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Summary

The localization and the strategy used to avoid obstacles are important for a safe locomotion
(Patla & Vickers, 1997)Vision actively influences thgait and, in particular, older adults show
altered visual patterns compared to their younger counterpart when approaching challenges in the
travel path(Chapman & Hollands, 2000r have to cross obstacl@Sheng, Yang, Holloway, &

Tyler, 2016) Attentiona distractors significantly influence the motor strategies during obstacle
crossing on a flat ground, and determine theofbelearance decrease over the obstéate van
Donkelaar, & Chou, 2015)in the scientific literature, there is a great focusttma combined
assessment of the gait and gaze with the intent to gather new information from the coordination
of gait and gazé€Stuart, Galna, Lord, & Rochester, 201B) rehabilitation, treadmill and virtual
reality (VR) are commonly used to train gaite® VR allows for the setup of repeatable, safe and

full variable control tasks with a positive motivational aspect for pat{dhtelman et al., 2013)
Moreover, the gaze strategy when watching at videos of a first perspective walking is similar to
that adopted in the real worldStanley & Hollands, 2014)Therefore the insert of gaze
monitoring in existing VRbased gait rehabilitation protocols could be feasible and give insights

in the visuemotor strategy adopted in challenging conditions. This relsgan@ject aimed at
assessing the effect of distractors on the gaze and gait strategies during obstacle avoidance tasks
in a VR environment. The first part of the project assessed the reliability of a remedtadkyps

during treadmill walking and visuatisuli exposition(Serchi, Peruzzi, Cereatti, & Della Croce,
2016) The second part of the project aimed at studying the effect of distractors during obstacle
avoidance in a purposely depicted Y&erchi, Cereatti, Cinelli, & Croce, 2015)

The first studyshowed the quality of the gaze worsening for larger distances of the head from
the eyetracker and data loss occurring for large gaze angles. The gaze spatial accuracy, precision
and trackability were not influenced by the stimulus location during nestarding nor walking.

During walking, the head was within the remote -tgeker workspace and the quality of the
gaze was adequate. Walking and static tasks did not differ in the application of regions of interest
analysis. The outcomes of this study évsthe feasibility of the use of the tested remote eye

tracker for gaze analysis during walking in ¥ased applications.



In the second study, young and older adults had to walk on a treadmill while navigating a VR
world. The subjects had to step over abkts with visual distractors trying to challenge their
performance. The kinematics was not influenced by the presence of the distractors in both
groups. The visual behaviour analysis highlighted differences between the groups. The older
adults focused meron the obstacle when it was the only element of the scene and the young
adults had a more variable visual behaviour. In contrast with the literature, in this study the
kinematics was not influenced by the distractors neither in the young nor in thadudtsr That
was probably due to the nature of the distractors proposed. More cognitive involving distractors
could have had a more pronounced influence on the kinematics parameters. This study highlights
that young and older adults look at the scenedfitly. A possible explanation of this difference
is that younger adults are more prone to react to unexpected elements of the scene and always
have the whole scene under their control. These first results are promising and point out that this
kind of te$, once standardized for the clinics, could be easily used for the diagnose and the
intervention against newmotor diseases and the improvement of the coordination between eyes

and body movement.
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saved in the output of the three systemth a different timestamp proper of the specific device.
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in order to align the timstamp of the three systems (b) and therefore to get a synchronization

between the recordings.

Figure 3.6 A schematic representation of the steps followed to computeCtheand P
parameters. In black the trailing (dotted) and leadiuly)(feet AP (a) and \(b) coordinates are
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to the clearance time stamp of the leading foot (the color of the line corresponds to the leading
foot side). Green and red stars are reported over the signal if at tifec gpre of the trial the
heel quote was above or under the height of the obstaclePd@éit is reported in blue if no
assignment occurred, in black if the assignment of the hit was for the obstacle area of interest and

in red if it was for the distraor area of interest.

Figure 3.12 Mean and standard error of the values of failure rate of the yMowun§) and older
(Old) adults for the trials of the evaluation session. The values are reported divided by the trials

with (Dis) and with no NoDis) distractors and global unsuccessful raaéd ).
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young (Young) and the older@Id) adults for the successful trials occurred during the evaluation

session. The values are reported divided by trials \Wits) @nd with no distractorNEDIs).
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older ©ld) adults for the successful trials occurred during the evaluation session. The values are
reported divided by trials withD{s) and with no distractordNEDis). The significant diférences

are reported.
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variability (b: Vert Gaze) of the PoG of the young Young) and older Qld) adults for the
successful trials occurred during the evaluation ses3ibe values are reported divided by trials
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Figure Al.1 The headRoTs (green) andRoMs (magenta) along the " (+, up; -, down)

direction.

Figure A1.2 The headRoTs(green) andRoMs (magenta) along the ME' (-, left; +, right)
direction. The median values of the minimum and maximal limits ofRlodsand of theRoMs

across the subjects are reported (vertical bars).
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Figure A1.3 The headRoTs(green) andRoMs(magenta) aling the AP direction. The median
values of the minimum and maximal limits of tReTsand of theRoMsacross the subjects are

reported (vertical bars).

Figure Al.4 The headRoTs(green) andRoMs(magenta) around the™Wirection ¢, down; +,
up). The melian values of the minimum and maximal limits of ReTsand of theRoMsacross

the subjects are reported (vertical bars).

Figure A1.5 The headRoTs(green) andRoMs(magenta) around the MlLdirection ¢, left; +,
right). The median values of the minimuamd maximal limits of thd&RoTsand of theRoMs

across the subjects are reported (vertical bars).

Figure A2.1-10 A graphical representation ofa n @valiies for subject-10found for each det

target location during the trialt550(blue), st650(green) st750(red). Each detarget location

on the image is a black dot. The circles center positions (colored dots) reflect the accuracy of the
PoG measurementsyf while their radius reflects the precision of @G measurements (small
radi us, ueragerkadi ms;i<48 mmm; Ul ax¥8nen).r adi us, 0

Figure A3.1-10 A graphical representation gfa n @valuiesfor subjectl-10found for each det
target location during the trialeslow (magenta) andwvalkfast (light blue) Each dotarget
location on the image is a black dot. The circles center positions (colored dots) reflect the
accuracy of thePoG measurementsuj while their radius reflects the precision of tReG
measurements € smamm; r adeée vage<Bmagdargesa dids 8mm<

mm).
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Chapter 1

Introduction

1.1. Motivation and general introduction

Gait is visually influenced and that is more evident in older adults and particularly in those at
high risk of falling. The falls and the way older adunove and interact with the surrounding
environment are critical. In fact, the consequences of falls on older adults determine a great
expense for our society. Generally older adults are more prone to adopt risky behaviors and show
a deficit in the distictors suppression. Young adults show a decrease in the motor performances
when distractors are presented during obssamiessing. Understanding better the visuotor
coordination of older adults during obstactgossing with distractors is importamt order to
address better the gait rehabilitation interventions. The laboratory environment and the related
evaluation tools are important to determine gait issues and to train it to be effective and safe in
the everyday life. In this contest adding theeaanonitoring to already existing rehabilitation
protocols could improve the rehabilitation effectiveness and give insights in how thenasoio
systems interact in challenging conditions. A conless gaze tracking paradigm should be
preferable for gplications with young and older adults because it is more tolerable and usable for
a greater lapse of time, but this technology allows only for dadahmange of motion of the head.

Therefore it is necessary to assess the feasibility of this technoloiy éise during walking.

