatial behavior is also affected by an
individual predisposition (Gramann, 2013) and has proven the existence of discrete strategies
in spatial navigtion, which means that humans use distinct reference frames in the overall
population for spatial updating (Goeke et al., 2013). This suggests that such distinctions in
spatial strategy should be considered in studies investigating spatial orientatiwiobdike

the evaluation of AR systems for navigation or in general for spatial cuing tasks. Thus, in the
course of the research on AR task localizatitime relevance of individual human
predisposition in spatial processing was investigated additioffdllg aspect was considered

for the first time in AR usability research and, therefore, this research contributes to AR in
HCI. As the research on task localization, this reseiangtesented in Chapter 7.

Determination of Spatial Placement Conditions onAR Input Devices Under Altered
Gravity (3DPick Study)

To release PODF related actions, currently an astronaut uses the classical keyboard and
touchpad of the SSC laptop as input devi@ssides viewing the content, a fllkdged AR

system, to assist pad operations, needs to provide interaction modalities for control or
symbolicinput tasks, sthat the astronaut is able to communicate wittPDBF procedurén

an adequate wagomplying with the requirements demanded by. BBfore designing such
interfaces to optimize, for example, their control elementsnpsertant asundamental is the
problem given by the spatial placement. Presuming direct object selection, an efficient
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(5)

handling of such an interface is featured by its underlying visuomotadination. As shown

by related AR research, this is influenced by the reference the interface is placgdreifer

et al., 1993; Lindeman et al., 1999Bowman & Wingrave, 2001Harrison et al., 2011)
Correspondingly, such interfaces can be placea Wwgrld, body or head reference, whereby a
body reference here will be restricted to the hand. While segdarch on placement of AR
input devicesas been only conducted under normogravity, research on device placement for
astronauts' payload operatiomyolves taking into accou their environmental conditions,
implying the absence of the gravity force. Thus, to evaluate thedyancoordination, resulted

from a world, hand and head reference, it needs to be considered that each of them implies its
ownsensorimotor demand, which is generally affected by altered gravity conditions, especially
those which arecausing deficitsin visuomotor coordinatior(e.g., Berger et al., 1993
Mechtcheriakov et al, 2008Bock et al., 2003Fowler et al., 2008 Although microgravity
research extensively investigated gdambcted pointing movements, it does not provide
relevant findings to answer the question which placement reference is preserving the highest
guality of visuomotor coordination in AR direct object séat. Thus, it was required to study

the tradeoff between the reference types under altered gravity conditions. To answer the
guestion on device placement, two experiments were conducted under parabolic flight
conditions, which provides sherm hyper and microgravity. g until now, neither
microgravity research nor AR research was undertaken to investigate the effect of altered
gravity on visually controlled harelye coordination resulting from a world, hand and head
referenced AR interfacdherewiththis research contributes in two ways: first, to space life
science and, second, to AR in HGNhile the underlying challenge of this research is
thoroughlydiscussed in section 5.2.3, the description of the parabolic flight studies and their
results are gesented in Chapter 8.

Introduction of Gravity -Adapted Interface Resizing for Direct AR Selection to Enhance
Visuomotor Coordination (LAHC/Weight Study)

Although using the surface of an ISPR would be meaningful to place interactive control AR
interfaces, te parabolic flight research has proven that the visuomotor performance on
world-referenced interfaces ideteriorated under shetdrm hyper and microgravity. To
counteract the shortcoming caused by spatial transformation between the body and world
coordnate systems, a resizing approach was introduced that uses the present gravity load to
influence the size and the distance of the interface's pointing targets. This approach can be
applied in two different ways, resulting in either a compressed or ethgaerface. While
compressed resized interfaces contributes with shorter distances, but implies smaller targets, an
elongated resized interface advantages from greater targets, but causes longer distances
between the targets. To detect possible effemgpared to an unaffected interface and solve

the tradeoff between the resizing conditions, a usability test was conducted, which initially
only considereddifferent hypergravity loads. To provide such environmental condition,
hypergravity was induced bwb different simulation methods, which resulted in a case study,
using a longarm human centrifuge, and a follayp experiment usingadditional arm
weighting Guardiera et al., 2008Because this research was intended to enhance visuomotor
performance oworld-referenced AR interfaces, it contributesAR in HCI, but also to space

life science by research under hypergravity. Details on the resizing approach and its usability
testing are presented in Chapter 9.1.
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(6) Enhancement of Visuomotor Performance of Dect Selection on Nonhaptic AR
Interfaces (Haptic Study)

Through the sense of touch, operating direct selection interfaces benefits from haptic feedback
that provides shoiterm regeneration and supports the arm positions sense. In contrast to
world- andbodyreferenced interfaces, heeeferenced interfaces never provide haptic cues

for tactile sensation. Both, under normogravity and altered gravity conditions, operating such
nonhaptic interfaceglrastically affects the visuomotor performance and, thiy tare
unusable. Nonetheless, using heefitrenced interfaces would be meaningful, because of their
short reach and permanent presence. In order to compensate the lack of haptic,faedimck
required to search for an appropriated countermeasureugeea additional stimulation of

the isometric force level of the pointing aramplify the proprioceptive sense of aimed
pointing movement&Bringoux et al., 2012), it is conceivable that additional weighting, as was
usedfor simulating hypergravity, as ggentedn the last paragraph, can enhance the handling

of nonhaptic interfaces. Hence, a usability study was conducted, comparing the visuomotor
performance revealed under different loads to unloaded performance. To prove that possible
effects are exclugely linked to the missing tactile sensation, the study was also performed
under a haptic condition. By improving the usability of nonhaptic interfaces, this research not
only contributes to AR, but also to VR in HThis research on nonhaptic interfateseported

in Chapter 9.2.

(7) Providing guidelines and principles to support the design ofAR-assisted payload
operations

As a result of the research conducted in the scope of this thesis, the findings are reworded to
provide a set of recommendations andiglinesto support the design of ARssisted payload
operations. These guidelines should complement existing design rules, needed to comply with
the concept of usability. Besides guidelines, which are restricted to payload or similar
operations, some findgs are more general and, thus, represent principles, prowdigh

level of generalityto its applicationBy means of these guidelines and principéesinterface
designer should be able to provide a good conceptual model for AR assisted spaak payloa
operations or to continue the iterative design process induced in this thesis. The guidelines and
principles are presented as part of theausion chapter (see section3)0

1.7 Publications andInterdisciplinary Collaboration

In the scope of this thmssseveral publications were released differing in the type of publication
(poster, conference paper, journal article). Conference papers were presented by the first author. All
publications are listed belomccording to their category. Chapters of thesth document, containing

parts of the publications, will be marked as such at their beginninigtémdisciplinarycollaboration

with the Institute of Cardiology and Sports Medicine of the German Sport University Cologne
provided the opportunity for thessessment of biofeedback for evaluating the workload by the heart
rate variability during several studies presented in this thesis.

Journal Publication

(1) Markov-Vetter, D., Moll, E. & Staadt, O. (2013y.erifying Sensorimotoric Coordination of
Augmened Reality Selection under Hypeand Microgravity.Intern. Journal for Advanced
Computer Science (IJACS)ol. 3, no 5, pp. 21226.
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This section gives an overview and a short description of each chapter provided in this thesis. Figu
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1.5 demonstrates the outline and the corresponding affiliations of these chapters that should mirror
the workflow of the activities.
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Figure 1.5: Outline and workflow of this thesis.
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Chapter 1: Introduction

The introduction chapter initially describes the motivation and problem statement addressed in this
thesis. Before clarifying the thesis's metgective, which is supported by adequate thesis statements,
the concept of Augmented Reality is intradd as advanced user interface technology, established in
the field of humarcomputer interaction. To give an idea about the work that was needed to fulfill the
thesis's objective, the thesis activities are listed thereafter, which is followediigng out the
contributions, reflecting the significance of this research. Besides listing the related publications, this
chapter ends with outlining and positioning the thesis chapters, as well as sketching the workflow,
which represents the management of tioekvdone.

Chapter 2: Fundamentals of Astronaut's Workplace

To lay the foundations for a better understanding of the problem space of payload operations, this
chapter presents the astronauts' working environment, specifically those aspects needed for such
operations, which includes the resources provided by the current interface mode, such as the structure
of payloads and they arrangement aboard the ISS, the defined standard of procedures to guide
payload operations and how they are viewed. It is alsoydeEcribed how astronaut are prepared

and trained for their mission, especially for operational tasks at payloads. To get an idea, what
demands an astronaut candidate has to meet and thus supplying the skills of the intended user group,
a typical proces®f astronaut selection is outlined. Because of the fact that working in space is
influenced by environmental factors, fundamentals and related research on changes of human
sensorimotor system under weightlessness are mentioned and described.

Chapter 3: Applied Theories and Concepts for Studying Human Factors

More generally, this chapter provides basics about Human Factors engineering. Besides describing
what Human Factors means, the concept of usability is defined as well as what design rules are
neededd be considered. Because Human Factors claims to meetdrivsardesign, and, thus, it is
needed to consider the capabilities and capacities of the user, this chapter also provides fundamentals
and theories of human information processing. This shaylgast the later analysis of the problem
space, presented in Chapter 5. Finally, this chapter is completed by describing the methods applied in
this thesis to analyze the users' needs.

Chapter 4: Related Work on Instructional AR Beyond Spaceflight and Adanced User
Interfacing for Spaceflight Operations

This chapter is intended to give an overview of selected works done in the field of instructional
Augmented Reality for maintenance, assembling and servicing tasks. Thereby it is taking a closer
look at woks complying with the claim of covering reabrld problems and verifying that they are
benefitting from AR. Additionally, this chapter presents a set of reviews of research on task
localization and the placement of AR input interfaces, both playing aoriamt part when AR is
adopted for payload operations, and not considered so far. While the prior reviews considered only
works conducted beyond the space flight sector, the last section is directed towards works and
projects of advanced user interfaciogese astronauts' work, especially by AR. Because the number
of such works is limitedfive projects will be presented in detail, which supports the competitor
analysis presented in Chapter 5
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Chapter 5: Human Factors as Challenge on Instructional ARdr Spaceflight Operation

To identify challenges tackled in the scope of this thesis, this chapter discusses in detail the problem
space in question, which is supported by the knowledge yielded from the previous chapter. Following
common inspection methots analyze user's needspresentshe results of various analysefsthe

current mode of payload operations. Taking this into account, it is clarified why payload operations
could benefit from AR. By discussing the works done by competitors, the gegisdi® be filled are
specified, which is followed by detailed descriptions of the identified challéogesroborate their

needs On order that the reader of this thesis knows which related issues are not touched, the
restriction and delimitations ofigwork are outlined finally.

Chapter 6: Proof-Of-Concept: Prototyping and Field Testing of Mobile AR for Space
Operations (MARSOP Study)

This chapteputlines and describes the componentheinitial prototype providingMobile AR for

Space @erations(MARSOP), while overcoming thedrawbacks of the current guidance mode
presented in Chapter Background information required to compile fai -fledged AR prototype

and not explained up to here, will be clarifiéthe core part of this chapter is formég the
performance of a proaiff-concept study that meets the requirement for controlled field testing. To
comply with this request, the MARSOP system was field tested in the European Astronaut Center
(EAC) in Cologne, Germany. Thus, this chapter thoropgleiscribes the conditions and results of

this field test, which considered a real payload environment and application domain experts as
representative users.

Chapter 7: Task Localization During Payload Operations: Ege and Exocentric TargetCuing
During Visual Search and Task OperatiofARGuide Study)

Besides understanding an instruction, the astronaut has to spatially process the given target cues to
localize the task area at the payload. To examioee closelythe effect of spatial processing during

visual navigation, this chapter presents research on task localization, which can be affected by the
way the target cues are spatially oriented. By considering amed@xocentric orientation, not only

of the display, but also of the visualization schethis, chapter describes a study investigating the
tradeoff between appropriate correlations. In addition to results yielded from analyzing the
visuomotor performance, this chapter presents results from analyzing the workload level, which was
assessed intd full range, using a du#hsk model, biofeedback and subjective experiences.

Chapter 8: Placement of ARInput Devicesin Altered Gravity: Effects of Short- Term Hyper-
and Microgravity on Goal-Directed Pointing (3DPick Study)

This chapter reports on garimentation on spatial placement of AR input devices that are operated by
direct pointing. Such interfaces can be placed by a world, body or head reference. Unlike the studies
presented in Chapter 6 and Chapter 7, this research takes the environnmatitiains in which an
astronaut has to work, into account. This implies modified conditions of the gravitational force. To
study the tradeff between the placement references in compliance with this demand, two
experiments under parabolic flight condittorwere conducted. Thus, this chapter contains
experimental results from studying the effect of altered gravity on visuomotor coordination, resulted
from pointing towards world body and headeferenced interfaces. The results are supplemented by
taking acloser look at the underlying pointing movement. By analyzing the target's mislocalization
and the trajectory of the aimed movement, this motion analysis aims to make a contribution to the
understanding of the findings.
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Chapter 9: Countermeasures: Enhanement of Direct AR Target Selection by Means of
Sensorimotoric Load

As revealed by research conducted in Chapter 8, the visuomotor coordination resulted from pointing
towards interfaces that are referenced to world's objects and to user's head is abtTgisrahapter

reports on potential countermeasures to improve their handling. Therefore two approaches using
increased sensorimotoric loade introduced. While wortdeferenced interfaces are enhanced by
applying gravitational information to charactiis of the interface, the nasability of
headreferenced interfaces is counteracted by exaggerating the isometric force level of the pointing
arm.Both approaches and related experimentation are described and discussed within this chapter.

Chapter 10: Conclusion

The design process to apply Augmented Reality to space payload operation resulted in six user
studies. In this chapter their findings are summarized, which should support the following review of
the initial thesis statements. By verifying theilfillments, it is discussed wheth#re metaobjective

of this thesis was achieved. Afterwards, the findings are reworded to provide a set of guidelines and
principles tosupport the process of designing AR interfaces for space payload operations from a
Human Factors perspective. Finallge future work section is intended to clarify the next steps to
continue the work presented in this thesis.

Appendix A

This appendix presents the NASA Raw Task Load Index (NASA RTLX) to measure subjective
experience ofmental workload. This rating scale was used during several user studies presented in
this thesis.

Appendices (Bl)

These appendices are arranged by the chapters and named after their related study acronym. They
provide additional contextual materials, Buasfile formats, study tasks, resources, subjective
feedback, sample parabolas and schematics of experiment installations, but mostly descriptive and
inferential statistics not presented in the chapters so far.
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Chapter 2 "Initially, when a prdlem is firsj

presented, it must be recogni:
and understood.

Fundamentals of Astronaut's Workplace (Alan Newell & Herbert A, Simor

Human problem solvind 972

Payload operations are conducted by astronauts aboard the International Space StafiomHiSS
broadly defines the problem space covered in this thesis. To increase its understanding, this chapter
provides information about fundamentals of astronaut's workplaaging particular attention to
International Standard Payload Racks and theiregting mode supported by standardized
procedures, which are developed by User Support Operation Centers and provided by the
international Procedure Viewer, running on a common laptop compuBecause payload
operations are exclusively operated by astnasahe criteria for their selection are outlined, and
therewith constitute the profile of the intended user gitangeted by this thesiBefore astronauts
embark to their missions in space, they will be trainedpanticular for payload operations.
De<ribing these trainings should enable to understand the astronauts' level of knowledge and
experiences, on which their later task performance is baseda$hienportant aspect considers that
astronauts need to carry out their work in the absence of grawence, the effect of weightlessness

on the human sensorimotor system is explained and research on it is outlined.

2.1  Working in Space aboard the International Space Station

Traveling in space aboard the International Space Station (ISS), while @ibéith every ninety
minutes, astronauts' surrounding provides a unique and most unusual place for a human to work. The
astronauts' workplace is located in a nearly circular Low Earth Orbit (LEO) with an altitude ranging
from 350 km to 460 km and an inddition of 51.6 degrees to Earth's equator. Due to the low altitude

and the ISS's dimensions a periodic reboost every 10 to 45 days is necessary to keep the ISS on its
orbit (NASA, 2000). The IS$see Figure 2.1is dimensioned with a length of 73 meter, idtWv of

108 meter and a height of 20 meter that results in a pressurized volume of, 9iteneby 388 th

volume can be used for habitable purposes, and thus, the ISS is the largest artificial manned space
station that has ever been in orbit (NASA, 20T5avelling to the workplace on the ISS, an astronaut

has to accept a journey of around six hours per space flight, today with the Russian Soyivz TMA
spacecraft, where his or her body experiemttesed gravity conditions from @ up to 4 on launch,

close to @ in orbit and up to 1§ duringreentering the Earth's atmosphere. Today, an astronaut or
cosmonaut will stay up to six months on the ISS ithaperated by a full time crew of six astronauts

of different nationalities. To ensure a permanent ocioipathe six crew members are alternating

with two separate shuttle missions with three astronauts per shuttle and an overlap iryheir sta

9 The Earth gravitational force, or shortly gravisyalmost always the sarirelow orbits Thust he term Aal ter ed
is not correct in its physical meaningftae fall or with an increased acceleration only the weight force affecting the body
is changingBecause of its common ughe term "gravity" is defined as the weight forneghe scope of this thesis.
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Figure2.1: The I nternational S p kplaee. The phatd sbows tledSSdramspacen aut s 6w
shuttle EndeavoufPhotoO NASA, 2010]

Inside this orbiting space station, the physical circumstances provide a microgravity laboratory that
enables astronauts to conduct research on behalf of the scientibts gnound that is focused on
gaining a better understanding of the effect of microgr&Vity enhance knowledge in space,
physical, and biological scienceélo provide habitable place to live and work (see Figure 2.2), the
current ISS configuration is.eBide others, featured with three nodes and five modules, which are
mainly pressurized cylinders. Accommodations are located in the Russian Zvezda module (Service
Module, SM), the U.S. Unity node (Node 1), the U.S. Destiny Laboratory, and the European node
Harmony (Node 2) andiranquility (Node 3). These include compartments for waste management,
the toilet, the galley, individual crew sleeping compartments, and some of the exercise equipment,
like a bicycle ergometer and diverse treadm{IdASA, 2015) Beside of external research
accommodation, working inside the 18Spossible almost everywhere in the modules and nodes.
While flight control and propulsion systems are mainly placed in the U.S. Zarya (Functional Cargo
Block) and the Russian Zvezda modutesearclaccommodations to support microgravity science
investigations are mainly located in the research modules (U.S. Destiny, European Columbus,
Japanese KIBO). While the Russian Zvezda module was originally intended only for crew habitation,
it is meawhile featured as multipurpose research laboratory on the ISS. Until now, the five space
agencies, NASARoscosmos, ESA, JAXA and CShave hosted investigators from 83 nations to
conduct over 1700 experiments under kbagn microgravity conditions abaiithe ISS (NASA,

2015). Thus, major research activities are conducted by the astronauts using research racks that house
the experiment hardware and materials. Currently the ISS provides 34 scientific racks with 13 racks
in the U.S. Destiny laboratory, 1@aks in the European Columbus laboratory and 11 racks in
Japanese KIBO laboratory. If astronaut's mission includes the performance of experiments using a

10 Contrary to Earth conditioar normogravity whete the gravity islefined as ¢ = 9.81 m/é, microgravity condition
creates an environment where objects and humans are accelerated relative to their surroundings with a reduced gravity
level 0f9.81 x 10° m/<. In this thesis the termicrogravityis used asynonymfor weightlessness and Og.
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research rack, he or she needs to be extensively familiarized and trained with the specific heck and t
experimental procedure.
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Figure 2.2: The habitable modules and nodes of the ISS. They are providing working and living space for the
flight crewmembergadapted from NASA, 2015)

Because a space missi@yuireshuge efforts at high coststew time is rare and precious. Thiis
important to efficiently benefit from the astronauts' abilities and operations. Therefore the daily
routine of an astronais scheduled in detail by the ground mission cdrara there is not much

room for unplanned outageBesidescommand, control, maintenance and housekeeping duties,
within a weekly work schedule about 35 hours the astronauts are conducting experiments for research
in biology, human physiology, physical darspace sciences. Thereby astronauts are not only
responsible for preparing and conducting scientific experiments, sometimes they also need to act as
subject duringsgome of those experiments.

2.2  Astronaut Selection

Working in space is an outstanding jolatttrequires a high level of perceptual, cognitive and
psychomotor skills. A careful astronaut selecgoisures a certain degree of aptitude to meet its high
demands, but is no warranty for the best performance at work. In space, far away from the Earth,
human errors may have serious consequence caegingmely high costs and effortsr even
life-threatening situations. Thus, prior exclusion of psychological and physiological dysfunctions
provides the best prerequisites to master these extreme workidgiaos. To be chosen as an
astronaut, applicants have to meet a range of strict criteria and pass a wide range of tests. This
selection process will be outlined based upon the last ESA selection campaign, which was initiated in
May 2008 searching for axsperson crew, whereby the final decision was announced one year later,
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in May 2009. As shown in Figure 2.3, before being invited to a specific job interview, each applicant
needed to pass four stages of-pedection: online application, psychology téspsychology test 2

and medical examination. Generally everyone who met the following formal qualifications could
apply for the astronaut job: (ESA, 2009)

1 university degree in natural science (e.g., physics, biology, chemistry), engineering or
medicine;

three years postgraduate professional experience or experience as a pilot;
ESA Member State nationality;

not older than 55 years (preferred age ranged from 27 to 37);

= =2 =4 =1

pilot medical certificateJARFCL 3" Class 2 or equivalent).

