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(Probleme)Dans le poste de pilotage, les écrans tactiles peuvent étre éloignés du pilote et utilisés
dans des conditions de vibration ou de turbulence. Des travéc&dentsnt trouvégque les écrans
tactiles offrent un débitlifroughput une métriquede perbrmance capturant a la fois la vitesse et

la précision)plus élevéadans des conditions statiques par rapport a d'autres dispestés mais

que leur performance et leur taux d'errautégrae plus rapidement sous l'effet des vibrations.
L'utilisation d'un support manuel pour atténuer cet effet a été suggérée par la norme SAE
ARP60494. |l est nécessaire de quantifier I'impact des vibrations sur la sélection ded'éibrims

tactile dande poste de pilotage, ainsi que de mesurer I'utilité du stppanuel, en utilisant une
méthoalogie normalisée(Objectif) Nous avons mesuré les effetsld®ibration sur la sélection

des cibles de I'écran tactile a l'aide d'une méthode normalisée, ce qui permet de comparer nos
résultats avec ceux d'autres étuaggssompag le support manueutilisant le pouceen tenant le
ERUG GH, ver$ysttilisaQ OTLQGH[ DYHF leR Bdraps @attited Hvioniques et
commerciaux, et les positions de I'écran tactN#ethode) 24 participants ont effectué une téch

de sélection multidirectionnelle ISO 92411 (une tache de sélection standardisée de.Ritis)s
DYRQV EKWL XQH SO DW ul RivdPade g e rd3 tadtilesipoditibriddas une
géométriereprésentative du poste de pilotage. Lesigpéants ont été exposés a des niveaux de
vibration représentatifs du vol en hélicoptére. Nous avons testé quatre écrans tactiles, deux
positions d'écran, deux méthodes de support manuel et deux niveaux de vibration. Nous avons
mesuré le débit de sélectides cibles, le taux d'erreur et la préférence subjecfésultats et
discussion)Nous avons trouvé des valeurs moyennes de débibtit€sec sans vibration, contre

5,7 bits/sec avec vibration, ce qui est plus élevé que les valeurs de débit pinesdisspositifs
d'entrée rapportées plas travauxprécédentsLes taux d'egur moyens étaient élevés : 1043

sans vibration, contre 1% avec vibration. Comme dans les travaug&cédentsnous avons
constaté une augmentation exponentielle du témeadir lorsque la taille de la cible diminue, ce

qui souligne l'importance d'utiliser des cibles de taille appropriée. Dans des conditions statiques, le
support manuel a clairement nui a l'utilisation de I'écran tactile a main levée. Dans des conditions
de vibration, le débit était plus faible et le taux d'erreur similaire lors de l'utilisation du support
manuel par rapport a l'utilisation & main levée. Nous n‘avons donc pas trouvé de preuves de
I'avantage d'un support manuel lors de I'exécution d'une tielsélection multidirectionnelle sur

un écran tactile soumis a des vibrations. Dans des conditions de vibration, |la phsjiédestal



Vi

a étémeilleureque la position sur le tableau de bord principal (débit plus élevé et taux d'erreur plus
faible). Dans des conditions statiques, les deux positions ont donné des résultats similaires. Les
écrans tactiles avioniggeont une performance similairaux écrans tactiles commerciaux.
(Conclusion) Les résultats de cette étude sont importants pour établir Hes td#iles minimales

pour les interfaces avioniques soumises a des vibrations, ainsi que pour comprendre l'impact des
vibrations sur f X W L O ld&sBEErans tadtilps dans le cockpit, les différences entre les positions
des écrans et les limites de iligation d'un support manuel comme méthode d'atténuation des

vibrations.
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(Problem) Touchscreens in the cockpit may be placed far from the pilot, and be used under
vibration or turbulencePrior work found that touchscreens offed higher target selection
throughput & performance scoreombining both speed and accuracy) static conditions,
compared to othetestednputdevices, butheir performance and error rate degrhai®re quickly
under vibrationSAE ARP60494 has suggestesing a hangupport tomitigate this effectThere

is a need to quantify the impact of vibration on touchsctasget selectionn the flight deck
environment as well as measure hasdpport utility, using a standardized metlaadgy.
(Objective) We measuredthe impad of vibration on touchscreen target selectiogang a
standardized methodology, allowing our results to be compagaihst other studies, and
compare between handupportmethod (using thethumb, ZKLOH KROGLQJ RQWR WKH
versususingtheindex finger freehangdavionic versus commercigduchscrees) and touchscreen
positiors. (Method) 24 participants completech SO 9241-411 nultidirectional selection tasla(
staQ G D U G L ] thi@et)delaictobagk) We built an adjustableibrationtest platform, with the
touchscreenplacedn representativeockpitpositions The participantsvereexposed to vibration
levels representative of helicopter flight. We tested four touchscreens, two screen pasitons
handsupportmethod andtwo vibration levek. We measurethrgetselection throughput, error
rate and subjective preferen¢Resultsand Discussion We found average throughput values of
6.5 bits/sedn static conditionsversus % bits/sec with vilpation, which is higher thaalternatve
input devicethroughput reporteéh prior work. Average error rates were high: 3% in static
conditions versus 16% with vibration.Similar to prior work, we found an exponential increase
in error rate with decreasing target si¥¢e failed to findevidence of a benefit from using the
handsupport, compared to the freehand basegliioe the task and vibration conditions we
investigatedthe hanesupportresulted inower throughput, antligheror equivalent average error
rate, in both static and viétion conditions.Under vibration, te pedestabutperformed the main
instrument panel position, witligherthroughput and lower error rale static conditions, the two
positions performedimilarly. The avionic touchscreens performsihilarly to theconsumer
touchscreengConclusion) The findings of this study are important for establishing minimum
target sizes for avionic interfaces under vibratasvell asinderstanding the impact of vibration
on touchscreen usability in the cockpit, the differes between screen positions, and the limits of

using a hangupport as a vibration mitigation method.
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Aircraft are becoming more automated, and the job of the pitcansitioning towardgroviding
instructions to automated systemmnitoling them to make sure everything is working properly,

and troubleshoatg if something goes wrong.As controlling an aircraft becomes more like
interfacing with any other comput@.g.,data entry, menu selectiamd map manipulation tasks)

it makes sense that the interface becomes more like that of any other computerized device. This
means addingnterfaceslike keyboards and selection devices well as larger screen displays
Information can be displayed neoclearly on these large screens, which helps for monitoring the
state of the aircraft and the increasingly complex systems controlling it. The pilot is thus better
kept in the loop, allowing them to discover and address potential issues before theg becom

emergencies.

Touchscreens are already being installed in aircraft cockpits. One prominent example is the
Gulfstream G500 and G600, which are private jets whose flight decks were designed with many of
the traditional physical controls replaced with tosarieend1]. Touchscreen systems such as
7TKDOHV12)OQ/N5, *DUPLQYV [8] are afeddy being sold for use in helicopters,
including for retrofitinto older helicopters that were not designed for theluring retrofits,
touchscreens are often placed in the same position as existing sereiehscould make them
moredifficult for the pilot to useespecially for extended periodsnce the physidargonomics

of the flight deck was not adapted for this use case

Space in the cockpit is at a premiunBecause of space limitations, the physical keyboards
currently in use in the flight deck are often much smaller that office keyboards, with smgdler ke

For example, smalNH\ NH\ERDUGYV KDYH WUDGLWLRQDOFRdNcteEH HQ E XL
Control and Display Unitg/]. With physical keyboards, every key that may possibly be needed

for any task is always displayed and takes up space. One advantage of touchscreen soft keyboards
is that they are capable of having multiple modéswumeric entry is requick then onlynumbers

need be displayedThisreduces the potential for entry of invalid characters into a given &ettl,

frees up space for largearumberkeys. In addition, even if an input field accepts both letters and
numbers, the keyboard and numpad can still be placed in separate modes, with the user capable

of toggling between them. Again, thisdégeup space in each mode for largeys. As a result,

with the careful design of soft keyboard modes, it is possible that data entry on MCDktteen



soft keyboards may ultimately be faster thath physical MCDU keyboards, although we found

no prior work explicitly comparing the tw&Vang and Zhao investigated different soft key sizes

for use on an MCDU, but did not directly compare it agaanghysical versiof]. In addition,

soft keyboardsan appear only when needed, leaving extra screen tpadsplay taskelevant
information For example, the same screen space used for data entry during one part of the flight
can subsequently be used to displaynéeractive map, during another paftioe flight.

An advantage of touchscreens is that they are very compact, since the display and control device
are combined. Selection speeds on touchscreens are also faster than on alternative selection
devices. MacKenziéound a throughput value (a cbmed measure of speed and accuracy) of

6.95 bits/sec om smartphongouchscreen, which wak4 to 1.9times higherthan previously
reported throughput values for mice (3. bits/sec)6]. Thomaswho compared common flight

deck interfacesgainst each othén static conditionsfound thatatouchscreemadmuch higher
throughput values thamtrackball, trackpad, thumbstiak fingerstick[7]. Lin et al. found thaa
touchscreemad 1.3 timeshigher throughput thaa mouse an@® times higher throughput than

trackball in static coditions[8].

A disadvantagef touchscreenss thattheyhave higher error rasat smalértarget sizesas shown

by Lin et al.[8]. Lin et al. compared a touchscreen against a mouse and trackball, under both static
and ship vibration conditions. For the mouse and trackball, tlveraateremained relatively
constant, at less than 2%, across the target sstadt (12.5 cm) when averaged across the
vibration conditions However, for the touchscreen, the error rate increagpdnentiallywith
decreasing target size, goifigm 2%error rateata 2.5 cmtarget sizéo 16%error rate a1l cm

target sizewhen averaged across the vibration conditions

Another disadvantage afichscreens that theyare more impacted by vibration than othmgaut
devices as shown by Lin et aJ8]. Lin et al.showed that touchscreen throughput and error rate
degraded at a faster rate tHana mouse and trackball, undship vibration conditionscompared

to static conditions.

Oneproblem with touchscreerns the cockpitenvironments that they are oén placed at &r
distancdromthe pilot The screen locatatirectlyin front of the pilot the primary flight display
(PFD),is positioned at a distance ranging franound27to 32 incheq69-81 cnm) fromthe SLOR W {V

eye depending on the aircraftfg. The distances can be even largerrfariti-function displag



(MEDs), since they are at the same longitudinal distancearawatf to the side. This can require
the pilosto lean forward and fully extend thermsto interact with the screen It may alsoresult
in fatigue after extended use, which may further increase error Téis. is in contrast witta
trackball or similar input devicavhichcan be located right beside the pilwithin a handrest, so

that the hand is always ergonomicallpparted while using the device

1.1 Aircraft Vibration and Efforts to Mitigate its Impact

The effect of reach distance bothtouchscreen throughpand error ratenay be exacerbated by

vibration. All aircraft can experience turbulence, betibopter pilotan particular can be exposed

to high levels of vibratioaluring normal flight Chen et al[9] found thatin a CH147F helicopter

duringthe 150 knott OLJKW D QG 3Q R U P D CcobdiiSris,Rhe evel b0f Rbrdtiry dth the
SLORWYV VHOW UHHX\HXGQ, Rsdefifed Mhb O P6341 standard10]. That

is the highest level of discomfort defined timat standard Wickramasinghealso found that

vibration levels measured dmetpilotand coSLORW IV V-HD W HO LIF ReSVOKOU YD U\ TURT
XQFRPIRUWDEOH ™ WR SH[VMWWHPHO\ XQFRPIRUWDEOH

As a result, there ian urgent need tquantify the effects of vibration on touchscreen usability in

the helicopter cockpienvironnent, and find saitions to mitigate this effect. Omaitigation

solution that is suggested by the SAE ARP60494 stand&iidh addresses touchscreens in aircraft
cockpits,LV WR SURYLGH D KDQG VXSSRUW 7KaNand ppQ»b UG UHI
WKH 3SEH]®#Z) DUHD’

Cockburn et al[13] mentions that, under vibration, participants naturally stabilized their hand on
the £reen edge to select targets, and claims that this is an effective strategy. However, their study
did not control for this handtabilization variable, and did not compare the results against an
unsupported condition.

Cockburn et al[14] tested three different methods of registerseections under vibration and

static conditionson doubletap, on dwell, an@n reaching a force threshol@he force threshold

was deliberately chosen to baatively high, at6.9 N The vibration condition had an RMS of

215m4 DQG D GLVFRPIRUW OHYHO RI 3YHU\ Kibddy vioRONGHILQH
standard15]. They comparedsing the three selection methods {loubletap,on dwell andon

reaching a force thresholayith one finger, freehandversususing these same threselection



methods whilesupportingmultiple fingers directly on the screemnder both vibration and static
conditions. They found thatloubletapping to select outperformed the dwell and faloeshold
condition. They found that when comparing the parpfinger method against the freehand
method, using suppefingers resulted in higher error rate and movement time in static conditions,
but lower movement time and error rate in vibration conditidnghe statiefreehandcondition,

they reported eor rates between-24%, with doubletap having 2% error and for¢breshold
having 24% error. In the vibratioAfreehand condition, they reported error rates betwees648,
depending on selection registration methda.addition, Cockburn et al. foun@iat the support

finger method had a higher frequency of accidentally selecting the wrong target, when compared
to freehand. Under vibration, the suppiimger method resulted in a wroftgrget selection in-1

3% of selections, depending on selection tegii®n method, whereas freehand resulted in a
wrongtarget selection in-A% of selections.As a result, aircraft manufacturers may be hesitant

to implement this type of harglipport strategy, since selecting the wrong target is a worse form
of error tha missing the target and hitting an inactive area of the interfazeaddition, the
selectionregistration methods tested by Cockburn et al. may add additional selection time and
frustration, versus a standard-lease method. Cockburn et al. did cotnpare an onelease

selection registration method abaseline

Coutts et al. [16] measured selection task performarme a vibrating test platform, with
touchscreens placed in cockpit positiotheypermited WKH SDUWLFLSDhEWaidsW R 3D QF
on the edge of the scredraving the deision of whether or not to use this hasupport method

up to the participantsThe authors also claimed that this haogport strategwasan effective

method to mitigate against vibration, but did not control for this variable and did not compare it

against an unsupported condition.

Dodd et al[17] measured task time, vibration and fatigue on a typing and menu selection task
under turbulence. They also pett@d the participants to either anchor or not anchor their hands
on the bezel edge, without explicitly controlling for this variable. They reportedsévatral
participants claimed that supporting their hand on the bezel edge helped with the task, under

turbulence.

We found one prior study, by Hourlier and Servafitld, that explicitly tested the utility afsing
the bezel edge ashandsupportagainst a freehanohselinecondition.Participants were exposed



to a vibration profilewith a high mean acceleration of 1.53 fp/ahich is considered either
SXQFRPIRUWDEOH"™ RU 3YHU\ XQ F RupdRUbvEtDESDaHdarA 5. Wi kld ,6 2 ZKER
study, three tasks were performed. One of those tasks was to press on a circle, drag it to a target,
and release it as precisely as possible, centered on that Taigenly comparison shown between

the hanesupport versus freehand condiQov ZDV IRU WKH 3SUHVV™ FIRPSRQHQ)
authorsfound that the error rate was much higher in the freehand condition, compared to when
using a hangupport more than twice the error rate at small target sizes of 7 mm, with the
difference betweethe two conditions becoming smaller with increasing target Sibe. authors
recommendd using a handupport under vibration conditiongdowever,they did not compare

the handsupport for the other tasksid provided no statistical analysis of theitad®a assess if the

difference observed was significant.

Both Hourlier and Servantj@5], and Cockburn et gl16] used intense turbulence profiles of 1.53

and 2.15 mf respectively. This could explain the advantage that they flmurtieir respective
handsupport methods Discussions with aerospace industry experts revealed that backup input
devices, such as knobs and/or bezel keys are generally provided in case the touchscreen becomes
unusable either due to hardware malfunctioerovironmental factors like excessive vibration and

turbulence such as thahvestigated by Hourlier and Servantie.

1.2 1SO 9241411 Multidirectional Selection Test

The presenstudy focuses otargetselection tasks specifically, since these are very conmasis

that are usually included in even the simplest interfaces. Soukoreff and MacKavesaeggestd

WKDW 3SWKURXJKSXW" LV WKH EHVW PHDVXUHPHQW WR XVH Z
input deviceg18].

) L W W Wdk fidsDdéscribed by Paul Fittsho showed that there igradeoff betweerspeedand
accuracy in target selection tagi9]. Fitts used informatiotheory to @plain his experimental
findings. While this theoretical basis for the speeduracy tradeff is disputed20-22] )LWWV
experimental finding of a speetcuracy tradeff has been replicated many times in eliéfnt
contexts, as discussed by Soukoreff and MacKgi8 In essence, these experimental findings

show that the human motor system can naturally switch between prioritizing selection speed or



acairacy. But, above a certain limit, increasing selection speed comes at the expense of decreased
accuracy, and increasing selection accuracy comes at the expense of decreased speed.