1.1.1. Human gait analysis in the laboratory

The term gait referred to humans refers torttost common type of locomotion achieved through
the movement of the limbgPerry, 1992) The laboratory setting allows for a safe and
reproducible analysis of the patterns of the gait throaghhoc instrumentationdor motion
captureallowing for accurate, reliable and objective measureméltwadays, the gold standard
for gait analysis is the stergotogrammetric technology that comhine force platforms

allows for the assessment of the joints kinematicskametics. This technology is based on the
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use of a set of cameras sensitive to the light inrtrared spectrum and either passive or active
markers. The stergghotogrammetricystems allow for the 3D reconstruction of a moving point

in the laboratory reference frame. The reconstruction of a rigid body segment is then possible
having at least three namwllinear markers lyingon the segment(Cappozzo, 1984, 1991,
Cappozzo, Dell&€roce, Leardini, & Chiari, 2005From the information about the pose of the
body segmentshe joints kinematics and kinetigs then reconstructe®. Cappozzo, Catani,

Della Croce, & Leardini, 1995)

1.1.2. Human visionanalysis

The eyes represent a colew system of lens and holes through which the light passes to reach
the retina in the back part of the ocular camera. The retina is comgiggledtoreceptors (cones
and rods) sensitive to the light that transduce the luminous signal into electrictpuisesent to
the optic nerve. The point of the retina with the highest density of cones and rods is called fovea
and his surface has an extension of abodedtees of visual angle. When the light arrives
directly to this point we are able to see shatply details of what we are looking @penstax
College, 2013) Therefore, te eyes moveontinuously with the intent to focus on the fovea the
details of the object we are observing. Understanding how, what, why and when people look at
has always been rdainteresting. Through the eyes we have the idea to be capable of reading
the behavior of people. For that reason in the dasadesnany technologies were developed
aiming to track the motion of the eyes (dyacking technology). Between these the tnos
widespread for their easy sgp and miniinvasiveness are the eyrmckers based on the video
oculography (VOG) techniqui. Young & Sheena, 1975The VOG technique consists in light
sources pointed toward the eye and in sensitive elements caphgrimgage of the eye. From the
image of the eye the ocular structures are then segmented based on the chromatic contrast
highlighted by the illumination in the visible or in the infrared spect(uniR. Young & Sheena,
1975) The eyetrackes working in theinfrared spectrum arehé most common. e most
popular functioning principle they are based on is calledCIRC pupil centef corneal reflex
(Holmquist et al., 2011)The corneal reflexes (up to four) are little light spots generated by the

reflection ad refraction of the light over the ocular lendég@rel.1) (Duchowski, 2007)
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Figure 1.1 Representatin of the four corneal reflexes generated by the reflexion and refraction
of a luminous beaml) by the ocular structures at different refraction irete®l, first corneal
reflex generated with the anterior part of the corR@asecond corneal reflex generated with the
posterior part of the corneR3, third corneal reflex generated with the anterior part of the lens
and P4, the fourth corneal reflegenerated with the posterior part of the lens (pictuoen
(Babcock, Pelz, & Peak, 2003)

The most commercial eyteackers work with the detection of the first corneal reflex that in the
image of the eye looks like a light spot in the proximity of pli@il looking like a wider black
circle (Figurel.2).

Figure 1.2 Image of the ge collected during a data collection session with a wearable eye
tracker (EyeTrac7, ASL). In the imaghe first corneal reflex (1) and the pupil (2) are pointed

out togethewwith their segmentation made by the proprietary software.

For assmption of perfect spherical cornea, if the light source has a stable position with respect to

the ocular bulbthe corneal reflex will appear almagivays on the same positiom the ornea
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while the eye rotates in the orbit. Therefotke center of the pupil will vary its position
according to the eyrotdion and consequentlyhe distance between the corneal reflex and the
center of the pupil will be function of the point of ggBabcock et al., 2003; Duchowski, 2007;
Guestrin & Eizenman, 2006)ccording to the number of light sources and sensitive elements, a
subjectspecific calibration is necessary to estimate the point of gaze. The calilwBtienpoint

of gazeconsists in lie subject looking aknown points on a screen or on a scemhere the

stimuli will be presente@Guestrin & Eizenman, 200€rigurel.3).

Figure 1.3 Example ofanine points calibration grid used ftire calibration of aemote model of

eyetrackeri eyetibei on a monitor screefpicture fromhttp://theeyetribe.cony/

F

Lo

During the calibration procedure, for each calibration paive eyetrackersoftware acquires a

lot of image of the ey orderto estimate the parameters characteristic of the eyeeqgidrson
being tested.The nore the acquiredimages of the eyare similar, the most accurate the
estimation of thephysiological parameters and therefore the calibration will be. To this end,
during the calibration procedure the subject is required &p kbe head still and sometimes

experimenters recur to chinrests or bitelf@gestrin & Eizenman, 2006)

The video eydrackers can be groupég wearable and remote etrackers(Duchowski, 2002;
Poole & Ball, 2005) The wearable ey&ackers have botthé light sources and the sensitive
elemens attached to the head of the subjects through supports such as glasses or caps. A recent
model of wearable ey®acker includes the integration with motion analysis systems to get the
point of gaze coordinates Witrespect to a calibrated plg®uchowski, 2007; Laboratories
Applied Science, 2014)The remote ewrackers have the light sources and #ensitive
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elemens on a certain distance from the subjagtually on a desk in front of him/heFhis is

critical for the accuracy and precision of the measures we gather and based on the specific
application (clinics) it is preferable to have the head immobilized to avoid bias due to the
deviationof the headrom the calibration positio(Morimoto & Mimica, 2005) The quality of

the point of gaze can be affected also by other inaccuracy factors to which attention should be
paid. A list of the main inaccuracy factors affecting the reconstruction of the point of gaze is
reported (Holmqgvist, Nystrom, & Mulvey, 2012; Nym, Andersson, Holmqvist, & van de
Weijer, 2013)

V Deuviatiors of the head from the calibration poseuldintroduce bias in the estimation
of the point of gaze.

V Glasses or lensesould distort the image of the corneal reflex on the eye image or
create otbr light spots that could be wrongly recognized by the segmentation software.

V Other light sources the environment could create other spot lights on the image of the
eye different from the corneal reflex.

V Large gaze anglegould induce an excessive ratet of the eye and therefore a
distortedimage of theoupil in the image of the eye

V Droopy eydids could cover the pupil (even partially) so that esrareintroduced in
the location of the center of the pupil.

The manufacturer always gives referenckies for the accuracy and precisiof the point of
gaze estimated fax specific device. Nevertheleggjor to run an experimerit is best practice
always to test the device in the specific experimlesetup of use and with the specific
population ofinterest(Morgante, Zolfaghari, & Johnson, 2012; S. Stuart, Alcock, Galna, Lord, &
Rochester, 2014; Wass, Forssman, & Leppanen, 2014)

The point of gaze is mainly analyzed in terms of gaze sac¢ddesion: 3680 ms; speed: 50
500deg/s)and fixations. Asaccade is a fast voluntary movement aiming at orientating the fovea
on a target of interest. A fixation is a stationary state of theoegerringbetween a saccade and
another(Duchowski, 2007; Holmquvist et al., 201T)here exist also other movemeniaklyzed
as indexes of cognitive load or cognitive deficé.g( blinks, microsaccades intrusions

nystagmuse t § @owler, 2011)that will not bediscussedn this contest.To analyze the
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interaction of the subject with certain parts of the stimulugointeractive applications in which

the gaze is used as input to a communication device, regions of iRwgsire defined over the
stimulus according to the specific hypothesis of a study or to the specific needs of an interaction
application. ARol is a region of the screen definedsize and position by the researcher. This
region is defined according to the hypothesis of the study around parts of the stimulus the
investigator wants to assess the interaction of the subject with. The metrics usedllyith the

Rol are related to the fixations ¢o the gazesamplesfalling within the definedRol during a
specific visual taskg.g.time of first fixation, percentage of gaze falling over Ba, e t §. &n

order to avoid any erroneous assignmerthefpoint of gaze to Rol, it is important to be aware

of the accuracy and precision of the device we are using. In the case of nRutipke really
inaccurate point of gaze could determine the assignment to the Wuang the scene. In the

case of goint of gaze not preciséd the subject is looking at the boundaries of R, the point

of gaze could fall outside thRol even if it is within the boundaries and vice versaorder to

well design one or multipl®olson a scene the user shoglibcse appropriatly their size.The

size of aRol should not be less than the accuracy ofRb& measurementand twoRol should

not be closer than the accuraof the PoG measurementaVioreover, aroundan element of
interest in the scerneRol should we dran considering an adding margin equal to the precision
gathered with the devigq¢loimqvist et al., 2011(Figurel1.4).