In 2008, 8413 Europeans digl to become an astronauts, completedonline application form and
provided the medical certificate. OnBbout eleven percent of them complied with the formal
requirements and were accepted for further tests. These candidegdsetween 24 and 46ars old,

with a mean of 33.2Maschke et al., 2011)n the following psychological selection the cognitive
capabilities and personality traits of the applicants were sequentially tested. These tests were
conducted in Hamburg, Germany, at the Psychologpdbtment of the Institute of Aerospace
Medicine of the German Aerospace Centre (DLR) in cooperation with the French Institute for Space
Medicine and Physiology (MEDES). Beside skills in englisch language, engineering, technology,
physics and mathematiche first psychology selection included various cognitive tests to detect
impairments in: (Maschke et al., 2011)

1 mental arithmetic, memory function, attention, perception, spatial comprehension, reasoning,
psychomotor coordination, multasking and workapacity

1 relevant basic personality skills (emotional stability, conscientiousness, agreeableness,
openness, setfonfidence, flexibility and resilience)

Only about 21 percent of the 912 candidates mastered these tests successful and were invited to the
seond phase of the psychological evaluation. This was more focused on applicants' personality skills
diagnosing the behaviariented personality and investigating skills related to protdelving and
cooperativeness, which was assessed biplaelic Coopeation Test involving decision making,
reliability, working style and stress resistance. This psychological phase concluded with an individual
structured intervievin front of a selection committeahereby the results, obtained from personality
guestionnaies acquired in the psych | phase, formed the basis of it. From the 192 candidates tested,
only 45 complied with the higrequirements applied to the psychological profile and competed in the
medical testhat was conducted by thestitute of Aerospace Btlicine (DLR) in Cologne again in
cooperation with MEDESN the scope of the medical examination the candidates were requested to
provide information about their medical history, current health state, their family medical history and
diseases, as well agbout their social habits and lifestyle. It also implied a set of clinical

1 JAR-FCL 3(in German)URL: http://www.luftrechtonline.de/banz/JARECL3-deutsch_VE.pdiast visit: 28.09.2016

12 The Dyadic Cooperation Test is part of the German pilataksi referred to dLR test". It is acomputer aided test to
examine skills in cooperative problem solving. Under time pressure the participants has to solve a cognitive task (loading
of bridges with different weights), first alone than in a{person team communicating via a headset alternating the
roles as operator and coordinator. Thereby the task is interfered by disturbances and futttsiussiihis enables to
detect applicants' behavioral traits in taking ones role and responsibilities for others. (2€07ep. 318)
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examinations, like anthropometry and diagnostic imaging (Magnetic Resonance Imagery,
Computerized Tomography, Carotid Doppler, Echocardiography), and was finished with a review by
the ESA Medical Selection Board (Pruett et al., 2013). Typically, vision is the most common reason
for disqualification of applicants in aviation and spaceflight, but surprisingly, this time most
candidates were disqualified by cardiovascular causes. TlearZidates that passed the medical
tests successfully, were invited to a job interview. In May 2009, one year after the announcement, the
ESA finally decided for the following six astronauts: (see photo in Figure 2.3, from left to right)
Andreas MogensefDK), Alexander Gerst, (DE), Samantha Cristoforetti (IT), Thomas Pesquet (FR),
Luca Parmitano, (IT) and Timothy Peake (UK). Until now, the &S been continuously staffed

with an international crew resulting in more than two hundred astronauts frorifi@esT countries.
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Figure 2.3: Stages and resulted candidates of {A&SA astronaut selection campaign from 2008 until 2009
(adapted fromMaschke et al., 2011; numbdrem Pruett et al., 2013; Pho@ ESAI S. Corvaja, 2009

2.3 Intrav ehicular ISS Payload Operations

The working schedule of astronauts is tight amdajority of their daily working time is intended for
maintenance and experimental tasks at research payloads, whereby the duration ofconeasess

range from half an hour up to several. This section will consider fundamentals of such payloads in
general and the Biolab in particular, as well as how they are operated by standardized procedures and
how astronauts are trained for such operations.

2.3.1 International Standard Payload Racks

As mentioned above, currently there are 34 internal ISPRs installed in the ISS's research modules,
except in the Russian Zvezda module that does not allow the accommodation of ISPRs. Besides
internal (or pressurizedpayloads that are installed inside the ISS, external (or unpressurized)
payloads are attached at the outside of the ISS modules, like the Matroshka facility, the first external
ESA payload. Matroshka is attached to the Zvezda module and consists ofragghantom upper

torso that enables the housing of radiation measurement devices to study the effect of the orbital
radiation field on astronauts' organs during an extravehicular activity (EVA) (Dettmann et al., 2007).
The Columbus laboratory, for exampieith a volume of 75 m3 provides the capacity of sixteen
internal racks (see Figure 2rjddle andright) that are arranged in four segments with four racks
respectively. While six racks located at the deck and overhead are used to host the subsykiems and
storage purposes, the remaining ten racks are active racks designed for scientific and technological
experiments in the fields of material, fluid, biological and physiological sciences (see Figure 2.4).
The available versatility and resources also ig®a suitable environment for other researches in
applied sciences, process engineering and prototyping of automatic experiments (ESA, 2015b).
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Biolab EDR EPM Express Rack 3 FSL
Biological Experiment European Drawer European Physiology Fluid Science Laboratory
Laboratory Rack Module

Biology experiments o/ Subracksized Investigates the aftts Subracksized A multiuser facility for
microorganisms, cells, experments with of short and experiments with conducting fluid physict
tissue cultures, small standard utilities such  long-duration space standard utilities suct  research in microgravit
plants, and small as power, data, and flights on the human as power, data, conditions.
invertebrates. cooling. body. cooling, and gases.
HRF-1 HRF-2 KOBAIRO MARES MSPR-1
Human Research Human Research Muscle Atrophy Multipurpose Small
Facility Facility Research and Exercise Payload Rack 1
System

Enables esearch on Enables research for ~ Science experiment ra. Enables research on  Multipurpose rack used
physiological, physiological, accommodating a musculoskeletal, for small experiments
behavoral and behavoral and gradient heating furnac  biomechanicaland from various science
chemical changes chemical changes for material studies. neuromuscular huma  disciplines.

induced by longerm induced by longerm physiology.

space flight. space flight.

Figure 2.4: The research payloads housed in International Standard Payload Racks accechimsitk the
ESA Columbus laboratorfadapted fronNASA, 2015)

To carry out scientific and technological experiments under microgravity conditions aboard the ISS,
scientists can either bring their own research facilities to the ISS or can use fittallgéhpayload
facilities that enable research in biology, biotechnology, material science, physical sciences,
technology development and life science. A research payload within the Destiny, Columbus and
KIBO laboratories is usually housed in a standact,reeferred to as International Standard Payload
Rack (ISPR). Individual small or medium sized payloads can be fit in ISS lockers carried in a rack
framework, which allows a fast and easy installation (NASA, 2015). To house research hardware, an
ISPR (sedFigure 2.5 eft) provides 1.35 fhof internal volume with outer dimensions of 1.046 m
width, 2.014 m height and 0.858 m depth (ESA, 2015b).
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Figure 2.5: International Standard Payload Rack for resleaboard the ISYeft) Exploded assembly drawing
of an ISPR ffom NASA, 2015).(middle)The layout of the ISPRs inside the ESA Columbus module (adapted
from ESA, 2015b]right) An interior view of the Columbus modulBhotoO ESA/NASA, 2014]

2.3.2 The Biolab Payload

The Biolab payload is an ESA multser facility and part of the European Columbus laboratory.
Preinstalled within the Columbus, the Biolab was launched on board the Space Atauitls in

February 2008. The Biolab is a modular system hougedn ISPR and is intended for the
performance of biological experiments to study the effect of microgravity and space radiation on cell
cultures, microorganisms, small plants and small invertebrates. The Biolab's subsystems (see Figure
2.6, left) enable hhe incubation and preparation of experiment samples, storing them at cool or cold
temperatures. Biological samples can also be microscopically or photometrically analysed in orbit,
while telescience capability allows scientists on ground to control andantreir samples and to
implement procedural changes Histtime, if necessary (Brinckmann, 199%H8ber et al., 2013).

Spectrophotometer Automatic Ambient Stowage Space Station

(AAS) Computer (SSC)

Microscope

Automatic Temperature |8
Confrolled Stowage
(ATCS}

Handling Mechanism
(HM)

Incubator with two
centrifuges (INC)

Figure 2.6: The ESA Biolab payloadleft) Sections of the Biolab with its cqpunents (adapted from ESA,
2015c, andrinckmann, 1999 (right) The engineering ground model hosted by the DLR in Cologne.

The Biolab payload is divided into an automatic and a manual section. Thereby the automatic left part
can be controlled from the @und and allows the automated performance of experiments following
manual preparation and loading by the astronaut. To enable these features the automatic part is
equipped with an Incubator (INC), a Handling Mechanism (HM), two Automatic Temperature
Contrdled Stowages (ATCS), an Automatic Ambient Stowage (AAS), and diverse analysis
instruments (microscope, spectrophotometer). As core part of the Biolab payload, the incubator
provides a Life Support System (LSS) and contains two identically centrifuges ootor platforms

(see Figure 2.7eft). To house the biological samples, one centrifuge can carry up to four Experiment
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Containers (EC; see Figure 2right) and two advanced ECs. The LSS enables an environment
where the temperature, illumination, gasnposition and humidity can be actively controlled. The

ECs can be individually isolated from the LSS air flow, which is required in case of contamination.
To perform activities on the ECs, a robotic arm, referred to as Handling Mechanism (HM), is, for
example, capable to operate the analysis instruments or to transfer fluids between the ECs and the
Automated Temperature Control Stowages (ATCS). While the ATCSs provide the storage of samples
at low temperatures (from20°C to +10°C), the AAS facilitates d¢hstorage with no active
temperature control for the fluids, syringes, tools or other items needed for the experiments, and both
facilities are accessible by the Handling Mechanism (Brinckmann, 1999). The manual right part of
the Biolab payload is intende store and prepare the biological samples. It consists of the
BioGloveBox (BGB), two Temperature Control Units (TCU) and the Station Support Computer
(SSC). Using the BGB enables manual activities on the samples in an enclosed and clean area with an
adjustable filtered air stream. To prepare an experiment, the astronaut loads an EC with experiment
hardware or new specimen within the BGB. The working volume of the BGB is equipped with
interfaces for power and data and contains a video observation systemvo TCUs are available

for storing samples and chemicals within an active temperature controlled environment, where the
temperature can be set betwe20°C and +10°C. The SSC is a laptop computer to control and
manage the experiment schedule. Whikgpliiying the instructional procedure, it provides also the
monitoring of the Biolab's telemetry to enable the mission ground team to remotely control the
environment (Brinckmann, 1999).
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Figure 2.7: TheBiolab centrifuge (adapted froBrinckmann, 1999 (left) One Biolab centrifuge rotof{ 600
mm) holding four Experiment Container (EC) and two advanced Eigbt) A Biolab Experiment Container
(EC) with its interface to the centrifuge on the bottomeplat

2.3.3 European User Support and Operation Center

User Support and Operations Centers (USOCs) were established in 1998 by ESA as decentralized
infrastructure for the operation of European payloads aboard the ISS. The USO@suse
laboratoriesand controkenters distributed across Europe (see Figurde?tB, They araesponsible

for operating and implementing European payloads on the International Space Station in cooperation
with the scientists and engineers on the grauftereby theeuropeanSOCs lave different roles
depending on the technical and operational responsibilities, and either act as Facility Responsible
Center (FRC) or as Facility Support Center (FSC) on behalf of the ESA. Thus, each USOC has the
authority or expertise for specific paglds. The associated FRC for the Columbus Fluid Science
Laboratory, for example, is the Italian MARS in Naples which is supported by the technical expertise
of the Spanish BJSOC in Madrid. If a new task or experiment is planned to launch to the ISS, the
corresponding FRC assisted by their FSC is responsible to prepare, control and monitor the
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experiment in ongoing coordination with the scientists, space hardware developers and the Columbus
Control Center (CeCC) (see Figure 2.8ijght). Therefore the USOQtesign and develop procedures

to optimize and calibrate the payloads and experiments, and finally to support the astronauts' training
(ESA, 2015d). After an experiment is successfully launched, the USOCs together with the scientists
are remotely interfanig with the astronauts in orbit via telescience to advise and support them during
their task operations.

User Support and Operations Centres
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Figure 2.8: TheUser Support Operation Cent@eft) The eight European USOCs [Ph@dESA, 2014
(right) The Columbus Control Center (G6IC) at DLR in Oberpfaffenhofen, Germany [Ph@dESA, 2015].

The Biolab payload, for example, is controlled and monitored by the Microgravity User Support
Center (MUSC) as Facility Responsible Center (FRC) aR DCologne, Germany). It is supported

by the Biotechnology Space Support Cenf®&IOTESC, Lucerne, Switzerland), the associated
Facility Support Center (FSC), holding the expert knowledge for biomedical research applied to the
Biolab payload (Schuber et.aR013). While an engineering ground model of the Biolab payload,
hosted by the DLR in Cologne (see Figure 2ight), is used for experimental ptests, the
astronauts are becoming familiar with the experiment procedures using a training modelusee Fig
2.13) that is located at the European Astronaut€&gEAC) in Cologne, Germany.

2.3.4 Standardized Procedures for Operating the ISS

Operating the ISS is a complex ongoing process and astronauts bhamduot a tremendous amount

of work to overcome thishallenge. While the members of the flight crew are conducting tasks where
their physical presence is required, the mission control and support teams can autonomously trigger
tasks from the ground that do not need any interaction with the crew, for exeonplonitoring or
commanding purposes. However, crew tasks are regularly accompanied by the ground team to
supervise and verify the performance or to conduct a task in cooperation with the astronaut by
mandatory callouts (Uhlig et al., 2015). During thsk performance the astronaut directly interacts
with the mission control center, which in turn is in direct contact with the Facility Responsible Center
(FRC) assisted by thekacility Support Center (FSC). To ensure a clear and fast communication
during this multifacility cooperative task performanaeis important to use a unique standardized
terminology for ISS operationd herefore most of the ISS tasks are based on a collection of
procedures that are defined by standardized Operations Data(®#¢3, whereby SODFs are
assigned to Station tasks and PODF to Payload tabls.ODF standard was developed by the
International Partners of the ISS program and covers most crew and ground activities. As shown in
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Figure 2.9, an ODF procedure consista tdading and an instructional parherebythe leading part

of the ODF format alwayisemizesthe objective, the number of participating crew members, the task
duration, as well as theecessary tools, items and materials, while the instructional padice the
task steps, which are stbg-step instructiondescribing a series of actions that must be performed in
a sequential mannemstructions can be complemented by visual aids, whichj are used for
illustration, clarification, or indication fdocation, but in most cases as complement to a textual
instruction[...]" (Aguzzi & Lamborelle, 2012, p.)2

3.642 BIOLAB INCUBATOR LOCKING ACTUATOR EXCHANGE ROTOR B 2

OBJECTIVE
Ta provide the steps necessary to exchange the locking actuator of rotor B
which failed during the fixation of WAICO run #1 ECs and perform photo
session for further investigation on ground.
CREW
one
DURATION
2 hours
ISS IVA Toolbox
Drawer 2

Torque Wrench 10-50 in-los, 1/4” Drive (5-35 in-lbs) Trq Driver, 1/4" Drive
Drawer 3

Jewelers Screwdriver Set Flat Tip: 3/32" Jewelers Screwdriver Flat Tip
Columbus Tookit

Tool Bag 1 Figure 1. Incubator Main Door with Fixation Screws (green circles) and Handling Pockets
102 mm Extension, 1/4* Drive
Ratchet Wrench 1/4" COL1A2_C1 21 Unscrew external frame captive screws, any order (sixteen)
Ratchet Tool, 1/4™ Drive (Ratchet Wrench 1/4"; 102 mm Extension 1/4" drive; M6 (5
Torque Wrench 4.20 Nm mm) Hex Head Driver, 1/4" drive) (ref. to fig. 1)
Tool Bag 2 | CAUTION |
Flat Screwdriver 4 mm IDo not apply pressure on door. Otherwise, guiding pins may be damaged I
ITEMS
22 Remove Main Door using handling pockets and stow
Biolab Support Jig L P/N BLB-115310 temporarily (ref. to fig. 1)
Biolab Upper Jig Strut PN BLB-115330 . "
Ziplock Bags (one, for removed locking actuator) 23 Verify no loose items in Inc Working Volume (visual inspection)
Kapton Tay
DC%t 760 (?;mera 3 INSTALLING BIOLAB SUPPORT JIGS
1 VERIFYING RACK SAFE STATUS 31 Position Support Jig L and R on Thermal Housing frame
On COL-CC GO 32 Screw Support Jig L and R caplive screws (four per jig) to
1 POWI . 70 OFi Themmal Housing frame (Ratchet Wrench 1/4%; 1/4" Bit Holder
L. Seliching RACK POMWER Selch 1O CFF 1/4" drive; BIT M6 XZN for Bit Holder 1/4°)
COL1A2_J1 sw RACK POWER — OFF

Figure 2.9: Extract of anODF procedure for the Biolab Payload working at the incubator

Currently the ODF standard permits only the utilization of static two dimensional visual aids, such as
pictures, drawings aschematics. As stated ®\guzzi & Lamborelle (2012)visual aids'[...] are
already today an important part of the procedures usedard the ISS"{. 8), andwill become more
complex and dynamic in the future, whereby the application of videos, 3D visuals and animations is
expected While most instructions are intended to suppgmayload tasks in a direct way, some
instructions demantb enter data or commands via the keyboard under directives, also given by the
ODF standard. Considering the compilation processh © DFprocedure is designed and reviewed

by multiple experts, and is subjected to conditions by specific rules and gyetaet al., 2004

NOTE

If SSRMS not stowed, verify SSRMS
not in impingement zone.

CAUTION

Keep temperature sensor probes
centered in duct opening to avoid
damage to probes.

Restraint
Bol

CO2 discharge from US PFE is an
asphyxiation hazard. Breathing mask
must be worn during discharge

Figure 2.10: Examples of standardized ODF rul@sft) The location codes of the Bioldimiddle)Pre-defined
visual gpearance of notes, caution and warn{nght) Positioning ruledor labeling of embedded figures.
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This ODF directiveconsists of more than eighty format settings and standards. Beside rules that are
specifying how an instruction must be compiled, there are also rules, for example, indicate how an
instruction must be tiked to its location code or visual aids, how an embedded figure has to be
labeled with annotations, or to specify the appearance of notes, cautions and warnings that have to be
placed directly in front of the description of the operation they are clagifgee Figure 2.10).