$ )LWWVYT WDVN LQYROYHV KDYLQJ SDUWLand SsDaQcwatelyasO H F W
possible[23]. Paul )LWWVY RULJLQDO VWXG\ LQYROYHG D RQH GL
participants used a stylus moove horizontally back and forth, tapping betwéso metal plates

of specified widthg19]. A 2D tgpping task is now preferred, in order to control for the impact of
movement direction on throughgdu8]. The ISO 924411 standar{R4] provides a specification

for how amultidirectional selection &k should be conductedVithin a given task trial, targets of

a constant widtfw) are arrangg around a circlat a distance (A)segFigurel.1| Participants

select targets in a predictable pattern, always moving acrossdleda@select the opposing target
Multiple trials areconductedwith each trial having different combination ofarget size and

movement distance

Figurel.l £The layout of targets ithe multidirectonal selection taskwith the targetnumbered

per their order of selection.

$ FHQWUDO YDULDEOH IRU WKH FDOFXODWLRQ RI )LWWVY ODz
ID. $V LWV QD PtHs doKsideked td/répreisent the difficudythe taskin terms of human



motor performance limits for target selectiand it is also a representation of the accuracy required
by the task Over time, several different methods have been proposed for calculatibgsed on

the results of a Fitt§ WI[R5/ R6] The most widely accepted, including by the ISO 9241
standard24] LV WKH 26KDQQR 2MRUPXODWLRQ’

#
+ &L 'K@:§ Es;

KHUH ," LV WKH 3LQGH[ RI GLIILFXOW\" $ LV WKH GLVWDQF
diameter.ID is calculated per trial, where each trial has a different combination of A and W.

7KH 3V-&EurbCGy tradeR | [27] Rl )LWWVY ODZ LV WKHQ UHSUHVHQWHG

which relates target selection time to[I3]:
/6 L =U+8& >

Where MT representbe average time it takes to select a tafgetvement time) DQG 3D” DQG 3E°

aredevicespecificconstants that are calculated based on a linear fit of the ID vs MT data points.
Throughput(TP)is calculated based on the following form[2&]:

62L &
76

Units for throughputare bits pesecondbps) in an analogy to information theofd9, 28] with
larger throughputaluesmeaninga higher ratio of accuracy to target selection time (with ID being
a representation of accuraeyyd MT being the speed of target selection)

However while ID represents thdifficulty of the taskpresented to the participantise participants
maymake the task easier or harder for themselvdseng either less or more precise than the task

ID implies[29]. Toaddresghis phenomenonit is now commonly accepted ¢orrect the values
ofAand: EDVHG RQ WKH SDUWLFL $PDuSitty th§ alljEsted indexobdifiiduiyX U D F \
(IDe) [18, 24}

#A
+&A .K@:mEs;

Where Ae is the effectiv@ovement distanc@and We is the effective target widthhis calculation

and correctioaare done per taglA x W combination) per participant.



Ae is calculated as the average distance betseguential pairsf taps per task, per participant.
The Ae correction use§V KH S D U W L F taf wiQtsvas\'dastudXvihén they are projected
onto a 1D linghat connects thevo target centers that those taps were targ2iag30]

We is calculated based on the standard deviation of tapgitsatdistances from the target center,
where those distances gm®jected onto a 1D line connecting the previous and current tftgets
24]:

9AL vauuWeé,,

Where &, srepresents #standard deviation o®. T@ i$ the distance between a given tap and the
WDUJHWYfV FHQWHU SURMHFWHG RQWR WR'VOKHK K UFHRYOQLRKAAV A

center.

Once IDe is calcutad, based on these corrections for accuracgpitices the ID value that was

usedin the movement time and throughput formuaswn previously27]:
/16 L=U+&E>

6oL +&A
/6

Soukoreffand MacKenzie suggest that td (IDe) functionmay be used for prediction purposes,
such as when attempting to predict dvamded typing speeds on a soft keybdagj 31] They
alsosuggest thathroughputcanbe used when comparisglection taskerformancen different
conditionsusing the same device, or between devasshe method to compute throughput is
deviceindependenfl18]. In this study, we i@ mainly comparing conditions against each other,
and so have used throughput for this purpoliee throughput value captures both the speed and

accuracy of using the input device under a given set of conditions.

1.2.1 Factors That Can Impact Throughput

Thereare many factors that impact throughput. Throughput varies between input devices: using a
mouse(4.5 bps)results in a different throughpthanusing a trackbal{3.0 bps) which does not
have the same throughput as a touchsc(@ghbps)[8]. In addition, differences betwedwo

devices of the same tygan affect their throughput values, such as their responsii@2ésdJse



context can also impact throughput, such asatigde at whictlthe touchscreeis placel [33], or

vibration[8].

Throughput may also vary betweggople. Not everyone has the same haywlcoordination, and
older users may have lower throughput values than younger users, on §84r8% However,
Soukoreff and MacKenzie have shown that, for the same device and use context, throughput values

are relatively constant for average populations of similar groups ofepd&p.
This list provides some of the factors that can impact throughput:

x Device used7, 18]

x Environmental context of use (including screen orientatiorvéandtion)[8]

x Demographics of the participant population (for example: people with higher levels of
handeye coordination versus people with motor impairments; younger users gklsus
users)34-36]

x Body part used (such as the finger used, or even whether the hand is used versus the foot
or eye)[37, 38]

Movement angle also impacts throughf38, 39, 40] But it is controlled for by the ISO pointing
task, by arranging targets around a circle tovigle multiple angles, and then calculating the

averagehroughput across all target angles.

One of the goals of using throughput is to have a standardized value (calculated in a standardized
way) that can be compared acragsut deviceto untangle howhese and other factors impact

user performancg8].

1.2.2 Effects of targets orientation

A number of studies have presented the impact of movement direction on target selection
performance, while usingachscreens. Trudeau et al. measured index of performance values per
selection angle, for singleanded thumb selection on a mobile phone (index of performance is also
a combined measure of speed and accuracy, like throughplt)He found that, for righhanded

users, their performance was better when theactieh ended towards the nostfest of the screen
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(farther from the hand). Lehmann and Kipp measured throughput values for different sections of
a smartphone touchscreen, with participants using either their thumb or index4jgef hey

found that, using the thumb, for rightinded users, moving towards the nedst quadrant had

the best performance. Ugirthe index finger, moving towards the newikst had thebest
performance. Kim ando also found that the thumb had better performamamnselecting targets
towards the nortleast, whereas the index finger had better performance towards thavestth

for a smartphone touchscrefd3]. Lee et al. also found that thumb selections ending towards the
north-east @ the screen had the best throughput, for a smartphone touchg@9geBachynskyi

et al., who tested touchscreens of different sizes (representative of a smartphone, tablet, touch
ODSWRS SWDEOHWRS GLVSOD\" DQG ODUJH 3SXEOLF GLVSOI
moving along a horizontal line between targetsnpared to moving along a vertical line between
targetq33].

In summary, it seems as though the consensus between all these articles is that users have better
performance when starting at the bottbalf the screen and selected targets tdwdne togphalf

of the screen. They have worse performance when starting at thaltopf the screen and
selecting targets towards the bottbialf of the screenThese results seem to apply both to thumb

and index finger use.

The studies that we fountdt investigated the impact of movement direction on throughput when

using the thumb for target selection on a touchscf&én 41-43] were all done on small,
smartphone screens. Bachynskyi ef38] used cardboard sheets with printed targets to represent
ODUJHU VFUHHQVY WUDFNLQJ WKH SDUWLFLSDQWVY ILQJHU S|
test indexfinger freehand versus thumb for target selection on these larger cardboasd sheet

Lin et al. investigated the impact of movement direction on touch target selection under vibration,
IRU PRXVH WUDFNEDOO DQG WRXFKVFUHH (@].GTHey pevidd XVLQJ
throughput values per angle, as a combined average across both device and statation/
conditions. These combined throughput averages dangi 4.3 bit/sec at 135°, to 4.6 bits/sec

at 0°, measured from the horizontal axis. Howgtherseverecombined angles thateremirrored

across the origin. So the 0° angle incldideth right and left horizontal motions. While the 135°

angle includd both topleft-to-bottomright as well as bottomght-to-top-left motions The
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results of he articles mentioned previously imply that direction of movement has a large impact,
and that mirrored angles should not be combined.

These notions are of importance to this work as we will investigate the effects of target orientation
on selection perfonance to identify areas of the screens that are easier to,aswifes comparing

the handsupportagainst théreehand condition

1.2.3 Effects ofVibration on Multi -Directional Selection Task Throughput and

Error Rate

We found only one prior study, Avsgi4], that providd throughput values for touchscreen use in

vibrating aircraft. $YVDU PHDVXUHG WRXFKVFUHHQ SHUBRAMPIB FH G XU
helicopterduring flight [44, 45] The participants sat in the cabin of the helicopter, with a
WRXFKVFUHHQ WDEOHW HLWKHU DIIL[HG WR WKHDuENBLQ ZLQC
flight, with the screen affixed to the cabin wWow, Avsar reportedhroughputvalues of between

4.4 and 4.5 bits per secorggpending on flight condition (with hover, transition and cruise flight
conditions tested) During flight, with the tablet held in the participants hanttey reported

throughput values of between 4.6 and 4.8 bits/séepending on the flight conditionsin

comparison, Wenthe helicoptemwasstatic, on the ground, Avsar reported throughput values of

5.2 bits/sec with the tablet affixed to the cabin window, and 5.6 bits/se¢heitablet hantield

This study also tested four different target sizes: 0.5 cm, 1 cm, 1.5 cm and 2Avsar[44] and

Avsar et al.[45] showed that the error rate decrehsgponentidly with increasing target size,

across all experimental conditions. They reported error rates of 14.6% and 21.6% during flight,

for the haneheld and fixed tablet positions respectively. They reported 6.8% and 7% error rates

with the helicopter statign the ground, for the haxteld and fixed tablet positions, respectively.

However, Avsar did not use the mediirectional selection task proposed thye ISO 9241411
standard24]. Insteadboth the target size and distance were randomized for each tsakfaeget.
Hence even within a given trialthe layout of the targets, and their sizes, did not follow a
predictable pattern.Due to this deviation in task desigmd resultant throughput calculation
method the VW X G\{V P HiwWKRtGRIGR{dow that set out in the ISO standard, or
proposed by Soukoreff and MacKenZis3, 24] Avsar notes that this may make it difficult to



12

FRPSDUH WKHLU VWXG\fV WKURXJKSXW YDOXHYV DJDLQVW WK
[44] and Avsar et al[45] did not control for ondvanded or twdhanded use, instead allowing
participants to choose whether they used one or two hands for the target selection task. Thus, their
results may not be fullggpplicable for ondianded touchscreen use. During discussions with pilots,

we were told that helicopter pilots often fly with one hand always on the flight stick, if there is no
autopilot or if the autopilot is disengaged. Thus, they would only havé&amgt free to use the
touchscreen. As a result, investigating -tia@ded use of touchscreens is important in the

helicopter context, and was not donethig previous work

Coultts et al[16] and Cockburn et aJ14] had participants perform a target selection task similar

to the one mentioned in the ISO 92411 standard24], with targets arranged around a circle.
However they reported the selection time and error rate separately, without providing a throughput
value. Cockburn et al]14] was discussed previously, and did not use a standardlease

selection registration method.

In the study byCoutts et al[16] the next target would only appear if the previous target was
successfully selectedf an error was made, the participant nektiego back and try to select the
same target again, before being allowed to progress (this is contrary to the methodology we have
used in our study, where the next target appears after any tap hasegstered whether
successful or not, which is baken the methodology used in the GoFitts softWéée 47). As a

result, Coutts et al. reported the average number of error made, rather than the e@Goutiest

al. used four levels of vibration: static condition, 0.265WRBMS, 0.F m/¢ wRMS, and 0.52 mfs
WRMS. wWRMS is the weighted RMS value calculated per the ISO -268thndard10]. Coutts

et al. tested large touch displays in three positions: PFD position (centered on main instrument
panel), pedestal position, and overhead pangtipa. They tested five target sizes: 1, 1.5, 2,

2.5, and 3 cm. They tested three different touchscreen technologies: capacitive without force
sensing, capacitive with force sensing, and infraréthey found that thenumber of errors
decrease expmentially with increasing target size, across all Touchsefeehnology x Screen
Position x VibratiorLevel conditions. They found that the pedestal positi@sulted ina higher
number of errors than the main instrument panel positldowever the aubors notedhat the

screen @l not always recognizéaps when placed in the pedés position which may have
influenced the resultdn addition, the screen they used was larger than a normal screen that might
be found on the pedestal of a flight deckjethh may have influenced the ergonomics of reach.
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While Avsar[44, 45] conducted his experiments in a helicogtaring routine flight operations

the other studies we found, which measured target selection performance on touchscreens in
aircraft vibrdion conditionsused vibration profiles representative of turbulence or light E€h®p

17]. It is possible that, especially at high levels of turbulence, the pilots may need to concentrate
on other aspects of flyg the aircraft, ath may avoid or limit their use ehe touchscreensr use

backup input systemdn the present study, we have focused on vibration representateieebf

flight in a helicopter. Sincehelicopter pilotamay beexposed to this levelf wibration for large

portions of a normal flighit is a realistic vibration environment in which pil@suld be expected

to use the touchscreeoften

Outside of the aviation field, we found one stuidy Lin et al[8], that provided throughput values

for touchscreens under vibratipwith the vibration profileusedbeingbased on the motion af

ship at seaThe authors comparegdroughput values for a touchscreen, mouse auwtiall under

three levels oBhip YLEUDWLRQ QRQH 3@RrageXiQratRiPdi22\mMp PQIE" 3D
OLWWOH XQGaRRHR WbMIDE 6f84 ms?), as defined by the ISO 2631standard.
Participantssat on a chaimtacomfortable ditance froman office desko interact with the devices

within a Steward motion platformThe authordound thatthe touchscreehada much higher
throughputin the static (nevibration) condition when compared to the mouse and track{@ail

bpsfor thetouchscreen, 8.bpsfor the mouse, and 2l§psfor the trackbal) +RZHYHU ZLWK 3(
XQFRPIRUWDEOH ™ DQG :3kvelddibratitn tkexduBnBdrEed thrbugi Values
droppedsignificantly, to be equivalent tdbse of the moug® bitV VHF ZLWK 3QRW XQFRPI
OHYHOV RI YLEUDWLRQ DQG ELWV VHFRQG ZLWK 3D OLWWO
mouse and touchscreenYhe averagehroughput using the touchscreen remained consistently

higher than the trackball, fall vibration conditions. Of note, the error ratetbe touchscreen

was consistently higher thamthe mouse and trackbaih all vibration conditions. The error rate

RQ WKH WRXFKVFUHHQ UDJHG IURP XQGHU LQ MIKH VWDW
XQFRPIRUWDEOH YLEUDWLRQ FRQGLWLRQ JRU WKH PRXVH
2.1% across all vibration conditions. Lin et al. found that the error rate on touchscreens decreased
along a negative exponential curve with increagarget size, when averaged across vibration
conditions, whereas the error rate with the mouse and trackball remained relatively constant across
target sizesOn the touchscreen, the error rate was 16% at the smallest target size of 1 cm, before
decreasigto 2% error for the largest target size of 2.5 aivith the mouse and trackball, the error
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rate remained below 2% for all target sizd$he authorglid not present the combined effects of
target size and vibratiorit is difficult to tell whether theame drop in throughput and the increase
in error rate, due to vibration, occurred for the larger targets as well as the smaller thrgets.
addition, for their target selection taskjn et al. did not usdhe exact same layout as that
recommended in thiSO 9241411 standard24].

Consistent across the results from Agdr, 45] Coultts et al[16], Lin et al.[8] and Hourlier and
Sevantig15] is that error ate on touchscreens decreased along a negative exponential slope with
increasing target size, in the range from 0.7 cm to 3 cm. Avsar[é5pteported that there was

no significant difference between error rate at a target size of 1.5 cm versyus@least for the
conditions they testedThis implies that there may be a point of diminishing returns, at which
increasing the target size further provides incrementally less benefit, in terms of error rate

reduction.

1.3 Synthesis

This literature reviewpresented thestate of knowledge orselectiom performance using
touchscrees under vibration.Selection with touchscresmrovides higher throughpuiwhen
compared to other input devices, but this advaniageensunder vibration.Error rate on
touchscreens is more sensitive to target sizéh wecreasing target size, the error rate on
touchscrees increases more rapidly than when usitiger selection devicesThe error rate on
touchscreens increases exponentially with decreasing targetVéimn performing a target
selection task,@medirections of motion havéigher throughput throthers, implying advantages
for certain areas of the scre@motions towards thp of the screen have better performance than

motions towards the bottom of the screen

Several studies that investigated touchstsei@ the context of aircraft cockpits recommended
stabilizing the hand to improve selection performance under vibration, but did not explicitly test
using the bezel edge as a haughport method for erelease target selection, against a freehand

baseline

We found previous work that investigated throughput on touchscreens under vibration conditions
representative of a helicopter. However, the task did not follow all the recommendations of the

ISO 9241411 standar¢R4] for multidirectional selection taskand did not control for one or two
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handed useAs a result, it is difficult to compare the throughput results against other studies, for
example those investigating other input devices for use in a cockpit environimexaidition, the
touchscreens werot placed in a manner representative of a flight deck layout, and the vibration

conditions were not fully controlled.