Figure 1.4 Example of high (left) and low (right) precision point of gaze data sample. In the case
of low precision data an addition margl (xu, ym) is added to th&olin order to assign theoG

samples to thaRol (picture from(Holmqvist et al., 2011})
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High precision data + Fixation location : Low precision data .
- .
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Overlapping Rols should notoccur if the stimulus design has followed the previously
mentioned rules, but it is not always the caSer instance in the case of dynamic stimuli
dynamic Rols could be generate(moving and changing in size and foriftjolmqvist et al.,
2011) A possible example is a scene of a car crossing a road. In this case if we want to
investigate how many timessubject looks at the car and at the road, we should defin&oA®
one for thecarand one for theoad The Rol associatedvith the car will be a dynamic one. In
this case at least for a certain lapséirag the twoRolswill overlap. The assignment tie PoG
to one of the twdRolsin the overlapped phase is compl&¢hat we can do is tocaeptthat by
assuminghat the participant fully perceives bd&olsor to assigrthe PoG to oneof the Rols
following a criterion For example we could compute thistdnce between theoG coordinates
and the barycenter of tHeols The PoG will be then assigned to thHeol having the smallest
distance from th®oG coordinategHolmqyvist et al., 2011)

Having under control the quality of the point of gazeimportantin order to perform studies
answering to the scientific questions we pdseimprove thequality of the point of gaze we can
recur to filters and denoisers to fpcess the signal prior the data analysis. In the follovéng
brief description of the maicauses of noise in the gaze signal along with a description of simple

methods to manage them is reportiddimqvist et al., 2011, 2012; Nystrém et al., 2013)

Blinks are physiological movements occurring in terms of closure of théidsyeThe closure fo

the eyelids causes first a deformation of the image of the pupil in the image of the eye and then

a complete loss of the pupil image. Usually the commerciatragi&ersgive information about

the pupil size. A general approach to deal with blinkoidirtd the consecutive frames of the
signal having a value of the pupil size equal to zero for at leasin$0Guch parts of the signal

are than flagged as blinks and either analyzed for cognitive load assessments or discarded
(Holmquist et al., 2011; Omati, 2016)

Optic artifactsand spikesin the signal are caused by the bad recognition of the features of the
eye. The corneal reflex, for instance could be wrongly recognized in another part of the image of
the eye. In thsecases the signal shows outii€optic artifacts) or at high speed signal frames.
One of the possible approaches to deal with the presence of outliers in the signal is to window the

signal and to remove everythinigviating more than 1.%ariance of thesignal contained in the
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window. The spikesat high speedan be removed by settirggvelocitythreshold above which a
part of the signais discardedecause having a speed not compatible withpdaygiological eye

movemens (Holmqvist et al., 2011)

Other filters the gaze signal isharacterized by a characteristic noise due the physiology of the
visual system itself (oculomotor noise). To further improve the quality of the signal the
application of a filterto remove the high frequency noiseuld be necessafy Gp a k o v , 201
Veneri,Federighi, Rosini, Federico, & Rufa, 2010)

1.1.3 Vision during gait

The visual system is uniquely positioned to provide information on the static and dynamic
features of the near and far environment in which animals live and move in order to negotiate the
constraints and to plan the locomotor pathisal sampling (Patla, 1997) In 1958 the
importance othevisual input in modifyinghe gait patters had been already underlin@@dibson
& Gibson, 1958) Eyes and stepping movements are strongly coordin@te A. Hollands &
Marple-Horvat, 2001) to accomplish the locomotor task&esearchers have shown that
environmental information provided by vision is used in afieedard mode, and intermittent
sampling of the environment is sufficient #safe locomtion (Patla, Adkin, Martin, Holden, &
Prentice, 1996; Patla & Vickers, 2008yen whenin adaptive locomotiorstepping onto targets
accurately requires visual guidan@d. A. Hollands & MarpleHorvat, 1996) When the travel
path is relatively sterile ith nore or few objects to be avoided stepped on, eyes are not usually
actively moved to a specific location, but rather they are focused often on the ground ahead and
carried along with the locomotor apparatus (whole boty@vé¢l fixation (Patla & Vickers,

1997) Thetravel fixationis evident also when people are required to step onto targets suggesting
that during this phase this behaviguovidesenough information about the environment and the
motion of the body thanks to the optic flux generdfedtla & Vickers, 2003)When the travel

path is more complexixations are made toward the regions at maximal informative content with
a frequency of the visual sampling dictated by tigreain characteristicem a sequential online
manner in order touprantee stability to unexpected changes in the tegkéa@migold & Patla,

2007; Patla et al., 1996)
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1.1.4 Vision and gait during obstacle crossing

Obstacles avoidance is a challenging task for a safe locomotion and young and older adults
show different wgategies in performing i{Caetano et al., 2016; H. C. Chen, AshMitler,
Alexander, & Schultz, 1991; Hidten Pan, HorngChaung Hsu, WeNing Chang, JenHuei
Renn, 2016)Obstacles avoidance is usually planned in the steps before the crossmege(
steps) often without fixating the obstackhile stepping over it(Patla, 1997) During the
avoidance of expectembstacls on a flat ground the visual behavisrsplit betweernravel gaze
andobstacle samplingObstacle samplingefers to the visal inspection of the obstacle to gather

the information necessary for a successful avoid@dpata, 1997; Patla & Vickers, 2003)

1.15 Older adults and the risk of falling

Falls in older adults have a pronounced social impact. Numerous studies ases$fatts of
the agerelated neursgensory decline and the issues affecting the mobility of older pedestrians
(ReedJones et al., 2013; Tournier, Dommes, & Cavallo, 20h6drder to create effective
rehabilitation programs to prevent the risk of fg§Néirelman et al., 2013)As mentioned before
young and older adults (in particular those at high risk of falling) show different strategies while
approaching and negotiating challenges or obstacles in the travel path. In pattieutderly
appear to aopt a more cautious strategy by slowing down the obstacle crossing phase, but in the
mean timethey also adopt shorter landing distances amelduced base of support that could
potentially put them at risk of imbalan¢€aetano et al., 2016; . Chen,AshtonrMiller,
Alexander, & Schultz, 1994; H. C. Chen et al., 1991; Galna, Peters, Murphy, & Morris, 2009;
Hui-Fen Pan, Horng€haung Hsu, WeNing Chang, Jenhluei Renn, 2016; Lowrey, Watson, &
Vallis, 2007)

Vision significantly influences the performancéthe older adults. In fact, when compared to
young adultsplder adults generally need a longer gaze fixation time on challenges in the travel
path (Bock, Brustio, & Borisova, 2016; Chapman & Hollands, 2006)reover,when asked to
face with multiple sepping constrainidallers appear to prioritize visual information regarding
future constraints in a travel pathhe young adults in the same situatigually maintain gaze
on a stepping target until after heel contact insideliile the elderly trasfer their gaze away

from the target significantly earlier in order to fixate a second target in the travéQtetbman



Chapter 1 - Introduction

& Hollands, 2007)Therefore, the elderly adopt a visual ridkghaviorthat couldexpose them to
the risk of falling. This behavior ay be driven by deficits in visual information processing
within the central nervous systenCRS), decline in visuomotor processing ability, increased
anxiety and cognitive impairmerfChapman & Hollands, 2007; Greany & Di Fabio, 2008;
Hackney, Ann Vallis,& Cinelli, 2012; W. R. Young, Wing, & Hollands, 2012; William R.
Young & Mark Williams, 2015)

1.15.1 Visuo-perturbation and visuo-spatial attention during obstacle crossing

The increase of the cognitive demandil@ crossing obstaclesas a worsening dfct on the
motor performances of the older adulttarley, Wilkie, & Wann, 2009)The elderly appear to

rely on the visual feedback provided by the scene and by the environment and their motor
performance is affected by the visual information they cahegaitore than their younger
counterparf Cheng, Yang, Hol |l oway, & Tyler, 2016;
2015) Recent researches aimed at investigating the effeasuc-attentional distractoren the
motor performance over obstaclé® & Chou, 2015; Lo, van Donkelaar, & Chou, 20Bsown,
McKenzie, & Doan, 2006 The most attentionally demanding phase for the elderly is the pre
crossing phas€Brown, McKenzie, & Doan, 2005)Young adults show a reduced -ok
clearancavhen visuespatal distractors are presented prior the position of the obgtiaalet al.,
2015) During other kinds of motor tasks, both young and older adults show a correlation
between the visumotor performances and the ability to suppress the distractorsnatite
specific the elderly show a deficit in the suppression of disractors(Mevorach, Spaniol,
Soden, & Galea, 2016Jhe elderly are more prone to allocate their attention on factors different
from the task itsel{Healey, Campbell, & Hasher, 200@)gether with a lack in the coordination
between the environment navigation andisually demanding taskBeurskens & Bock, 2012,
2013) This suggests that in complex tasks as the one of avoiding obsthdssractors are
present the elderly could showisuo-motor patterns different and possibly worse than the
younger adults. Therefore understanding better the relationships between thepeaisaio
attention distraction and the motor performances during obstadssing is important in order

to invesigate and address better the rehabilitation of the gait in the elderly.