ODF procedures are generated by usingRtecedure Authoring ToqIPAT) and stored as XML

files that can be accessed and executed byntemational Procedure ViewdiPV), a webbased

client server applicatiomnwhich is also reptated on the ground for control centers UBAT
combinesXMetaL®® for generating XML files, and a collection of OB¥pecific customizations to

create and modify ODF procedures in an easy Whg. deployment of PAT and iPV** was the

result of a cooperativeork between NASA and ESA. While the NASA Johnson Space Center was
responsible for developing the PAT authoring tool, the ESA developed together with their industrial
partners EADS (meanwhile Airbus Group'§Eand Skytek the viewer componer({Bauer et a|

2003) Besides the execution of procedures, the iPV also provides public and personal annotations, as
well as a virtual control panel, which can be used to send and receive actual telemetry data and
telecommands. Besidedectronic versions usingtheMP on astronaut sd(s€eSC | aj
Figure 1.2right), ODF procedures are additionally available on a paper medium (see Figure 2.11)
that is also defined by standards and guidelines of the ODF fdPmlat€t al., 2004

Figure 2.11: Crewmembers using papbasedODF proceduregleft) ESA astronaut Thomas Reiter looks over
a procedure in the Destiny IgPhotoO NASA, 2006](middle)ESA astronaut Hans Schlegel works at the
Biolab in the Columbswhile readinga papetbased ODF procedurg?hotoO NASA, 2008](right) NASA

astronaut Mike Hopkins reads procedure manuals in the Zvezda Service MBtoleO NASA, 2014]

2.3.5 Astronaut Mission and Payload Training

Working aboard the ISS implies to nasvarious complex tasks and to cope with unforeseen
situations, thereby posing an enormous challenge for every astronaut, whose skills and performance
are decisive factors and contribute significantly to the success of a space mission. Thus, before
astranauts embark to their missions in space, they will be trained for long periods in different
countries. In contrast to the past, where an astronaut was individually trained to be an expert for a
limited number of tasks, today's astronauts should have a aonavel of knowledge and shall be

able to accomplish all basic ISS tasks besides their mission specific duties. Depending on the
astronautsd assignment, each 1SS partner wi t h

13 XMetaL, URL: http://xmetal.com, last visit:28.09.2016

14 PAT, URL: http://spaceflight.esa.int/eo/EOI/elV-site/P AT Trainingv1-7-FINAL.pdf, last visit:: 28.09.2016

15 iPV, URL: http://spaceflight.esa.int/eo/EOI/elfdV/-site/esa_iPV_index.htniast visit: : 28.09.2016

16 Ajrbus Group SEURL: http:/www.airbusgroup.coniast visit:: 28.09.2016

17 Skytek - iPV; URL: http://www.skytek.com/wiontent/themes/skytek/assets/pdfs/ipv_a4 lpgf visit:: 28.09.2016
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individual levels to handle thetontributed hardware. The Johnson Space Center (JSC) in Houston,

the Gagarin Cosmonaut Training Cent&GTC) in Star City and the European Astronaut Center

(EAC) in Cologne (see Figure 2.12ft) are some of the worl dbds bigge
provide physical mockups of ISS components, pagiakity (see Figure 2.12middle) and

virtual-reality simulatorgor preparation and conduction of crew training, as welleagral buoyancy

laboratories (see Figure 2.1®ght), huge water tanks, in wth astronauts will be trained for space

walks to perform extravehicular activities (EVVAJThe NASA also provideNEEMO (NASA

Extreme Environment Mission Operationsjssions tothe U.S. underwater research laboratory
Aquariuslocated at the coast of Floddlt is used by thRASA to simulate everyday life and wodn

a space station, and to train EVAsorder to familiarize astronauts with hypergravity to which they

are exposed during | aunch and reentry mamto Ear't
centrifuges providindhigh levels of acceleration. Currently NASA facilitates the higlgelstvel
centrifuge at the Ames Research Center in California providingupgo20whi | e Roscosmosds

centrifuge, hosted at the GCTC, offgrtevels up to 8 g.

Figure 2.12: Facilities to train astronautfeft) Thetraining hall for Columbus, ATV and payload trainiag

the ESA European Astronaut Center (EAC) in Cologne (Germany). [PhE®A S. Corvga, 2015](middle)

The EAC's neutral buoyancy hall for EVA spacewalk traineguipped witta huge water tank with a depth of
10 meters. [Phot® ESAI S. Corvaja, 2015]fight) NASA astronaut Reid Wiseman participates in a spacewalk
training session in thRartial Gravity Simulatot® at NASA's Johnson Space Cenf{@hotoO NASA, 2013]

Candidates intended to be astronauts are commonl
wi || be also astronautsd® home obsa@nee cahdidatesnage t hei r
selected, they will complete approximately 3 1/2 years of education before becoming eligible for a

flight mission. This education covers miscellaneous trainings and practices ranging over three
sequential training phases: the Basraining, the Mission Assignment Training and the Mission

Specific Training $almen et al., 2031 During the Basic Training, which normally takes place at
astronaut sé6 home base, t hbeardesysterdsi stiudtle €/sems, greunds c h o o |
and launch systems, which will be complemented by various trainings, including aircraft operations,

robotics, rendezvous and docking maneuvers, scuba diving, as well as training for land and water
survival. Candidates will also be schooled in basicseeltd Earth and space sciences, engineering

and meteorology. The following training phase for Mission Assignment will be locally conducted by

each ISS partner to familiarize the candidates with the specific hardware under its responsibility. The

ESA forxampl e, provides trainings focused on Col umt
During this time candidates will also be familiarized with the scientific payload racks, like the EDR,

EPM, FSL, MARES and the Biolab payload. In the third training phtme Mission Specific

Training, candidates are individually trained in different levels of payload operations.

18 "The Partial Gravity Simulator, also knowas POGO, consists of servos, air bearings and gimbals to provide accurate
simulations of reduced gravity. It is used for astronaut training and for evaluating their ability to perform tasks in
simulated partial and microgravityNASA, URL: http://dx14.5c.nasa.gov/htmls/pogo.htihast visit:28.09.201%
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The payload training is organized in a complex process and wédkcbempanied bgxperts and

payload instructors. To train the candidates effidy, candidates are assigned to their levels of
qualification that can range from a user level, an operator level, to the level of a mission specialist
(Aguzzi et al., 2008Salmen et al., 2031 Thereby a qualification level defines the scope of the

pay oad training and depends on candidatesd mis
have been assigned to them. Apart from the individual training content, the three qualification levels
share the goal to achieve the mission objectives and tdaimathe safety of crew and space station.

The user |l evel training is focused on the cand
components and scopes of planned associated experiments. Candidates should also be able to list
potential hazats and the relevant payload components to ensure its safety. This training takes place

in front of the corresponding training model (see Figure 2€f8, while the payload instructor

provides this lesson by means of slideshow presentations. The triainthg operator level intends

to extend candi-lba topeaférm pomind and maintemarcavtask that should be
applied during their mission stay. This time the candidates are trained to understand and handle ODF
procedures (see section 2.3 ey also get knowledge about the specific hardware that is used for
experimental operations. The training workflow is similar to the user level training by showing
slideshow presentations in front of the training model. Finally a candidate can bel tosnbe

mission specialist level becoming an expert for operating a certain payload. Such candidates are able
to perform all nominal, maintenance, repair and publishedafiinal tasks and will be trained for

mission specific experimental tasks (see Fegl113right). In case of ofinominal events that are not

defined by procedures, the payload specialist should have the expertise to handle such situations in a
way that the payload system is transferred to a safe state. For recovery purposes thearohad

to develop countermeasures that require the specification of new tasks described by ODF procedures
that were not trained on the ground (Salmen et al., 2011). Last but not least it should be mentioned
that all practice lessons during the currentlgad training take place on Earth under normogravity
conditions that seriously |Iimits the candidate

Figure 2.13: Payload training for the Biolab facility in theatning hall of the European Astronaut Center in
Cologne, Germanyfleft) The Biolab training mode(middle)ESA astronaut Alexander Geistirained for the
fi Tr i pB & dxpenment by an ESpayload instructor [Phot® DLR, 2014] (right) Training for tvo
JAXA astronauts (Koichi Wakata, Soichi Nogushi) are receiving experiment training for the Biolab glovebox at
EAC Cologne. PhotoO ESA/DLRi S. Schneider, 2009]

19 The TripleluxB experiment aimed to understand mechanisfn@rtebrate and invertebrate celtcellular level, which
are influenced by various phenomena under spaceflight conditions, like the iepaofimmune functions or the
enhanement of responses to radiatiofESA Erasmus Experiment Archivé&JRL: http://eea.spaceflight.esa.int
/portal/lexp/?id=917ast visit: 28.09.201%
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2.4  Changes of Human Sensorimotor System in Weightlessness

Besides deep underwater or undergibbhabitats, habitats in high mountain elevations, desert sites,

or polar stations, the space environment is defined by physical stressors specifying the most extreme
conditions in which a human have had to live and work (Bonin, 2005; Kanas & Manzey, [2008)

space, astronauts are faced with the most unfavorable conditions for a human that are, amongst
others, characterized by the exposure to extreme temperature changes leading to thermal stress
(Kenefick et al., 2008), the exposure to solar and galacsinic radiations (Atwell, 199@agshaw

& Cucinotta, 2008Shiga, 2009), the absence of oxygen and atmospheric pressure (Katuntsev, 1998;
Karemaker & BereckGisolf, 2009) leading to decompressive stress (Stepanek & Webb, 2008), as

well as an altered leved f gravitational force affecting huma
changes in cognitive and psychomotor functions (Morphew et al., Zadks, 2020 Without

gravity as reference frame for spatial orientation and motor coordinastmonauts experce a

condition of extreme sensory discordance that they need to ad#fertoe, working in space is
hampered by microgravity degrading humansé psych
to perform scientific and operational tasks. Kanas Madzey (2008) have pointed to the role of

mi crogravity on huma n [.pdegradaionsodhuroam pedamtance nspace d t h a't
can become a serious safety issue during-tbngr at i on s p a c.e]wihbegwn mores 06 and |
importantinhe f uture when astronaut tasks and work dev
the MIR-Progress collision in 1997 has already shown, the impairment of human performance in

space can have considerable consequences. Thiaelwymanned cargo spacetrafogress 234

collided with the MIRduring a manual docking tesausing damages to a solar array and one of the

space station modules. As reported by Ellis (2000attadysis of the accident cause revealed that

Human Factors by decreased performancéndupiloting have significanyl contributed to this

accident.

To reduce such risks it is important to understand the effect of microgravity on cognitive and
psychomotor processes that are involved in human performance abilities (Kanas & Manzey, 2008).
Besdde of cardiovascular changdsegine et al., 2008 like orthostatic intoleranc® (Tuday et al.,

2007 or the risk of cardiac dysrhythmigSrenon et al., 2005and alterations of thrausculoskeletal

system causing muscle atrophy (Fitts et al., 2001) ek loss (Holick, 2000), the absence of
gravity causes the most pronounced effect on human signal processing in the vestibular and
sensorimotor system. Thus working in space is challenged by spatial disorientation and disturbed
visuomotor coordination,dth resulting from the integration of multiple sensory inputs perceived by
the vestibular, visual, and the proprioceptive system, whose sensations are simultaneously interpreted
by the central nervous system (CNS) and processed by the brain as positimotamddata to
coordinate and organize orientation and motor functions.

2.4.1 The Human Vestibular System and Reflexes
For all living beings on Earth, the gravity force constitutes the central point of reference for spatial

perception and sensorimotor coomtinn. Therefore an eligible sensor system is required to be able
to move within this gravitational field. Human

20 Orthostatic intolerance is the inabiltiy maintain the upright paseum n astronaut s’ return to Eart!
a fluid shift to regulate the blood pressure. "Removal of all hydrostatic gradients when entering microgravity of
spaceflight produces a large heaard fluid shift; this has been commonly observed i reflected in measurements of
decreased leg volume [...]" (Jennings et al., 2008, p. 518)



Chapter2 Fundamentals of Astronaut's Workplace 33

equilibrium under Earth condition is based on the vestibular system that is optimized to sense th
upright orientation of the body and to determine its position and direction irdimeasional space
(Petes, 1969; Kanas & Manzey, 2008).

From an anatomical point of view, the vestibular system (see Figurdeftlds situated within the

human iner ear as neauditory part next to the cochlea as auditory part. The vestibular apparatus, as
measuring device for angular and linear acceleration (see Figure l@f}6,consists of three
semicircular canals and two otolith orgainshe utricle and theaccule. The semicircular canals
(horizontal, superior, posterior) are sensitive to angular accelerations of the head that are
characterized by simultaneous changes of velocity and direction. These canals are filled with a liquid
(endolymph) that deflecthe cupula, the gelatinous part of the ampullae, which is extending each
canal and equipped with hair cells. As soon as the head is angular accelerated the liquid starts to flow
through the canals and shifts the cupula that in turn controls the orienfati@ampullae's hair cells
stimulating the neurons of the vestibular nerve transmitting this information to the CNS. The
semicircular canals are arranged in an orthogonal manner and oriented along human's rotation planes
(see Figure 2.14ight). Incort r ast , the otolith organs sense h
accelerations describing changes in velocity without changes of direction, and are affected by the
Earthodés gravitational force. Ther ebaggestimtiee ut r i
horizontal plane, as experienced by driving, while the saccule detects changes in the vertical plane, as
sensed by an elevator. Their functional principle is similar to those of the semicircular canals. The
otolith organs consist of a maculadaa gelatinous membrane, which contains calcium carbonate
crystals (otoliths) increasing the membrane's density resulting in more inertia that enables the
assessment of linear accelerations. The flow direction of the otoliths is downwards orientedealong t
gravity gradient. The macula provides the sensory cells and is connected with the vestibular part of
vestibulocochlear nerve. The extensions of the macula's sensory cells project into the otolithic
membrane that bends the hair cells by tilting or tetirsj the head (see Figure 2.1&5f). When a

human stands in normal posture under normogravity conditions, without translating or tilting the
head, then the hair cells of the otolith organs are not bent, whereas during translating or tilting of the
head the otoliths are shifted with reference to gravity displacing the otolithic membrane that bends
the hair celldgn the corresponding directio€ig¢ment, 201l The receptors of the macula pass the
appropriate sensory information to the vestibulocochleasenghich transmits to the CNS.
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Figure 2.14: The Human vestibular systerindm Watson & Breedlove, 2012{left) The vestibular apparatus
located within human inner edright) Human body coordinatesid the resulted rotation planes that
correspond with the orientation of the semicircular canals.
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To control sensorimotor actions during a task performance, the vestibular system fulfils two
important functions, namely the stabilization of the eye poséial therefore also the field of vision,

as well as the stabilization of the head and body to maintain the posture, both during rest and motion.
Thereby the gravity is used as relevant reference under Earth conditions, where we are usually not
aware of tiese functions, because they appear unconsciously at the reflex level. The vestibular system
stimulates two major reflexes (vestibtdpinal, vestibulencular) that are differently responded to by

the human musculoskeletal system to compensate movemestiulteocular reflexes are related

to our visual system, acting on the eye muscles and are responsible to stabilize our gaze on stationary
and moving visual targets by compensating head movements. Therefore such reflexdsighdiuce
frequentd rotationsof the eyes that equally and oppositely map the direction girémedecead
movements (van der Steen, 2009). While during slow motions of the head or of surroundings relative
to the head, the visual system stabilizes the image by optokinetic reflideethe optokinetic
nystagmus, an increase of the motion's speed or during tilting the head about the horizontal, vertical,
or torsional’ axis, causes the vestibulacular reflex to be involved in maintaining clear vision
(Parmet & Ercoline, 2008). Fexxample, thecular countertorsiomeflex (see Figure 2.1%ight) is
stimulated by otolithmediated linear accelerations during lateral tilting of the head, whereby the eyes
are repositioned alortge torsional axis. It is supposed that this reflex resgoto direction changes

of the gravity forcg§Parmet & Ercoline, 2008).

Vestibulospinal reflexes on the other hand are triggered in the spinal cord and contribute to
stabilizing our upright posture during rest and motidarizoni, 200%. Because the bgts center of

mass is above our hip, causing an unstable balance, the vespimdb reflexes continuously
stimulate fast and corrective movements so that we do not fall (Behrends et al., 2009). These
compensating movements are conducted by the musailatwour neck, trunk and limbs that is
regulated by the spinal reflexes of the propriozeptisgstem. More specifically, such reflexes are
responsible for the regulation of the body tonus responsible for passive and active muscle tension,
whereby the pasve stretch is the essential basis for resting in upright posture. Via the spinal cord the
vestibular organs are directly connected to motor neurons, which trigger the necessary muscular
stretch reflexes. Such reflexes enable us not to fall forward beofssmulated vestibular organs,

while nodding our head, or trigger reflexively a step forward when stumbling, or moving the arms in
the direction of a forward fall.

2L The optokinetic nystagmus is a natural, visnechanicateflex causing rapid involuntary eye movements that can be
experienced, for example, while viewingethassing landscape through a window in the train.

Rotation about theorsonial axis means a rotation about the axis of the line of sight, also referred to as visual axis.
Proprioception is the sefferception of our own body and contributes to #msation of the position and movement of

our trunk and limbs relative to each othetislalso referred to as the kinesthetic sense (Proske & Gandevia, 2009) and
contrary to our other senses we are usually not aware of it durirdpdymactivities thaare predominantly concerned

with the generationf movements that in turn causes charigesuscles, joints and tendons. Thereby, the proprioceptive
information is conveying from a variety of mechanoreceptors, which are specialized sensory receptaggegpon
mechanical events that are transduced into neural signals linked in the spinal cord and transmitted to the motor cortex
(Riemann & Scott, 2003). Such mechanoreceptors provide information on the actual body position, motion and applied
force, and a¥ primarily found in musclesr{uscle spindlgstendons@olgi tendon organsand joints. Thereby the Golgi

tendon organ provides feedback on changes in the muscle tension to sense the force that a muscle exerts, whereas the
muscle spindles detect changedated to the muscle lengtffthe two primary spinal reflexes contributing to
proprioception are thetretch refleregulates muscle length) and tBelgi tendon reflexregulates tension), also called

the inverse stretch refleRroprioception is compleemted with the tactile sensation provided by mechanoreceptors in

the skin, whereby their sensory neurons are directly passed to the cortex.

22
23
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Figure 2.15: Vestibularmediated rachanisms(left) Tilt and linear acceleration of the head in normogravity
are sensed bie otolith organsausing a bend of their hair cells that triggers a neuronal activity of the brain
(from Clément, 2011, p. 19Q(right) Ocular countertorsion, analith-mediated vestibulacular reflex
stimulated by lateral tilting the head, whereby the eyes rotate to the opposite direction. (from Parmet &
Ercoline, 2008)

2.4.2 \estibular Disorder

In orbital spaceflight, where the gravity is lost as a reference far¢oriat i on, t he human¢
system is in a disorder thaditastically impacts humagensorimotor performance by disturbed control

of eye and body motions. While the functioning of the semicircular canals is not affected by
spaceflight, the vestibular gbrder is caused by a misinterpretation of the otolith signals that no
longer stimulates the vestibular sense of the vertical, which is required for linear accelerations, like
during tilting the head (see Figure 2.1&ght). In neuroscience it is hypothesd that under
microgravity the CNS reinterprets a tilt of the head as linear motion or translation, which is mentioned
as theOtolith-Tilt-Translation ReinterpretatioParker et al., 1985; Young et al., 19&lément,

2007. This reinterpretation of véibular signals has substantial implicatighat astronauts need to
compensate in weightlessness anddapt to normal gravity conditions after they return to Earth
(Young et al., 1984Young et al., 198@Paloski et al., 1998 As the vestibular systers affected by

the absence of gravity, the stimulated vestibular reflexes are also subjected to altered information
processing responsible for reduced functionality. This leagsdtibuleocularadaptationgausing
alterations of eye movementlément, 1998, Clarke et al., 200@nd disturbances of gaze stability

by reduced capability to orient towards fix targets and to track moving tdAysdsé-Deshays et al.

1993. The visual system can also be affectedibgrtterm alterations of the optokinetigstagmus
(Clément et al., 1986), or by visuidlusions, like theelevator illusion(Cohen 1973 ackner &

DizZio, 1996, where the position of visual targets are perceived to low, causing a continuous
undershooting, which in turn can lead to faulty tasfggeance.The vestibulespinal reflexes and

they collaborating proprioceptive spinal reflexes for postural control are also affected by the lack of
otolith-mediated informationThereby the activity of the muscle spindles can be affected by
otolith-based gravity changes, causing a sensitivity change of the muscle spinidethe
vestibulespinal tract in CNSwhich can lead to an overestimation or underestimation of the muscle
length Studies in microgravity investigating the-reflex’* or vibration reflers, like thetonic
vibration refleX° (TVR), indicate a decreased activity of the muscle spinbies low Hreflex

24 »Originally described by Paul Hoffmann in 1970,], the Hoffmann reflex (Heflex) is an electrically induceaiftex
analogous to the mechanically induced spinal stretch reflex. The primary difference betweeaftee &hd the spinal
stretch reflexs that the Heflex bypasses the muscle spindle and, therefore, is a valuable tool in assessing modulation of
monosynaptic reflex activity in the spinal cor{Palmieri et al. 2004)

% The tonic vibration reflex is a muscle contraction caused by affégjuency (30 Hz 100 Hz) vibration stimulating the
muscle spindles besides of the receptors of the skin and tendons (Latash, 2007).
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(Reschke et al., 1984) aadreduced TVRLlackner & DiZio, 1992; Lackner et al., 1992). This can

lead to proprioceptive changes (Money & Chgul991)resulting in decreased postural responses
(Roll et al., 1992 decreased awareness of the direction and magnitude of mBesnhke et al.,

1984) or in illusion of setmotion, for example, during deep knee bendskner & Graybiel, 1981

The reduction of thevestibulaspinal reflexes in weightlessness also causes problems with the
maintenance of the posture and coordination of walk, upon astronauts' return to the Earth (Clément &
Reschke, 1996 he importance of the vestibular functions ameirt extent on vision and especially

on proprioception is typically gaining the astronauts' awareness once they reach weightlessness, in
which the gravity is lost as orientation referenBesides the initial risk of space motion sickness
(Oman et al., 199 Reschke et al., 1994; Lackner and DiZio, 20Q@6e vestibular adaption to
weightlessness affects the astronautsll-being and degrades theisensorimotor performance
induced by spatial disorientation and disturbances in motor coordination as afesuitlicting
sensations ofestibular, visual and proprioceptive signdlfereby the consideration of visuomotor
coordination is meaningful to solve operational tasks at complex facilities, like the performance of
demanding ISPR tasks.