Conversely, we found previous work investigating the impact of fixed) turbulence on
touchscreen usability in a representative fligatk layout,and comparing common fligltteck
screen placementsising a controlled vibration environment. However, these studies did not
present throughput values, and did not use vibration levels representative of a helicopter in normal

flight conditions.

We also observed that previous work used commercial touchscreen pradwdits not specify
which touchscreensereused and the evaluation of actual avionic touchscreens installed in the

flight deck received less attention.

1.4 Objectives

The presenttady attempts to fill in research gaps in the following ways:

1) Quantify the impact of vibration oonehanded targeselection task performance by

providing throughput values measured in controlled, representative helicopter cockpit

conditions 8VH WHKiHGPXHFWLRQ SRLQWLQJ WISON24MHFRPPHQ

standardand the methods recommended by Soukoreff and MacKenzigeeésure and
calculate throughpytl8, 24}

2) Compare the effectiveness of using the edge of the screen as a hand support, versus using

the buchscreen without any suppdidr a2D ) LW W V § V H.GOdrRpare Regreauldsv N

against those of Hourlier and Servarfig].

3) Compare selection task performance on real avionic touclhscoégepresentative sizes,

versus commercial touchscreens.

4) Compare selection task performante touchscreens located at two positiohain
Instrument Panel (MIP) position (directly in front of the pilot and at a vertical incline)
versus the pedestal giton (beside the pilot and at a horizoritailine). Compare these
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results against Coutts et al., who measured selection task speed and accuracy in different

screen positions, but did not provide throughput valLés

5) Confirm the impact of target size on error rate under vibradimth compag the results
againsthose ofAvsar[44], Avsar et al[45], and Coutts et aJ16].
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This section presents timeethod used for data collection and analysis. Firstspleeifications of
the four touchscreesiusedare presented along with dir locatiors, relative to the eye reference
point. The hand support method used for each scieaiso presentedSecondthe vibration
profile to whichthe participants were exposed is analysed to show that it replicateanemmasits
takenon WK H S L O RamélivopteH Dhivdthevariablesneasuredind 18 test conditionsre
presented. Fourthhe software used foFitts ftestdata recordingnd analysis are presented. Fifth,
the S D U W L FabtBrbpQridéwid] measuremsrdre reviewed before presenting the statistical
method used fothe analysis of variancBANOVA) and pairwise comparisenThe section ends

with the experimental procedure

2.1 Touchscreen Specifications

Four different touchscreens were ugsekFigure2.1). Two were prototype avionic touchscreens

provided by CMC Electronics Inc. The other two were consumer touchscreens

X Prototype version of the MDU-268 avionic multifunction display unit (MFD)sold by
ScioTeq48]. Thistouchscreen has the following specifications: 1024 pixels vertical x 768
pixels horizatal, 123.6 pixels per inch with a display area2dfcm x 16 cmprojected
capacitive touch technologyncl XGLQJ WKH VFUH bvex§iMiraen$ibin® of LW KDV
inches vertical b® inches horizontal (25.4 cm x 20.3 crithis screen is called thtMFD ~
or3PHGLXP 0)' VFUHHQ  IRU PRVW RI WKH UHVW RI WKLV G
size, compared to the other screens tested h@€®Q G VLQFH LW LV GHQRWHG D

the analysis sectign

x Prototype touchscreenMCDU, made by CMC Electracs. It is similar to the TSCU
5045,soldby ScioTed49]. This touchscraghas the following specifications: 1024 pixels
vertical x 768 pixels horizontal; 201.6 pixels per imath a display area df3 cm x10cm;
digital resistive touch technology (a resistive touch technology that acceptdingéted
touch). IncludingthH VFUHHQYfVY EH]JHO LW KDV RYHUDOO GLPHQVI
inches horizontal (17.0 cm x 14.6 cnhis screen is called thtACDU ~ RRBWPDOO 0&'8
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VFUHHQ  IRU PRVW RI WKH UHVW RI WKLV GRFXPHQW VL
other screens tested hereD QG VLQFH LW LV GHQRWHG DV WKH OHWW

Planar Helium PCT2435 a consumer touchscreen computer mor[s@®]. It has the

following specifications1080 pixels vertical byt920 pixelshorizontaj 92.53 pixels per

inchwith adisplay areaf 30 cm x53 cm; projected capacitive touch technology that allows
10-point multitouch. Including the bezel, itds overall dimensions of 14 inches vertical

by 21.3 inches horizontal (35.5 cm x 54.1 ciijis makes it slightly larger than a standard

Large Area Display (LADpavionic touchscreen, whidahftenhave display areas afound

8 inches vertical by 20 inchésrizontal (20.3 cm x 50.8 crifl1, 52] This screen is called

W Katigé touch moritor - IRU PRVW RI WKH UHVW RI WKLV GRFXPHQ
compared to the rest of the screens tested h@€Q G VLQFH LW LV GHQRWHG E
the analysis sectign

Apple iPad 6" Generation, a consumer tablet touchscref&8]. It has the following
specifications: 2048 pixels vertical x 1538 pixels horizontal; 264 pixels perwitbha

display areaof 20 cm x 15 cm These dimensions are very close to the MFD screen,
allowing canparison between a consumer touchscreen (an iPad) and an avionic touchscreen
(the prototype MDWR268). Including the bezel area, the iPdUGeneratiorhas overall

dimensions of 9.4 inches vertical by 6.6 inches horizontal (24 cm x 17Tdmy.screen is
FDOOHRRIWKRHU:PRVW RI WKH UHVW RVY WKQWR\WRG XEPP\HRQKH O

analysis section)
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Figure2.1 +The four screens used in this experiment, inside their frafresn top leftto bottom
right: iPad, Planar HeliurRCT2435 Scioteq MDU2068, CMC Electronics MCDU.

The iPad was running iPadOS 14.4.2. All other screens were connected to a laptop running

Windows 10, and operated asoachenabled monitoto that laptop.

The two avonic touchscreens were not originally built to operate as touch monitors for Windows
10. These units were combined compuiterchscreen assemblies that are meant to run their own
proprietary operating systenimployees of CMC Electronics programmeplagin so that these
screens could operate as touch monitors, connected to a Windows 10 computer. Hbeever,
plugin reduced théouchsampling rate of the scregrand the V F U HrekRQovigiveness may not

have been fully representative of their real useca
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A fast connection cable was installedhe MCDU, whichimproved the data transfer rate between
the screen and the compytand itsresponsiveness.

TheMFD display was less responsive. There was a slight delay between touching a target and the
scre@ registering that touch. In addition, the screen occasionally missed touches entirely. 1t is
unknown whether this represents the real responsiveness of this screen, or iwhether result

of the connection between the screen and the Windows 1@lapto

In either case, the results from the MFD are still useful, because they show the impagtef a

touch responsiveness touchscreen usability in the context of a vibrating helicopter environment
Especially after years of use, an old avionic tousdst may have a diminished level of
responsiveness, similar to that of the MFD used in this studye SAE ARB0494 standard
mentions that touchscreen responsiveness may degrade over time, and that it may be difficult to
tell that it has done so until thlesponsiveness refaes such a low level that it beconws/ious

[12].



2.2 Touchscreen Positions

Figure2.2 +Side view showing the scregositions

21
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Figure2.3 +Top view showngthescreerpositions

When in the cockpit, the piladjuststhe VHDW VR WKDW W Kdate8 aOReVEYey H\HV
Reference Point (ERP). Thensures that all pilots have the same viewhefinstrumentsand

outside the window, no matter theirtsia.

In this study, the heigtof the screens was adjustaidstead of the height of the chair, due to
limitations with the test setup. The height of the screens was adjusted based on the sitting eye
height of each participant, in order to maintain aststent ERP to screen center distance across

participants of different statureSee Appendix A for more details on this screen height adjustment.

The Federal Aviation Administratio(FAA) § YAdvisory Circular (AC) 29-2C states that, for
helicopters, the s WKURWWOH HQYHORSH" FDQ H[WHQGGB&EXSmMWR D P
longitudinally from the ERP54]. As a result, we ensured that the center of the screen was placed

slightly farther than 23 inchg®8 cm)longitudinally, to give room for an imaginary throttle
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TheFAA AC 25.7731 states that pilots must have clear view out the window from 17° up to 17°
down,measured from thERP[55]. As a resultin this study, wersurel that the top of thmMFD
screenwasjust below 17°, as measured frons D U W L FEERB DXZWseéd| theop of theMFD

screen, since this is the screen that wogldnally beon the main instrument parnialthecockpit

The center of the screen was placed at 27 inches (68.6 cm) from theségfigure2.2). We

selected this distan@e consultation with human factors experts at CMC Elewto This is close

to the minimum distance that an MFD screen can be placed in the cockpit. While these screens are
often placed farther from the ERP than 27 inches, it was decided that, in the future, as touchscreens
become more prevalent in the codkpiney will likely need to be moved closer to the pilot, for
easier interaction.This lengthwas chosen as a reasonable comprgnaspecially since some
current screens are placed at this distance, and it gives a reasonable clearance for the throttle to

move

Screens were positiedin two locations : the Main Instrument Panel (MIP) or the pedéstal

Figure2.3). The MIP position was representative of the position of a Primary Flight Display (PFD)

[56, 57] whereas the pedestal position was representative of the position of an CRR]l In
the MIP position, the screen was directly in front of plaeticipants In the pedestal position, the

inner edge of the iPad was in line with the outigesof the chair

All four touchscreens were placedthe MIP position with the centers of each screen placed in
the same locatigrt 1 inch (2.5 cm) since the screens had slightly different deptiesiPad was
placed in both the MIP amkdestal positins. The iPad was the only screen placed in the pedestal
position. We determined that testing all screens in both positions would be too time consuming
for the participants, since the test already took 2 hours per participant. The method in which the

iPad was secured allowed it b@ easily adjustenh the lateral axigFigure2.4). As a result, the
L3DG FRXOG EH TXLFNO\ VOLG FORVH WR WKH SDUWLFLSDQW

it could be recentered, wheplaced in the MIP position.
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Figure2.4 +Due to the way in which the iPad was secured to the strutttilaeral position could

be easily adjusted

7KH L3DGTV VFUHHQ LV VL P L OdWtOtwaslchhsBlettRan\ddseptab)e progy/ D

for the MFD screen placed in either the MIP or pedestal position.

,Q PDQ\ FRFNSLW OD\RXWV WKH KHLJKW RI WKH StHh&HVWDO
bottom edge of the MIP MFBIV ERW WREHNVGI)HO\W; OD\RXW SURYDPREHV RQH
We replicate thislayout E\ SODFLQJ WKH L3DGYV WeRankd@Gadgitudind\ FORV

position to the bottom edge of the MFFigureZ.S .
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Figure2.5 - Side view of the iPad in pedestal position and\vi#® in MIP position. The glowing
black OLQHYVY GHQRWH W Kéitop édde-Hafte\MadHI@ppioximaiigned, in height
and longitudinal positionwith the bottom edge of thdFD.

In the pedestal positionhé screen was placed at an angle of 20 degrees from horizdial.
angke was chosen to replicate the ergonomics of typical cockpités angle was validated by
aerospaceuman factors specialistis the pedestal position, the iPadls ORFDWHG D W

E\ " ORQJLWXGLQDO E\ "~ O D WrkHtitd)Br@m the ERPPhdEuclididnP |

distance from the ERP to the center of the iPad, in pedestal position, is 29.9 inches (75.9 cm).

2.3 Hand Support

Two differenthand support methodsgere tested:

1. Using the index finger freehand, without any hand, wrist orsaurpport. This was to test
W Knd hand support” FRQGLWLRQ

" YH
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2. Resting the fingers on the bezel edge of the screen and using the thumb to select the targets.
7KLV ZDV WHansHppot WIRMDELWLRQ DV GHVFULEHG LQ SUHY
and in te SAE ARP60494 standafti2-14, 16]
Both of theseonditions were tested on the MFD, MCDU and iPad scréem®th positions The
large Planar touch monitor was too large to both hold onto the side of the aedeeraclall the
targets. As a result, it was not possible to test tfaed supportondition on this screen. For the

Planar touch monitor, only the freehand index finger condition was tested.

[Figure2.6landFigure2.7|show the nehandsupport condition, using the index findezehand

Figure2.6 - Using the index finger for target selection, without support, on the MFD screen.
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Figure2.7 +Using the index finger, without support, for target selection on the iPad, in the

pedestal position.

Figure 2.8|andFigure 2.9|show he hand supportechnique, usg the thumb for target selection

while supporting théingerson the edge of the screen.



Figure2.8 +Hand supportonditiononto the iPad in pedestal position.

28
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Figure2.9 +Hand supportonditiononto the MCDU screen

When usinghe MCDU screein the hand supportondition, participantsupported their hand on
the top of the screeEigure2.9 . This was because the way thisestr connected intitss frame
made it difficult to grab onto the side of the screéfr all other screens, in the hand support

condition, the participants supported their hand on the side of the sBaigipants were allowed
to move their hand alonpe edgeof the screensThey were allowed to switch between grabbing
onto the top and side of the screen, if they so glimgehey generally did npsince this movement

between suppogositionsslowed them down.

For more details on the bezel edgeshef screens, and for a description of why these bezel edges

were used as hand supports instegoudifhandles, refer to Appendix B.
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2.4 Vibration Profile

2.4.1 Target Vibration Profile

Thetargetvibration profile used in this study was provided by the Natiomalelarch Council of
&DQDGDTV )OLJKW 5 KiveHNB Q) FTiKey Dn&aRUdeld tveR/ibration level in the cockpit
of a Bell412 helicopter, using an accelerometBne NRC took measurements in several different
cockpit locations and flight conditionsMembers of the NRC teamsed these accelerometer
recordings to drive their vibration platform, for several different research sfadies361]. The
research articles published from these studies provide futtttarl into the placement of the

accelerometers and the methods used to take the measurements.

The NRC provided us with accelerometer recordings for the following flight conditions, measured

in aBell-412 helicopter:
x Level flight at 120 knot flight speed
x Level flight at 60 knot flight speed
X Hover

They provided us with measurements taken on the géat cushion (X, Y and-&xis), on the
pilot seat pan (X, Y and-Axis), and on theilot seat rail (the cockpit floor X and-&xis). Only
X, Y and Zaxis vilration was provided to uspswve did not receive acceleration values in any of

the rotational axes.

We decided to use the 120 knot level flight condition, since it had the highest level of vibtdation
of the three flight conditions that were provided us, while still being realistic for pilot
touchscreemuse. The 120 knot level flight condition is also the one chosen for use NR&h

article by WrightBeatty et al., and so had already been accepted as represg¢ffitive

The NRC used a sampling rate of 2,048 Hz. The 120kt level flight recording contained 248,320

samples, meaning tha& was 121.25 seconds long.

L1 the vibration level is too high, for example under high turbulence, the pilots would likely be concentrating on flying

and would avoid using the touchscreen until they reached a calmer zone, or else they might use backup input methods.
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In the article by WrighBeatty et al., they found that vibration in theaXis (vertical axis)was
much higher than vibration in the other axes. As a result, they concluded that-axriy Z
acceleration was necessary foepnesentative reproduction of vibration in the BdIP 120 knot

level flight condition[60].

We used the methods described in ISO 26310 analyze the contribution of each ataswvhole

body vibrationexposurgTable 2.1|shows the weightecbotmeansquare (WRMSper axis as

well as the totafor all axes Theweighting factorsused to calculare the wRM&e higher for
those frequencies which most impact the human body, and lower for those frequencies which
impact it les§63]. Comparing the wRMS fgustthe Zaxisagainst the total WRMS fromil axes,
there is approximately a 10% difference, which was deemed relatively minor. As a result, we

concluded that having solely-akis (vertica) vibration was acceptable for our stud®ther than

tablgTable2.1{ all other graphs and calculations in this document solely-as@sZsibration, while

ignoring the other axes.

Table2.1 +ISO 26311 weighted roctneansquare calculations, per axis, for the 120 knot level
IOLJKW FRQGLWLRQ DV PHDVXUHG RQ WKH SLORWYV VHDW

X-axis Y -axis Z-axis All Axes

Acceleration WRMIm/s?) 0.15 0.16 0.71 0.78

A Fourier transform of the acceddion versus timedatawas taken d obtainthe frequency

spectrumi.e.,acceleration versus frequensgeFigure2.10). It shows that the vibration contains
threelarge peaks at 5.4 Hz, 10.8 Hz, and 21.6 Hz. The NRC artigl&¢itkramasinghe et al.,

2The I1SO 26311 standard provides weighting factors per 1/3rd octave frequency bands, up to a maximum af 400 Hz
This standard denotes each band by its center frequency, but does not specify the start and end frequency of each band.
To calculate the start and end frenag of each band, the formulas provided in the ANSI S1.11 standard were used

[62] ANSI S1.122004: Specification for OctavBand and FractionaODctaveBand Analog and Digital Filters

American National Standards Institute, Melleville, NY, February 19 2004s standrd allows two options for the

value of the constant G, when preforming the calculations: using G=2 for base 2 calculation or G=107(3/10) for base
10 calculation.In this study, we use@=10"(3/10)
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and Yong et al., explain that these peaks are the result of N/rev harmonic frequencies caused by

the helicopters rotol®9, 61}

Figure2.10 tFrequency spectrum of the acceleraiiothe Zaxis for the vibration measured on
WKH SLORW M1Y kelcdptdr in L20U ke@Dlight.