10
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1.16. Rehabilitation: gait, gaze and virtual reality

The rehabilitation of gait for the elderly with reduced mobility following falls or other
pathologiedhas a primary role for ouosiety. Recent literature showed that the administration of
obstacle avoidance trainings is effective to avoid further fallings and to enhance tf€ gait
Hollands, Pelton, Tyson, Hollands, & van Vliet, 2012; Jaffe, Brown, PieCsory, Buckley, &

Lew, 2004; Yamada et al., 2012irtual reality based rehabilitation interventions have the
potential to become effective tools for the rehabilitation of d&arekar, McFadyen,
Lamontagne, & Fung, 201%ven in conditions of increasing cognitive demandiKgony,
Levin, Hughey, Perez, & Fung, 201Wjirtual reality and videagames are already employed
gait rehabilitation protocols invaivg walking on treadmills with visual context or walking on a
treadmill while navigating a projected virtual realitynveonment challenging obstacles
avoidancgMirelman et al., 2013; van Ooijen et al., 2013irtual reality is well accepted by the
patients(Peruzzi, Cereatti, Della Croce, & Mirelman, 20E6)d allows for a flexible protocol
design.

In these kind of protocols no attention is paid to the rehabilitation of the visual behavipr yet
but the previous discussion highlighted how the motor performance and the visual input are
correlated one to the other. Recent researches showed iimphe grainings are effeiste to
enhance visumnotor strategie$ReedJones, Dorgo, Hitchings, & Bader, 2012; W. R. Young &
Hollands, 201Q)Moreover recent iotocols proposing a combined analysis of the gait and gaze
performances are proposgiamuel Stuart, Galna, Lord, & Rochast2015) Therefore the idea
to integrate a visual training to the already existing virtual reality based gait rehabilitation

protocols seem to be the logic following step

1.2 Overall goal and specific aims

The generalpurpose of the current work was @assess the visumotor performances of young

and older adults during virtuakality-based obstaclerossing tasks in the presence of visual
distractors. The hypothesis was that the young and older adults would show a decrease in the
obstacle negotiatiorask motor performang¢and that such a worsening would be more evident in

the elderly also looking at their visual behavior. As secondary aim this study wanteelfo set

11
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and to test an easy experimentahgetfor anunobtrusive tracking of the gaze foethse in such

an experimental design.

1.4 Dissertation flow
Thethesis is organized as follows:

Chapter 1 (current chapter) introduces the topic of this thesis through the presentation of the
characteristics of vision and gait in young and older aduhar&tteristics of the gaze signal are
presented along with an overview of the technology and its criticalities. An overview of the
literature on the coordination of vision and gait during the environment navigation along with the
influence of the visual pwurbation on gait isprovided with a specific focus on obstasle
crossing. Finally recent achievements in the rehabilitation domain for both gait and vision are
briefly describedalong with the potential of a sap proposing a combined tracking of bgtwe
and gait could pose. The motivations and the specific aimtheofresearch worlare then

described together with an outline of the content of the thesis.

Chapter 2 describes a validation study aiming at assessing the performances of a remote eye
tracker while treadmill walking during the exposition to large stimuli. The validation is
performed in terms of determination of the workspace of the remot¢ramper within the
specific experimental seip and in terms of accuracy and precision of the poingaze
measurements for large gaze angles, at different distances from the device and during walking. A
simple demonstration of the use of the region of interests in such an experimeunfaissatso

presented.

Chapter 3 describes a study performed invistual reality environment on young and older
adults. This study aimed at assessing the effecisofldistractors on the visumotor strategies

of these populations during obstacle avoidance tasks in a virtual reality environment.

Chapter 4 discusseshe main results achieved and highlights the main achievements of this

thesis.
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Introduction

Visual sampling play a crucial role during challenging locomotor tagieedJones et al.,
2013)and previous studies involving obstacle avoidance showed that effective visual behavior is
important for safe locomotioChapman & Hollands, 2006, 2007; Patla, 199¢habilitation
programs including motor and cognitive aspeetg.pbstacle negotiation exercis@direlman et
al., 2011, 2013; Peruzzi, Cereatti, Mirelman, & Della Croce, 26t8yld assess both motor and
visual strategiegfReedJones, Dorgo, Hitchings, & Bader, 2012oung & Hollands, 2010)
However, this is rarely the case, most probably due to the complexity of the experimeunfal set
that is requiredln fact, the validity of an experimental study aiming at measuring gait and gaze
while moving in a complex envinment recreated in a laboratory setting may be challenged by
the difficulty of designing tasks similar to those performed in real (#&nley & Hollands,

2014)

The use of virtual reality (VR) environments allows for the most part to overcome such
limitations, and to create safe, repeatable and controlled experimertaissé&urthermore, the
integration of VR, gait analysis and etyacking allows for a full control of the environmental
variables while evaluating the subjectdés perf
In this context, projected VR envirorents have been successfully used to elicit visual behavior
similar to those observed in a real environm@ianley & Hollands, 2014Moreover monitor
based projected VR has been successfully employed in several gait rehabilitation protocols and
its feasibility and acceptance have been tested for several pathologictipogyldirelman et
al., 2006, 2013; Peruzzi, Cereatti, Della Croce, & Mirelman, 2016; Peruzzi et al., 2013)

The point of gazeRoG) can be meased either using wearable and remote-egekers
(Holmquist et al., 2011; Morimoto & Mimica, 2005Recent literature evidenced thamote
eyetrackersshould be preferred to wearable dyackers since they allow for unobtrivse
tracking of the gaze and, hence, for more natural head movements and longer periods of data
collection (Holmqvist et al., 2011; Weigle & Banks, 2008jodernremote eydrackerspermit
to record gaze within a limited volume of operation even if the head is not completely stationary
(Guestrin & Eizenman, 2006; Holmgvist et al., 2010he use of a treadmill and a projected VR
environment represents a convenient technological solution to analyze gait kinematics while

recordingthe PoG. In fact, this setip allows to limit the volume in which the head motion is
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measured and to maintain the relative distances arldsabgtween the bject, the remote eye
trackerand the visual stimulus source within predefined ranges.

In general, the quality of theoG measurements depends on the specéinote eyedracker
characteristicsif. camera resolution, sampling frequency, pupil illuminatimode, binocular or
monocular vision mode). The reliability of tiRoG measurements is also influenced by several
factors independent from theemote eydracker characteristics. Some of them are subject
specific (the morphology and physiology of the subjt 6 s eyes), ot her s
experi ment al conditions (t hemoepgracker ohangjesine x per
the environmental light and in the brightness of the stimulus, environmental interferences and the
range of motion of the u b j e c t(Mobngvisteetadl,)2011; Holmqgvist, Nystrom, & Mulvey,

2012) Moreover, accuracy and precision of theG are crucial for interpreting the collected
data, particularly whemnegions of interest are defined in orderanalyze the interaction of the
subject with specific parts of the stimul(regions of interest Rol) (Blignaut & Wium, 2014;
Holmquvist et al., 2011)

Unfortunately, while few studies have investigated the influence of some of the-above
mentioned critical factors on theoG quality (Blignaut & Wium, 2014; Hessels, Cotissen,
Kemner, & Hooge, 2014; Morgante, Zolfaghari, & Johnson, 2012; Niehorster, Cornelissen,
Holmqgvist, Hooge, & Hessels, 2017; Wass, Forssman, & Leppanen,,2014)o t he aut |
knowledge none of them have explored the usesimiote eydrackersduringa dynamic motor
task such as walking. The goal tbis study was to evaluate theliability of the measuresf a
remote eydracker(Tobii TX300), in an experimental sap requiring the subject to walk on a
treadmill while looking at projectedisual simuli. Good practice guidelines, which can be
extended to more complex experimental conditions and vsator rehabilitation protocols, are
also provided. The following critical factors were investigated: (a) definition ofetmete eye
trackerworkspace (b) evaluation of the spatial accuracy, precision and trackability oPdia2
measurements for different locations of the stimuli while either walking or standing and (c)

applicability ofRol analysis taoemote eydrackerPoG measurements while walking.
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Materials and methods

Participants

Ten healthy subjects (Caucasian, 5 m., 5 f., height: 1. f#pdge: 36.31£9.§. 0.) volunteered
to the studyThe participants were not allowed to wear glasses nor contact lenses and therefore
the participants not #bdto see the screatearlywere excluded from the studyhe Tobii TX300
allows for theeyetrackingwhenlensesare usedbut in this study the use of lenses was excluded

since it wagonsidereds a possible source of inaccuracy inRlo& measurementsstimation.