Angular acceleration

Linear acceleration

Figure 2.16: Tilt and linear acceleration of the head sensethbyotolith organsfleft) under normogravity
(from Clément, 2011, p. 190and(right) under microgravityftom Clément, 2011, p. 101

2.4.3 Spatial Disorientation

Spatial orientation generally specifies humans' ability to continuously redhiemselves at rest
(sitting, standing) and motion (walking, running) relating to the external physical space. Thereby the
body's position and orientation results frepatial coordinate transformations between bedgted
intrinsic coordinates (see Figure 2.1ight) and extrinsic coordinates of objects codethaexternal

frame of reference (Harm et al., 2014). Under normogravity conditions on Earth, thismepaiahg

is restricted by gravity that serves as a reference for the contributed multisensory interactions between
the vestibular, visual and proprioceptive system. Whilevisibular and proprioceptiveensor
information are mapped to internabordinate with respect to the head and thedy, thesensor
information of the eyeare based on visual cues in the physical surrounding (e.g., wall, ceiling, floor,
trees) whereby distal objects (objects not in contact with the body) are coded in extrinsic
world-coordinates that needs todmnverted into stable boeyentered intrinsic coordinatesishits

et al.,, 2005;Thompson & Henriques, 2011yhereby visual cues affect the perception of spatial
orientation in a substantial manner that can interfere thebukst and proprioceptive inputs
increasing the liability to static and dynamic reorientation illusiasas & Manzey, 200&jarm et

al., 2014). Static illusions are related to the stationary position of the human and objects within the
visual surroundig that, for example, can be perceived in an inversely furnished room, while dynamic
illusions are related to the sense of-getftion or motions in the surrounding that, for example, can be
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experienced by sitting in a standing train while observing a sltwaia on the adjacent track. Howard
and colleagues (2000) have proposé¢d]“that the dynamic illusion depends on a primitive
mechanism of visualestibular interaction but that static reorientation illusions depend on learned
visual cues to the verat arising from the perceived tops and bottoms of familiar objects and spatial
relationships between objectgp. A87). By visual exclusion (e.g., eyes closed) the sensory
information of the vestibular system and the proprioceptors should be sufficgestove a spatial
map as mental picture of the environment and its spatial orientation.

However, the microgravity condition during spaceflight causes the absence of the gravitational
reference frame by the lack of tlmolith-mediatedvertical that indues conflicted multisensory
interactions between vision, proprioception and the vestibular apparatus needed for subjective
sensation of head and body orientation coded in the intrinsic frame of reference. Thus visual and
tactile cues from the surroundingIWbe more relevant for the sensation of spatial orientation,
especially the influence of visual information that can partially or even totally overwrite the otolith or
participating proprioceptive signals (Howard & Hu, 2001). Hence the maintenance i@l spat
orientation duringvork in spaceflight must rely more on visual and tactile sensations (Young et al.
1992, Lackner et al., 2000) that in turn significantly stimulate the occurrence of spatial disorientation
(Young et al., 1984, 1993; Lackner, 1993; €alaer & Mittelstaedt, 1997, 1998; Lackner & DiZio,
2000; Oman; 200Harm et al., 2014Microgravity studies have shown that by visual exclusion the
sense of spatial orientation during free floating is detached from the physical surrounding causing a
lack in generating the associated spatial map, but can be redtmredample, by the sensation of
tactile feedback from familiar parts of the surroundfbgckner& Graybiel, 1983).Taking into
account the visual sense, various static and dynamic orienihigions (Young & Shelhamer, 1990;
Kornilova, 1997; Oman et al., 2003; Harm et al., 2014) have proven a visual dominance, which can
trigger the perception of spatial disorientation. The mostly reported static illusion-ofisalfation

in microgravityis theinversion illusionGraybiel & Kellogg, 1967) that is caused by responses of the
otoliths to the absence of gravity, whereby the gravitational force vector may be decomposed into
headfixed components resulting in an internal feindependent origation vector (Mittelstaedt,

1989). The inversion illusion induces the sense of a sudden turnaround, comparable with hanging
upside down, that is reasoned with our natural Haaded tendency to sense the related "down"
direction, whereby we unconscioysissume that the surface seeing under the own feet is the ground,
or that the body orientation of somebody else floating upside down indicates the correct direction.
The same applies to a view from space towards the Earth that provokes an inverseatiearient
illusion if the Earth is located above the head. In general, it might be reasonably assumed that static
orientation illusions, especially the inversion illusion, are responsible for the development of space
motion sickness (Oman, 1988). Besides statientation illusions, dynamic illusions including the
sensation of moving surrounding objects and false perceptions ehsitin are related to head
movements. The perception of motions in the surrounding can be caused by the vestblalo

reflex resulting in malfunctioning of the gaze stabilizatidndré-Deshays et al. 199¥anas &
Manzey, 2008)This, for example, can provoke horizontal or vertical shifts of stationary objects that
are observed while moving the head (e.g., displacement afnmsiits of an observed control panel).

In contrast, selmotion illusions are related to the apparent linear and circular movement of the body
(Kornilova, 1997; Oman et al., 2003). Such illusions are most likely caused by the more pronounced
sense of visioron spatial orientation that cannot be vestibular corrected through the gravitational
reference. The experimental assessment ohsalion illusions is mostly been carried out by means

of virtual environment projection systems, like the hemisphericalagigized for thérotating dome”
experiment (see Figure 2.17) conducted by Young and colleagues (1992). Thereby the subject's head
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is placed inside the display and views a moving visual dot pattern that rotates around the head's roll
axis with a constantr@ular velocity of 30, 40 or 60 deg/s. While viewing the visual stimuli the feet

are either free floating or fixed to the floor by bungee cords that additionally enable the investigation
of multisensory interactions between vestibular, visual and taigiials. In case of free floating the
subject experienced a sélisplacement in the opposite direction of the dome rotation (mostly less or
equal than 90°). This and multiple other studies (Young et al., 1986, 1996; Young and Shelhamer
1990) have shown ththe impact of such illusion effects were more pronounced in microgravity than

on Earth and that tactile stimulations on the feet can reduce the illusion-ofcdilh indicating that

tactile sensations can replace the missing otolith information.
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Figure 2.17: The "rotating dome" experimer{teft) Schematic of the "rotating dome" assemlitgifi NASA
JSC, 2015)(middle)NASA astronaut Drew Gaffney performs the "rotating dome" test on a Spacelab Life
Science payloadriom NASA JSC, 2015)(right) lllustration of visually induced illusory setbtation in roll,
similar to the "rotating dome" experimeifiton Lackner & DiZio, 200).

The various effects of weightlessness on spatial orientation areidodily experienced by
astronauts with respect to temporal dimensions and natural disposikmmas(& Manzey, 2008;

Harm et al., 2014). While most of the orientation illusions tend to appear directly afteartbiéion

to microgravity and only requira few minutes or hours of physiological and cognitive adaptation,
some of them can last for several days or return regularly again over the entire mission period, which
could be explained by instable adaptation (Kornilova, 1997). The occurrence of ameititzgions

is also depending aastronauts' natural dispositions or tendencies in their default spatial coordinate
system that causes different sensations related to the absence of the veparéutar under the
exclusion of visual and tactileistuli. Some astronauts can maintain their spatial orientation by a
robustegocentric reference frame and thus are still capable to sense the "up" direction in respect of
their head (Gurfinkel et al., 1993; Glasauer & Mittelstaedt, 1998; Harm et al., 1998).

2.4.4 \Visuomotor Limitations

Whether simple daily activities or the performance of complex task operations: almost any kind of
interaction requires godalirected movements that rely on our capability to control motor functions of
our limbs coordinated by thdsual system providing knowledge about the dynamic surroundings.
Although thereby the afferent information from all sensory receptors are relevant, this section is
focused on the visual system and its meaning for the motor commands, both primarilyfoeeded
visuomotor coordination, such as for upper limb functions, like fegiedcoordination needed to
reach, grasp or point towards objects. Tiecess ofrisuomotor coordination idependenon intact
pathways of our vision and limb proprioception or kitesia, which isctively calibrated to the
gravitational frame of reference on Earth. Thereby the proportion of the proprioceptive information
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takes on a vital role in the control of gatitected movements (Park et al., 1999). So, for example, we

are alte to accurately point towards a remembered target while closing the eyes, even after moving
the head. This is possible because the arm is controlled by the visual memory and monitored by
proprioceptive information, both stabilized by vestibular refleX#bifeside, 196l Many studies

have used this effect of visual exclusion to investigate the effect of microgravity on limb
proprioception assessed by gdalkected pointing, usually assessed in upright posture along the
gravitational vertical (see FigurelB). Thereby the proprioceptive controlled pointing movements
was hindered either by not seeing the anvhiteside, 1961Bock et al., 1992; Mechtcheriakov et al.,

2002) or the hand (Bock et al., 2001), or being completely without visual feedback jiespeihting

towards remembered targets (Berger, et al., 1993; Smetanin & Popov, 1997; Watt, 1997). All these
studies provided evidences that the absence of gravity causes a significant slowdown of the arm
movement. Some of these studies have also investigdne pointing accuracy but yielded
inconsistent results showing either that the accuracy remained unaffected (Mechtcheriakov et al.,
2002) or, and that mostly so, showing an inaccurate pointing in the vertical under microgravity
revealing either in ovehoots (Bock et al., 1992), or in lower pointing (undershoots) inducing the
illusions of targets moving downwardg/fiiteside, 1961 Smetanin & Popov, 1997). Smetanin &
Popov (1997) additionally investigated galidected pointing towards remembered tatgeations

in lying positions (supine and prone) and showed that arm movements conducted in the lying postures
cause less pointing error than in the upright posture and that, relative to the subject's body, the targets
were more undershot in the upright anetrshot in the lying postures.

MIRROR TARGET

TARGET

Figure 2.18 Setups of microgravity experimextions tostudythe motor control of arm movements during
goakdirected pointing(left) Pointingwithout seeing the armauses the illusion of target moving downwards
(from Whiteside, 1961)right) The arm motor program during pointing in the lying postaneot modified
compared to pointing in upright postufeom Smetanin & Popov, 1997

Besides investigating the arm tao control by pointing tasks toward external targets, Watt (1997)

also compared pointing at remembered targets with touching at remembered body parts to
differentiate the errors differing in state of not knowing either where the arm was pointing or where
the target is located. He has suggested that problems during pointing at memorized targets can be
explained by a lacking knowledge of the target position and not of the limb position. Here the
guestion arises whether this conclusion is permissible orcwufti While pointing to memorized

targets constitutes a task conducted in extrinsic world coordinates that needed to be adapted by the
proprioceptive system to control limb positions, the task of touching body parts however is detached
from the surroundig and conducted in theody-related frame of referencén my opinion these

results are showing not more than that the proprioceptive arm motor control is less affected in the
body-relatedirame of referencas in the external worldame Similar to toucing of body parts, Fisk

and colleagues (1993) investigated the arm movement control by moving the forearm between
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remembered elbow joint angles and compared the performance between horizontal and vertical
movements and between rapid and slow movementsataate the role of proprioceptive feedback.
While horizontal and vertical movements did not diffggnificantly in performancgethis study
revealed that the amplitude of movements was depending on the speed. Thereby the amplitude of
rapid movements washaffected, while the performance during slow movements showed an effect

of microgravity in their amplitudes.

While all above mentioned studies were performed by visual exclusions to reinforce the sense of
proprioception, the consideration of the visgaldance is more closely related to real world tasks,
even if it causes a visual dominance overriding the ctiifdiated misinformation of the vestibular

and proprioceptive system. There are only few studies investigatingelyarmbordination by visual
control, which differed in the studied problem statement that includes studies investigadiegrde

of influence of visual control by comparing different visual conditions (Berger et al., 1993;
Mechtcheriakov et al., 2002), the investigation of theeiased head movements (Fogt et al., 2002),

or just simply the evaluation of a visual guided tracking task conducted by the finger (Bock et al.,
2003) and additionally by a stylus or joystick (Fomi al., 2008). Just likéor visual exclusion,

these stdies have also shown that microgravity causes a deteriorated pointing behavior by slowing
down movements or increased pointing errors. The pointing performance was not affected by altering
the visual control conditions (Mechtcheriakov et al., 2002), atthatisual controlled movements
showed better adaptations (Berger, et al., 1993). Furthermore, Fogt and colleagues (2002) have
evidenced that head movements contribute to the pointing accuracy during rapid, repetitive visual
guided pointing tasks. Other digs have dealt with challenges related to the proprioceptive
restoration of movement disorder by force and tactile induced stimuli. Therefore Bringoux and
colleagues (2012) showed that gravike torque generated by increased sensorimotoric load (see
Figure 2.19]eft) enhances the arm position sense during-diwatted arm movements with eyes
closed under microgravity conditions and suggested that the tuned motor planning and control of arm
movements causes an optimal activation of the internal medtisrespect to the gravitational
information. In contrast, Lackner and colleagues (2000) conducted a parabolic flight study
investigating the effect of fingertip contacts with a stable surface (see Figurerightd,on
proprioceptive responses to deaegostural destabilization. This study revealed that vestibular
disturbed proprioceptive and motor signals in leg muscles experienced under microgravity can be
suppressed by tactile sensations via touching an external surface.
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Figure 2.19: Setups ofmicrogravityexperimenations tostudy the effect of tactile and force sensations on limb
proprioception(left) Enhancement of arm position sense by graiigy torque(from Bringoux et al., 2012
(right) Tactile cues by fingertip contact suppress proprioceptive destabilizing in leg miismes 4ckner et

al., 2000.
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In summary, it can be stated that the visuomotor coordination, discussed bgyleaszwbrdination, is
affected by the absence of gravitgu#ing in a degraded performance by slowing down movements
and inaccurate pointing that can be attributed to otoligldiated proprioceptive changes or an
improper kinesthetic motor control. None of these studies have investigated the effect of altered
gravity on visual guided pointing movements towards targets localized in therddathd frame of
reference that could benefit from the absence of the coordinate transformation, but could also be
disadvantaged by an affected limb proprioception. Howeved-ege coordination conducted in the
intrinsic frame can imply a missing of tactile feedback by-loameded operation, or the usage of both
hands, whereby one hand serves as pointing surface while the other hand is pointing towards it,
resulting in a bimaral handling strategy. There are atsbstudies investigating the effect of altered
gravity on goaldirected pointing without tactile sensation or studying heyel coordination during
bimanual handling. Research on operation of interactive control icésria microgravity should
consider these findings and open issues on-kgadoordination.
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Because the research presented in this thesis claims to meet the user and the environmental needs, it
implies a useicentered design, which requires the consideration of the human processing system by
nature and the praded tools and concepts to study Human Factors. Therefore this subchapter
explains associated aspects in a subdivided manner. On the one hand, this chapter defines the
concept of usability and its design rules ranging from a general perspective, to namiécsp
guidelines applicable to mobile AR. On the other hand, it asoveys knowledge abohtiman
perception and information processing, as well as related issues on instructional design and visual
search, which are needed to explain the mentimadahtesin the context of this thesis. Finally it
outlines and describes tlapplied methods and concepts used to analyze the problem space and the
user's needs, as well as to evaluate usability, in the scope of this Wigsia,special focus on the
assessmnt of workloadBut first of all, it will be clarified what Human Factors means and what it is
focused on.

3.1 What does Human Factors Mean?

When the design of a system is primarily focused on the technology and its features, and lacks of
adequate usahiji testing, it willoften not be accepted by people intended to use it. In contrast to such

a technologydriven system, a useriven design considetie human point of vierom the very
beginning and optimally results in an efficient syst&ithout adguate consideration of Human
Factors, the quality of the interaction between a human and the systems is left to clnamme.
factors, which is closely related to ergonomics, engineering psychology or usability engineering in
HCI, is concerned with the mionship between human and the working environment considering the
limits of human capabilities related to physical, perceptual and cognitive aspects that are impacting
the design of technological systems. Human Faetassdefined by SandeasdMcCormid (1982):

"Human Factors focuses on human beings and their interaction with products, equipment, facilities,
procedures, and environments used in work and everyday living. The emphasis is on human beings
[...] and how the design of things influences peopluman Factors, then, seeks to change the things
people use and the environments in which they use these things to better match the capabilities,
limitations, and needs of peoplep. @).

As an empirical science, Human Factors is predominantly basewl@cting quantitative and
gualitative information to gain knowledge about human responses and limitationgnigdrideting

with the system, and to finally bring this knowledge to bear on its deBigittor & Van Zandt,
2008.
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Within the context of coputer systems, Human Factors claims to enhance their usability, whereby
the metaobjectives can be simple state as: (Wickens et al., 2003, p. 2)

1 enhance performance,
9 increase safety, and
9 increase user satisfaction.

Thereby, possible tradeoffs betweersthebjectives need to be considered. For example, an increase
in performanceloes not automatically imply an increase in safety, which can be affected by errors of
the human operator. In order to comply with all objectives it is required to identify prelde

deficits in the interaction between the user and the system. To efficiently expose such deficits and to
clearly attribute the cause of possible disturbances, human physical and cognitive restrictions in the
context of system requirements must be ustded. While physical restrictions are linked to
characteristics of the human body, cognition is concerned with our ability to process the information
perceived by the environment in consideration of our knowledge. Thus, Human kagiongiple
aimsf...] to find a system design that supports the user’s needs rather than making a system to which
the wusers must adapt 0 [n\Wie diddeali asabiiity enginkering, a2 0 0 3
usercentered design process requests: (Nielsen, 1993)

1 an early bcus on the user and tasks,
1 empirical measurements, and
T iterative development and testing of prototypes.

This means that the users' needs, preferences and limitations are influencing the design process from
the very beginning, continuously updating the csipeation requirements, whereby each update
requests its own implementation and evaluation, resulting in a design circle that betdtése

users' needs are méis shown in Figure 3.14ft) the design lifecycle considering Human Factors is

a closedoop, whereby identified problems can be solved with different design approaches, which in
turn can focus on thequipmen{physical devices), thask(work flow), theenvironmente.g., light,
temperature, noise), theelection(human individual differeces) and thdraining (preparing).
Regardless of the used strategy, this design process enables an early and continuous consideration of
Human Factors, which may contribute to fulfill the objectiveblofnan Factors mentioned above.

Performance Contextual Environment of System
. T Nature of Individual Group
Analysis Identification of Problems Human Computer& Heath Consumer
Techniques Components Manuecturing Information  Care Producls Transportation| Team  Organization
Task ﬂisihilily
Statistics
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Motor Control

Muscular
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Equipment Other
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Figure 3.1: Characteristics of Human Factors engineering (Wditkens et al., 2003, p. 3).%left) The design
lifecycle shows how the human and the system are involved in the design ppogkgsMatrix of Human
Factos outlining the potential task environments suitable to study human components
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Whether for transportation, manufacturing or specificidlycomputer interfaces, Human Factors

can be studied for every conceivablevironment in which a human is weel tooperateDepending

on the system intended to design or enhance, a subset of human components (see Highte 3.1,
enables the specification of adequate qoastiwhich need to be answer8dch questions could be,

for example:"Can it be sensed and agleately perceived™'What communications and caigve
processes are involved in understanding the information and deciding to do wijtbritPlow are

actions to be carry out, and what are the physical and muscular demands of those affifcis®Yis

etal., 2003, p. b Besides selecting the most suitable design approach and asking the right questions,
the kind of studying these human components is equally important and varies in the realism of the
task environment, the level of control over the expeninaad the level of the user's familiarity with

the task domainAs deeper the understanding of the human components, as more generalizable and
predictable the findings will be across classes of problems that may have common elements.

3.2  The Concept of Usallity and Design Rules

The general goal of designing interactive products or systems is to improve and maximize their ease

of use and learnability, also referred tauaability, which 'I..] applies to all aspects of a system with

which a human might intact, including installation and maintenance procedures" (Nielsen, 1993, p.

25). In Part 11 of the international standard 1ISO 9241, tiitgdnomic Requirements for Office Work

with Visual Display Terminals (VDTshisabilityi s def i ned ass, effitichoy and f f e ct
satisfaction with which specified users achiev
the terms effectiveness, efficiency and satisfaction are defined as follows: (Dix et al., 2003, p. 277)

9 Effectiveness:The accuracy andompleteness with which specified users can achieve
specified goals in particular environments.

9 Efficiency: The resources expended in relation to the accuracy and completeness of goals
achieved.

9 Satisfaction: The comfort and acceptability of the work systéo its users and other
people affected by its use.

In his book"Usability Engineering’; Jacob Nielsen (1993) hatated that[:..] usability is a narrow
concern compared to the larger issue of system acceptability, which basically is the question of
whether the system is good enough to satisfy all the needs and requirements of the]ugerg4).