Figure2.11]shows thez-axiswRMS value for each 1/8octave frequency bandenoted by their
center frequenciési.e., HD F K EMpacds dhvhuman exposurdt shows that the majority of the
WRMS is coming from frequencies in the 1 Hz to 30 Hz ramgea result,tiis reasonable to only

use frequencies in this range, andeimove frequencies outside of this range, when replicating the

vibration on the test setup.

3 The acceleration RMS was calculated pelb&ave fequency band. Each YR FWDYH IUHTXHQF\ EDQGTV |
then multiplied by the associated 1SO 26éBtveighting factor. To calculate the total RMS, the weighted RMS value

from each band were squared, summed together, and then-soptack
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Figure2.11 +Z-axiswRMS for each 1/% octave frequency bandIRU WKH YLEUDWLRQ RQ
seat of a Beld12in 120kt flight.

2.4.1.1 D-Box Chair and DevSimSpecifications

The GP Pro 50@hair, manufactured and sold byBox, was used to generate the vibraithis
study [Figure2.12|shows what the GP Pro 500 chair looked like, beforestestructure was built

onto it
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Figure2.12 - Image of the BBox GP Pro 500, before the test structure was built onto it.

Figure2.13lshows that the GP Pro 500 chair looked likesrahe test structure was built onto it,

for this study
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Figure2.13 - D-Box GP Pro 500 with test structure built onto it.
The D-Box GP Pro 500 has the following specificatig64]:

x 3electricmotors two in the front, one in the back

X 94,207 motor steps (using optical position sensing)

x 3.4 cm total vertical travel (+1.7 cm)

X 400 pound (181 kg) capacity, not including the base chair andginal structure (which
weighed 150 Ibs/ 68 kQ)

X +/- 100 mm/s maximum velocif5]

X +/- 1 g maximum acceleratigi5]
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Two of the motors arpositioneddirectly under the frontgrt of the chairwhile the back motor is
positioned behind the chair

Figure2.14 *lLocation of the three motors.

The chair can move up, down, tilt right, tilt left, tilt forward and tilt back, with theonsadjusting

their height and angle accordingly.

By pulling on a lever, similar to a car seat, the chair can slide forward or backwards on a rail. When
WKH OHYHU LV UHOHDVHG WKH FKD LdItHh¥ clsaR Mang/thiR@sZV ORFN'E
inches (18 cm).

To program and control the movement of the GP Pro 500, we usddRJ TV '"HYG6LP PRWLRQ F
which is a set of C++ libraries.- Do R[V '"HY6LP RQO\ DFFHSWV SRVLWLRQ YD
acceleration valueé&ppendixC explains thenethodused taconvert from acceleration to position

dataWR FRQWURO WKB-%RPDIMW INWYBRW  ERQWDLQVY D VHW RI ILOWI
of the chairand adéd nuisance frequenciesFDOOHG 3PLUURUtheUebT fHNEFLHYV ™ L
document Appendix D presents thdrequency limitations of the chair antie corrections

implemented to accuratefgplicatethe helicopter vibrations.
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2.4.2 Vibration Profile Used

Figure2.15|presentghe Fourier transform of the vibratigmofile used inthis study as measured

on the DBox chair As can be seen by comparihgvith[Figure2.10| the vibration peaks at 5.4 Hz

and 10.8 Hz have been successfully replicated on {BexDchair. The peak at 21.6 Hz has been
lost. An unwanted additional peak at 14.2 Hz has been added, since it is the mirror frequency of

5.4 Hz, caused by DevSi(refer to Appendix D for more details)

Figure2.15 - Frequency spectrummf the acelerationused in the experiment, as measured on the

D-Box chair.

To evaluate theaccuracy of he vibration profile implementedye compared théSO 26311
WRMS per 1/8' frequency octavef the original BeH412 120kt vibration measurement against

the final vibration measurement on theBdx chaif (segFigure 2.16'. The wRMSin each

frequency band is very close, between the original and final vibrations. Only the 19.95 Hz band
deviates noticeably. However, the magnitude of baad is much lower than the combined

magnitudes of the other bands, and so this difference was considerectgipele Furthermore,

Table 2.2|shows thathe total acceleration wRMS value for theaXis measured on the-Box

4wWRMS values for the DBox chair are an average across 7 recordiagsheravere slight differences in the values

measured in eaalecording.
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chair waswithin 0.5% of the rearding made on the pildt$eat of the Belt12.1n conclusionthe

vibration profile used for this studgplicatel the vibration profile experienced by the pilot.

Figure 2.16 - 1ISO 26311 wRMS per 1/8 frequency octavecomparing the original vibration
profile measured in the Bedl12 helicopter against the vibration profile used in this experiment, as

measured on the-Box chair.

Table2.2 +Total acceleration wWRMS values in theaXis, original helicopter vibration versus

final D-Box vibration

Vibration profile
Original Bell-412 120kt Measured on the DBox
recording Chair
Total WRMS (m/s"2) 0.712 0.715

Cockburn et alusedvibration profiles with a maximum frequency of 5 H8, 14] Coultts et al.
usedvibration profiles in the range of@Hz[16]. The vibration profile used in this present study
has a broader range of frequencies than in those prior wbrlkaddition,thoseprevious articles

used WRMS as their primary means of classifying the vibration and gave relatively little additional
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detail about the shape of the vibration profiles: Cockburn et al. reported the mean and maximum
frequencies, while Coultts et al. syl provided the frequency range. Therefore, since WRMS was
used in prior work as the primary means of classifying vibration, we have considered it the primary
means of determining whether the finaBdx chair vibration successfully replicated the orain

Bell- SLORWY{YV VHDW YLEUDWLRQ

2.4.2.1 Vibration Safety

To assesshe safe exposure time of participants to the vibration profile, we heel© 26311
VWDQGDUGTV KHDOWK . Diproridey & aidiurk BadyFeXpodnn/ linit @¥long
term, whde-body vibration, if a worker were to Bxposedo this vibration level every work day
over a period of months or yedi®]. Our study only exposed participants to vibration fouad

one hour on a single day.

However, we could not find an appropriate, widedcognized method for determining the impact

of vibration on healtlover shorter exposure periods.

We assumed that using the values from ISO 2b8#ould offer a more stringent safety limit: if
thevibration exposurés safe for longermdaily exposurejt is definitely safe for exposumen a

single day

The entire study took around 2 hours per participatdlf the conditionswere performed under
vibration, and half were prmed without vibration. @erall, participants were exposed to the

vibrationfor a maximum of 1 hour.

Figure2.17|presents the three risk zones fri8® 26311. On the yaxis is theaccelerationwnRMS

value. On the saxis is the exposure time per da@y seconds) :H DGGHG W KibrdtiohW X G\ |V
level 0f0.71 m/$ WRMS, and found that the time to remain within the minimal risk zersightly
over 3 hours.With an exposure time of 1 houhe vibration level used in this study was well

within the safety guidelines set out in ISO 2631
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Figure2.17 *Risk zones for maximum daily exposure to whbtely vibrations, taken frofi0].

Blue linesshow the VRMS used in this study.

2.4.2.2 Vibration On SeatVersus Screens

Note that, when comparing the vibration on the setitéwibration on the screens, it makes more
sense to use RMS rather than wRMiBcewRMS is a measuref human exposure tohole-body
vibration, which does not apply to the screerss a result, all values shown in this subsection are
unweighted RMS vaks.

The NRC did not provide us with accelerometer data measured on the main instrument panel or
pedestal. A detailed analysis of the vibration profile on the main instrument panel inZd Bell
helicopter isthus impossible without such datdowever, theNRC team did record -Axis

vibration on the Bell IV LQVWUXPHQW SDQHO HYHQ LI WKLV GDV
Wickramasinghg11], published the acceleration RMS valaesl foundthat during 120kt level

flightin a Bell412, Z-axisacceleation RMSon the instrument panel was approximately 3.4 times



41

KLIKHU WKDQ R Q(OWKJRNMSLOO thaMistfuidrdtipiel, versus 0.1RMS on the
SLORWYYV VHDW

Table2.3|shows the total RMS values, in theaXis, as meaged on the EBox chair seat, versus

on each screen used in this experimentree recordings were taken per scregith the table
showing the averag&he acceleration RMS measured on the screens is, on average, 3 times higher
than on the EBox seat. Tis is relatively close to the relative RMS values reporteflLbyy The
overall vibration level on the screens is relatively representative of the conditions we are trying to

replicate.

Table2.3 +Z-axis total RMS values, as measured on tH&oR chair, versus on each screen.

Ratio of
Location of Total RMS Screen to
Accelerometer (m/s"2) Seat RMS
D-Box Chair Seat 0.71 -
iPad MIP 2.76 3.88
iPad Pedestal 2.69 3.79
LargeTouch Monitor 1.76 2.47
MFD Screen 1.47 2.06
MCDUScreen 1.89 2.67
All MIP Screens 1.94 273
Averaged
All Screens Averaged
(including both iPad 2.09 2.93
MIP and Pedestal)

Figure2.18|shows the RMS, per 1f3octave frequency band, as measured onehe of the D

Box chair versus on theereens in the MIP positio.he values for the screens have been averaged
across all screens used in this experiment. While it is no longer necessary to%usetdvas,

since the following RMS graph is unweighteatey still provide a useful method to compare
vibrational energy per frequency zoneAs can be seen, much of the vibrational energy on the
screens is concentrated around 10 Hz. The structure holding the screens likely had a harmonic
around 10 Hz, whiclamplified the vibration at this frequency. Refer to appeidiar details on

the structure and the features added to mitigate internal vibration.
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Figure2.18 #cceleration RMS per 1/octave frequencands measured on the seat cushion (in

black) and the screens in the MIP position (in grey).

2.5 Experimental Conditions

This section presents the independeatables, test conditions and dependent variables.

2.5.1 Independent variables

This study hagevenindependent variables
1. Four screen@FD, MCDU, large touch monitor, and iPad)
2. Two screen position@VIP andpedestal)

3. Two hand support methodsising the thumbZKLOH VXSSRUWLQJ WKH KDQG

bezel edge, versus using the index finger with the hasdpported)
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4. Two vibration conditions (with vibration and without vibration)
5. Target size

6. Distance between targets. GoFitts, the software used to run the experiment, uses the word
SDPSOLWXGH” WR GHVFULEH WK#&hdGdh Wewil (3¢ tHe §armhdwbiiH Q W D
for the rest of this document.

7. Selection angle (angular position of the target)

Out of these sevevariables the first four are being considerg primary indpendent variables
screen, screen position, hasgpport method, and vibration.h& last threarebeingconsidered
secondary independent variablésrget sizeamplitudeand selection angleThis distinction is
EHLQJ PDGH EHFDXVH jdavange Gif @dd dizasapliNieshhH Selettion angles
for a representative throughput calculafip&, 24] with throughput being one the main dependent

variables analyzed in this study.

The test conditions described in this document are made up of combsnafidhe primary
independent variables. All combinations of the secondary independent vawainéesested in

each test condition.
We were unable to conduct a fully factorial test gdanause of the following:
X Onlythe iPad was tested boththe MIP ard pedestal positian

x The large Planaiouch monitomwas too big to select all targets by supporting the hand on

the bezel edgeThis screen was only tested using the index fingeehand
This provides the following 1&stconditions

BWKIJ@EREKADNAAUSOL KOEPEKOQLLKABK @ O:t RE>SN=OPKPAO
E:sO?NABILKOEPEKIQLLKABK @O:t RE>SN=PBPKPAO
E:sO?NABILKOEPEKOQLLKARK @O:t RE>N=PPKPAO

Lsz

The prticipantsfollowed a withirsubject plan



Table2.4|andTable2.5

document.

Table2.4 +Coding systento identifytest conditions

(Large screen
Planar touch
monitor)

|
(iPad)

Hand Support Vibration
Screens Screen Bsition Method Environment
F
M (indexHnger. U
(Medium screen [blank] Unsupported (Unmoving
MFD (MIP) hand) Statig
T
S (Thumb. Hand
(Small screen P supported on Vv
MCDU (Pedestal) bezel edgg (Vibration)
L
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presentthe coding system tadentify te$ conditions in the rest of ith
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Table2.5- Table showing the 18 test conditions, using the system to code for daadn,

support methodvibration environment and screen position.

#
Conditions

1 MFU

2 MFV

3 MTU

4 MTV

5 SRJ

6 SFV

7 SU

8 SV

9 LR

10 LRV

11 iFU

12 12V,

13 iTU

14 iTVv

15 iFUP

16 iFWP

17 iTuP

18 iTWP

2.5.1.1 Balancing Conditions Across Participants

Although

theteststructure was built to be able to swap between screens relatively quickly, this

process was still time consuming. In an effort to minimize the amount of tiem¢ switching

between

screengarticipants completedn a block all hand support methodsnd vibration

conditionsfor a givenscreen before moving on to the next scre@ar the purposes of this

discussion, the iPad in the MIP position and the iPathenpedestal position are considered as

though they were two different screens)

Table2.6

showsthis visually with each block highlighted ia different colour The conditions

within each block always stayed grouped togethénpadjh the order of blocks changadd the

order of conditions within each block changpdr participant
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Table2.6 +Table showing each block of conditions, highlighted in a different colour.

Condition
Blodks

MFU

MFV
MTU

MTV
SHJ
SFV
SU
SV
LRJ
LAV
iFU
iFU
iFU
iFU
iFUP
iFUP
iFUP
iFUP

So as not to confuse the participants, the two conditionshaed support methodindex
finger/thumb) were also grouped together in asloick. The following table shows just the M
block (for the MFD screen) Note that the two conditions withafe grouped together into a sub

block, whereas the two conditions withafle grouped together into a different salbck.

Table2.7 Hable showing the M block, with the two sblocks highlighted in different shades.

Condition
Blocks

MFU

MFV
MTU

AV
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Again, these two conditions per shlock always remained together, although their order
alternated and the order o¥ibration conditions within each sublock also alternated This is

shown visually in the following table:

Table2.8 tFrom one participant to the next, the order of blocks was always chalmged.
addition, he order of sulblocks always swapped. Every two participants, the order of vibration
conditions within the sublocks also swapped.

Participantl | Participant2 | Participant 3 | Participant 4
M-FU A-T-U-P ARV LRV
M-FV A-T-V-P A-FU L-FU
M-T-U A-FU-P ATV ATV
M-T-V A-FV-P A-T-U A-T-U
SFU M-T-U A-FV-P ARV
SFV M-T-V A-FU-P A-FU
ST-U M-FU A-T-V-P A-T-V-P
STV M-V A-T-U-P A-T-U-P
L-FU ST-U M-~V A-F-V-P
L-FV STV M-FU A-FU-P
A-FU SFU M-T-V M-T-V
ARV SFV M-T-U M-T-U
A-T-U L-FU SFV M-FV
ATV -~V SFU M-FU
A-FU-P AT-U STV STV
A-FV-P ATV ST-U ST-U
A-T-U-P A-FU L~V SFV
A-T-V-P ARV L-FU SFU

As seenin|Table2.8| the subblocks and vibration conditi@were alernated for each participant.

The subblock alternates between each sequential participant, while the vibration casdlitikim

each sukblock alternateevery two participantsin such a way, each condition was balanced. An
equal number of participasmtvere presented with thumb before index finger as index finger before
thumb. An equal number of participants were presented with vibration before static as static before

vibration.
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This study had 24 participants. For the first 12, the last block girtheous participant became
the first block for thenext participant.

The order of blocks for the first participant was:
Blocky,1=M
Blocki2=S
Blockiz=L
Blocky 4= A

B|OCk1,5: AP

The order of blocks for theecond participant was
Blockz,1= AP

Block: 2= M

Blocko 3= S

Blockz,4= L

Blockz == A

In essence, we denote a variable Block, with subscripts i and n:

$HKZG
3L UHSUHVHQWYVY WKH SDUWLFLSDQW QXPEHU ZKLOH 3Q" UHSL
For the first 12 participants, the following formula was used to calculate the order of each block:

$HKP&a JLs

$SHKRG \$HK@5@?5é JPs

For the second 12 patrticipants, first the same formula was used, but then the order of the blocks

was inversed.

In essence, first use the previously shown formula for all 24 participants:
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$HKP®a JLs

Then apply the following formula just for participants24, to reverse the order:

$HKRG $HKRG

This reverse order was done to control for any order effects froscomen following after another.

In particular, we were concerned about order effects on the iPad, since this screen was placed in
two positions. Each screen had slightly different sensitivity and responsiveness. So, when
presented with a new screen, ngsmay have adapted to the sensitivity and responsiveness over
time. Since the iPad was tested in two positions, users may have beeacm@®medo its
sensitivity and responsivenasfenthey tried it in the second positioBy reversing the ordeios

that half the participants saw the iPad in MIP position first, and the other half saw it in pedestal

position first, we controlled for this order effect.