Experimental setup

The experimental setup consisted of a treadmilgnaote eydracker(Tobii TX300, sampling at
300 frames/s), a projector (Epson, WXGA), a screen and a maasked €camera stereo
photogrammetric system (Vicon T20, samgliat 300rames/s). The treadmill, themote eye

trackerand the projecting surface were arranged as shown in RAdure

Figure 2.1 A schematic representation of the experimentalipetvhich included a screen (1),
a remote eydracker (2), a treadmil3) and a sterephotogrammetric system (4). Three retro
reflective mar ker s wer e trapkliteamogednents.nThetinclieatian ofb j e c t
theremoteeye r acker with respect to the horizont al
surface (d) were respectively set todey and 690nm. The headH) reference frame and the
remote eydracker(rET) reference frame are reportedlP, anteriofposterior; ML, medidateral;
and V, verticabxeg.
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In order to limit any interference between the two deyibesh working in the infrared light
spectrum, care was paid in positioning the cameras otéhesphotogrammetric systeso that
the infraredlight interference with the remote ey®ackerwas limited(Holmqvist et al., 2011;
Tobii Technology AB, 2004)Specifically none of thestereephotogrammetriccameras faced
neither the subj e cemdteseyaragkersensoroThis wias maglein érder t h e
preventerrois in the reconstruction of theoG due to a bad recognition of the corneal reflex

the image ofhe eye gathedby theremote eydrackersensor.

The image on the screen was of 104t x 580mm (1280px x 1024px). The remote eye
trackerand the projector were placed over adjustpbdeforms that allowd regulatingthe height
of both theremote eg-trackerand of theprojectorbased orthe height of the subje@Figure2.2).
Specifically, the center of the image was sdtéte s ame hei ght of the sub

remote eydrackerwas placed at the same height of the lower edge of thgem

Figure 2.2 Image showing part of the experimentalgptused in this study: the projector over
a purposely built adjustable platford.similar adjustable platform was used also for rimote

eyetracker The adjustable platform was used in ordeadjust both the projector and ttemote

eyetrackerin according to the height of the subject.

Five retrareflective markers were placed on the front of tbeote eydrackerto locate the
device in the space to be able to measure accurately thguwmatitn parameters of themote

eyetracker In particular four markers were @m each corner and one over a point indicated in
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the user manual as the point to which all the configuration measurements are reféfaddi to
Technology AB, 2004)Four additional markers were placed over the corners of the image
projected so that image position and orientation could be determined with respectaimakte
eyetracker Finally, three retrgeflective markers were attached on a headband worn by the
subject. The headband was adjusted so that one marker was over the inion and another above the
left ear of the subject.

With the assistance of the Toland Vicontechnical supposta cable was hilt in order to

connect theremote eydracker (sync port, SMB female to male connectand thesteree
photogrammetricystemsGiganetsync output, jack male connectahrough the Tobii Studio
software(Figure2.3) (Tobii Technology AB, 2012b, 2012c; Vicon Motion Systems, 2011)

Figure 2.3 Picture of the synchronization cable built in order to connectetmete eydrader
and the sterephotogrammetrisystems: 13MB female to male connectejack male connector
and 2)jack female connectorimpedance adaptejack male connectoA 5-meter coaxial cable
RF174was used.

The cable connected the two systaim®ughan impedance adaptar order to gather aroper
current to the remote eyteacker sync inpufFigure2.4). The Tobii Studio configuration was set

in order to listen and record an external stimylusghtView Enable). In this wayonce the
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recording of thestereephotogrammetric systestarted, a % pulse was sent to theemote eye
tracker hardware deviceA trigger event was stodeas a flag within the remote eyeacker

recording and used in pogirocessing to align the gaze to the head motion signal.

Figure 2.4 Schematic representation of timepedane adaptor used to gatheproper current to
theremote eydracker (Tobii TX300sync port.
gcc

TTL N

pulse

5V

Acquisition protocol

A reference frame embedded with tieenote eydrackerwas defined using the retreflective
markers attached ti. The originof the reference frame of the remote -&yekerwas made to
coincide with the center of theemote eydracker sensor, the vertical (¥) axis pointing
upwards, the anterigrosterior (A" axis parallel to the floor and pointing towatt subject
and the medidateral (ML'") axis orthogonal to both"¥ and AP=" (Figure2.1).

A static steregphotogrammetric acquisition was performed to locate the image irethete
eyetrackerreference frame. The markers on the image corners mrtledemote eyedracker
were then removed.

To define an anatomical head reference framedahoccalibration procedure was carried out
while the subject was standing on the treadmill, with the eyes closed, while wearing both the
headband and a marketamhed on each ey& (Cappozzo, Della Croce, Leardini, & Chiari,
2005) (Figure2.5. In the static acquisition, the markers placed over thelidgewere
anatomically calibrated with respect to the technical frame of reference dlaboge the three
markers of the healdand. The markers on the elyds were then removed. Afterwards, in the
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dynamic acquisition, the position of the removed markersre@mstructed in order to define the

anatomical head reference of frame.

Figure 2.5 Picture showing the position of the markers over the subject during the anatomical

calibration procedure.

The anatomical head reference frame origin was positioned imitf@int between the two
eyes, the mediateral (ML") axis was the line passing through the eyes, the verticil gxis
was orthogonal to the plane identified by the position of the two eyes and the inion and pointing
upwards and the anteriposterior(AP") axis was orthogonal to bott\and AP' (Figure 2.1).

The use of theemote eydrackerrequires a preliminary subjespecific calibration of th®oG
onauser defined calibration plafhe calibration procedure was performed once for each subject
atthe beginning of the acquisition protocth theremote eydrackerproprietary software (nine
point procedure; Tobii Studio, firmware 3.2During the calibration the distance between the
subject and t he s ubmmeas suggestee the user mangallhe subjectat 6 5 (
was asked to upright stand with the head toward thes@ed to keep the heatlll andto look
atnine calibration pointappearing on the screeh calibration check was performed through the
remote eydrackerproprietarysoftware which consisted in the generation of a circle around each
calibration point within which a green dot was displayed in the case of a good calilfFatmin
Technology AB, 2012c¢(Figure2.6).
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Figure 2.6 Example of calibration feedback provided by #@bii Studio softwardor one of the

participants to the study

E Accept Calibration

Left Eye Right Eye

0 Points Marked for Recalibration

Check Calibration

Recalibrate Cancel

A validation of the calibration was also performed to check the quality of the calibration. The
subject was asketb look at each point of the calibration grid while the operator checked the
estimation of the?0G made by the remote eyeacker. The calibration was repeated in the case
of an unsatisfactory result for one or more points of the calibration grid.

To chaacterize the performance of themote eydracker three different experimental

sessions were carried out in a dark room.

Workspace identification

The subject initially stood on the treadmill facing the screendigtance of 650nm from the
remote eydracker The subject was asked to look at a-#wget located at the center of the
image on the screen (Figu2era), while translating anterigoosteriorly (AP, +2Gpmm), medio
laterally ¢ML, +100pmm) and vertically ¢, +100pm) (Tobii Technology AB, 2012aand
rotating the head around both MirML, +50dgg) and V' (rV, +50dgg) axes. This task was
performed to define the range within which the head of the subject could move without eye

tracking interruption.

Accuracy and precision determination

The subject was asked to look at a-tdoget displayed segntially in 13 fix locations of the
image on the screen (Figuze/b). The dottarget persisted in each location for two seconds.
Recordings were first performed with the subject standing still atnBB0(St550, 650mm
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(st65Q and 750mm (st75Q from therET. Then,the subject was asked to perform the same gaze
task while walking at two different speedss{ow 0.6m/s, andwfast 1.1m/s). The subject was

free to hold the treadmill bar for safety.