In this context, he introduced the categosgfulnesso analyze the system's practical acceptability.
Thereby a system's usefulness considers two aspétty andusability. While utility is concerned

with the intended functional capability of a system, usability determ[ngshow well users can use

that functionality” (p. 25)Nielsenhas defined usability of user interfaces (Ws)multidimensonal,

which is associated with the following fiwesability attributes(Nielsen, 1993, p. 26)

9 Learnability: The system should be easy to learn so that the user can rapidly start getting
some work done.

i Efficiency: The system should be efficient to usetlsat once the user has learned the
system, a high level of productivity is possible.

1 Memorability: The system should be easy to remember so that the casual user is able to
return to the system after some period of not having used it, without havingno lea
everything all over again.

9 Errors: The system should have a low error rate so that users make few errors during the
use of the system and so that if they do make errors, they can easily recover from them.
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i Satisfaction: The system should be pleasant$e,s0 that users are subjectively satisfied
when using it; they like it.

Design activities directed towards enhancing the usability are calling for &argered design
process that can be supportedibgign ruleswhich can vary in their level of geradity and authority
(Dix et al., 2003, p. 259While generalityreflects the degree of the restriction in its application, the
authority of a rule indicates how strong a rule must be followed ranging from informal
recommendation® exact specification®epending on their level of generality and authority, design
rules can be expressed in the form of abspentiples(high generality, low authorityguidelines
(general in application, low authority) or specstandardglimited in application, higlauthority).

As already emphasizday Donald A. Norman, a useentered design is needed to be assigned to
everyday things (Norman, 1988). Their design should be based on the needs and interests of the user
ensuring that "(1) the user figure out what ¢cethd (2) the user can tell what is going on" (p. 188). Its
transposition is supported by following fundamemahciples of design for understandability and
usability. (Norman, 1988, pp. 138, 188)

1 Provide a good conceptual modelMake it easy to deterime what actions are possible
at any moments (make use of constraints).

1 Make things visible: Visibility acts as a good reminder of what can be done and allows
the control to specify how the action is performed.

9 The principle of feedback:Make it easy to ealuate the current state of the system.

1 The principle of mapping: Follow natural mappings between intentions and the required
actions; between actions and the resulting effect; and between the information that is
visible and the interpretation of the systetate.

To guide the design process, Norman also suggestesttied principles for transforming difficult

tasks into simple ones. use both knowledge in the world and knowledge in the head, 2. simplify the
structure of tasks, 3. make things visibleidge the gulfs of execution and evaluation, 4. get the
mappings right, 5. exploit the power of constraints, both natural and artificial, 6. design for error, and
7. when all fails, standardize. (Norman, 1988, pp. 188). Similar but more restricted to @odigut

Ben Shneiderman has introducsttlategies for effective humatomputer interaction (1987). His

eight golden rules of interface desigre valid for most interactive systems: 1. strive for consistency,

2. cater to universal usability, 3. offer infioative feedback, 4. design dialogs to yield closure, 5.
prevent errors, 6. permit easy reversal of actions, 7. support internal locus of control, and 8. reduce
shortterm memory load (Shneiderman et al., 2009). Therewith, Shneiderman has laid the foundatio
for specifying subsequent principles and guidelines (e.g., Hix & Hartson, 1993; Stone et al., 2005).
Such rules are primarily intended to be used during the design, but can also be applied to the
systematic inspection of a Ul to identify usability prabe like Nielsen'sisability heuristicswhich

provide principles to set up common properties of usability interfaces (Nielsen 1993, p. 115ff).

The above mentioned rules are universal principles with a very high generality and low authority, and
thus mustbe adapted for each environment (Shneiderman et al., 2009). If only considering 3D
applications, which also should be applicable to VR and AR applications, the usability principles
have to be interpreted and extended for 3D Uls and their interactiorigigesnin their booK3D

User Interfaces:Theory and PracticeBowman and colleagues (2004) have summarized general
guidelines for designing and developing 3D Uls, as well as guidelines for user comfort. Furthermore
they also suggest various guidelireessgned to eachnteraction category, such as selection and
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manipulation, travel, wayfinding, system control and symbolic input. So for example, they suggest
that the tradeoff between the technique design and the environment design has to be congdider, that t
pointing technique should be used for selection, or that an appropriate spatial reference frame should
be used for system control Uls.

Although very rare, some guidelines specific for designing AR applications were already proposed.
While Gabbard and id (2001; cited after Bak Blackwell 2012) surveyed design guidelines for
VR/AR usability, Diinser et al. (2007; cited after BaBlackwell, 2012) were more focused on the
design of AR systems suggesting guidelines fas} affordance, reducing cognigvoverhead, low
physical effort, learnability, user satisfaction, flexibility in use, responsiveness and feedback, and
error tolerance" (Ba& Blackwell, 2012, p. 456), whereby affordance indicates inherent linking
between the user interface element asdfiinctional and physical properties (e.g., tangible user
interfaces). More related to guidelines considering the perceptual processing in AR system designs,
critical perceptual issues were identified and classified by Drascic and Milgram (1996), aitedrevis

by Kruijff et al. (2010). Thereby the major perceptual issues in AR are related sEnvwlienment

(e.g., structure, colors, conditionsdapturing (e.g., image resolution, lens issues, exposure,
framerate),augmentatior(e.g., registration errorgcclusion, interferencesflisplay devicege.g.,
stereoscopy, field of view, viewing angle offset) anduber(e.g., individual differences, depth cues,
disparity planes). Kruijff et al. also summarized works suggesting approaches to counteract such
problems. In contrast,i and Duh (2013) excluded technical AR issues and were solely focused on
cognitive issues in mobile AR to support a Human Factors design with highveffexss whereby

"[...] the usercented perspective should be incorporated, andenomderstanding on the impact of
characteristics of AR system on human activities is needed" (p. 109). They also stated]that "
knowledge about Human Factors in mobile AR is very limited, and therefore it is crucial to
comprehensively identify thepportunities and challenges posed by mobile AR interaction on the
cognitive process" (p. 110). They outlined three categories of cognitive AR issues including:
information presentation(amount, representation, placement, view combinatigat)ysical
interaction (navigation, direct manipulation, direct hand interaction, multimodal) simaled
experiencegqsocial context, bodily configuration, artifact manipulation, display space). In their
conclusion they emphasized that the support of users' cognitivespiog [...] has become an
important part in fulfilling the potential of AR technolofy]" (p. 129).

3.3 Related Issues oHuman Cognition

To analyze the user's need in the process of designing new interfaces, it is important to understand the
cognitive processes demanded by the task performance in question, likente8&ced payload

tasks. Therefore, this section provides general fundamentals of the human perception and information
processing system, and their characteristic features. Because tite effeveightlessness on the
human sensorimotor system was already discussed in section 2.4., the following subsequent sections
are dealing more detailed with theories focused on the cognitive load triggered by instructional design
issues and on the integion of objects' features during visual search.

3.3.1 Human Perception and Information Processing

The information processing determines our understanding and interaction with the world around us.
Prior to responding to an event or information, it requiregdatseptual encoding, central processing
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and response selection. Thus, hunmdormation processing can be considered as a-Stegge model
(perception, cognition, responding), whereby each stage depends upon attentional resources, which
can be allocateid required and are reflecting the mental effort, which, for example, an instructional
task is needed (Wickens et al., 2003, p. 101). Initially, each type of sensation (e.g., visual, auditory) is
registered in the temporally limited sensory memory andteared to the next processing stagye.

shown in Figure 3.2€ft), perceptiorcan be automatic, directlgadingto a response selection (e.qg.,

hot water, ambulance siren, red alarm light), or need to be manipulated in the working memory based
upon priorknowledge and experiences stored in the {@mgh memory (e.g., reading, searching).
Relevant issues need to be explained in the scope of this thesis, like the types of perception as well as
the characteristics of the working and leiegn memory, are desbed in the following.

Perceptual Processing Types:Humanperception, like the visual perception, is processed by the
brain in different ways, often simultaneously and concurrently, but each has its own implication for
designing user interfaces. As shoin Figure 3.2r{ght), perception is influenced byottomup and
top-down processing. Thereby the bottam process is driven by sensory information from the
physical world, which means that the perception is reduced to its raw stimulus featuresl@.g.,
shape, size). In case of visually perceived events, batmrocessing can be triggered or
maximized by a cued objea@rousing asalienceeffect, which catchethe viewer's attention by its
highlighting. Contrary, tojglown processing is driven iyowledge and experiences that are relying
on retrieved information from the losigrm memory and processed in the working memory. The
amount needed for the effort of tdpwn processing depends on the level expectations
(anticipated meaning)vherebyhigh expectations require sufficient experiences or pracfitess,
perception can benefit from bottemp processing by the salience effect or fromdopn processing
maximized byhigh expectationsBesides these two general processing types, percgptoassing

by unitizationcan be considered as a mixture of both, thuf] 'Is more rapid and automatic.]"
(Wickens et al., 2003, p. 104). On the one hand, unitization is fedtwen, like bottorrup, but on

the other hand it is assumed that theveieis familiar with sets of the perceived features (e.g., words
in a familiar language). This means that a high levekpkctationstop-down) is required, so that its
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Figure 3.2: The human percejoin and information processing@eft) The information processing relies on three
stages: perception, cognition and responding (dickens et al., 2003, p. 1pZright) Perceptual processing
types:stimulusdrivenbottomup vs.knowledgedriventop-down (from Wickens et al., 2003, p. b4

meaning carbe directly accessed by the letegm memory as a whole unit and withceffortful
processing in thavorking memory. Ideally, perception should be relatively automatic, "[...] but
becomes less so as bottaim processing is degraded and-tlmvn and unitization prosses become
less effective (Wickens et al., 2003, p. 1D8As longer the perceptual process takes, as fewer it is
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perception but more comprehension, which is less automatic. To support perpemtaasing, the
following simple Human Factors guidelines have beerpgsed by Wickens et al. (2003, pp.
106-107):

1 maximizebottomup processing
I maximize automaticity and unitization by using familiar perceptual representatiahs
I maximize topdown pocessing when bottomp processing may be poor

Long-Term Memory: The longterm memory houses all knowledge, information and experiences,
which an individual has previously learned or trained, and are stored in schemas related to a specific
concept or tpic. Such materials are in an inactive state until they are recalled by processing
associated stimuli or information either directly by perception or by the working memory (schema
automation and acquisition). Thus, learning or training is the processriogsinformation into the
long-term memory by constructing or extending schemas, and can be facilitated by work examples or
procedures, which in turns can be affected by their instructional design (see section 3.3.4). However,
the difficult level of retrgving information from the lonrterm memory depends on the stored
materials'strengthand associationgWickens et al., 2003). Thereby, the strength of a material is
characterized by the frequency of its use (e.g., the frequency of using an instruatids)racency
indicated by the period of time between learning and recalling. For example, if a pilot learns an
emergency procedure that is only required one month later, then its performance should not only rely
upon the memory, but rather being suppoltgdfor example, a checklishdditionally, materials or

items in the longerm memory can be linked or associated among each other, like a sound, symbol or
name with their meanings or usages. Just like the strength of material, associations can e weak o
lost over time and therefore need to be rehearsed or repeated in between. Thus, failures of retrieving
information from the longerm memory are often caused by: "weak strength due to low frequency or
recency"”, "weak or few associations with other infation", and "interfering associations" (Wickens

et al., 2003, p. 115).

Working Memory: The working memory, also referred to as siterlm memory,can be
considered as activated representation of the-femg memory, which has to be stimulated by
attentbnal resources to bring it in the focus (Cowan, 1998Jious models have been proposed to
explain how the working memory works, whereby thalti-component mod&l of Baddeley&

Hitch (1974) is probablyree of the most populaDuring learning or traininghe working memory is
responsible to build meaningful associations between information, which are then stored in the
longterm memory by means of chupnkshich describse small units (e.g., wos) that can be
combined to larger units, such as sentencasgpaphs or stories, but also to instructions as used for
payload operationsAlthough chunks are valuable to increase the capacity of the working memory,
we are only capable temembei7 £ 2 chunkgMiller, 1994). But more recent studies are suggesting
an even lower capacity (Cowan, 2001). As for its capacity, the working memory is also limited in
time, whereby unrehearsed information will begin to decay withieQlSecondsgoldstein, 2010, p.

% According to themulti-component modelf Baddeley and Hitch (19743he working memory consists ofcentral
executiveavisuospatial sketchpaahd aphonologic loopand has been later extended bypisodic buffe(Baddeley,
2000). Thereby theisuospatial sketchpad responsible for processing and temporary storing visual (e.g., color, shape)
and spatial (e.g., objetposition) information in a separate mannehjle the phonologic loopmanipulates and
temporally stores auditory or verbaformation in a phonetic formyhich is limited in timeand thus information need to
be ket active by'rehearsaluntil it is nolongerrequired However, the episodic buffer is a limited multimodal storage
system used to integratmits of visual, spatialand verbal information in a chronological order, and it is assumed that
this buffer has its own link to the lostgrm memoryAll these processes are controlled and coordinated bgethteal
executive which is connected to the loitgrm memory and responsible to allocate and focus attention
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143). This not only depends on the process of periodidikedion or rehearsal, it also depends on the
number of chunks actually held in the working memory. Hence, to support-eeumdered design, it

is suggested toonsider the limits of the working memaayd to minimize its load (Wickens et al.,
2003).

3.3.2 Attention and Workload

Whether by perceptual encoding, central processing in the working memory or by response selection
and execution, all stages of human information processing claim the need of attentional resources (see
Figure 3.2 Jeft). Such resourcegre limited by nature and imply a substantiattleneck in human
information processing (Wickens & Hollands, 2000). According to the capacity model of attention
proposed by Kahneman (1973), "[ar] activity can fail, either because there is altogetbeemough
capacity to meet its demands or because the allocation policy channels available capacity to other
activities" (p. 9). Thereby the level of demand depends on the mental activities' level of difficulty, so
that an easy task claims less effort thadhifficult one, and thus a high level of difficulty carries the

risk thatthe resource demand exceeds the supply and will degrade human perfoimgeceral,
attention is "[....] the ability to focus on specific stimuli or locatior@bdl@stein, 2010p. 82), and can

be assigned to different modes and levetsich are outlined and described briefly in the following.

Selective and Focused Attention: Selective attentiors allocated if we want to select one specific
location, object or messag¢éhile ignoring unattended factors or stimuli in the surrounding. It is a
kind of a filter, acting[...] on incoming information, keeping some information out and letting some
information in for further processing" (Goldstein, 2010, p. 83). Téeigctiveattention enables us to
visual select onwhat we want to pay attention to.dftask request® pay attention t@nly one of
several visual signal¢hen it is possible that we become unaware of significant changes in the visual
display This will be caged by a lack of attention leading to visual perceptual phenomena, like
inattentional blindnesg¢Simons & Chabris, 1999), although we gmeattentiveaware of visual
events, which we are not attending (see section 3.3.3). Despite this adverse constnguednitity, to
ignore unattendedstimuli enables an individual to maintain a certhael of performance in a
stressful environment. This @lso known adocused attentignbut also as selective sustained
attention, which is the capability tmncentrat on one specific task for @ntinuous period aime
without being distracted, like prolonged payload tasks aboard the ISS. This may become challenging
and is often varying in its time span, whereby attention rapidly starts decay. Hence, it is intportant
be able to dictly rdocus on the task. Consequgnthe ability to focus and fecus is adeciding

factor for task performance, responsible for concentration to pr@doecesistent result over time.

Divided and Alternating Attention: Divided attetion is needed to attend two or more things at
once and is often referred to mmlltitasking By nature our brain is not able to process two tasks
simultaneously and only really focuses parts of its attention on to each task. However, multitasking
becomegossible if one task is quite familiar and automated processedexterssivelytrained for
individual tasks.Similar but not equalve are usinglternating attentionif we do not attempt to
perform different tasks at the very same time. Instead, pidlyashift attentionfrom one task to
another, also referred to #ssk switching For example, while building up a presentation during
office work, calls are received and mails are checked, whereby attention is alternating back and forth.
Besides switclmg between unrelated tasks, alternating attention is also required for related tasks,
such as learning or problem solving by instructional guidance material (e.g., reading an instruction)
and performingit (e.g., executing the instruction), as requestegdyload operation€kven ifthe
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tasks are related ®achanother, theyarenonethelessequiringcontext updating, a process needed
for "[...] reconfiguratiorof attention to meet changing task demandg, which in turn T...] requires
repeated revien of one's model of the environmdnt]" (Kieffaber & Hetrick, 2005) Whether
unrealted or related tasks, alternating between two taslses significargwitch costs,resulting in
less accuracy arglower performancélersild, 1927; Posner, 1980; Rog & Monsell, 2005).

Arousal Level: The level of arousal can be considered as state of exciteavidsh, '[...] may
influence the amount of attentional resources available to perform a task, as well as the policy by
which attention is allocated to diffent tasks"Froctor & Van Zandt, 2008, p. 244 hereby stressful
circumstances can cause a high l@fgrousatausing an increased readiness to respond that implies
physiological changes, for example, of the heart rate and its variability, bloosugeskin
impedance or the pupil diameter (Wierwille, 1979), which may have adverse effects on task
performance. This complies with the inverteehipothesis representing tiferkesDodson lawof
performance (Yerkes & Dodson, 1908) that predicts thabéise quality of performance is achieved

at a medium level of arousal for complex tasks, while at a higher arousal level for simple tasks (see
Figure 3.3Jeft). Regardless from the task difficulty, both too little and too much arousal can decrease
the quaity of the task performance. Thereby a very low level of arousal may cause a lack of attention
that is needed to detect changes during the task fulfillment, wio€hiisost importance in vigilance

tasks. Such tasks require sustained focused atteritiomigh events needed to be detected, are very
irregular and rare. The longer the task time, the lower the arousal level and the more the vigilance will
decreaselt is exactly the other way if the level of arousal or stress becomes too higheand
relevance of processing unattended stimuli changagsing a narrowing of attention, also known as
perceptual narrowingr attentional tunnelingThereby our attentional control will decrease and we
become more focused, which restricts the number of cues thataw use to guide attention
(Easterbrook, 1959)As was shown by Wickens and Alexander (2009) the effect of attentional
tunneling can also be induced by synthetic vision displays, like-ineatisplays. This will be of
significant importance related to AdRsplays and should be considered when designing interfaces.

Workload Level: To detect attentional or, in general, cognitive impairments caused by a system's
design, and thus to detect failure in performance, it is important to consider what tasksi@and
maintenance, experiment), system requirements (e.g., payload interface) and environmental factors
(e.g., absence of gravity) are imposed on the user's limited resources. According to the conceptual
framework of operator workload (see Figure 8RJdle), the performance is not only reflected by the
system performance, but, aadually important, by the effort spent by the user, which is influenced

by user's goals, motivational state, knowledge and skills, as well as by user's cognitive processing
capabilities.Workload can also be defined as "[...] the difference between the capacities of the
information processing system that are required for task performance to satisfy performance
expectations and the cajtg@vailable at any given tinte ( G & Dbnehin, 1986, p. 4B). Thus,

mental or cognitive workload can be considered agraerVening variableé (p. 41-4), whose value

can be assigned to the total amount of mental demand or effort needed by a user to perform a mental
task, and the greaterdltomplexity, the greater the effort. It is clear that if the task demands are too
low or too high (e.g., increased accuracy, strict timing, increased number of tasks, or extreme
environment conditions), performance will be poor. Thus the relation betpséormance and
workload results in amvertedU shaped function (Figure 3.8ght), similar to theYerkesDodson

law. Thereby workload extremes are related to poor performance (Region 1, 3), while "with a
reasonable level of workload, performance caeXgected to be acceptable as shown in Region 2"
(Lysaght et al., 1989, p)9To determine or predict the workload level, the mental cost to perform a
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task is needed to be identified. This is optimally done with a multidimensional concept, using
differentassessment techniques, whereby each technique may provide different Walligss(&
Wierwille, 1979;Wickens, 1984; Gopher & Donchin, 1986; Hockey, 199Taditionally, workload

is assessed by four major techniques, which analyze primary task pasansetondary task
performance, physiological measures and subjective ratings. The most common technique applied to
usability engineering in AR corresponds to analyzing primary task performance, which considers
measures, on the one handsgétem performace (e.g., frame rate, latency etc.), and onother

hand of user performandbat can be assessed by quantitative and qualitative measures. Thus it
complies with the usability criteria for effectiveness and satisfaction. The other assessment
techniquesan be assigned to the criteria &ficiency, providing useful feedback on the resources
spent by users, although often neglected in AR and, if applied, predominantly assessed by subjective
ratings (Bai& Blackwell, 2012).
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3.3.3 Visual Search

If we search visually for thpresence or absce of a specifiobject or feature, which is explicitly
defined by a task and held in the working memory, we actively explore our visual surrcaimding

an array of other objects, also referred tadesractors Visual searcnot only causes scanning
saccadic eye movements, it also impleaslogenou®rientation allocating visual attention, also
referred to as voluntary shift of attention, which is-tlgevn driven by the@bserver'gjoal, and thus

the focus of attention can be manipulated by the remeints of the search task. Thusgdegenous
orientation results in multiple focus steps by discrete eye movements from one location to the next,
whereby temporary representations of the perceived objects or features are compared with the
descriptions of théarget objects stored in the working memory until a match was found that on
average will happen after half of the objects have been inspected (Neisser & Lazatia@eder,

if suddenly something changes in the visual periphery, our attention wilttm@aitically directed by

an external stimulus, activating fast bottom processing, which results éxogenou®rientation

often accompanied lyreflexive saccade.