Overall, theorder that was planned, for each participant, was:



Table2.9 +Table showing the order of conditions for each participant
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Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici
pant [pant |pant |pant |pant |pant [pant |pant |pant |pant |[pant [ pant
1 2 3 4 5 6 7 8 9 10 11 12

MRU | iFWP [iFU LFV | SFU [MTU |iFWP |iFU LFU | STU | MFV |iFWP
MFV | iFWP [IiFU LFU [SFV [MTV |iFWP |iFU LFV | STV [MFU [iFWP
MTU | iFWP [iFU iIFU STU | MFU |iFWP [iFU IFU SFU | MTV |iFWP
MTV | iFWP [iFU iIFU STV | MFV |iFWP |[iFU iFU SFV | MTU | iFWP
SFU | MTU |iFWP [iFU LFU [STU |[MFV |iFWP |iFU LFU [SFV | MTV
SFV | MTV |iFUP [iFU LFV | STV [MFU |iFWP |iFU LFV | SFU | MTU
STU | MFU |iFWP [iFWP |iFU SFU | MTV |iFWP [iFWP |iFU STV | MRV
STV | MFV |iFWP |iFWP [iFU SFV [MTU |iFWP |iFWP [iFU STU | MFU
LFU |STU |[MFV |iFWP [iFU LFU | SFV [MTV |iFWP |[iFU LFV | STV
LFvV | STV [MFU |iFWP |iFU LFV [SFU |MTU |iFWP |iFU LFU | STU

iFU SFU | MTV | MTV [iFWP [IiFU STV |MFV | MFU |iFWP [iFU SFV
iFU SFV | MTU | MTU [iFWP |iFU STU | MFU | MFV [iFWP |iFU SFU
iFU LFU |[SFV [MFV |iFWP |iFU LFvV [STV |MTU |iFWP [iFU LFV
iFU LFV | SFU [MFU |iFWP |iFU LFU [STU |MTV |iFWP |iFU LFU
iFUP | iFU STV | STV |MFU |iFWP |iFU SFV | SFU | MTU [iFWP [iFU

iIFLP [ iFU STU |STU | MFV |iFWP [iFU SFU | SFV | MTV |iFWP [iFU

iFUP | iFU LFV | SFV [MTU |iFWP |[iFU LFV | STU | MFU |iFWP [iFU

iFUP | iFU LFU | SFU |[MTV |iFWP |[iFU LFU |[STV | MFV |iFWP |iFU
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Table2.9|- Table showing the order of conditions for each participemttinuedand endl

Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici| Partici
pant [ pant |pant |pant |[pant |pant |pant |[pant | pant |pant [ pant | pant
13 14 15 16 17 18 19 20 21 22 23 24

LFU | STU | MFV |iFWP |iFU LFU | SFV | MTV |iFWP |iFU LFV [ STV
LFV | STV |MFU |iFWP |iFU LFV | SFU | MTU |iFWP |iFU LFU [ STU
SFU [SFU | MTV |iFWP |iFU STU | STV | MFV |iFWP |iFU SFV | SFV
SFV [ SFV | MTU |iFWP |iFU STV | STU | MFU |iFWP |iFU SFU | SFU
STU [(MTU [iFWP [iFU LFU |SFU | MFV |iFWP |[iFU LFU | STV | MTV
STV [MTV [iFWP [iFU LFV | SFV | MFU |iFWP |[iFU LFV | STU | MTU
MFU | MFU | iFWP |[iFU SFU | MTU | MTV [|iFWP |iFU STU | MFV | MFV
MFV | MFV | iFWP |[iFU SFV | MTV | MTU |iFWP |iFU STV | MFU | MFU
MTU |iFWP |iFU LFV | STU | MFU |iFWP |[iFU LFU | SFU | MTV [iFWP
MTV | iFWP |iFU LFU | STV | MFV |iFWP |[iFU LFV | SFV | MTU [iFWP
iFUP | iIFWP |iFU STV [(MFU |iFWP |iFWP |iFU SFU | MTU |iFWP |iFWP
iFP | iFWP |iFU STU [MFV |iFWP [|iFWP |iFU SFV | MTV [|iFWP |iFWP
iFUP | iFU LFV | SFV | MTU [iFWP |[iFU LFV | STU |MFU |[iFWP [IiFU

iFUP | iFU LFU |SFU | MTV [iFWP |[iFU LFU | STV |MFV [iFWP [IiFU

iFU iFU SFV | MTV [|iFWP |iFU iFU STV |MFU |iFWP [iFU iFU

iFU iFU SFU | MTU |iFWP |iFU iIFU STU | MFV |iFWP [iFU iFU

iFU LFU | STV |MFV |iFWP |[iFU LFV | SFV | MTU |iFWP |iFU LFV
iFU LFV | STU | MFU |iFWP [iFU LFU | SFU | MTV |iFWP |iFU LFU

Recording errorsrere made fosix of the participantsiyhoneeded to return to the laboratory, later

on, to repeat some of the conditions on sahthe screens.As a resultthe screen order was
different from the ideal for these six participants. However, this different order was included when
analyzing whether there were any order effects, as will be described below, and no main order
effects vere found. This change in screen order for six of the participants did not cause skewed

results.

252 ' J)LWWVY 6HOHFWLRQ 7DVN

Participants performed amulti-directional pointing task as recommended by tieO 9241411
standard24], which is equivalentt@a ' )LWWV T V H (BH AWeteRr® sdVddal Ways of
performing the throughput calculation frahe results ofD )L W W V {250 2B Fdf Ihig Btudy,
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we have used the recommendations laid out in a widely cited artifeukoreff and MacKenzie
[18], supplemented with additional detailed clarifications and recommend&oonsdlacKenzie

[23], andfrom the GoFitts application documentatif30].

2.5.2.1 GokFitts versus iPad Web Application

TKH ' )LWWVY VHOHFWLRQ W D 8dFittd SoifwardaqpEatisvias] Gonxall LQ J W K
devices except for the iPad he GoFitts software applicatiea Java scripdeveloped by I. Scott
MacKenzig[18].

Figure2.19|shows the MFD screen running the GoFitts software applicaliba.currently active

target is highlighted ipurpleblue, while the other targets are shown usingjillad circles with a
black outline. As a result, when using the GoFitts application, the participant can see the location

of the next target, as well as all targets before and after it in the sequence
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Figure2.19- $Q LPDJH RI WKH 0)' VFUHHQ UXQQLQJ ODF.HQ]JLHYTV *R

JRU WKH L3IDG WKH )LWWVY WDVN ZDV PRGHOikg MoyviHU *R) LV
Poulin and ran oma website using the Google Chromeb browserWe were uable to port the

Java script from GoFitts onto the iPad and hagsea webappinstead In comparison to GoFitts,

the iPad application useellow targets on a black backgrourahd only one target locatida

shown at a time.The next target in the segnce appears only after the previous target has been

selected (whether successfully or unsuccessfulifijs is shown ifFigure2.20
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Figure220 + ,PDJH RI WKH )L wWk\inelsite Bragkamiiveld RYQPWippe DoyRoulin.

Only one target location is shown at a time. The active target is shown as a yellow circle on a black

background.

The other difference between GoFitts and DeywR XOLQTYV ZHE DSSOLFDWLRQ XV
thatit hada different staiing target GoFittsfstaring targetis located on theositive horizontal

D[LVY :KHUHDV WKH L 3Dd2amebiSdD tHefpoitizeR«epticd axisVis svigular

distance between targets implies that the tavget layouts are slightly offset from each other, by

6°. This is shown irFigure2.21 andFigure 2.22| which have been creating using a screenshot

from GoFitts as a base.
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Figure2.21 +GoFitts target selection sequence, using 15 targets. Note that the start tardednd
are the samghighlighted in purple)and that it lies on the positive horizontal axifote that target
7 is shifted-6° off the verical axis.



56

Figure2.22 iPad target selection sequence, using 15 targets. Note again that the start and end

target are the same (highlighted in purple)owsdver, this time, thetart/end target lies oneh

positive vertical axis. Note that target 8 is shift@toff the horizontal axis.

As seen irllFigure 2.21

and

Figure 2.22

not only is the starting target different, for the iPad

compared to the other reens (which ran GoFitts), but the targets are also slightly offset

rotationally, by 6°.We considered this 6° offset to be minor, and ignored it in our analythe

impact of selection angle

Also note,in

Figure2.21

and

Figure2.22

that the starting and ending target are the séonea

given application The starting target is selected twice, while all other targets are sglestiaace.
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The reason that the starting target must again be selaicted end is that the Fitts calculation
requires both movement distance and selection il On the first tap in the sequence, the
software does not know where the finger is coming from, anehwistarted its motion. As a

result, the first target must be selected again at the end, when the previous target location and

selection time are known.

2.5.2.2 Methodsused to Calculate Throughput

In this study, we followed the methods used in GoFitts taitatiethroughpu{30, 46, 47] These
methods follow the recommendations given in Soukoreff and MacKdage with some
additional clarifications and reconemdations on the subject of Ae* found in another article by
MacKenzig[23]. This section goes into greater detail about the steps taken to calculate throughput,

compared to the brief overview given in the introduction.

Throughput was calculated per tridtor each trial, the size of the targatelamplitude (distance
between targetgemaired constant. Each trial consisted of 15 targets. The following discussion
explains howthroughput wasalculate for a given trial, using theatarecordedfrom these 15

targetsselections
The following variales are relevant to this discussion:
A, W, MT, Ae, dx

3¢ UHSUHVHQWYV WKH GLVWAREFKH WK®/HZHHQ: " WDHISBMWWH QR Y V
Width). MT represents movement time, and is the time difference between the current tap and the
previous tp. 3$H” DQG 3G[" UHTXLUH D JUDSKLF WR FOHDUO\ H[SOLCL

onto a line.

Figure2.23|shows aepresentation of dxlt is the distance between the current tap and the current

target center, projected orttee line between the previous target center and the current target center.
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Figure2.23- dx is the distance between the current tap and the current target center, projected onto

the line between the previs target center and the current target center.

Note that dx can take on either a positive or negative value, depending on whether it is outside or

inside the circle of target centers, respectively.

Figure2.24{shows a representati of Ae. Ae is the distance between the previous target center

and the current tap, projected onto the line between the previous target center and the current target

center.
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Figure2.24 - Ae is the distace between the previous target center and the curremirtgected

onto the line between the previous target center and the current target center.

MacKenzie recommends performing a correction on[2& 30] A better representation of

movenent distance would be the projected distance between the previous tap and the current tap.

He proposes the use of Ae* for this purp{ssgFigure2.25).
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Figure2.25 £The correctd Ae value, named Ae*, is shown as a solid black line. It is the distance

between the two taps, projected onto the line between the two target centers.

To calculate Ae*, MacKenziecommends adding the previous dx value t428e 30}

#K L #AE @Fs

Thethroughput calculation was done in several stefik each stepased on the recommendations
of Soukoreff and MacKenzi@ 8], MacKenzig23] and the GoFitts documentati{80, 47}

1) Outliertapsthat didQ W PDWFK WKH DV YV XrR&WwmnBv@d/frdil theLdatavV VY OD
when calculatinghroughput Soukoreff and MacKenzie explaQ WKDW )LWWVY ODZ R
IRU 3UDSLG DLPHGTHeYR axdi&r] @V \footnote, that dowdkcks and
SPLVILUHV® YLRODWH WKLV DVV[RRSWILIRQstudyQwe HaeQ EH U
removed doublkelicks, as well as théap immediately following a doublelick, when

calculatingthroughput After doing a doubkelick, the participant was usually briefly
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disorientated, because thedddW KDG QRZ PRYHG WR D ORFDWLRQ WK
Therewas often a pausevhere the participant needed to relocate the target and reorient
themselves, before continuing. Since this pause and reorientation process violated the
rapid-aimed movenent assumption, the douktck and thetap immediately following it

were both removedrom the throughput calculation In essence, the taphmediately

following the doubleclick was treated as a-start point.

To clarify, while outlier taps were discled when calculatinghroughput they were
retained when calculating ermate The logic is that a doubldick is still a type of error,
andthis type of error could still cause serious problems if not addressed. In essence, a
doubleclick does not atisfy the conditions for calculatindproughput, but it does still

satisfy the conditions for being an error.

Using the remaining taps the given tial FDOOHG WKH SUHWDLQHG WDSV
this discussionafter the outlier taps have been mrad,the standard deviation of dwas

calculated :H XVHG %H VYV H (8] wherRcblduletirg\theRt@ndard deviation, since

our sample sizevasrelatively smalland since using this form of the standard deviation

gave throughput values that corresponded to thomeded by GoFitt§46]. This means

that the formulaised to calculatstandard deviatioof dx per trial wag66]:

a
s
&sL O— 1 :@JF &P
JFs.
Va3

:KHUH 3tQe ninvber of retained taps, per trial GofF J Q | > AKNB@ E O ? = R#DA @
BT the average dx of the retained tapes trial (—2 A‘E‘, @) & sis the standard deviation
of dx, per trial.
Soukoreff and MacKenzie then give the following formula to calculate the corrected target

size, We, from thetandard deviation of d48]:
9AL vauueé,,

As mentioned previously, Ae was corrected by adding the previo(i30jix However,
GoFitts does not provide a dx value for the starting target. So the Ae* correction described

previously could not be done for the target immediately following the starting target. This
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target is @noted as target #1igure2.21jlandFigure2.22| For target #1, the uncorrected

Ae value was used. For all other targets, the corrected Ae value was used. This is described
by the following formula

: #AA  ELs
#RL\4AE @Fs8 EPs

@ #5can be positive of negative. Ae* can be greater, less than or equal to Ae.

We then ook the average of Ae*, across the retained taps per trial:
a
N S . .
#NLGI # AN
las
:KHUH 3Q° LV RQFH DJDLQ WKH QXPEHU RI UHWDLQHG WD

The We and average Ae* values, as calculated above, are then plugged into the following

formula, to calculate IDe, following the Shannon formulation of the IDe calculit&n

#A

This is the IDe value per trial (per 15 targets, minus the removed targets).
Thethroughput per trialvascalculatedwith the following formula:

+ &A
62L7€;

Where j represents the trial.

Soukoreffand MacKenzie recommend using the following formula to calculatendaa
of-means throughput, which is amerageacross all trials andll participants, per condition
[18]:
S ! S ¢ + &A
62L —UI :_TI, KY;
P@  Y@b

KHUH 3\" LV WKH QXPEHU RI SDUWLFLSDQWYV LQ WKH F
LQGLYLGXDO SDUWLFLSDQW 3" UHSUHVHQWYVY WKH QXPE'}

this study), and j represts each trial.
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In addition to the meanf-means throughput, the throughput per target size and per amplitude were
also calculated.For these, steps-3 were still followed. But instead of taking the total average
across all trials, per condition, theesmge was instead taken fmallersubgroup of trials. For
example, when calculating the throughput per target size, for a given condition, an average

throughput was calculated across just those trials that shared the same target size.

2.5.2.3 Target Sizesand Amplitudes Used in This Study

Per experimental condition, there were four targets sizes andaimgé@udes for a total of 12
trials per experimental conditioT he four target sizes were consistent across all screemishio
+/- 1 pixel accuracy.The four target sizes that were used in this study are shown in the following

graph:

Table210 +7DUJHW VL]HV XVHG IRU WKH )LWWVY WDUJHW VHOHFYV

Target Sizes in In. (cm.)
0.3 (0.8)
0.4 (1.0)
0.6 (15)
0.8 (2.0)

0.3 inches (0.8 cm) was chosbeased on discussions with aviation experts almmmmon
minimum target sizes currently used on avionic systéansnontouch use 0.6 inches (1.5 cm)
was chosen because it is the minimum touchsdeget &e in the MIL-STD-1472H standard
[67].

We made an attempt to keep the three amplitudes as close as pagsibdall the screens, to be

able to more easily compare values between thEme. maximum amplitude was set based on the
maximum display area othe MFD, since it was a representative avionic touchscreen
Unfortunately, the MCDU screen was much smaller than the MFD, and so required much smaller
amplitudes. As aresult, while the other three screens used relatively similar amplitudes, the MCDU

used amplitudes that were different.

Table21]]VKRZV WKH WKUHH DPSOLWXGH VL]HV IRU HDFK VFUHHC

is slightly smaller then the MFD and large touch monitor. This is because the iPad is slightly

smaller than the MFD. This difference was considered negligible for the purposes of the analysis.
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Table2.11 tAmplitude values for each touchscreen.