Remote eydrackerapplicability for Rol analysis

The sulect was asked to look at a 2D target used as visual stimulus (a rectangular shape
Figure2.7c, 230mm x 80 mm) initially located at the center of the imagga( r). After five
seconds, the 2D target moved along a horizontal line at constant spgexe(88) from the
right to the left fioriz_r), and along a vertical line from the top to the bottorert( r). The
subject performed the task while standing at 80 from theremote eydracker (stRo) and
while walking on the treadmill at 0r&/s (vslowRd) and 1.1m/s {vfastRo). The subject was

free to hold the treadmill bar for safety.

Figure 2.7 A schematic representation of: (a) the visual stimulus used for the identification of the
remote eydracker workspace; (b) the 13 datget locations of theisual stimulus on the screen
used for the determination of themote eydracker accuracy and precision giejlthe 2D target

used to test the remote eyacker applicability for Rol analysis.

(b)

Data analysis

Blinks, saccades, short gaze deviations sigdal flickering instances were extracted from the
PoG horizontal and vertical components. A validity score, provided byehwte eydracker
proprietary software, is associated to each samiptgd (0: eye found with high confidence; 4:
eye not found)PoGtime series scoring 4 for both eyes and longer thami)Qvere marked as
blinks (Bekele et al., 2013; Holmqvist et al., 2011, 2012)
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Saccades were identified as thdBeG time series with velocity greater than 3f€g/s,
amplitude greater thandég and duration higher than 8% (Holmquvist et al., 2011)The PoG
outliers were removed according ({dolmqvist et al., 2011)Moreover,PoG time series with a
velocity greater than 100feg/s, being not compatible with aphysiological eye movement,
were classified as flickeringHolmqvist et al., 2011) The first 800ns of the stimulus
presentation time were not considered in the data processing to take into account the
physiobgical delay between the stimulus appearance and the transfer of gazdToibiiit
Technology, 2011)

The data processing for each experimental acquisition is deddselow.

Workspace identification

For each subject, the minimum and maximum linear and angular values of the head position
reached during the head movemenfsP( tML, tV, rML, rV) were estimated and the relevant
ranges of motionRoM) computed. Similagl, for each subject, the minimum and maximum
linear and angular values of the head position within whiclrehete eydrackerwas able to
track both eyes, were computed and referred to as ranges of track&wlity. (To each head
movement, the medianalues of bothRoMs (mRoM)and RoTs (mRoT)computed across
subjects, were obtained. Themote eydrackerworkspacavas defined as the combination of the

mRoTsalong the different directions.

Accuracy and precision determination

For each trial £t55Q st6b0, st75Q wslow wfas), the PoG accuracy was computed as the
estimatedPoG distancefrom the known position of thieth stimulus { =1, € , 13) averaged over
the stimulus presentation time and subjegjs $imilarly, thePoG precision was computed as the
standard deviation of the estimatedGaveraged over thieth stimulus presentation time and the
subjects ). For each analyzed trial, the over&8bG accuracy and precisiorH(l) were

computed ashe average values BfandU over all dottarget locations.

For each trial t55Q st65Q st75Q wslow; wfas), the overall index of trackability of theoG
was computed as the percentage ratio between the valid and the expected samples dhihing the

stimulus presentation time averaged over the subjects and the dot target locatiBosvislow
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and wfasttrials, the headRoMswere computed for each subject to verify that the head moved
within theremote eydrackerworkspace.

Remote eyrackerapplicability for Rol analysis

A Rolwas defined by adding a margin, equal totilvalue obtained in thefasttrial, to the 2D
target. The percentage of tReG hitting theRol was computed over the 2D target presentation
time Qostat_r, %horiz_rand%vert_.

Statistical analysis

Accuracy and precision determination

A Friedman testor nonrnormal distributionvasused to assess #)H andU were statistically
different among the ddarget locationsh) if Handl were significantly different among the tsal
st55Q st65Q st75Q wslowandwfast,and c) if¢ was statistically different among the trigi$5Q
st65Q st75Q wslowandwfast.

rET applicability for Rol analysis

A Friedman tesfor nontnormal distributionwas performed to assess if %stat_r, %loriz_r
and%vert_r obtained for each 2D target motiostdt_r, horiz_randvert_r) were significantly
different and b) iPostat_r, %horiz_and%vert_robtained for each motor tasgtRol wslowRol

andwfastRo) were significantly different.

The level of gynificance was set to 0.05 for all statistical analyses. Pairwise comparisons were
performed using a Wilcoxon signednked test with a HolrBonferroni correctiong=0.05) for

the significant findings. The effect sizevas computed for the significantly different pairs.

Results

Workspace identification

The RoTs of the remote eyrackerfor each subject along and around the tested directions are
reported inAnnex 1. The mRoTsof the remote ey#rackeralong and around the tested directions
are shown in Figur®.8 (translations: A" -tAP-, 484 to 765nm; ML™" -tML-, -98 to 86mm;

VET -tV-, -78 to 61mm:; rotationsML" -rML-, -26 to 38deg V" -rv-, -29to 26deg. No gaze
tracking interruptions occurred for the positive translation along the ML direction.
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Figure 2.8 The headnRoTggreen) andnRoMs(magenta) along the AP (tAP: A, anterior; P:
posterior) ML™T (tML: L, left; R, right) and VFT (tV: U, up; D, davn) direction and around the
VP (rV: L, left; R, right) anaML™ (rML: U, up; D, down directions.

up | A P
| | |
1 div=50 mm 620*
tML L | T T T T R
| | | | | | | | |
1 div=50 mm 0
| | |
w | P U
| | |
1 div=50 mm 0
| I [
rML D U
| | |
1 div=10deg 0
L | | | I I I I I | I R
rV | | | | | | | | | |
1 div=10deg 0

(*) The tAPvalues are centered at 6@0n, which is the projection of the original distance from

the sensor on the AP axis (650 mm).

Accuracy and precisn determination

A graphical representation bfandt values found for each dedrget location during the static
and dynamics trialst55Q st65Q st750 and wslow and wfast for each subject is reported in
Annex?2 and Annex3 respectively A graphical representation éfandt values found for edc
dot-target locatior(averaged over the subjecth)ring the trialst55Q st65Q st750is reported in
Figure2.9a. A similar graphical representation for the trimilslow and wfast is reported in
Figure2.%.
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Figure 2.9 A graphical representation Bfandt values found for each dedrget location during
the trialsst55Q st65Q st750(a) andwslow wfast(b). Each dctarget location on the image is a
black dot. The circles center positions (colored dots) reflect the accuracy oPdBGe
measurements$H) while their radius reflects the precision of tReG measurements (small

radius,li < 4 mm; average radius,Mm<y; < 8 mm; large radiugj > 8 mm).
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During the trialst55Q the PoG was lost in one of the top corners (P1 or P3) for tistdgects.
The values relative to these points in the st&b0were excluded from the computation of the
relevant following parameters. Ferand U no significant differences were found among the 13

dot-target locations in any of the triadtb5Q st63), st75Q wslowandwfast

TheH, U andg values forst55Q st65Q st75Q wslowandwfastare reported in Table I.

Tablel. PoG measurementaccuracyH, precisiont and index of trackability. The values are

averaged over the 10 gabts and over the 13 dtdrget locations.

st550 st650 st750 wslow wfast
Hmm] 13 10 17 12 13

i [ m 4 4 8 5 6
¢ [%] 77 90 90 88 87

No significant differences were found among Hsndc values of the trialst55Q st650, st750
wslowandwfast A significant difference was found among theéiwalues p < 0.001). The value
of U computed forst750resulted significantly larger than those computedst660(p = 0.040,
st650 (p = 0.045 and wslow (p= 0.045 with a large effect sizer £0.64, 0.8 and 0.64,

respectively).

The intervals between the minimum and the maximum values of theRmddshcross subjects
obtained during the&ials wslowandwfastare reported in Figur2.1Q The head motion remained
always within the rET workspace.
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Figure 2.10 The intervals between the minimum and the maximum values of the Rwdd
(green) obtained during the trialgslow (violet) and wfast (light blue) across the subjects:
translations along the AP (A, anterior; P, posteripr ML™T (L, left; R, right)and VE' (U, up;
D, down) directions and rotations around the"MU, up; D, dowd and V' (L; R left; R, right

directions. The green band represents ¢neote eydrackerworkspace.