Considering goatlirected visual search only, which primarily relies on endogenous aticamaind is
interfered by unattended stimuli, it remains to be seen, how we process the large amount of visual
information, because our information processing system is restricted, especially by limited attentional
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resources. In cognitive psychology, \asisearch is the process of selective filtering of only the
relevant information attended and it is suggested that this process claims attention in a different way
Related to this, the most popular theory isfdaure integration theoryntroduced bylreisman and
Gellade (1980), which states that the perceptual image process relies on two stages related to objects
visual features implying a parallel and serial search. As shown ire=ig14, during the initial
preattentive process the objects of thewdl scene are rapidly analyzed into separate features, which
are automatically registered in their feature maps (e.g., color, size, shape, depth) and therefore it is
also referred afeature searchtaking place in parallel over the entire visdedplay.It is not time
affectingby the numbers of distractors and does not require the observer's knowledge, &nd thus
efficient by increased bottonmp processing that claims attention only on a-level. It is assumed

that thefeature maps|'..] preservethe spatial relations of the visual world but do not themselves
makespatial information available to subsequent processing stagessroan, 1986, p. 82)he

theory also suggests thasabsequerntonjunction searcis neededo combine the objects'deures
currently presentedt a selectd locationof the visual sceneThis conjunction seah induces a
stepwise serial search, whereby each step allocates focused attgnfiovhenever conjunctions of

more than one separable feature are neededhdmaaterize or distinguish the possible objects
presented” Treisman & Gellade, 1980, p. P7Therefore, this is also referrdd asattentional
spotlight operating a master map of locatiof® combine the objects' features the observer's
knowledge abouthese features is requirdchplying an effortful topdown process. Depending on

how these features are unique and connectable, this process can be more or lessBdticiese.
focused attention is necessary to conjoin features corréetliyres maype wrongly recombined

when attention is diverted or overload@deisman & Schmidt, 1982).
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Figure 3.4: Visual search by Treisman's feature integration model (adapted from Treisman, 1986).

3.3.4 Instructional D esign by theCognitive Load Theory

Problems raised by gedirectedcognitivetasks should be solved or processed fluently through rapid
acquisition of the learned schemas, which are stored in thedamgmemory, ideally leading to
automated processesithout, or with only few conscious contrplsvhich in turnwases less
processing resources. Consequently "without automation, performance is slow, clumsy and prone to
error" (Sweller, 1994, p298 and thus human performance depends on the level of schema
acquisition, and in cases ohexpected tasks, not learned or trained before, even on the degree of
constructing, extending or linking schemas justime. Solving a problem is often specified by a
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hierarchical goal structure that can be supported bykedoexamples or guidance procedures.
Thereby the overall goal can only be achieved if allgodls are conducted successful. Therewith,
learning and performing a more complex task will consist of multiplegsalls accumulating the
costs of information mrcessing, which may complicagehema acquisition and automati@®cause
the capacity of human information processing is limited by nature, failures in learning or training may
be assigned to an improper allocation of attention and a high load of thegvor&mory, which is
explained through theognitive load theorpy John Sweller988,1994) investigating the effects of
cognitive loadduring problem solving andearning This theory specifies two sources of cognitive
load theintrinsic andthe extraneouscognitive load It alsodescribes effects, influencing the mue
performance of the learner, apbvidesprinciplesto present instructional information tedue the
working memonyjoad The sources of cognitive loahd their effectare describa in the following.

Intrinsic Cognitive Load: This source of load corresponds with the intrinsic nature of the
instructionalmaterial (e.g., vocabulary, syntax, rules) and depends on the level of difficulty and
element interactivity. The more difficultr @omplex the material is, the higher the intrinsic load
becomes. Same applies to the element activity, which can be considereélemtd interactivity

effect (Sweller, 2008). Its effect size depends on thenber of interacting elements that are
conairrently required to understand the material. Elements that can be learned in isolation (e.g.
technical terminology of a machipeontributeto a low element interactivitgnd thus to dow
intrinsic load. Contraryhigh element interactivity is caused larning how components in a
machine are linked to each other and how they interact during a machine opesatiequested by
payload operationghus,understanding or comprehending of the learned material is benefitting from

a high level of element iatactivity, whereby the intrinsic load depends on the learner's prior
knowledge and experiences. Because the intrinsic nature of material is fixed, its cognitive load cannot
be reduced (Sweller, 1994).

Extraneous Cognitive Load: This source of load is fafcted by the presentation of the material to

the person evaluating or solving a problem, and is determined by its instructional design or format.
This load is denoted aj...] unnecessary cognitive load and can be altered by instructional
interventions"(Sweller et al., 1998, p. 259Thus the design of working examples or guidance
procedures can be affected by their instructional design, especially those that call for integration of
different and redundant multimedia contents (eschematicsgrawings picture3. Such integration

is often not effectivedistracs attention andinnecessaripads the working memoryif the intrinsic
cognitive load is low, a high extraneous cognitive load caused by a poor instructional design is
acceptable. But if the iribsic element interactivity iBigh, the level of the extraneous cognitive load
becomes critical with complex material. In such caffes extraneous load needs to be reduced,
which can be achieved, for example doyisidering theplit-attentioneffect theredundancyeffector

by using different mdalities of perception processinigicreasing thenodality effect These three
effectsareinfluencingthe desigrof instructionsandare described in the following:

Split-Attention Effect Such effect of dided or alternating attention presumes two related visual
sources of information (e.g., text and drawing), which are presented separately and unintelligible in
isolation. Such sources are not utilizable without each other untihtinee been mentally intested

before they can be understoashereby both sources need to be held in the working memory
(Chandler & Sweller, 1992). Thisan be cognitively demandirepd waste unnessary extraneous

load of the working memoryo reduce theffect size of a spléttention formatthelevel of physical
integrationof the sourceseeddo increasewhereby, in best case, both sources are fully merged into
each other, (i.e. the instruoti is embedded into thdrawing. An exampleof a very low level of
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integrationis demorstrated in Figure 3.5, showing extracfsa Biolab procedurgsee section 2.3.2).
It contains a texbased instruction sté@.2" that references its related sout&ggure 2", which is
separatelpresented two pages befoBecause the text andetfigureare unintelligible in isolation,
bothneed to be mentally integrated.

Redundancy Effect Redundant informatioms information transfering the same conteand is
useful as long adifferent information ixomplementing each othé.g., text andigure). As soon as
each representationshiowing the sameontent anagkach supporting kigh level of comprehension,
the redundancy effect will be triggered. Thtigs effectis generated by multiple redundant sources
of visual information, which areeff-contained and can henderstood in isolatioSweller et al.,
1998) Its effect size depends on the level of understanding and is increased eossource was
fully understood. Then its integration into the working memory is ensured and is higrobte it
subsequently. In case of multiple understood sources, all redundant inforraegiomentally
integrated and thus need to allocate cognitive.l8adshown in Figur8.5, the Biolab proceduralso
invokesthe redundancy format. Thereby the st&p6" is referencingwo sources"fFigure 2" and
"Figure 4"), both showing the same contenthM "Figure 4" will be mentally integrated by a
reduced spliattention format (close to each othéiffjgure 2" will be also integrated, if it was
understood insolation. If it was not understood, it is eadiementally ignore it

Modality Effect The splitattention and redundancy effects, each presumes the use of one
perception processor (e.g., vision) and thus, after the-partiponent model of Baddeldy Hitch
(1974), such formats claim the usage of same component of the working n{engoryisuospatial
sketchpad)lt is proven that "[...] effective working memory capacity can be increased by using both
visual and auditory working memory rather than eitimemory stream alone. Although less than
purely additive, there seems to be an appreciable increase in capacity available leyahkatis,
rather than a singlerocessor."$weller et al., 1998, p. 2RIThus, using a duahodality presentation
(e.g.,visual perception of a drawing while listening to the related instruction) can redueedhef

the extraneous cognitive load

2568 BIOLAB LIFE SUPPORT MODULE 1 AND 2 EXCHANGE 2.568 BIOLAB LIFE SUPPORT MODULE 1 AND 2 EXCHANGE
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These effectmentioned abovessume that learners will be novice, which means that they have little
or no knowledge about the given problem. While for novices using eslodxamples with
instructional guidance may be essential to reduce cognitive load while problem solving, experts will
benefit more from their knowledge and experiences than from stushgtrgctional materialSuch
noviceexpert difference is concernedthithe worked example effe¢Bweller & Cooper, 1985
indicating that learners using a worked example for the first time perform better on problem solving
than learners who are experienced with the prolieguestion This effect of solving an unfamiliar
problem occurs because.!].problem solvers have no choice but to use a random generation
followed by effectiveness testing procedure at those choice points where they have insufficient
knowledge to direct choice'S(veller, 2008, p. 375 Thus the benet of instructional procedures
depends on the learners' level of expertise, which in turn is associated witkptrése reversal

effect (Kalyuga et al. 2003). This effect arises when instructional material contains redundant
information or duamodality instructions, and experienced learners cannot avoid to mentally
integrate such information, meaning that they will be more capable to understand isolated sources
according to theredundancy effecimentioned above. Then "[..fhey must integrate and
cross-reference this redundant information with their available knowledge schemas" which in turn
claims "[...] excessive and unnecessary load on limited working memory resdlitabsiga et al.

2003, p. 29).

3.4  Applied Methods for Analyzing and Testing User'sNeeds

If a system design becomes more driven by technological aspects, it will result in poor usability and
thus often will not be accepted by the ersrs. This can be avoided by applying Human Factors
methods, continugsly considering the central impgance of the users. Therefore Human Faciods

usability engineeringprovide manifold tools and instruments to support a-osatered design
process, which aims to result in a collection of guidelines to inform the user interface design. This
section sweys related methods for analyzitige userneeds as foundation for developing the
underlying thesis's research strategy presented in Chapter 5. This section also outlines the applied
methods and their characteristics to support an iterative design prasdsusability testing in
particular.

3.4.1 Analyzing User's Needs

Because this thesis is primarily intended to redesign the current guidance interface for payload
operations conducted by astronauts, it is important to analyze initially its impact on astronau
performance. In order to fully understand the users and the demands of their work situation, it is
recommended by Human Factors engineering to conduct anfirttiaknd analysigWickens et al.,

2003) that clarifies the current performance statggp@ting the identification of adverse effects.

The equivalent in usability engineering for virtual environments corresponds wigerask
analysis which 'I...] is the process of identifying a complete description of tasks, subtasks, and
methods requéd to use a system, as well as other resources necessary for user(s) and the system to
cooperatively perform tasks" (Gabbard et al., 1999, and has been derived for AR environments
(Gabbard & Swan, 2008). In keeping with the approach of a-&odtaalysis, the inspection of the
current interface mode of payload operations was associated with answering the following questions,
which are assigned to various samalyses: (Wickens et al., 2003, p. 17)
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1 User AnalysisWho are the system's users?

1 Envirorment AnalysisWhat are the environmental conditions under which the system
will be used?

1 Function and Task Analysig/hat are the major functions to be performed by the system,
whether by person or machine? What tasks must be performed?

1 Preferencénalysis: What are the user's preferences or requirements for the system?

User Analysis: The user analysis is generally focused on identifying the potential user population
and can be specified by, for example, age, gender, education, familiarity with thésypeem or by
taskrelevant skills. If only a certain user population is assigned to a class of tasks, like astronauts to
space payload operations, the criteria of its selection should be reviewed.

Environment Analysis: The environment analysisonsidersthe conditions of the surrounding
environment under which the tasks have to be performed. For example, such conditions could be
defined by weather, type of clothing, mode of access or whether the system implies indoor or outdoor
activities. Astronauts' w& at ISPR payload implies space flight conditions, where the absence of
gravity may impair the task performance. Thus, its effects need to be studied and considered when
designing new user interfaces.

Function and Task Analysis: Most effort has to be speon the function and task analysis that is
generally based on detailed analyzing the functions accomplished by the underlyingrhachame

system and "[...] the tasks performed by the human to achieve those functions" (Wickens et al., 2003,
p. 18). Thisshould enable a bettemnderstanding of the interaction between an astronaut and a
payload, while guided by procedures provided on the-8&@d interface (see section 2.3.4). A
humanmachine systens defined as[...] a combination of one or more humheings and one or

more physical components interacting to bring about, from given inputs, some desired output”
(Sanders: McCormick, 1982, p. 14). Thereby the interfaces of both machine and human enabling a
closedloop system via controls and displays bétmachine, as well as via the perceptual and
sensorimotor system of the humavhich is embedded within the larger context of the working
environment Consequently the input of the human is driven by the machine's interfaces, while the
input of the machi@is controlled by human's output. Helacguccessful machine operation depends

on human capabilities of physical and cognitively processing the perceived informaftiem
discussing a humamachine systemhe function analysis is focused on outlining th..] general
categories of functions served by the systenj but not specify particular tasks" (Wickens et al.,
2003, p. 18), while the task analysis identifies the actions and cognitive processes necessary for a user
to perform a task or to accoligh a specific goal. A task analysis is primarily used to understand the
actual work situation of the user and should be able to answer the following questions: (Hackos &
Redish, 1998, pp.-8)

1 What users' goals are; what they are trying to achieve?

1 Whatusers actually do to achieve those goals?

9 How users are influenced by their physical environment?

1 How users' knowledge and experience affects they thinking about their actual work?

The findings revealed from the function and task analysis conducted fasttmautpayload
systemshould reflect the existing course of action and its characteristics and how tasks are allocated
by the current payload guidance interface.€ebge astronauts' work at ISPR payloads, it is vital to
understand whether and hdte mode of operation affects astronauts' information processing and
thus their performance. Therefore a detailed analysis of the belonging perceptual, cognitive and
physical activities was indispensable to identify the requirements that a redesigned gdatance,
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example by AR, interface should meet. The output of the task analysis has also clarified which data or
resources are involved and what are the contributions from astronauts' training.

Preference Analysis: The function and task analysis can be extdnbg identifying user
preferences and requirements. A preference analysis is conducted by interviews and questionnaires.
This enables to determine the key needs that comply with the identified user activities, but are related
to issues that the users prrefée the tradeoff between functional and comfortable design. In a case
wherecharacteristics of the system are extensively preferred by the users, "[...] some attempt should
be made to weight or prioritize them" (Wickens et al., 2003, p. 30). In tpe sxf this thesis, such
analysis resulted from an initial preof-concept study, where application domain experts were
involved.

Consequently, the initial frorend analysis in the scope of this thesis aims to understand the problem
space in questiondse section 5.1.1) and to justify the need for advanced user interfaces, manifesting
the benefits from AR (see section 5.1.2). In consideration of the perceptual, cognitive and physical
claims, it consists of various s@malyses to outline and evaluate iineolved functions and tasks
resourcesand the intendediser population as well as to discuss the impact tedining and
environmental conditionsn task performance. Upon completing this frentl analysis, the user and
system needs have been undemtbom a Human Factors perspective. But prior to the design
process, acompetitor analysi$’ was conducted to identify works that were or are currently
performed bycompetitors related tthis thesis's problem spackhe analysis will be presented in
section 5.1.3, which is focused on works intended to improve payload operations, ideally interfaced
by AR. Thisenables to predict competitors' future intentions and more important to identify possible
gaps.The output revealed from the freebhd and the compédr analyses has contributed to the
identification of the initial system specification, which inducedtarative design process

Iterative Design Process: An iterative design process involvespetitive actions approachiray
usercentered design, fuling Human Factors criteria and ensuring that humans intended to use the
system, can perform safely and easily. It means that system's functions are tested and evaluated to
make sure that their physical and cognitive demands are matching the humaiitiespabipractice,

the thesis's work followed such an iterative design process approach. It has continuously provided
feedback that facilitates the understanding of the underlying causes of usability problems and
succeeded to find alternative design dohd or countermeasures. This iterative activities included
heuristic design evaluationprototyping trade-off analyzing usability testingandsubsequent data
analyzing During this process it was useful to answer the following questions: (Wickens2&0d,

p. 30)

9 Are there are any existing constraints with respect to design of the system?

1 What are the Human Factors criteria for design solutions?

1 Which design alternatives best accommodate human limits?

91 Do the identified features and functions meeryseferences and requirements?

27 One main issue while planning the design of new or existing systems is to positithrefide by competitors. &Hirst
question to be askedgho the competitors are. While doing so, this question is not focused on enabling technology,
rather on the users involved to operate the system., Bystems in questions should be analyzedrdigg to the
attending usersieeds. Although intended for business strategies, the framewanalyzing competitorpresented by
Porter (1998) is also usakitethe context ofisability engineering. laims to answer two questions that freused on
two key aspects respectivelyhereby outliningheir objectives and assumptions refleathat have motivated them,
while analyzing their strategies and capabilities sugpominderstand what they arerrentlydoing andarecapable of.
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Heuristic Design Evaluation A heuristic design evaluation is an analytic evaluation method used
to determine whether the system's characteristics comply with Human Factors criteria. Thereby the
system design is systematily inspected for its usability to make sure that it meets not only Human
Factors principles and guidelines, but also other theories, like from cognitive psychology. Typically a
heuristic evaluation is conducted by usability experts and without pariicipEtthe system's users.

In usability engineering, the goal of an heuristic evaluation, also referred texmeyt
guidelinesbased evaluatiofGabbard et al., 1999; Gabbard & Swan, 2008), is the iterative process of
finding problems in usability of a Wesign and thus it is a method of "[...] systemiaspection of a

user interfacadesign[...]" (Nielsen, 1993 p. 155. In the context of this thesis, heuristic design
evaluations have contributed to the identification of possible gagpotential contermeasures
related to Human Factors challenges, relevant for AR assisted space payload tasksrevhich
presented in section 5.2.

Prototyping From the very beginning, an iterative design process benefits from early stage
prototypes, which should exenfglthe interface and interaction design. Prototypes can vary in their
level of fidelity, ranging from papdrased to fully functional prototypes. While pabased
prototypes are very effective at the beginning because they can be redrawn with I#flinosbnal
prototypes have more of the look and feel of the final system, supporting usability testing with real
users. A functional prototype may, hidides not necessarily have (like tWézardof-Oztechnique,

Dow et al., 200} to support the full videty of functions that makes ideas concrete suyport "[...]
usability testing by giving users something to react to and Ws@kéns et al., 2003, p. 37).
Prototypes implemented for the work conducted in this thesis, complied with fully functional
prototypes, which have effectively supported the iterative design process. Because as already
mentioned bySchwerdtfeger et al. (2009): HE problem is, to be able to elicit such user needs from
future users, we needgh-fidelity AR prototypes [..]. Those m&ure AR systems help elicit much
more realistic user needs than Hdelity prototypes' (p. 16).

Trade-Off Analyzing A tradeoff analysis is needed to perform if a design feature (e.g., an
interaction modality) can be implemented in different ways tede are no data or guidelines
available supporting the decision between alternative solutions. Then "[...] assalellstudy is
conducted to determine which design alternative results in the best perfo@ancastest or most
accurate) (Wickens ¢ al., 2003, p. 33), which is also referred totrasle-off or trade study The
iterative design process of this thesis has included multiple-tfddgudies, which resulted from
heuristic design evaluations.

3.4.2 Usability Testing and Data Analyzing

This subsection outlines the methods applied to the usability testing, which was requested by the
thesis's inherent iterative design process. This includes the descriptions of important criteria needed
to be considered when preparing usability tests. It alsifietawhat types of data were collected and

how they were statistically analyzed.