Screen Amp_litu_de Amplitude Amplitude
(qualitative) (inches) (cm)
Small 2.43 6.17
MFD Medium 3.64 9.25
Large 5.26 13.36
Small 2.41 6.13
iPad Medium 3.62 9.19
Large 471 11.95
Small 2.40 6.09
Large Touch ™6 4iym 3.62 9.20
Monitor
Large 5.24 13.31
Small 1.98 5.04
MCDU Medium 2.48 6.30
Large 2.98 7.56

To give a visual to the charts abd¥egure2.26{shows all 12 trials superimposed on top of each

other, using the MFD amplitudes and target sizes

Figure2.26 +All 12 trials, with each combination of amplitude and target size, superimposed on

top of each other.
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2.5.2.4 Index of Difficulty Values Tested

In this study, we have followed the recommendations of Soukoreff and MacKenzie and have used
IDe (corrected index of difficulty) stead of ID (index of difficulty)18]. However, it is still useful

to note the range of ID values used, per screen.

Soukoreff and MacKenzie recommetasting overa broad range of ID values, betweziand 8

bits [18]. Unfortunately, on touchscreens, the minimum attainable target size (minimum W) is
larger than with a mouseéue to the size of the fingf#]. In addition, the maximum amplitude
(maximum A) is limited by the size tiie screen. Due to these practical limitations, we had to use

a narrower range of ID values, of around 2 to 4 bits

Table 2.12| shows the different ID valuessed in this studyper target size and amplitude

combination, and per smen. Note that the small MCDU screen has an even narrower range of 1D
values compared to the other screens, due to its smaller size (and hence smaller maximum

amplitude).

Each combination of target size (W) and amplitude (A) gives a different ID v&8uee there
were four different target sizes, and three different amplitudes tested, per screen, this gives 12

different combinations, and so results in 12 different ID values, per screen.
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Table2.12 +The IDvalues used for this study, per screen

Amplitude Large
large, ; . MFD MCDU
médil?m or VEIEEL S |Pa_d Tou_ch Screen Screen
small (RN NEIbIS) I'\[")O(rt‘)'itt‘;; ID (bits) | ID (bits)
amplitude)
Large 2 2.78 2.92 2.92 2.24
Medium 2 2.47 2.47 2.47 2.04
Small 2 2.01 2.00 2.01 1.80
Large 15 3.14 3.28 3.29 2.58
Medium 15 2.81 2.81 2.82 2.36
Small 1.5 2.33 2.32 2.33 2.11
Large 1 3.67 3.82 3.82 3.08
Medium 1 3.33 3.33 3.34 2.85
Small 1 2.81 2.81 2.82 2.58
Large 0.8 4.06 4.21 4.21 3.45
Medium 0.8 3.71 3.71 3.72 3.21
Small 0.8 3.18 3.17 3.18 2.93

2.5.2.5 Linear Fit of Movement Time versus IDe

,Q RUGHU WR YDOLGDWH WKH )LWWVY ODZ PRGHO XVHG D O
performed on the data set. Along with the linear fit, the associated foreaula and R values

are often given, with the®Rvalues used to show how appropriate the model is for the dg@5set

26]. This section descrils¢he methods used to perform this linear fit.

In this study, a linear fit was performed on eaéhihe 18conditions As described previously,

each of these 18 conditions included 12 trials
The following steps were used to perform the linear fit, per experimental condition:

1) Per trial, an average IDe and an average movement time (MT) was calcatatess all
participants
i
S,
+ &A —UI + &A;
P@s
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i
/6y L Si 1 6py
Y U . b Y%
b@b
KHUH 3\" LV WKH QXPEHU RI SDUWLFLSDQWY 3N~ UHSUH\

represents each trial.
Since there were 12 trials,stproduces 12 IGand MT; values.

2) Using Microsoft Excel, a scatter plot was made, using the 1AH2eMT data points. IDe
was plotted on the Jéxis, and movement time was plotted on thaxys.

3) OLFURVRIW ([FHOTV OLQHDU I|LaVaWeaRf@muld fér Ke&/dddberatlK L F K S
data, as well as an’Ralue, per experimental condition. These formulas andaRies

werethen writtenin a table.

2.5.2.6 Criteria for Discarding Points for Throughput Calculation

Several types of false taps were obser@¥ ULQJ WKH VWXG\ $00 RI WKHVH DL
FOLFNV" HYHQ LI VRPH RI WKHP IDOO XQGHU RWKHU FDWHJR

The types of false taps observed where:
1) Accidental doublegaps, in rapid succession. This was often done during vibration. The
finger acadentally bounced off the screen and hit it again in almost exactly the same spot.

2) Accidental tripletaps, in rapid succession.

3) &RQIXVHG WDS GXH WR D ODFN RI UHVSRQVLYHQHVV RI
defined in the ISO standard, is prdadige[24, 68] The sequence of targets is always the
same. Over time, the participant gets very used to this pattern, and comes to anticipate the
position of the n¢ W WDUJHW WKLV LV D GHVLUHG SDUW).RI D )LW
7KH RULJLQDO )LWWVY WHVW LQYROYHG PRYL[QQ. EDFN D
When therevasa lack of reponsiveness, the screen sometimielsnot register a tap, and
the target remagdin the same location. However, the participant anticgptitat the tap
had been registered, andasalready moving towards the next target in the sequence. The
participantthen realizd that the targetlid not moved, but betne disorientated, and

accidentally tapedon the screen anyway, withehand already close to the next target in
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the sequence.This happened most often with the MFD screen, since it was not very
respasive and occasionally did not register taps.

4) Accidentallyhitting the side of the screen with the hand. This happened most often in the
thumb condition, since the participants were holding onto the side of the screen with their
finger and reaching thelvand over to hit the targets. It was also observed most often on
the iPad, since the iPad edgasthin, and the active area of the screameclose to the
edge. In essence, with users holding onto the side of the iPad screen for support and
reaching amss the screen with their hand, there was a chance that they could accidentally
tap the side of the screen with their palm. This tap with their palm was sometimes registered
as a tap.

Accidental doublégaps, in rapid succession (Case 1), can be foumddaguring the distance from

the tap to the target. The previous target and current target are on opposite ends of the circle. The
rapid doubletap occued very close to the previous target, and so is across the circle from the
current target. Asaresw LI WKH ORFDWLRQ RI D WDS LV FORVH WR D
target, it is likely an accidental, rapid doubdg.

7R PHDVXUH WKLV GLVWDQFH LWV HDVLHVW WR XVH G[ $V
distance between apand the target, although it is projected onto a line between the current and
previous targets, which can cause some distorfibe following image shows how dx can be used

to find accidental, rapid doubtaps, as described in Case 1.
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Figure2.27 +An accidental, rapid doubt@p, as described in Case 1. This results in a dx value
WKDW LV DOPRVW HTXDO WR WKH 3% YDOXH JLYHQ E\ *R)LWW

A confused tap due to a lack of responsiveness (Case 3), can berfeunery similar way. The
participant expeeid the target to be on the opposite side of the circle, and so their hand moves
towards that opposite side and taps, even as the circle eghraithe same spot. The participant
sometimes noticed, midway thugh, that the target had not moved, but made a tap anyway, out of
disorientation. As a result, this tap may not be exactly on the other end of the circle from the target,
but could be darge proportion of the wayhere(the position of the hand when tparticipant
UHDOL]HG WKDW W K HThkisDslstdwiinkhie B1Qwikg ilmddey. H G
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Figure 2.28 *Image showing a confused tap, caused by a lack of screen responsiveness, as

described in Case 3

SinFH WKH G[ LQ &DVH PD\ QRW H[DFWO\ HTXDO 3$° EXW PD\ E
an analysis to determine which percentage to use. The following graph shows the number of
doubleclicks caught using different percentages of movement distaicé ~ D \fofDvdiue Yar

dx. Essentially, the following formula was used to produce the graph:
EBQJP LAN?AJR#CA
6DAP=JEEO@ KQFRHNE?G

'LITHUHQW YDOXHV RI 3SHUFHQWDJH" ZHUH SOXJJHG LQWR WK
on the Xaxis of the graph. The number of doubleks identified, for each percentage value, is

shown on the Yaxis.
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Figure2.29 - Doubleclicks identifiedversuspercentagef movement distance

We wanted to avoid false positives, while catchimgstdouble cliks. We assumed that, when
plotting cutoff percentage versus doulaticks, it would follow a normal distribution. We wanted

to use the cubff percentage in the center of the normal distribution (that finds the majority of
doubleclicks, while avoidingfalse positives). The slope of a normal distribution is zero at the
center. So the slope of the doubliek versus cubff percent graph should be flat, close to the
center of the normal distributiomhe part of the graph that looks the flattedtasn 60-80%. We

chose 75%, to be conservative and avoid having false positives.

Accidental, rapid tripldaps as described in Case\W®eremuch harder to find, since targets that

are twonumbersawayfrom each otheim the selection sequenaee quite clos together. This is
especially true when using dx as a representation of distance, since the projected distance between
the two tagets is very close. In essence, dx cannot be reliably used to identify accidental, rapid

triple-taps. This is shown in théollowing image.
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Figure2.30 *Accidental, rapid triple tap. The third tap is very close to the current target.

The dx value can be used to identify most accidental jeh® on the edge of the screen, as
described in Case 4. Most targets are far from the edge of the screen, and the participant would
often tap the edge of the screen while stretching their hand to reach a farTamydk value was

often quite large during these errors. Still, the dbthod cannot be used to find all errors of this

type, if the target is close to the edge of the screen on which the hand is resting. This scenario,
where the palm touches the edge of the screen, while the target is close to that edge, is shown in

the following image.
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Figure2.31 £Thehand accidentally touches the edge of the scrddis scenario is a subset of

Case 4.

In order to find doublelicks (accidental taps) of Case 2 and Case 4, an additiotealar was
added to the if statement, to take into account selection time. In essence, if the selecti@s time
much faster than expectedwaslikely an accidental tap. A selection time of 175 milliseconds
was chosen, since no successful taps wareraplished at this speed (no targets were successfully

selected at a speed of 175 milliseconds).

This additional criteria, that any taps executed in 175 milliseconds or less were-cakisieonly
resulted in 21 additional clicks being discovered. &ite number of additional accidental taps
found was relatively small, it was assumed that this additional criterion was not resulting in too

many false negatives.
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Overall, the following criteria were used to identify doubleks. For this study, a doléaclick
is a tapfor which:

X thedx valueis ODUJHU WKDQ RI PRYHPHQW GLVWDQFH 3%~
@ P rywl#
X the movement time is less than 175 milliseconds

/6 OSYWEHHEOA?KJ@O

Using these criteria, 417 doubtéicks (of all four types) were disconexl across all 24
participants There were a total of 77,06aps, across all 24 participants, and 10,468 erfbhe
doubleclicks made up around 4% of all errors, and just 0.5% of all taps. Adding in the taps
immediately following the doublelicks, which were also discarded, a total of 814 taps were
discarded'some doublelicks were the last tap in the sequence, and so where not immediately
followed by any other tap. As a result, the number of discardedvigsightly less than double

the numbebf doubleclicks). This madeup just 1% of all taps, anslasa relatively small amount

of discarded datpoints.

2.5.2.7 Error Measurement

Errors were any tapegisteredutside of the current target circle. In the case of accidental double
clicks, as discugsl previously, these taps may have been inside of the previous target circle (or
insidethenext target circle, if the screen lacked enough responsiveness to cause confusion).

However, doublelicks, as discussed previousiyade up a small percentage lo¢ ttotal errors.
Most errors were slight misses of the targeturring in the region around the targéflost of

these error taps occurred in the deacezowitside of any of the target circles

The participants were notified of an error through augifeedback. Nexplicit visual feedback
wasprovided for an errgrbut an error soundffect was played. In the case of GoFitts, the error
sound was synchronized with the error, and played through a set of speakers. In the case of the
iPad, due tslowe respose rate from the browsgthe error sound was slightly delayed from the
error, especially when the participant made many errorstoaoéck.
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GoFitts allows an error threshold to be set, per trial, to avoid having outlier trials with very high
erra rates[47]. By default, G&itts sets this threshold 80%. We used this default 50% error
threshold per trial, for this study. This meant that, if a participant madethad errors, out of

a total of 15 taps per trial, they were automatically asked to redo the trial ovef@@aitargets
missed means that the maximum allowable error rate per trial was 4a.[i&d0% error threshold

was used, in this study, becaitsencouraged participants to balance speed and accuracy. Without
any error threshold, participants may have had a tendency tepoegtize speed, since there
would have been no penalty for a lack of accuracy. However, using a lower error threshold ma
have caused the participants to epdpritize accuracy, especially under vibration and with small
target sizes, where there is a natural tendency towards more errors. 50% was considered a good
middle ground. However, there were a few participantt) small target sizes under vibration,
who had some difficulty successfully completing certain trials, due to this error threahdld

needed to redo certain trials more than once

Conversely, the iPad application did not have the ability to set antlereshold. As a result, for
the iPad, all error rates were allowed, per trial. However, if the total error rate seemed particularly

high, and seemed like an outlier, participangsenasked to redo thebndition.

2.5.3 Participants

24 participants took pam ithis study.Note that this study measured human performance for target
selections and no prior knowledge of aircraft systems was required for the task, nor would such

knowledgeoffer performance advantag@s a result, participants were not requiredeopilots.

The pD U W L Fdv&&g@ &gé&/Was 38 (minimfi to maximum64 years of age Their average
height wasl736 cm (minimum 157.5 cm to maximum 183 cm), with an average sitting eye height
of 120.1 cm (minimum 110.5 cm to maximum 128.3 cwie meauredthe participantsfheight

and sitting eye height using markers on a wiallorderto keep a 2 meter distance from the
participans at all times (refer to Appendix A).Note that to respect aviation requirements for pilot
VWDWXUHYVY SDWWLEFGSWR EWIZK WKIKCFRI2IATDWD.G T 11

The participants had an average index finger width of 1.6 cm (minimum 1.3 cm to maximum 2

cm). They had a mean hand size of 18.9 cm (minimum 17 cm to maximum 20.5 cm).



76

Indexfingerwidth was measured using a 3D printed block with holesffarent sizes (s¢€igure

2.32). The szes went from 11 to 22 mm, augmenting by 1 mm at a time. Participants were asked

to find the hole in which their index finger fit snuggly, without being able to pass fully through.
The mrticipants were asked to measure their hand size, from the base of their palm to the tip of
their middle finger. This was done using a paper with lines printed on it at 1 cm increments, from
12 to 22 cm.

Figure232 +7KH ' SULQWHG EORFN XVHG WR PHDVXUH SDUWLFLSI

20 of the participants were rightanded, 2 were lefianded and 2 were ambidextro@ne of the
ambidextrous participants always used their right hand, while the otbaradéd between using
both hands for the MIP positioned screens. For both ambidextrous participants, the pedestal screen

was placed to the rigiitand sideand they used their right hands to interact with it
All participants signed the informed consérm (CER192048-D, see appendix F).
2.5.4 Statistical Analysis

To validate the results, various withsubjects, factorial analysis of variance (ANOVA) tests were
used, as well as various pairwise comparison tedie ANOVA, pairwise comparison tests and
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assaimption checks used for this study followed the recommendations gvéei HVLJQLQJ
RunQLQJ DQG $QDO\]LQJ Y8 HlehnfreHapd&deb WBBbrock70].

2.5.4.1 ANOVA

There were several complicating factors, when performing the ANOVA tesess ANIDVA tests
used require a fullactorial data set. In this experiment, there were six independent factors:

1. Vibration level (nevibration or withvibration)

2. Finger/support method used (index finger or thumb)

3. Screen used (iPad, small MCDU screen, medffD screen, or large touch monitor)
4. Screen positionMIP or pedestal)

5. Target size: 0.8 inches (2 cm), 0.6 inches (1.5 cm), 0.4 inches (1 cm), and 0.3 inches (0.8

cm)

6. Amplitude (distance between targets). This amplitude varied slightly between some of the

screens, since the screens were different sizes.

The test was not fullfactorial for several reasons:

x Only the iPad was tested in both screen positions (all other screens were solely tested

in the MIP position).

To address thisssue, the iPad in MIP piti®n and the iPad in pedestal position were
considered as two separate screfemghe analysis In essencefpr the purposes of the
ANOVA, there was no separatt6 FUHHQ 3RV L WstrBeQ posiidhWiasUnstead
FRPELQHG LQW RaciorKkwih 38 K H H18 QU H H Q “ ingDHe IR Wwint: PEMdD X G
in MIP position, iPad in pedestal position, small MCDU screen (in MIP position), medium

MFD screen (in MIP position), and large touch monitor (in MIP position).

The iPad in MIP position and iPad in ped¢position were considered separate screens
both for the purposes of the ANOVA, as well as for any graphs that show averages across

all screens.
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X The large touch monitor was only tested in the index finger (nsupport) conditions.

It was too large to pemit the thumb (with -support) conditions.

To address this issue, each ANOVA analyges split in two: one ANOVA excluded the

large touch monitor but included the thumb conditions, while the other ANOVA included
the large touch monitor but excluded thenttuconditions. This technique was also used

for graphs showing average conditions across all screens. For many of theshaphs

in the results sectignhe large screen has been excluded from the averages shown, in order
to be able to include the thintonditions. In some of the graphs, the thumb conditions
have been excluded from the average, in order to include the large screen. If either the
thumb or large touch monitor conditions has been excluded from the average, it is explicitly
mentioned intie description for each graph.

X The amplitude values used for the small MCDU screen were different from the other

screens.