APET A T T T T T T P
translation | 1 1 I I 1
1 div=50 mm 620*
MLET [ L ' ' ' ' ' R
translation |, | 1 I 1
1 div= 50 mm 0
Vr]:_T D T T T T T U
translation | 1 L 1
1 div= 50 mm 0
MLH D T T T T T T U
rotation — I I I L 1
1 div= 10 deg 0
VH L I T T T T T T R
rotation . o I I L 1 1 I
1 div=10 deg 0

(*) The values of the translations along the"ARlirection are ceered at 620nm, which is
the projection of the original distance from the sensor on te’ ARis (650 mm)

rET applicability for Rol analysis
The values ofostat_r, %horiz_rand%vert_rare reported in Tabli.

Tablell. The percetage of PoG hitting the Rol defined around the 2D target moving on the
screen with different patterns (stat_r: static at the center of the screen; horiz_r: moving
horizontally, and vert_r: moving vertically). Percentages are reported for each motatRas$k:
standing at 65m from the rET;wslowRoi walking at 0.6m/s andwfastRoi walking at
1.1m\s.

%stat r %horiz_ r %vert r
stRol [%] 96+3 98+2 97+4
wslowRol [%] 9615 98+2 94+7
wfastRol [%] 97+3 98+1 95+6
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Neither the motion of the 2D targeitdt r, horiz_r, andvert_r) nor the motor tasks{Rol
wslowRolandwfastRo) significantly influenced the percentageRdG (Yostat_r, %horiz_iand
%vert_1) hitting theRol.

Discussion
The main goal of the present study was to evaluate the suitability afsth@f remote eye
tracking technology (Tobii TX300) during treadmill walking. This analysis can be relevant when
developing projected ViRased applications aiming at investigating the visual behavior during
walking in controlled environmenti particular we aimed at defining the ranges of trackability,
at providing a detailed description BOG data quality during standing and walking (accuracy,
precision and trackability) and at testing treemote eydracker feasibility for dynamicRol
analysis. Whileprevious studiegBlignaut & Wium, 2014; Hessels et al., 201#pited the
assessment of tHeoG quality during various static head orientations and positions, we extended

theremote eydrackertesting under dynamic exercises such as gait.

The workspace identified in this study-sgt is in accordance with the datasheet of the device for
what conerns the anterigposterior head motion (56800mm distance from theemote eye
tracke), whereas the range of trackability along the mdalieral and vertical directions was
slightly smaller than the nominal range declared by the manufacturer ¢faested: £+100 mm;
vertical: £80mm). In agreement with Blignaut and colleagu@&ignaut & Wium, 2014) we

found a general decline of the quality of thReG measurementsor larger distances from the
remote eydracker(750 mm) and a few gaze losses for large gaze angles corresponding to the
closest distance tested (in tr&b50,a loss ofPoG occurred on two detarget locations located

at the grid top corners). In ametr study, Hessel et gHessels et al., 2014pncluded that the
quality of thePoG measurements is jeopardized at extreme head rotations arouNdattis;
however, no information about the amplitude of the angular head rotations were reported.
Similarly to (Hessels et al., 2014yve found someoks of PoG data during the head rotation

around the vertical direction limiting the range of trackability2® to 26deg.

The statistical analysis revealed that the position of the stimulus on the image does not
influence thePoG accuracy, precision anttackability both while standing and walking. In

particular, head displacements were within the ranges of trackability during walking trials (speeds
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up to 1.1m/s), confirming that the Tobii TX300 can be conveniently used for the determination

of thePoGduring gait.

Furthermore, neither the motion of the 2D target (static, vertical, horizontal) nor the motor task
(static, slow and fast gait) significantly influenced the percentdgiee PoG samples hitting the
Rol thus supporting the use of dynanRolsduring the analysis of walking tasks. This finding
fosters the usability of theemote eydrackerTX300 for the gaze analysis during treadmill gait in
projected VRbased applications. To the authorsod kn
characterizatin of a remote eydracker used for tracking gaze while walking. This study
represents also a fundamental preliminary step for a correct, unobtrusive assessment of the
interactions between motor and visual strategies occurring during gait rehabilitaitooops

requiring VR environments.

Conclusion

This studydemonstrated that themote eydrackerTobii TX300 can be used to analyze gaze
during walking on a treadmill, since the performance ofrémeote eydrackerand the quality of
the measurements didot significantly differ from those obtained during static tasks. The
outcomes of this study may provide elements for the design and implementation of analytical and
experimental procedures for the combined analysis of gaze and human locomotioihasé/'R

applications.
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Chapter 3

The effea of visual distractorson vision and
gait strategies during obstaclenegotiation
assessment inwartual reality environmen

* This chapter is based on

Serchi V., Cereatti A., Cinelli M.E., and Della Croce WAsSessment othe distractors effect on vision and gait
strategies during obstacle crossing: a virtual reality assessmehtn preparation

Serchi V., Cereatti ACinelli M.E., and Della Croce U.Gaze strategies while negotiating obstacles in a virtual
environment with distractors." Gait & Posture42 (2015): S3.

SerchiV., CereattiA., Della CroceJ., Cinelli M.E., iGaze strategies during obstacle negotiation ipresence of

distractors: a virtual reality assessment of young and older adult populationd Proceedings 12th annual
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Chapter 3 Distractors effect on visumotor strategies in Viased obstacle crossings

Introduction

The environment navigation is a complex task dunwigch the sensory input fronthe
surroundingis crucial in order tsafelyplan the next locont@mn actions Vision is important to
gather theinformation from the environmer{visual sampling (Patla, 1997) When facing a
complex travel pathfixations are made toward the regions at maxim&rmative content in a
sequential online manner to guarantee stability to unexpected changes in the terrain in a number
reflecting the condition of the terra{iMarigold & Patla, 2007; Patla et al., 1996&ait acuracy
when facing constrains amthallengingin the travel path is visually influenced and that is more
evident in the elderly populatiofChapman & Hollands, 2006, 2007, 201@uring the
locomotor taskobstacles could challenge the safety and expose to the tedsadfbalance. The
avoidance of expectedbstacles onsmooth ground is usually planned in the steps tef
(obstacle samplingthe crossing (three steps) often without fixating the obstasléle stepping
over it (travel gaze (Patla, 1997; Patla & Vickers, 2003)he visual attention is important in
order to cross in a safe manner the obstacles indkel tpathbut distractors are frequent in the
everyday life and potentially challenge the attention already allocated to the locomotditask.
increase of the cognitivibad has a worsening effecn the motor performances of the older
adults (Harley, Wikie, & Wann, 2009) The elderly appear to rely on the visual feedback
provided by the scene and by the environment and their motor performance is affected by the
visual information they can gather more than their younger counté@iehg, Yang, Holloway
& Tyl er, 2016 ; Franz, Fr an ciRegent fesebrehes,ameéi@iC o n n ¢
investigating the effeadf visuo-attentional distractoren the motor performance over obstacles
(Lo & Chou, 2015; Lo, van Donkelaar, & Chou, 20Erown, McKenze, & Doan, 200h
Young adults show a reduced i clearancevhen visuespatial distractors are presented prior
the negotiationof the obstaclglLo et al., 2015) while preparing the negotiation is highly
demandingfor the elderly(Brown, McKenzie, & an, 2005) During other motor tasks, both
young and older adults show a correlation between the-wsior performances and the ability
to suppress the distractprspecifically the elderly show a deficit in the suppression of the
distractors(Mevorach,Spaniol, Soden, & Galea, 2016)he elderly are more prone to allocate
their attention on factors different from the tgslealey, Campbell, & Hasher, 200&)gether
with a lack in the coordination between the environment navigatioraaiglally demandig
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task(Beurskens & Bock, 2012, 2013)his suggests thah complex tasks as the one of avoiding
obstaclesif distractors are presenthe elderly could showisuomotor patterns different and
possibly worse than younger adults. Therefore understabeitey the relationships between the
visuo-spatial attention distraction and the motor performances during obstacle crossing is
importantto betteraddress the rehabilitatianterventionon the gaitof the elderly.The primary

aim of this work is taasses such retionshipthrough a paradigm used in recent rehabilitation
programs for the enhancement of déirelman et al., 2006)Therefore the general purposaf

the current workis to analyzethe visuemotor performancesf both young and older adsit
during a virtual reality based navigation challenging obstaalessinng and visual distractors.