Usability Testing: If an element of a system requires the interaction with a human, its usability
should be tested by real users and representative tasks. A usabilitprtesponds to either a
formativé® or asummative evaluatiof!, varying in their goal settings and the level of experimental

2 According to Nelsen (1993), éormative evaluatioraims to find out "[...] which detailed aspects of the interface are
good or bad, and how the design can be improved" (p. 170). It is typically conducttddrdsngraloud test whereby
users are asked to verbally coemhwhat they are doing, what are the reasons or what they would expect. Such a test
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assessment of usability measures. Assuming a summative evaluation, usability testing is an empirical
methodology claiming the valation of research questions or hypotheses to optimize interactive
system elements and to subsequently provide design guidelines. Thereby a hypothesis is a prediction
of the findingswhich"[..] is framed in terms of the independent and dependent varjabd¢ing that

a variation in the dependent variable will cause a significant difference in the independent variable"
(Dix et al., 2003, p. 330While independent variable®flect the manipulated interface conditions

(e.g., display type, interaction &y, whereby different levels can be assigned to each variable,
dependent variablesre measured and affected by the independent variables, but should be
unaffected by other confoundirigctors. Besides identifying such variables, another important issue

is concerned with the way the test users are employed, resulting eithieetiversubject’ or a
within-subjectdesigri®. Other criteria are directed towards the test users and the study environment.
In general, the users recruitem fisability testinghould be ag]...] representative as possible of the
intended users of the systdm]" (Nielsen, 1993, p. 175). At least should be ensured.:] to
evaluate the most diverse user population possible in terms of age, gender, technical ability, physica
characteristics, and so dn.]" (Bowman et al., 2004, p. 363). Equally important is the study
environment, which can vary in its level of realism and control, ranging from laboratory to field
studies, whereas laboratory studies indicate a low leweltitm but a high level of control and vice
versa for field studies, both implying their own pros and cons in their pure form. Field studies are
primarily used to get knowledge about the conditions of the target environment and users' behavior in
it. Using such environment under daily business conditions usually ingq@i@guous interruptions

by, for example, phone calls or colleaguesd thus it is difficult to get a certain level of control over

the experiment.However usability laboratories indicatespecially equipped interruptieinee
environments offering better conditions for users' ola@&ra and data collection, bittis also"[...]

possible to convert a regular office temporarily into a usability labordto}y (Nielsen, 1993, p.

200). Although such environments enable controlled experimental conditions, the users' are taken out
of the target environment, which may constitute a confounding factor, but can be compensated by the
duattask metaphor, increasing the level of realism (see seB8ibf). "Ideally the design process
should include both styles of evaluation, probably with laboratory studies dominating the early stages
and field studies conducted with the new implementation." (Dix et al., 2003, p. 358).

In the scope of this thesisaeh iterative design process has implied a summative evaluation using a
within-subject design. Because the system's application doeriompasses space payload
operations, the intended users @asy to identify, but astronauts are limited in their pdprieand

thus hardto get them to spend time on usability testivgith the exception of an initial

contributesmainly with subjective datzollected either qualitative by a set of reportddervation®r quantitative by

ratings scales.

More resultsdriven and inteneld for comparative purposess@ammative evaluatiois used to either evaluate the final

design version or to support the decision between alternative design solutions comparing two or more user interface
configurations within a tradeff study. It is usully conducted by ameasurement tegNielsen, 1993) collecting
quantitative data (objective, subjective) and qualitative subjective data under controlled experiment conditions.

A betweersubject desigensures that a user or group of users is only @agitp one level ofreindependent variable,

and is used when it is undesired that a user should perform more than one condition. Possible problems are assigned to
"[...] the huge individua¥ariation in user skills [.. Therefore, it can be necessaryua a very large number of test users

in each condition in order to smooth over random differences between test users in each of the groups.” (Nielsen, 1993, p.

29

30

178).
3L A within-subject desigindicates that each user receives all levels of the expetimkich not only implies the need of
less users, it also contributes to an automatic control for individual variability, and thus it is "[...] easier to find

statistically significant differences between experimental conditions" (Wickens et al., 2003).@2bblems are related
to interfering learning effects, which however can be reduced by a counterbalanced presentation of the independent
variables.
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proof-of-concept study, the performed tests correspond to -tfidstudies related to relevant
interaction issues. Thus, the test users recruited foradedff studieshave not been necessarily
needed to comply with the intended user grdu requirements to select a diverse user population
were considered. Such studies were conducted under controlled laboratory conditions using either
regular officesor environments enabling conditions for studying possible effects caused by altered
gravity, as provided by parabolic flight or human centrifuge. Unlike the -wHdstudies, the
proof-of-concept study was intended to initially prove that payload taskisaraefit from AR. Thus it

aimed ata high level of realism, which has called for a field test implying representative users and
tasks within a payload environment, but also ensuring controlled experiment conditions.

Usability Measures: According to theconcept of usability (see section 3.2), the usability tests
performed in the scope of this thesis, were intended to assesdfeéhvenessefficiency and
satisfactionby collecting and statistical analyzing of usability measures. Thereby, user experienc
related to aspects of effectiveness was considered as a function of task performance feedback and
measured by means of objective data, reflecting performance indicators, such as completion time,
search time, response time, response frequency, errospatx] and accuracy, but also considered
tracking data to analyze head and egisdcted pointing movements. However, efficiency in general
reflects the cost of human information processing related to the amount of attentional resources
claimed by task p&rmance. Thus, effectivenesss considered as a function of workload feedback
that was measured by multidimensional indices as outlined and described in the next subsection.
Besides effectiveness and efficiency, satisfaction eaxerned with users' gebtive feedback

about the comfort and acceptability of the work system. Such feedbaghawtsilarly relevant in

the scope of theroof-of-concept study, analyzing the preference and acceptance of application
domain experts, whereby both quantitativel ajualitative data were collected by ratings scales,
guestionnaires and interviewslowever, for studying tradeffs between competing interaction
modalities,the aspect oatisfaction was of secondary importance, because the associated research
was focusd onvisuomotor skills and thus wasore related to effectiveness and efficiency.

Data Analyzing: After quantitative data have been collected from objective and subjective
feedback, the research questions or hypotheses needed to be evaluated byirgptehaiher the
dependent variables have changed as a function of the independent variables. Quantitative output can
be classified as either discretecontinuous data. Discrete data were obtained by dependent variables
implying simple counting of occurnees, such as pointing frequency, whitentinuous variables

held measured values, like completion time, which could be mapped on an infinitely divisible scale
In the scope of this thesis, such data were analyzed by descriptive and inferential siatrggics
SAS®9.4% in its advanced mode supplied by tBAS® programming language, whidhcludes,
among othergyredefined procedure statements (8RROC), providing reports, graphics, statistics

and analyses. Before analyzirige raw sample data were gmcessed by th8AS® DATA step
command. In cases where the sampling distribugahsbited skewness, it was adjusted by a natural
logarithmic transformation. The following outlines the measures and methods used for descriptive
and inferential statisticadditional statistical analyses performed in the scope of this thesis, such as a
resource trend analysia motion analysis and an analysis to evaluatesfieedaccuracy tradeoff
accordi ng tequired antextended data ymgcessing, which wilbe described in the
relevant chapters.

32 Statistical Analysis Software (SASSAS Institute Inc., Cary, NQJRL: http://sas.comiast visit: 28.09.2016
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Descriptive Statistics: Differences between experimental groups are descriptively reported by
measures of central tendency and variability. While in the chapters' text passages the differences in
the observations(N) are describedoy the mean (M) as arithmetic averageand the Standard
Deviatior?® (SD,Stddey as a measure of the amount of variation, the chapters' appendices provide a
more detailed description in tabular for®@AS® PROC TABULATE), additionally presdimg the
medianas robust middle value, tiStandard Errot* (SE Stder) asameasuref theprecisionof the

sample mean, although not descriptiae well as the sample minimuMi@) and maximumNlax).

In addition, distributions are graphically present8AS® PROC SGPLOT) by either box or series

plots, but mostly by mean value plots that are marked with a confidence interval (CI) of 95%.

Inferential Statistics: Unlike descriptive statistics, inferential statistics enabled to make
generalizations abotlhe populations from which the samples were collected and thus was used to
test hypotheses and validate research statemergtafmtical significance. Such tests were used to
analyze the differences between group means and their associated interastiapghe SAS®
LSMEANS statement to compute least squares means of fixed effaetgby the significance or
confidence leveh was set at .05 for all tests presentedhis thesis. In cases of multiple paiise
comparisonsq ), it is important thathe tests maintain the specified valueapfvhich is then

also referred to as multiple level or experimentwise error rate. For example, usiagti not
suitable, because the valueaofvould increase relative to the number of inherent comparisoas
thus a would have assigned a much higher value thanallyitset. Hence, multiple paiise
comparisons, such as conducted in the scope of this thesis, claim to concurrent confidence intervals or
tests, ensuring a reasonable multiple coverage prdyal§ithumacher & Weimer, 2006). Tests such
as the ones according Bonferronj Sidakand Scheffe although supporting multiple comparisons,
are considered as conservative, because they usually do not use up the multiple Teeesame
applies to thel'ukeyKramer test, but only for asymmetric data, as well as toDhanettmethod,
which exactly maintains the multiple level, but only in tests using a single control. Thuigplenult
pairwise comparisons of group means, requested by usability testingsoape of this thesis, were
conducted by th8imulatemethod Edwards & Berry, 1987 This method is exclusively provided by
SAS® andguaranteethe specified significance level. The LSMEANS tests with Simulate adjustment
were conducted, on the one hangitie SAS procedure PROC MIXED for continuous data and, on
the other hand, by the SRBrocedure PROC GLIMMIX for count data. Models for count data were
additionally fitted assuming Poisson distribution and a logarithmic link function. Regardless from
the used procedure, its output will be tabulated reported by the degrees of freedom of e test (
the normalized estimatéd/alue the unadjusted value Pr > |t|) and the simulated adjustpdalue

(Adj. pVal). This course of action described so feas applied to objective repeated measures
calling for parametric testdn contrast quantitative subjective data, obtained from rating scale
scores, like the NASA TLXHart & Staveland, 1988werestatisticallyanalyzed byionparametric
testing usingthe SAS® procedure PROC NPAR1WAYrequesting an analysis of the Wilcoxon
scores as ranks of the observatiolmscases of only two random samples, Y#coxon option
produces the Wilcoxon rardum test, which does not require the assumption of normabdifons

and isequivalent to the MankiVhitney-U test. In the scope of this thegtse Wilcoxon ranksum test
wasused to assess whether the population mean ranks of two samples differed. Its output will be
reported by the mean scdvke theZ score, thep value and the rank correlationwhich reports the

3 TheStandard DeviatiofSD) measurefiow close are samples to each oihesame population and witiot beaffected
by thesample sizeWhile asmallSDis indicaing a uniform population, a largeneindicatesa more diverse population.

34 TheStandard Erroris the standard deviation between the different sample's means astdtusshow closer accurate
the sample mean is to the population mean. Typically it decreases if the sample size increases. If it is nevertheless large
relative to theoverall sample mean, then it indicates that the sample might not be representative of the population.
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effect size of the test. However, in cases of more than two random sampléictiveon option
induces the KruskalVallis rank testwhich investigates whether independent samples have equal
medians m accordance with the null hypothesis Ofdx a E & . To show differences
betweenndependent population¥) was needed to be rejected. Therefore the resulting test statistic
"O was approximated by the ebfjuare 7 ) distribution with "Q p degrees of freedom. If thest
statistic 'O was greater than the uppertail critical value,"O could be rejectethathas indicated a
main effectbetween the independent samples. The output from a Kr&hddik test will be reported

by the value of the test statisti® including thedegree of freedom and the number of observations
the p value indicating whetheiO is significantly greater tha , as well as the mean ranks of the
independent groups. In cases of a proven main effect, subsegsembc tests fomultiple paimwise
comparisonsvere performed using tH8AS® procedurePROC GENMOD applying the LSMEANS
statement with the Simulate adjustmdBgcause the data complied with response data, taking values
from a number of categories, the models were fittedmaisgua multinomial distribution with a
cumulative logit link function.

Note: In the scope of writing this thesis, all statistical tests were repeatedly executed. In
of adjustedp values obtained by the SAS® Simulate method, this yielded divergrits than
previously published, but not changed its main findifigss has resulted from not setting th
SEED option, which specifies an integer used to start the psandom number generator fg
the simulation. If such a value is not specified,]"fhe seed is generated from reading the ti
of day from the computer clock"

3.4.3 Dimensioning the Workload Assessment

Besides effectiveness and satisfaction, efficiency as indicator for usability reflects "the resources
expended in relation to the acaay and completeness of goals achieved" (ISO 9241) or, in other
words, "efficiency takes into account the costs of delivering effective gctigr(Hockey, 1997, p.

83). As have been already mentioned in the last subsection, the efficiency of tasiaecéin
usability testing is related to the amount of attentional resources claimed by human information
processing, and thus, in the scope of this thesis, efficiency was considered as a function of mental
workload (see section 3.3.2). With a fgetwing applicationof Augmented Reality (AR) to support
instructional tasks, the importance to assess its efficiency by workload measie=nising
increasingly significant, but usability testing is mostly restricted to subjective ratings&(Bai
Blackwell, 2@2), although"[..] workload is generally considered to be complex and a
multidimensional concept'Lisaght et al. 198, p. 1§. As already mentioned in section 3.3.2,
workload can be assessedymary task performangeubjective ratingsthe dualtaskmetaphor

using asecondary tasknd byphysiological measure$f a system is tested related to its usability, the
performance using this system is needed to be evaluated at first, because this is the goal of interest.
Primary task measures are most comiypaised in AR studies to evaluate the effectiveness of
systems or interaction techniques, but may not always be sufficient to verify clearly the benefits of an
optimized systemThus, usability testing conducted in the scope of this thesis has considered
workload assessment in all its dimensions and sometimes using a twofold or threefold approach. The

35 https://support.sas.com/documentation/cdl/en/statug/63033/HTML/default/viewer.htm#statug_mixed_sectldst.htm
visit: 28.09.2016
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applied measurement methods are described in the following. A list providing the full degree of the
workload measurement techniques are provided by Cairr (200

Subjective Workload: Assessing the subjective workload complies with-ssorted effort spent

on task performance and is the most simple method to assess workload. Because such subjective
measures did not consider issues of the task environmentt thay be best to couple their use with
primary task measurgs.]" (Proctor & Van Zandt, 2008, p. 254). Further limitations are concerned
with the difficulty to report perceived efforts and with the inaccessibility of loading factors.
Subjective wdkload is usually assessed by using a rating scale. The most prominent standardized
rating scales are the Coogdarper scale for assessing the overall workload (Cooper & Harder,
1969), the Subjective Workload Assessment Technique (SWAT, Reid & Nygren, If838ASA

Task Load IndeXNASA TLX, Hart & Staveland, 1988and the Workload Profile (WP, Tsang &
Velasquez, 1996), whereby the latter three comprise multiple subscales. Because the NASA TLX is
the most widely used rating scale, it was applieassesthesubjective workload fousability testing

in the scope of this thesis. It consists of six loading factors, requesting to rate the mental demand,
physical demand, temporal demand, performance, effort and the frustration level. The rating is done
for each loading factor on a continuous scale with two bipolar descriptors (high/low) at each end. A
weighting scheme can be used to consider individual differences while computing an overall
workload score for each experimental condition. It can also be uigedadw nature (RTLX), without
weighting the factoréByers et al., 1989), whereby "[...] the ratings are simply averaged or added to
create an estimate of overall workload" (Hart, 2006, pp..908he scope of this thesis, the NASA
RTLX was used multile times for usability testing (Chapter 6, 7, 8), and is presented in Appendix A.

Secondary Task: The secondary task technique is based on thetdsialmetaphor, whereby the

user is requested to perform a second task, concurrently to the primai@apaeity theories as
theories of attention, such as discussed by Moray (1967), Kahneman, (1973) and Wickens (1984),
point out that the workload is affected by limited capacity resources. Thus, the "secondary task
performance is assumed to be inversely priiqaal to the primary task resource demandfgickens

& Hollands, 2000, p. 462 This means if the capacity is limited to the primary task, additional
resource allocation will reduce the amount of resources that are available for the concurrent task, and
consequently, the measures of the secondary task will be more sensitive than that of the primary task.
Commonly used tasks for concurrent performancesemple reaction time tasks, choice reaction

time tasks, monitoring tasks and mental arithmetic taBksides assessing the secondary task
measures, the dutdsk paradigm can also be used to analyze the cadtiadtask processing,
assuming that the primary task measures were also collected in a single task condition.-TEs& dual
interferences can thdre declared gsercentage shift between the sintdek and dualask scoredn

the scope of this thesis, the duask metaphor was applied tme tradeoff study (Chapter 7.
Therefore a simple reaction time task was used for-tdisél performance withelated singlgask

tests to additionally assess the digalk costs

Physiological Workload: The physiological assessment of the workload is used to measure
arousal, whereblthe general level of arousil presumed to increase as mental workload asae

[...]" (Proctor & Van Zandt, 2008, p. 3b It enables to detect workload changes in a way different

from the above mentioned techniques, because it provides online data about the underlying
physiological processes involved in task performance, warehusually not directly accessible.
Although it isa widely common practice in workload research, care should be taken whether the used
method is, on the one hand, appropriate to detect workload changes and, on the other hand, sensitive
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to the variationdan the workload that the user will experience (Lysaght et al., 1989). Besides
analyzing the blood pressuskin impedancebody fluid and many other indices (Wierwille, 1979),

the most pomising candidates to assess the workload physiologically are #neragee and its
variability and the pupil diameter. So for example, the pupil diameter reflects the amount of
attentional resources that are spent on task performance, whereby a larger size of the pupil indicates
an increased workload. Using the pupilrdeter is a reliable assessment method, although revealing
only small changedn contrast cardiac responses, like the heart rate orhdrert rate variability

(HRV), are influenced by the autonomic nervous syst&MS) and thus can reflect physical and
enpotional statesBecause the heart rate is "[...] related to the amount of physical activity, respiration
and thermal regulation" (Lysaght et al., 1989, p. 141), effects changing mental activities are also
noticeable within the heart rate. Contrary to tharhrate, which increases if the workload increases,

but not always provide changes in the workload, the HRV is more suitable to assess mental load, as it
describes the range in which heart rate changes in a certaifPtiontor & Van Zandt, 2008Thus,

it is probably themost commonly usetechnique to physiologically assess the mental workload
(Meshkati, 1988 In the scope of this thesis, the physiological workload was assessed lac cardi
response, analyzing the HRWhich can be considered as immanent expression of sympathetic

and parasympathetic influences of the heart function (Task Force, 1996), whereby the sympathetic
nervous system helps us to deal with stress, while the parasympathetic nervous system controls our
bodies' responses during reBhe HRV provides a set of parameters, which can be assigned either to
the frequency or the time domain (Task Force, 1996). The parameters used to analyze the
physiological workload in the scope of this thesis will be described ireteeant chapters,ui in

general comply withhe LF/HF ratio (Chapter 7), the Stress Index (Chapter 8) and{RealRtance
(Chapter 9).The HRV was recorded b¥lectrocardiogram¢$ECGSs),electrical signals originating

from the heart, whiclvas measured by two wireless etedesplaced at the participants' thorax,

which detect muscle activity on the skin surface.

As mentioned above, assessing the mental workload in AR usability testing is mdsiosted to
subjective ratings (Ba& Blackwell, 2012), predominantly usingg NASA TLX. Only few studies
have also considered physiological measures for workload assesshiemer( et al., 2008;
Schwerdtfeger et al.; 2009; Grubert et al.; 20b0thave also shown how challenging the evaluation
of physiological data turns out general, such data are featuring highiations that needed to be
limited or partially eliminated, for example, by reducing the participantstimtévidual differences
(e.g., age, gender, BMI), increasing the sample size and by statistical nolioraliahg baseline
measures. Even less studies have applied thetaklametaphor assessing secondary task measures
(Grubert et al., 2010; Kishishita et al., 2p1dlthoughGrubert et al. applied the dui@sk metaphor

only during pre and postestpha®s and not during the experimentation phase.
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Chapter 4

Related Work on Instructional AR Beyond Spaceflight and
Advanced User Interfaces for Spaceflight Operations

This chapter provides a survey of selected works, previously done in thaf ffeigmented Reality

that should illustrate the continuous progress on its individual adaptation to instructional tasks
beyond spaceflight. This survey also considers works on related issues, like task localization and the
placement of interactive AR coalt interfaces, both relevant and important to assist instructional
tasks using AR. Finally, and most related to this thesis's problem space, this chapter provides a
review of works on advanced user interfacing intended to support astronauts' work aectsproj
specifically claiming the usage of AR will be presented more detailed.

4.1 Relevant Issues for Instructional Augmented Reality Beyond Spaceflight

After lvan Sutherland had laid the foundation for Augmented Reality (AR) by relethsimglevant
techrology in 1968, first applications appeared more than twenty years later to support tasks for
medical Bajura et al., 1992and manufacturingurposegCaudell & Mizell, 1992, both belonging

to the most meaningful areas of applications supported by ARev&sl delimitations and
definitions for AR were only defined a few years later. WNitgram andKishino (1994 classified

mixed reality approaches to their ratio between the physical and virtual reédiiyja (997
defined AR by its three crucial chataristics stating that AR interactively combines real and virtual
worlds by 3Dregistered information in reéiime. Since then until today, these specifications and
the upcoming level of awareness for AR have motivated numerous works in various fietds, wh
have driven a remarkable technological progress which in turn resulted in a fast growth in
applications (Azuma et al., 200Zhou et al., 20085chmalstieg et al., 201&revelen & Poelman,
2010. Besides medicine and manufacturing, the applicatiohFotovers various other areas, like
architecture entertainment, sports and education. Thereby most applicatiarestitle common aim

of increasing the perception of the surrounding to assgifgport a given task. Thus the value of AR
yieldsthe greatdspotential for task support and mostly contributesid a human to more easily
carry out complex tasks such as maintenance, assembly, repair or service, which are usually guided
by instructionsconstituting a manual, commonly assigned to a technicatel@nd in most cases
explaining how to assemble or operate it. Regarding the values ddzAifa (1997p. 359 stated
that"Instructions might be easier toderstand if they were availableot as manuals with text and
pictures, but rather ass 3D drawings superimposed upon the actual equipment, showing
stepby-step the tasks that netrdbe done and how to do them."”