Table 2.13|shows the amplitude values, per scre@ihe largest amplitude size, for each

screen except thage touch monitor, was chosen so that the largest targets (of 2 cm)
remained fully onscreen, with a buffer of a few pixels from the screen &dgan be seen,

the amplitudes on thtdCDU weresmaller than on the other screens, due to its smaller size.

Table 2.13 £The three amplitude conditions that were tested, per screen

Smallest Medium Largest
Screen _ . .
Amplitude (cm) Amplitude (cm) | Amplitude (cm)
iPad (in both positions) 6.1 9.2 12
Large Touch Monitor 6.1 9.2 13.3
Medium MFD Screen 6.2 9.2 134
Small MCDU Screen 5.0 6.3 7.6
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For the purposes of this study, it was considered that the three amplitudes used on the iPad,
large touch monitor and medium MFD screen were close enough to each other that they
couldbe averaged together and used together in an AN@¥&n analysing the impact of
amplitude When creating graphs, the largest amplitude has been denoted as the average
largest amplitude, between all the screens being avetageever, the amplitude vads

on the small MCDU screen were considered too different from the others, in a way that

might skew the averages and impact the ANQWAen analysing the impact of amplitude

To address this issue, the small MCDU screen was removed from the ANDYA
included amplituddthis screen was included in all other ANOVAd4) was also removed

from graphs showing the average impact of amplitude, across screens.

6RXNRUHII DQG ODF.HQ]JLH VXJJHVW WKDW WKH 3PHDQ RI PHD
correct way of analysing throughpuitl8]. This mearof-means throughput is an average
WKURXJKSXW DFURVV DOO WDUJHW VL]H DQG DPSOLWXGH FR
throughput is considereW KH PRVW 3FRUUHFW ™ IRUP RI WKURXI&SXW LV
ANOVA using it, before going deeper into additional ANO¥ésing the average throughput per

target size, or per amplitude.

In total, six ANOVAswere conductedas described jfiable2.14
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Table2.14 +Due to the constraints described previously, the ANOVA analysis needed to be split
up into several separate ANOVAs. This chart shows the six ANKN# were condued, per

dependent variable.

ANOVA Test 1:
Vibration x Finger x Screen [the dependent variable has been averaged across all targ
and amplitude combinations. The large touch monitor conditions have been excludg

Vibration Finger Screen
No-Vibration Index iPad MIP
Vibration Thumb iPad Pedestal

Medium MFD Screen
Small MCDU Screen

ANOVA Test 2:
Vibration x Screen [the dependent variable has been averaged across all target size
amplitude conditions. The thumb conditions have been exdluded

Vibration Finger Screen
No-Vibration Index iPad MIP
Vibration iPad Pedestal

Medium MFD Screen
Small MCDU Screen
Large Touch Monitor

ANOVA Test 3:
Vibration x Finger x Screen x Target Size [the dependent variable has been averaged a
amplitude levels. The large touch monitor conditions have been excluded]

Vibration Finger Screen Target Size
No-Vibration Index iPad MIP 0.8 inch (2 cm)
Vibration Thumb iPad Pedestal 0.6 inch (1.5 cm)

Medium MFD Screen| 0.4 inch (1 cm)
Small MCDUScreen | 0.3 inch (0.8 cm)
ANOVA Test 4:
Vibration x Screen x Target Size [the dependent variable has been averaged acros
amplitude conditions. The thumb conditions have been excluded]

Vibration Finger Screen Target Size
No-Vibration Index iPad MIP 0.8 inch (2 cm)
Vibration iPad Pedestal 0.6 inch (1.5 cm)

Medium MFD Screen| 0.4 inch (1 cm)
Small MCDU Screen | 0.3 inch (0.8 cm)
Large Touch Monitor
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[Table2.14]- Due to the constraints described previously, the ANGiialysis needed to be split
up into several separate ANOVAShis chart shows the six ANOVASs that werendacted, per
dependent variable (continued and end)
ANOVA Test 5:
Vibration x Finger x Screen x Amplitude [the dependent variable has been avenargsdatic
target size levels. The large touch monitor conditions have been excluded]

Vibration Finger Screen Amplitude (cm)
No-Vibration Index iPad MIP 6.1
Vibration Thumb iPad Pedestal 9.2

Medium MFD Screen| 12.5approx.

ANOVA Test 6:
Vibration x Seceen x Amplitude [the dependent variable has been averaged across all 1
size conditions. The thumb conditions have been excluded. The small MCDU screen h

excluded.]
Vibration Finger Screen Amplitude (cm)
No-Vibration Index iPad MIP 6.1
Vibration iPad Pedestal 9.2

Medium MFD Screen| 12.5approx.
Large Touch Monitor

There was some overlap between factors and interaaftedstested in the six ANOVA To

avoid having duplicatesome of the resultserediscarded|Table2.15shows the rows of results
thatwere retained from each of the six ANOSYA
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Table2.15 +This table shows the rows of each ANOVA test which were retained, when creating
the final ANOVA tabgk, for each dependent variable

ANOVA Test 1:
Vibration x Finger x Screen [the dependent variable has been averaged across all targ
and amplitude combinations. The large touch monitor conditions have been excludg
Vibration
Finger
Screen
Vibration x Finger
Vibration x Screen
Finger x Screen
Vibration x Finger x Screen

ANOVA Test 2:
Vibration x Screen [the dependent variable has been averaged across all target size
amplitude conditions. The thumb conditions have been excluded]

Screen
Vibration x Screen

ANOVA Test 3:
Vibration x Finger x Screen x Target Size [the dependent variable has been averaged a
amplitude levels. The large touch monitor conditions have been excluded]
Target Size
Vibration x Target Size
Finger x TargeBize
Screen x Target Size
Vibration x Finger x Target Size
Vibration x Screen x Target Size
Finger x Screen x Target Size
Vibration x Finger x Screen x Target Size
ANOVA Test 4:
Vibration x Screen x Target Size [the dependent variable has beegex/aoss all
amplitude conditions. The thumb conditions have been excluded]
Screen x Target Size
Vibration x Screen x Target Size
Finger x Screen x Target Size
Vibration x Finger x Screen x Target Size
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[Table2.15]This tabk shows the rows of each ANOVA test which were retained, when creating
the final ANOVA table, for each dependent variald@ntinuedand enl
ANOVA Test 5:
Vibration x Finger x Screen x Amplitude [the dependent variable has been averaged ac
targetsize levels. The large touch monitor conditions have been excluded]
Amplitude
Vibration x Amplitude
Finger x Amplitude
Screen x Amplitude
Vibration x Finger x Amplitude
Vibration x Screen x Amplitude
Finger x Screen x Amplitude
Vibration x Fingerx Screen x Amplitude
ANOVA Test 6:
Vibration x Screen x Amplitude [the dependent variable has been averaged across all
size conditions. The thumb conditions have been excluded. The small MCDU screen h
excluded.]

Screen x Amplitude

Vibration x Screen x Amplitude

Finger x Screen x Amplitude

Vibration x Finger x Screen x Amplitude

As seen in thlé able2.15/above, ANOVATest 1, which uses the meafimeans throughpudr

errorand includes both finger conditiortsut excludes the large touch monitor), is used as the basis

for the table, and is retained in its entirety. For the other ANOVA tests, just the relevant rows have
been retained, those which add new information that was not included in ANOVA test hodeor t

tests that include the large screen, but exclude the thumb conditions, just the rows that include
36 FUHHQ  DQG LWV LQWHUDFWLRQ HIIHFWV KDYH EHHQ UHWD

For each ANOVA, a parametric and nparametricversion of the ANOVAtest was conducted.

For the parametric ANOVA, the ezZANOVA function in R was used, which is part of the ez library
[71]. For the norparametric ANOVA, the art function was used, which is part of the ARTool
library, and which uses thdigned rank transform method?2, 73] In both cases, a within

subjects, factorial ANOVA was performed.

Each row of the ANOVA (each independent variable&find interaction effect) was tested for
normality and homoscedasticity. Normality was checked on the residuals of each ANOVA row,

using Shapiro tests. The homoscedasticity of each row was checked usingHamsytie tests.
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If either the Shapiro tesir BrownForsythe test failed, on a given row of the ANOVA, the-non
parametric ANOVA result was used, for that specific row. If the row passed the Shapiro and
Brown-Forsythe tests, then the parametric ANOVA result was used, for that specific row. If the
SDUDPHWULF UHVXOW ZDV XVHG DQ DGGLWLRQDO ODXFKO\T\
IDLOHG WKH 0D XFKO\Y VGasseVddreded tesdltinaddHuQad Rox that specific row.

In the ANOVA results tables, in the results section sfskudy, a column has been added to specify
which method was used: ng@arametric, parametric, or parametric with Greenhdbsisser
correction. An additional column has been added to specify any ANOVA assumption tests that
failed: Shapiro, BrowsForsythH RU ODXFKO\fV WHVWYV

2.5.4.2 Pairwise Comparison Tests

An effort was made to reduce the number of pairwise comparison tests conducted, in order to
reduce the number of false positive and false negatives @idobm-Bonferroni correction was
used). Towards th end, pairwise comparisons were only conducted if the ANOVA first showed

that the associated factor and interaction effect were significant.

In addition, pairwise comparisons were only conducted if the comparison lead to further insight
into a result omided in interpreting a graph. As a result, some etosgparisons were avoided,

since the result would not have provided further insight.
For pairwise comparisons done across screens:

x If the comparison was between the large touch monitor and any atben sihen the thumb

conditions were excluded from the averages for that other screen.

x If the comparison was between any other two scrabes the thumb conditions were

included in both screen averages.

Threegroups of pairwise comparisons were condugbed dependent variable (per throughput and

per error rate). A separate HeBonferroni correction was applied to each group.

Thesethreegroups are as follows:
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Table2.16 £Threegroups of pairwise compadas p-valueresults. A HolmBonferroni correction

was applied to each group.

Group Number Method of Averaginghe
Dependent Variablger
Condition and per Participan

1 Meanof-Means
2 Average per W
3 Average per A

A parametric and neparametric vesion of each of these three groups was made, giving a total of
six pairwise results tables. For the parametric teststs were used. For the Rparametric tests,
Wilcoxon signeerank tests were usedFor each pairwise comparison, a Shapiro test was
conducted on the differences between the two conditions. If the Shapiro test failedathe p
from thenonparametric, Wilcoxon signedinktesttable was usedOtherwise, thepalue from

the parametric-testtable was used.

In order to save spa@nd ensure that the tables are clearly read#hbie,not specified in this
documentwhether a parametric or ngurarametric test was used to obtain the pairwisalpes

presented

2.5.5 Experimental Procedure

Data collection occurred from April 30 to Augu®, 2021.

On arrival, he participant wagreeted andhstructed on the main activities for the study askied

if he or she had any quest® hen theparticipantsignedtheinformedconsent form

The S D U W L Rhtsa@pQvetficharacteristics were red, as described previousijhe height

of the screens was adjusted based on the sitting eye height of the participant. Refer to Appendix A
for more details on how the screen height was adjusteghthe participant was asked to et
theD-Box GP Pro B0 chair.

7KH SHUVRQ UXQQLQJ WKH H[SHULPHQW H[SODLQHG WR WKH
task, and answered afy| WKH SDUWHNMIDROQNVIV ,W ZDV H[SODLQHG WKL

there is a tradeff between speed and accuraagd that we were measuring a value that combines
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both speed and accuracy. It was also explained that thewdeich targets appear in a Fitts law
task is predictableThe participantwas instructed teelect the targets as quicklpdas accurately

as possible

Vibration was then played on the motion platform, to give the particgpahtiuce to get used to

the vibrationused in this studyThe mrticipantwas WR O G WR FRQGXFW D SUDFWLFH
while being exposed to vibratiorzor the purposes dhis practice task, the participaimgedboth

hand support methods (index finger freehand and thumb suppaxieggt a sense of both

techniques.

The mrticipantwasasked if they would like to repeat the practice run, with or withougtitam.
None of the participants wanted to conduct another practice run.

The participant wsthen asked to perform thaultidirectional selectionask in eactof the 18
conditiors, in thesequence that was plannétie participant took aestbetween eacbonditionto

prevent fatigue and discomfort and resumed the experiment once the participant felOrezly.

all conditions were completed for a given screen, the participant was asked to stand up so that the
screen could be replaced with the next ondnengequence. Once the next screen was installed,
the participant was asked to sit back down and continue the study by completing the
multidirectional selection task on the new scre&he mrticipant vasnot required to complete a

practice run for evergew screen.

We usedthe comfort questionnairéor device inteaction fromISO 9241411 Table C.1[24] and
replicated it on a webpage that was eaaitgessibldrom an iPad(refer to AppendixG). The
participant filled out he comfort questionnairen theiPad immediatelyafter having completed

each of the following four test conditions: iPad MIP index finger without vibration, iPad MIP index
finger with vibration, iPad pedestal index finger without vibration, iPad pedestal index finger with
vibration. Thecomfort questionnaire was not conducfedthe other conditions, since it would

have been too time consuming and burdensome on the participants. The iPad was chosen since it
was used in botpositions. The index finger was chosen since it was consgidbesbaseline

selectionrmethod

Once all conditions had been completed, a debriefing questionnaire was adminjsesred

Appendix H)
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All questionnaires used in this studincluding the anthropometric questionnaire, comfort
guestionnaire and debriefinguestionnaire)were administered in either English or French,

depending on the preference of the participant.
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5(68/76

This chapter presents the results collected duringxperiment It beginsby verifying if there is
an order effect on the dependantiables andf the data follows-itts ODZ 7KHQ resils SUHV HC
of interest for each dependent variable: throughput, erroraadesubjective questionnairdss a

reminder this section will label the test conditions using the code preseniebla2.4

3.1 Data Verification

3.1.1 Order of presentation

An ANOVA was performedon theorder of theprimary independent variables of Vibration x
Finger x Screen. It was not performed for the ordahefsecondary independent variables of
target size oamplitude as their presentation wegndomly varied by the software programs used

to run the tesfd7], and are likely to be well balanced as a result.

The esuts showed no effect of the order of presentation on througfjpbtg3.1) or error rate

Table3.2). Hence order was successfully balanced.
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Table3.1 +tANOVA on the effect of condition order on the medrmeans throughput.

Meanof-Means ThroughputOrder Effects ExcludesLarge Screen

ScreenOrder

Reason for
DFn | DFd F p Method Used | Method Used
VibrationOrder 1 345 1.83 p>.05 Non-Parametric ShfZﬁg?eteSt
FingeOrder 1 345 | 3.15 p>.05 Non-Parametric ShfZﬁg?eteSt
ScreenOrder 3 69 0.89 ns Parametric
V_|brat|on0rder X 1 23 0.28 ns Parametric
FingerOrder
VibrationOrder x .
ScreenOrder 3 69 1.47 p>.05 Parametric
FingerOrder x 3 69 0.15 ns Paranetric
ScreenOrder
VibrationOrder x Parametric, Mauchlv's
FingerOrder x 2.31 | 53.18| 2.10 p>.05 Greenhouse Y
. test failure
ScreenOrder Geisser
Meanof-Means ThroughputOrder EffectstExcludes Thumb Conditior{#ncludes Large
Screen)
Reasondr
DFn | DK F p Method Used Method Used
ScreenOrder 4 92 0.36 ns Parametric
VibrationOrder x 4 207 | 009 ns Non-Parametric Shapiro test

failure
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Table3.2 - ANOVA on the effect of condition order on the meafrmeans awor rate.

Meanof-Means Error RateOrder Effects ExcludesLarge Screen

Reason for
DFn | DFd F p Method Used Method Used
VibrationOrder 1 345 0.02 n.s Non-Parametric Shgijlllj?eteSt
FingerOrder 1 23 0.26 n.s Parametric
ScreenOrder 3 345 0.74 n.s Non-Parametric Brownqusythe
test failure
V_|brat|onOrder X 1 23 0.59 n.s Parametric
FingerOrder
VibrationOrder x 3 69 0.98 n.s Parametric
ScreenOrder
FingerOrder x 3 69 0.99 n.s Parametric
ScreenOrder
VibrationOrder x Shairo test
FingerOrder x 3 345 | 0.09 n.s Non-Parametric b
failure
ScreenOrder
Meanof-Means Error Rate Order EffectstExcludes Thumb Condition#ncludes Large
Screen)
Reason for
DFn | DK F p Method Used Method Used
ScreenOrder 1 207 0.00 n.s Non-Parametric Shaplro test
failure
VibrationOrder x Parametric,
2.84 | 65.42| 0.39 n.s Greenhouse
ScreenOrder :
Geisser

3.1.2 9HULI\LQJ )LW RI )LWWVY /DZ WR 'DWD 6HW

The following chart shows the linear fit formulas for movement timesws IDe, per condition

tested, compared against movemenetiversus ID, per condition tested.