The hypothesis is that the young and older adults would show a decrease in tloée obsta
negotiation task motor performance with the presence of distractors and that such a worsening
would be more evident in the elderly also looking at their visual behagasecondary aim this
study wants to highlight the potentiality of such an expenital setup for the combined training
andbr analysis of the gait and of the gaze.

Materials and Methods
Participants

Seven healthy young adultieihales age: 23+2.§.0.) and five healthy older adultéefhales
age: 67+1.%.0.) participated in the stydYoung adults were recruited from the undergedd
program in Kinesiology at the Wilfrid Laurier University (Ontari@anada The older adults
were recruited from fitnessprogram for older adults. They werearcellenthealth and without
motor or cgnitive impairmend. They had normal p corrected to normal (contalgnses) sight.
For each participant the visual acuity was measured in 2@t00gh a standard Snellen Chart
The participants had standupright20 feet from the visual acuity boara@had to read loud the
letters displayedvith one eye at the tim&@he visual acuity was tested in the condition in which
the testwas performedife. those subjecta/earing contact lenses during the acquisition protocol
had to wear them also during thiswal acuity tegt The visual acuity scoresf the young and
older adult participants are reportedTiable3.1 This studywasapproved by the Laurier Ethics
Board REB 4396&2399). The recruitment was performed through approved (Aensex4), e

mails and phonecalls. As advertised, the older adults received®®ur compensations to take
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part to the studyPrior to take part to the studlye participantsverethoroughly informed about
the upcoming task andl agreed with the experimental protodwddto sign aninform consent
(Annexb5).

Table 3.1 Characteristics of the subjects participating to the stadg, ethnicity, color of the

eyes, visual acuity for the left and the right eyes and if they used contact lenses during the study.

Visual acuity
Left eye Right eye
SBJ1 69 Caucasian Brown 20/100  20/20 Yes
SBX» 69 Caucasian Brown 20/30 20/50 No
SBJ3 65 Caucasian Brown 20/25 20/15 No
SBJ4 67 Caucasian Blue 20/30 20/40 No
SBb 68 Caucasian Brown 20/30 20/30 No
SBJ6 26 Caucasian Blue 20/20 20/20 No
SBJ7 22 Caucasian Brown 20/16 20/20 No
SBJ8 23 Caucasian Blue 20/20 20/20 No
SBJ9 23 Caucasian Green 20/16 20/12.5 No
SBJ10 27 Asian Brown 20/30 20/30 No
SBJ11 19 African Brown 20/16 20/25 No
SBJ12 23 Asian Brown 20/25 20/25 Yes

Subjecth D Age Ethnicity Eyes color Lenses

Experimental setup

The experimental setp was composed bw treadmill, an active optoelectronic system
(OptoTrak Certus, NDI; 12Biz), a projector projecting a virtual reali(y R) environment onto a
blank surface (3x#) positioned three meters awagnda wearable ey&acker (ET7, Applied
Science Laboratories; 124z). The treadmill was placed in the center of the capture volume of
the steregphotogrammetricystem(3 blocks of cameras). The treadmill was put facing thakb
surface onto which the VBnvironmentvas projectedFigure3.1).

The VR environmentwas purposely devised for this study (WorldViz Vizard 5.0 Enterprise).
The VR environmentconsisted in areelined country roadand three main elementavatar
shoes obstacles and distractors (Figar@). The avatar shoes were virtual shoes representing the
position and the motion of the subweretetigd f eet
lying acrossthe walking path The distractrs were avatar @ers appearingn the left oron the

right side of the road artien crosmg it to reach the opposite side.
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Figure 3.1 Representation of the experimental-gptadopted for this study: 1) 3 blocks of
optoelectronics cameras, 2) a treadmill, 3) a wearaypddracker and 4) a blank surface onto
which a projected virtual reality was projected. The treadmill had lateral bars to which the subject

was allowed to hold.

Figure 3.2 Screen shot of a scene of the virtual redbdigged task. All of the elemerdsthe task

are shown: 1) avatar shoes, 2) tree-lalgstacle and 3) crossing deedistractor.
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Thedistractorsappearance and animation was timed according to the distance of the feet from the
obstacle.The distractorsappeared in the scene when theéject was 5 stepsway from the
obstacle (step=15cm) and their animation was triggered when the participant was at 4, 3, 2 or

1 steps far from the obstacle.

The avatar shoes had a double purpose. The avatar shoes moved as the feet of the sallject mov
in the laboratory and were used both to tune the translation of the virtual reality toward the
subject (stop of the motion of the virtual scene if the subject stopped) and to onset a negative
feedback in the case of a collision between the shoe amdbstecle The feedback wassudden

chang of the point of view of the subject in the visual sceseggesting a fallThe VR
environmentwas guided by the steresphotogrammetric systemignal to simulate the subject
moving in the virtual world according this/her real motion in the laboratdiyorldViz LLC).

In order to track the limb kinematicshet participants were instrument&dth clusters of
markers placed on the head, upper &wer trunk, and on the fe€Northen Digital, 201Q)

Single markers were placed directly on the left and right greater trochanters, left and right lateral
epicondyles and left and right malleoli to compute the joint kinematics ens#gittalplan
(Figure3.3).

The steresphotogrammetricsystem was integrated with the wearable-egeker systemnto
compute the point of gaz®9dG of the subject relative to a calibrated mgApplied Science
Laboratories 2014y, Northen Digita] 201Q (EyeHead integrationprocedure) During the
EyeHead integration procedure theyetracker system was connected tthe steree
photogrammetric ongia EthernetThe systems were set in communication by pointing out the
coordinates of thre@mon collinearpoints lying on theblank 3x3m surface through avand
provided by thestereephotogrammetrienanufacture points 9,7, and 1, Figur8.4). Once the
eyetrackersystem hadhe informaton of these three points, it wasssible to defin¢ghe frame
of reference of the calibration planed therefore¢o refer the gaze to that plariEhe calibration
plare was defined througa purposely built ninpoints calibration grid laced on the projection
surface with the centrget to be coinciding with the centre of projection sci@gplied Science
Laboratories2014).
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Figure 3.3 Representation of the arkerset adopted for this study. In blue the clustefr
markersplaced on the head, upper and lower trunk, and obablk part of théeetare reported
whereaghe single markers placed directly on the left and right greater trochanters, left and right
lateral epicondyles and left and right malleaie reported in green. In red is rejed the position
of the virtual markers digitizedith respect to the clusters of markers and then recorestiinct
postprocessingleft and right ears, left and right shoulsleT10, left and right ASIS and PSIS,
left and right #and 8" metatarsals and heels

According to the EyeHead integrationopedure the frames of reference of theree
photogrammetricand of theeyetracker systemswere set reciprocally parallelThe steree
photogrammetric systerftame of reference had theaxis (anterioposteriori APi direction)
parallel to the ground ambinting accordingly to the direction of progression, tfeis (vertical
Vi direction) perpendicular to the ground and pointing down and ‘drasy(mediclateral i
MLT direction) perpendicular to the xz pand pointing toward the rigliLaboratoriesApplied
Science 2014) The origin of thestereephotogrammetricystemframe of reference was set on

the treadmill, on a position coinciding with the resting upright standing position for the AP and
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ML directions (in between the treadmill bars). yetrackerframe of referencbad itsorigin at
the centre of thealibration grid (Figure.4).

Figure 3.4 Schematic representation of the experimentalupetvith the detail of the position
and orientation of the technical reference frames of the optoelectronic system and of the wearable
eyetracker systemThe stereephotogrammetricystemreference frame hatthe xaxis (anterior
posteriori APi direction) parallel to the ground and pointing accordingly to the direction of
progression, the-axis (verticali Vi direction) perpendicular to the ground and pointing down
and the yaxis (medielaterali MLT direction)perpendicular to the xz plamnd pointing toward

the right The eyetracker reference frame had its origicoinciding with the centre of the

calibration gridand was parallel to th&@ereephotogrammetrisystenreference frame.

Experimental protocol

First, an anatomical calibrationf the bony landmarks relatively to the position of the clusters
of markers was performeteft and right ears, left and right shoulgleT10, left and right ASIS
and PSIS, left and right“land 8" metatarsals and hegBigure3.3). The subject had tetand

upright in the center of the acquisition volume of Htereephotogrammetricsystemlooking
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