In this section, the importance of AR for instructional tasks beyond spaceflight is emphasized by
reviewing remarkable works done ihig field showing a beneficial application of AR, works
investigating the spatial orientation of AR instructions to enhance human attention control and works
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analyzing the placement of interfaces that are needed to control such tasks. Even if the raadical a
offers a potential place to support tasks guided by AR, this review does not touch this application
area, because of their more challenging requirements (e.g., dynamical aspectsegisBBtion)

and the fact that physicians are more willing to atdeficits in handling and visualization when the
application's value significantly contributes to their work (Markéstter et al., 2009). To make
instructional Augmented Reality (AR) executable in a smart technical environment and before
beginning resaah on usability aspects on, for example, task localization and interaction techniques,
there are a number of fundamental research issues on display and processing hardware, 3D pose
tracking, calibration and resime rendering, which are of significantirtance, but outlining their
progresses would gbeyond the scope of this section and is not in the main focus of this thesis.
Outstanding advances in the field of AR can be annually followed dhtbmational Symposium

on Mixed and Augmented RealitlSMAR®*) as successor of thkternational Workshop on
Augmented RealitlWAR) launched in 19982hou et al., 2008 As already mentioned in the last
chapter, considering Human Factors by concepts of usability engineering is critically important for
users'acceptance. Hence, the works presented in the following subsections, will be reviewed and
discussed regarding their usability testing , if available.

4.1.1 Instructional AR for Maintenance, Assembling and Service Tasks

Since the advent of Augmented Realityli®92, countlessworks and numerous research projects
have been carried out, which have applied and studied the potential of instructional AR to support
assembly, constructional, repair, maintenance or just service tasks. It can be stated that segeral work
have been published every year that reflect the potential of AR to support instructional operations in
such task areas, most of them surveye®@hby and colleagues (2008)Iso the increasinghcidence

of research consortiums academic industrgoupledprojects, like STARMATE (Schwald, et al.,
2001), ARVIKA (Friedrich, 2002Weidenhausen et al., 2002RTESAS”, STAR Raczynski &
Gussmann, 2004AVILUSplus® or ManuVAR®, are empasizing the interest in this application
areaRegenbrechand colleague@005) have discussed the rare advent of AR in an industrial context
and reviewed R&D (Research and Development) projaciise area of automotive and aerospace
industry, as well as for production support. Evendihand gas industry investigated theguial of

virtual and mixed reality on mobile data visualization for their maintenance sydspindola et al.,

2013) Another work aimed to improve the efficiency and safety of maintenance tasks for nuclear
power plant (Ishii, et al., 2007). A surveyinflustrial AR applications was provided by F@éeorgel

(2011), describing the lifeycle that was used as a taxonomy to categorize and present a selection of
papersDue to the abundance of works in the field of instructional thi®, review is limitedd a
selection of prominent works, which have essentially contributed to advances in instructional AR and
can be considereas representatives for all other wark&iereby special attention is paid on works,
which have solved physicalorld problems beneting from AR. Specific research conducted from
HendersorandFeiner (2009, 2011a, 2011lwill be discussed more detailed, because they are most
related to the work on instructional AR presented in this thesis.

As mentioned above, pioneering with theirlgavork in 1992 ,Caudell and Mizell have supported
tasks for aircraft manufacturing. On behalf of Boeing they should assist and speed up die task

% |SMAR (InternationhSymposium on Mixed and Augmented Redlityttp://ismar.vgtc.orglast visit: 28.09.2016

37 ARTESAS project (20042006). URL: http://www.wzl.rwthaachen.de/de/aa272c5cc77694f6¢12570fb00676bal.htm
last visit:28.09.2016

%8 AVILUSplus project(20082011). URL: http://www.avilusplus.dgast visit:28.09.2016

39 ManuVAR project(20092012). URL:http://www.manuvar.euylast visit: 28.09.2016
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installing electrical wirings in the aircraft fuselage. As a result, the technicians were equipped with a
head worn display enabling the projection of wiring diagrams superimposed on parts of the aircraft on
which the technicians were working (see Figure 4.1). In the scope of their@aurétell and Mizell

have not only presented the first prototype for a rfeoturing task, they also were the first to
introduce the termAugmented Realitpy specifying it as overlay on top of the real world with
digital content and thegoon realized the necessity oh@h accuracy during the 3D registration
process to ensureliable operationskelated field testing conducted by Curtis et al. (1999) revealed

a functional prototype but lacked adequate acceptance because of practical issues. Other works in the
realm of aviation have shown the importance of reliable interfameshé performance of AR
guidance during prélight inspection of &Cessna 1720ckerman & Pritchett, 1998), and discussed
that AR could essentially contribute to aviation maintenance.

Figure 4.1: Pioneering work by Caudell and Mizell for aircraft manufacturifigro Caudell & Mizell, 1992).

Similar work was conducted liye Crescenzio et a2011) also investigating the benefit of AR for

daily inspection tasks of@essna 17®cused on the mainteneacheck, which is required before the

first flight and commonly supported by an aircraft maintenance manual and a flight manual (see
Figure 4.2). Their AR system consisted of an adjustable headset equipped withrawsgle Liteye

LE750 monitor and a Latgch webcam, as well as a notebook computer. To avoid the use of fiducial
markers for3D pose tracking, they applied markerless tracking, using natural features using the
SIFT* and SURE* algorithm. The system was successfully validated with ten partisipaa field

test, which included instructions for using the AR system and checking the oil, but it was not directly
compared with the traditional method. They evaluated the mental workload by subjective experiences
assessed by the NASA TLX. The averagekload (see Figure 4.2ight) was acceptable rated in
respect of the mental, physical and temporal demands as well as for the effort needed to accomplish
the tasks, while the performance and satisfaction were rated poorly.

Mental workload [T —
Physical workload [—
Temporal workload —

Effort 1
Performance —
Satisfaction —

o 1 2 3 4 5 6 7 8 9 10

Figure 4.2: AR for daily inspection tasks of@essna 178rom De Crescenzio et al., 201)eft) The
seethrough Liteye LE750 equipped with a Logitech webcémiddle)A dipstick model indicates the task
while a 3D arrow showshe direction(right) Participants' average workload rated by the NASA TLX.

40 SIFT - Scalelnvariant Feature Transforthowe, 2004)
41 SURF- SpeededJp Robust FeaturgBay et al., 2008)
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Beside aviation, AR also has promising potential to support tasks in the automotive industry. For
example, Reiners et al. (1999) have early introduced their system for doorsmckids in the
automotive industry, which was detailed discussed towards challenging system issues, like fiducial
marker tracking or setirough calibration, but lacked in usability testing, although causing great
interest when it was presented at the Heen Industrial Fair. Similar to this worllyiedenmaier et

al. (2003) applied AR also to the automotive domain by presenting AR support for the assembly of an
automobile door, but evaluated the effect of instructional media on door assembly by comparing a
paper instruction with AR and an expert tutorial. The {@1gn experimental task (mean paper time:

~ 1h 30min) included three different levels of difficulty (mounting window regulator, wiring and
fixing clips). Analyzing the total assembly time reveatbdt the AR support could reduce the
required time related to the paper instruction by about 35 percent, but guidance by an expert attained
a reduction of about 65 percent. The reason for that was that difficult tasks benefit more from AR than
intuitive ard repetitive tasks, like fixing the clips. Although not for the amttive industry, similar
conclusions have been made by Syberfeldt et al. (2015) stating that "the complexity of the assembling
task must be high enough for the user to feel that it ishwesing the AR system". Another study
published by Platonov et al. (2006) showed interesting work for the maintenance of a BMW?7 Series
engine (see Figure 4.3). Even though this work was mainly focused on the development of a suitable
tracking algorithm usg a markerless, modbhsed approach based on 2D point features, it was
finally tested successful by different BMW staffs. Similar work in the automotive sector was done by
Gay-Bellile et al. (2012), also contributing to the development of 3D pose tigabli introducing a
generic tracking framework based on model constrained SEAddpable of handling various
automotive AR applications with high accuracy and robustness. Using a Renault Clio, the
experimental results have shown that their flexible framkwan be adapted to a wide range of
automotive applications, like the maintenance and repair of the engine or virtual customization of the
car bodywork or dashboard.

Akustikabdeckung abnehmen

Feature correspondences

Image plane

Rendered 3d-model

Figure 4.3: A mobile Augmented Bality system for automotive applications (from Platoabal., 200%.

Another domain of researching AR for manufacturing tasks was the food and beverage packaging
industry, such as the Sidel company, a manufacturer of machinery for PET bottling aaginmadk

the scope of the project SKILES which aimed towards the transfer of human skills by means of
multimodal interfaces, AR was studied for industrial training addressed to assembly and maintenance
tasks (Webel et al., 2011a; see Figure 4.4). Byctland indirect \@ual hints the trainee was stépe

guided through the training procedure and could, if needed, request remote support by an expert.
Instead of using keadmounted displayHMD), they favored handhelds and monitor based devices,
becaus¢hese are more suitable for industrial environments (Bischoff & Kazi, 2004). For multimodal
purposes and to unburden the human visual channel, a vibrotactile bracelet was used to direct the
hand movements by haptic rotational or translational stimuli.syeeem was tested by four expert

42 SLAM - Simultaneous Localization And MappifiQurrantWhyte & Bailey, 2006)
43 SKILLS project (20062011). URL:http:/iwww.igd.fraunhofer.de/en/Institut/Abteilungen/VRAR/Projekte/SKILLS
last visit:28.09.2016
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trainers, who were requested to assemble a valve with the AR system (Webel et al., 2011b).
Evaluating subjective data showctthe training of such tasksenefits fromAR support

! N\ L ‘ -

Figure 4.4: The project SKILLS for "Multimodal Interfaces for Capturing and Transfer of Sffithm Webel
et al., 201} (left) A service technician is using the Afased Training at Sidel training cent@niddle)
AR-Training of an Assebly Task using the indirect visual aigight) Direct visual aidor a maintenance task.

However, taken the view to the category of instructional tasks that should be assisted by AR, it stands
out that most of the work was done in the assembly task doBeside the above mentioned works

for door assembh\Baird & Barfield (1999) investigated the benefit of AR support on assembling a
computer motherboard. Therefore they conducted a usability study comparing different guidance
methods using a paperanua) a computegrided manual and an AR considering video (VST) and
optical (OST) se¢hrough HMDs. Related to assembly times and errors, AR improved this task,
whereby the OST display supported the fastest assembling. Also in B8@8and colleagues
studiedVR and AR as a training tool for a water pump assembly and compared conventional 2D
engineering drawings with two VR desktop conditions, one immersive VR condition using a HMD
and one comixt-free AR condition, which hawdisplayed a static pictorial reggentation of the water
pumpds ass e milVR cosditiana ach AReenabled faster assembling than using the
drawings, whereby the assembling task mostly benefited from AR, but as concluded by the authors,
AR is disadvantages by the physical objededed to be present during the training, which was not
the case for VR and "[...] in some cases it may not be practical to interact with the real objects due to
their noravailability and their associated costs" (Boud et al., 1999, p. 36}h&nwork, presented

by Zauner and colleagues (2003), considered the potential of AR applied on furniture assembly (see
Figure 4.5). Although they work was predominantly focused on authoring issues, this work
contributed with a hierarchical data structure enablisgae mechanism for the assembly plan and
various visualization effects (e.g., highlighting, 3D objects, placement animata@ssynable to
specific tasks.

Figure 4.5: Assembling furniture by ARatinstall tablelegs or build wooden chests supported by highlighted
components, indicated positions for nails, or by animations for the placemenZ@rorer et al., 2003

Works not considering a specific task area discussed mostly the key featunssuattional AR
systems or aimed to implement more generic approaches. Thus, Schwald and Laval (2003) discussed
hard and software issues and introduced an AR prototype to support diversbebmsigng to the
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maintenance domain, but lacked usabilitytites The same applies to work done Bgng et al.

(2006), but they implied that "more interaction tools need to be developed to support the complex
assembly design efficiently" (p. 34) and therefore introduced their virtual interactive tool for
assembly gidance (Yuan et al., 2008). Similar to Zauner e24l08), Kndpfle and colleagues (2005)

were focused on templab@sed authoring of AR manuals, but was intended to assist mechanics
during various maintenance and service tasks. Therefore they anajpiesl service tasks to
classify the related operations for generalization purposes, but only discussed implementation details
and abo lacked in usability testing.

In case of lacking a realorld problem needed to be solved, assembling toy blocks oleguzave

often been utilized as suitable examples of use cases.Tldngand colleagues (2003) investigated

the effectiveness of AR in assembling toy blocks by carrying out a besubgect user study
performed by 75 participants, in which they compaimd different guidance techniques using a
printed media, a LCD monitor, as well as unregistered ande8Btered AR provided by an OST

HMD (see Figure 4.6). Besides evaluating performance measures, like completion time and accuracy
assessed by the numbef error, they also investigated the effect of instructional media on mental
workload assessed by subjective experiences using the NASA TLX. They have shown that
3D-registered AR led to significant faster performance than using the LCD, but not retiaelgd

effects between the other conditions. The results have also shown tregi8ered AR caused less
errors at all. Evaluating the ratings scores of the NASA TLX verified their hypothesis, stating that the
type of instructional medium significantlyffacts the mental workload. Works by Robertson et al.
(2008) andKhuong et al. (2014also used toy blocks, but investigating localization in the scope of
AR, which will be reviewed in next subsection. However, Salonen & Saaski (2008) used a 3D puzzle
to emulate an assembling task. They showed that AR assistance can reduce the assembly time and has
a high effectiveness ratio on such tasks.
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Figure 4.6: AR for toy blocks assembly (froffiang et al., 208). (left) HMD view showing virtual toy blocks
indicating the correct locatiofmiddle) The studied conditions: (a) papmanual, (b) LCD, (c, d) AR
conditions (right) Assembling time per condition: the LCD and the two AR methods only differed slightly.

In the scope of the COGNIT®project, Mura et al. (2012) used puzzle assembly to study the effect

of display hardware by comparing monocular and binocular HMDs. They showed that puzzle
assembling was not affected by the display, although the particlmardssignificantly preferred the
handling by the monocular HMD, because it was significantly faster ready for use than the binocular
HMD. In the same publication they reported on a second study that investigated the effect of the type
of instruction on theperformance of two assembling tasks differing in their task difficulties (see
Figure 4.7). Thereby the simple task was realized by attaching two batons on a base plate (nails and
screws), while the other tasks required the disassembling of a ball vabae Tsks were guided by

a paper manual (baseline), AR support (WizalrDz) and a video instruction watched by
participants directly before starting the performance. The results revealed that the video support

44 COGNITO project (201€2012). URL: http://www.it-cognito.orgast visit 28.09.2016
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enabled the significantly fastest suppannpared to the paper manual for both tasks (see Figure 4.7,
right). The more complex task could also significantly benefit from the AR support than the simple
task, but did not outperform the video condition. These findings are consistent with obsefr@tions
Wiedenmaier et al. (2003) and Syberfeldt et al. (2015) stating that difficult tasks can benefit more
from AR than simple tasks.

- e .| ; & 7
Hammer the nail inta the baton £ ¥ )

Figure 4.7: Exploring the effect of instruction type @erformane of two assembling tasks differing in their
task difficulties (fromMura et al., 201p (left) Simple task: attachment of two batons on base plate (nails and
screws)(middle)Complex task: disassembly of a ball valgright) Assembly times by instructial media.

From 2008 until 2010, an interesting series of work was presented at the ISMAR conference,
investigating the potential of AR to support the order picking process in logistic applications focused
on useirelated aspects (Tumler et al., 2008; \8efdtfeger et al, 2009; Grubert et al., 2010). Thereby
each work conducted lorgrm tests comparing the common method with AR guidance and
measuring the physiological workload by the heart rate and its variability (HRV, see section 3.4.3),
but assessingifferent parameters. The initial work carried out by Tumler et al. (200)tisallya
continuation ofSchwerdtfeger et al. (2006), which firstly provided locati@msed AR wayfinding

and picking information on mobile displays intended to support logigtitems. Because this work

was more focused on presentation schemes for task localization, it will be presented in the next
subsectionComing back to the work of Tumler et al. (2008), it was one of the first applying HRV to
investigate the physiologicatrain in mobile AR technologies, but doing so for a manual task under
long-term condition. They used a reference environment based on an industrial warehouse picking
scenario arranged within an area that was prepared for optical marker tracking (sed Bitgft).

The apparatus consisted of a monocular OST HMD, equipped on top with a camera for tracking
purposes. The study was conducted with twelve participants, who were requested to perform multiple
picking tasks for two hours. Tumler and colleaguesuated the physiologicatrainby analyzing

the heart frequency (HF) and tsiandard deviationsf the RR intervals (SDNN) assessed by HRV,
which wassuccessivebtained froma longterm ECG recorder (MLO1, Schiller GmbH). The HRV

data were continugsly registered during several ten minutes time phases at the begin, in the middle
and at the end of the work task, as well as during gmd postHRV-tests in lying and standing
postures as baseline measures. The results showed tH4F t{gee Figure 8, middle) was not
affected after two hours of work with both AR and paper, while the SD$¢l Figure 4.8ight)
revealed significant differences between AR and the paper manual at the beginning work phase,
resulting in a higher SDNN with AR implying agher strain, but returned closer to the papanual

values towards the end of the test. The authors assumed that this was caused by initial familiarization
during the use of the AR setup. This suggests a lack of a prior short training session. Télnalksoet
evaluated the subjective strain by discomfort and sensitivity questionnaires, but did not reveal
differences between the guidance methods. Thus, this study has shown that the "change of strain
caused by an AR system developed similar strain clsaogesed by a common réiR system

(paper list)" Tumler et al., 2008;. 90).
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Figure 4.8: AR for order picking tasks (from Tamler et al., 2008ft) Subject with shopping cart in rack area
(middle The heart frequency (HF) through the test phasight) The HRV SDNN through the test phases.

Besides using a different warehouse setup, the fallpwork conducted by Schwerdtfeger et al.
(2009), modified the AR conditions using infrared marker kireg and their redesigned
Pick-by-Vision visualization (see Figure 4.&ft), whereby the picking process was guided by an
attentional funnel, first introduced IBjocca et al(2006). They also changed the HRV setup, using a
Polar RS800 CX Multi pulse cerder that was applied the same way as before. This time they only
evaluated the SDNN to analyze the physiological strain. Within the falfpatudy eight participants
performed order picking tasks, also for two hours, comparing paper and AR guidaacesiilhs

(see Figure 4.9jght) revealed that the development of the SDNN through the test phases did not
show significant differences. They also evaluated the subjective strain as was done by Tumler et al.
(2008), and also did not reveal differencesmesin the guidance methods. This time the subjective
experiences were supplemented by analyzing the task load (NR®A Which resulted in a higher
workload using the AR system with an average rating of 87.81 compared to the paper condition
(71.98), but dil not revealed significant differences. Besides strain, performance was evaluated by the
picking time and error rate. The results showed that using the AR system caused a higher error rate,
but enabled a slightly faster performance (7.6%), although nottieg any significance tests.
Among other issues, like problems using the HMD, the authors discussed the results related to the
experience levels of the participants, showing that real picking workers performed slower than
novices. Perhaps this may be kxped by thavorked example effect derived from the cognitive load
theory (see section 3.3.4), which states that learners using a worked example for the first time
perform better on problem solving than learners who are experienced with the giviempro

Figure 4.9: Pick-by-Vision (from Schwerdtfeger et al., 2009gft) Tunnel visualization for AR picking
(middle)The AR equipmentright) Development oftie HRV SDNN through the test phases

During a following study conducted by Grubert et al. (2010), nineteen participants performed picking
tasks, but this time for four hours, whereby the test setup and procedure, as well as the target
visualization using the attentional funnel metaphor Bgere 4.10)eft andmiddle) were similar to
Schwerdtfeger et al. (2009). To evaluate the physical strain, they also only analyzed the SDNN
parameter of the HRV. The subjective strain was assessed in the same way as was done by Tumler et
al. (2008). Theyadditionally applied a secondary task, requesting simultaneously responding to an
auditory stimuli,but this had only to be executed in a-fgst and postest phase and related data

were only collected in a subjective way obtained with a questionnaessasg strain indicatars


















































































































































































































































































































































































































































































































































































































































































































































































