The formula for calculating IDe and ID has been discussed previously. For IDe, the effective
(corrected) target size and amplitude valaesused For ID, the actual target size and amplitude
values are usedMT repreVHQWY 3PRYHPHQW WLPH’, iRrillisédohtd F&W VHOHF

the purposes of this discussion, movement time as a function of IDe is denoted as MT(IDe), while

movement time as a function of ID is denoted as MT(ID).
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Table3.3 tMovement time versus IDe formula, per condition, with associateBe,
compared against movement time versus ID formula, per condition, with assodiatedeR

Movement time is in units of milliseconds, while ID and |De m@r bits.

Condition| FormulaMT(IDe) R? FormulaMT(ID) R?
iFU MT = 163.4*IDe- 40.94 0.734 MT =104.17*ID+ 148.21 0.974
iFV MT = 195.82*IDe- 28.28 0.435 MT = 141.24*ID+ 97.67 0.932
iTU MT = 194.5%IDe - 82.47 0.876 MT = 121.45*ID+ 139.4 0.972
iTv MT = 220.13*IDe- 72.30 0.698 MT = 145.29*ID+ 107 0.972
iIFUP MT = 159.93*IDe- 24.80 0.751 MT = 108.36*ID+ 154.28 0.971
1 — * — *
IFVP MT = 163.61*IDe+ 0.509 MT =124.71*ID+ 133.56 0.967
19.29
iTUP MT = 176.53*IDe- 52.25 0.724 MT =116.14*ID+ 142.44| 0.973
iTVP MT = 190.11*IDe- 42.56 0.536 MT = 139.53*ID+ 95.59 0.979
LFU MT = 116.62*IDe + 0.678 MT =81.079*ID+ 221.25 0.961
83.12
LFV MT = 139.91*IDe+ 0.465 MT =108.52*ID+ 189.47 0.888
91.95
—_ * —_ *
MFU MT = 143.77*IDe+ 0.868 MT = 82.075*ID+ 296.71 0.8
59.55
—_ * —_ *
MFV MT = 177.64*I1De+ 0.549 MT =130.76*ID+ 212.51 0.913
54.57
MTU MT = 209.31*IDe- 89.94 0.907 MT = 123.43*ID+ 214.98 0.905
MTV MT = 204.03*IDe- 1.08 0.763 MT =149.77*ID+ 181.67 0.939
—_ * — *
SFU MT = 116.72*IDe+ 0.541 MT =71.147*ID+ 234.45 0.910
81.73
SFV MT = 214.98*IDe- 102.1 0.352 MT =138.98*ID+ 123.75| 0.927
STU MT = 199.57*IDe- 72.21 0.572 MT = 115.41*ID+ 218.2 0.959
—_ * — *
STV ]I\-/IO'I;-—7é.52.5 IDe+ 0.337 MT = 116.66*ID+ 234.7 0.882

As seen ifTable3.3| the R valueswerehigh in nearly all conditions using the MT(IBjrmula(>

0.88). When using the MT(IDe) formula, the? Ralueswerelower for the small MCDU screen
(0.340.57), and forthe vibration condition®n the other screen®.43-0.76). The correlation

between movement timand IDewasweaker under vibration.
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To save space, the 36 graphs associated Vabiie 3.3|are not shown here. However, for the

MT(IDe) graphs, the data pointgerencticeably noisier (more scattered, in casgh particularly
low R? values theyappeaed more like elliptical blobs of poin)sin the vibration conditions,
compared tahose in the nwibration conditions. However, the relationshigtween movement
time and IDe still appe&dto be broadly lineaif noisy. This indicates that there likedgntinues
to beis a linear relationship betweemvemenand IDg even for cases where thé\Rilue is low,

butit becomes weaker under vibration

In comparison, the MT(ID) graphs appedvery linear in nedy all conditions, as evidenced by
the high Rvalues. This implies thétie movement timeersus IDrelationshipmay bemore robust

to vibration conditions, compared to the movement time versus IDe relationship.

In general, Soukoreff and MacKentiaverecommenddusing the meawf-means throughput for
comparing conditions (as is being done in this study), edstheynaverecommenddusing linear

fit for predictive purposes, such as predicting typing speed on-&esgibard18].

The Rresults imply that usinthe MT(D) formulalikely provides a better prediction of movement

time, when compared the MT(De) formula especially under vibration conditions.

In this study, we are attempting to coan@test conditions using throughpuSince a single
throughput valués being used toepresent test condition, its value should ideally be reasonably
constantecrossall trials of that condition.

In the following discussion, TP represents throughdR(IDe) represents throughput calculated
using IDe, while TP(ID) represents throughput calculated using\W® can compare TP(IDe)
versus TP(ID), to verify which offers a more consistent throughput vatwess trials per
condition. Towards this end,gHollowing methodology has been used:

Avg A,
: + —
|’62 &L :

62+&AL

The standard deviation of each type of throughput was then calculated acrostitie TArget
Size x Amplitude combinations), per conditioBtandarddeviation,per conditionwas calculated
with the following formulawhich use8 HVV HO 1V F RistUssidd \Wéeviv G [EB N

4
s .
se L ©— | :63F 6@6
€ e \JFSQ% 2F 63
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€ e represents the standard deviation of throughput for a given test cond@igrepresents the
throughput for a given trial (Target Size x Amplitude combination), averaged across all

participants. &3represents the mean throughput for a given condition, averaged across all

participantyse¢Table3.4).

Table3.4 +Standard deviation values for TP(IDe) versus TP(ID), per condition.

Condition e(_t?ié/;re%)A e(t.)ﬁszl:s;g’
iFU 0.475 0.480
iFV 0.670 0.370
iTU 0.335 0.389
iTV 0.483 0.297
iFUP 0.442 0.459
iFVP 0.623 0.385

iTUP 0.448 0.420
iTVP 0.659 0.291
LFU 0.500 0.692
LFV 0.647 0.568
MFU 0.240 0.685
MFV 0.546 0.455
MTU 0.250 0.490
MTV 0.380 0.375
SFU 0.455 0.716
SEV 0.697 0.371
STU 0.429 0.446
STV 0.524 0.470

Average,

aaoss all 0.489 0.464

conditions

Table 3.4{shows that the standard deviation of throughput per conditasrelatively similar

when comparingpetweenTP(IDe) and TP(ID) TP(IDe) appead to be largerin the vibration
conditions andsmallerin the noevibration conditions When taking the average standard deviation

across all conditions, the two methods of calculating throughputegiaidnilar values: 0.489
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bits/sec for TP(IDe) versus 0.464 bits/sec for TP(IBp a result, bth methods of calculating
throughpt appeaedequally appropriate, when comparibgtween conditions in this study

For the purposes of this study, we will use IDe and TP(IDe). This is to follow the recommendations
of Soukoreff and MacKenzid 8], so that the results reported here can be compared against other

studies that use this method.

3.1.3 Validation of Relationship BetweerEffective Target Size (We)nd Error
Rate

Soukoreff and MacKenzi 8] mentioredthat the effective target sif@/e) is meant to correct the

target sizgW) for anerror rate of approximately 4% DW OHDVW |RUln és3endeyWey WDV N
LV PHDQW WR FDOHXOMDVWHHWK M L3HHI DHVFRVG. E\ WKH SDUWLFLSDQ
size presented to the participants, since the participants may choose to make the task either easier
or more difficult on themselves by being more or less precise than the task d¢29nd@ne of

the goals of th presenstudy is help establish a minimum touch target size undeatiobr The

effective target sizelWe,appears to be a potential tool to aid in this task,i#f representative of
therealtarget size used by the participanirior studies have comparedrget size \(V) against

effective target sizeWe), and usedhis comparison to indicate tihelativedifference between the

distribution of participant tap locations and the target size presented to the parti@party

However, before we can be confident in using &¥ea representation of the real target size used

by the participantdt is necessary to validate whethéereally does correspond to a 4% eriatet

Soukoreff and MacKenzigl 8] provide two different formulas for calculating We. One formula
uses the standard deviation of 1D touch positions) distancegelative to the current target
cente, and projected along the line connecting the previous target and the current target. This
formula has beenliscussedreviously, and is the one used in this study to calculate IDe and
throughput. It is also th&/e formula favoured by Soukoreff and MaeRzie[18]. The other
formula uses the error rate directly, to calculate a correction factor for the target size. Soukoreff
and MacKenzig¢18] recommend thahis error rate version of the We formualy be used when

the raw selection point data is unavailable.
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Tovalidatewhether either of treeWe formulascorrespondo a circle containing 96% of tap points

(with 4% of taps being outside tk&cle), we used the following methods

1. We looked at the number of trials where We<W, while Error Rate>4%. In essence, if We
corrects for a 4% error rate, then we would expect it to increase the target size when the

error rate is higher than 4%, and des®the target size when the error rate is less than 4%.

2. We gathered the X,Y position data of each tap. We aggregated all the tap points for a given
trial (a given W x A x Experiment Condition combination), across all participants. Since
there were 24 ptcipants and 15 target selections per trial, that gav&52860 tap points
per trial. We calculated the circle size, centered at the same location as the target, that
encapsula346/360=96% of those tap points. This is described mathematically by:

4L §:6=gF 6=NGHPE :6=LgF 6=NG 4P

KHUH 3L UHSUHVHQWYV HDFK WDS LQ D JLYHQ WULDO 35°
the tap and the target cent& = Lrepresents the-axis coadinate of the tap point6 =L

represents the-gxis coordinate of the tap poing,= N G represents the-axis coordinate

of the center of the target, aril= N G Aepresents the-gxis coordinate of the center of the

target.

For HDFK WULDO ZH VRUWHG DOO W Kdi ShaliestScRlargesy V. E\ W

Since there were 360 total taps per trial, across all participants, the tap with'thargdst

distance was used to calculate the radius of a circle encaps@éingf tap points
9_.- Lt U4,4.
Where 9_ .- is the diameter of the circle containing 96% of tap points for tredf &nd

4, ¢ is thedistance of th&46" furthest tagrom the target center, for a given trial (out of

360 total taps per trial)

The 9. .- vaue, per trial, was then compared against the We values per trial, calculated

using the two different formulas mentioned by Soukoreff and MacKé¢b&]e



96

3.1.3.1 Standard Deviation Formula for We

The standat deviation formula for calculating We, presented previously, is shown again here for
clarity [18]:

9A vL va u Wé, s v

Where,

a
S .
vl O 1 :@FvF EERO
Ugb
SN UHSUHVHQWYV HDFK SDUWLFLSDQ®,aadkd Avhluesivare tthtsS UH V H C

calculated per trial, per participant.

Note that dx is not thEuclidiandistance from the tap to the center of the target, but is rather a 1D
projection of that distance, onto a line connecting the current target to the previous target. As a
result, this formula does not take into accountd3etsfrom the target centeonly 1D offsets.

Also note that the standard deviation is calculated ard@hfl, which is the mean of dx. As a

result, even in a 1D reference plane, We is not centered in the same place as W: We is centered at
dx=&HT, whereas W is centered at dx=0. Sin&&Nis calculated per trial and per participant
different trials and participants may have differé@Tvalues (these values can even switch signs,

from one participant to another). As a result, We is not necessarily centered at the same location,
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across different participantd&Vhen takilg an average of We across participants and/or trials, this

offset between centers is inherently ignored.
In summary, the standard deviation formula of We has the following limitations:

1. It is based on a 1D selection distributioit does not take into acaot errors caused or
exacerbated by an offset perpendicular to the expected path of motion (the line connecting

the previous target to the current target).

2. The center of We is not necessarily at the center of the tatgethus possible to image
a senariowhere all the taps were close together, resulting in a small We, but were all far

from the target, resulting in a high error rate.

3. The center of We is variable betwdeals andparticipants, for the same W and amplitude
conditions As a resultjt may not be possible to take an average of We across trials and

participants, since We is not being measured from a consistent reference coordinate.

Note that the method of calculating IDe and throughput takes into account limitations 2 and 3, by
using aratio of Ae/We Since Ae isthe distance to the effective target cent®e takes into
account any shifts in target center that may octiDe uses a corrected target widitta corrected

target centetocation and is calculated on a per trial, pertjggpant basis. As a result, the
validation analysis presented in this section is not to validate whether We, calasiatpe@ither
formula is appropriate for a throughput calculatiomhe validation analysis performed in this
section is rather to \idate whether We can be used as a tool for recommending a minimum target

width, for the purposes of reducing error to an acceptable level.

To highlight this before comparing We against a 4% error rate, we checked that the formula works,
when validated aing a 1D line andvhen centered around&®T, We followed the following

procedure for this initial validation:

A given tap was considered to be outside the We zone if one of the following statements was true:
@F vP EHRE 9 Ay
@F vO @ERF 9 Ay

KHUH 3L UHSUHVHQWYVY WKH QXPEHU RI HDFK LQGLYLGXDO W
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Applying this formula across all taps, and averaging across all trials and all participants in this
study provided the following result: An average of 3.1% of taps fell deitsf thelD We zone,

across all trials in this study

In summary, when using a corrected center position, for each trial and each participant, and when
applied along a 1D line, the standard deviation formula of We works as expected. However, that
does notmean that it necessarily corresponds to a trial error rate of 4%, as will be discussed below.

3.1.3.1.1 Trials where Error Rate>4%, but
We<W

To check whether We really corresponds to a 4% error rate, we looked at the number of trials where
We<W, while Error Rate>4%ln essence, if We corrects for a 4% error rate, then we would expect
it to increase théarget sizevhen the error rate is higher than 4%, and decreasartiet sizevhen

the error rate is less than 4%

5,184 total trials were conducted across altipgrants. 293 of those trials contained doutlieks,

from which data points were removed when calculating We but not when calculating error rate.

This process was described previously. For the purposes of this discussion, we are excluding the
293 trids that contained doubigicks. That leaves 4,891 trials.

3,048 of those trials (or 62%) had error rates above 4%. Of the 3,048 trials with error rates above
4%, 1,125 of them had We values that were smaller than the W value for that trial. In ateger wo

in 37% of trials where Error Rate>4%, We<W.

Table3.5|shows a breakdown of the number of trials where We<W and Error Rate>4%, for each

target size tesd in this study. As can be seen, this discrepancy is especially prod@ihaeer
target sizes.
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Table3.5 tNumber of trials where Error Rate was greater than 4% but We was smaller than
target size, for each target size. This is compared against the total number of triaEwdrere

Rate is greater than 4%, for each target size.

Error Rate >4% Error Rate >4% and We<W
W (cm)
Number of trials Number of trials Percentage
0.8 1,129 149 13%
1 988 322 33%
15 589 384 65%
2 342 270 79%

Table 3.6[ shows he percentage of Error Rate>4% trials where We<W, for the vibration, no

vibration, index finger and thumb conditions. Of note, this discrepancy does not appear to have
been caused by vibration. The-wbration conditions actually had a higher percentage

discrepancies.

Table3.6 - Number of trials where Error Rate was greater than 4% but We was smaller than target

size, for vibration, no vibration, index finger and thumb conditions.

Number of Trals

Number of Trials

Percentage of Trial

Conditions where Error Rate | where Error Rate >4% where Error Rate
>A49% and We<W >4% and We<W
No-Vibration 1,412 600 42%
Vibration 1,636 525 32%
Index Finger
(Excluding Large 1,375 507 37%
Touch Monitor)
Thumb 1,340 503 38%

Overall, in our study, the standard deviation formula of We did not correspor¥écearor rate.
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3.1.3.1.2 Comparing We against 44

As mentioned previously, per trial, we calculated the diameter of a circle centered at the same
location as the target and epsulating 96% of tap points, across all participants. We named the

diameter of this circle W96%.
There were 216 trials. As a result, it is impractical to shtbthe We and W96% values per trial.

However, when averaged across all 216 trials, the awefég result was 1.2 cm. The average
W96% result was 1.6 cm. Hence, We was smaller than W96% by 0.4 cm, on average. The average
percent difference between We and W96% across wadS0.8%.

On a per trial basis (averaged across participants, for the sareen, vibration, hassipport
method, target size and amplitude conditions), the different between We and W96% ranged from
i0.11 to i1.5cm (with the negative sign meaning that We was smaller than W96%). The percent
difference between We and W96%r pal, ranged from10.8% to-73.2%. As a result, in all of

trials, the absolute value percent difference was above 10#@alflaf all trials, the absolute value

percent difference was above 29.6%.

Thus, the standard deviation formula of We doeseqesent a circle containing 96% of tap points

and centered at the target location.

3.1.3.2 Error Rate Formula for We

Soukoreff and MacKenzifl8] provide the following formula for We, using the error rafeao

given experimental condition or trial:

9 0 t&xx i
OAL A vop NNKNPA

"NNKINPRrarv{"

t
9 Urdavrzd 'NNKINP@réarv{"

We have applied this formula to the average error rat&ipgracross all participants.
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Since this formula usesror rate directly in the calculation of We gWasalways larger than W
if the W U laie@§error ratewasabove 4%, and smaller than Wilie W U laie@§everror rate

wasless than 4%.

When averaged across all 216 tridie average We result, calculated using this error rate formula,
was 1.6 cm. The average W96% result was 1.6 cm. The average percent difference between We
and W96% across trials was 0.6%hus the difference betweéWe and W96%vasless than one

pixel, when averaged across trials

There was more of a difference between values when looking on a per trialusasisthe We

error rate formula The percent differendeetween We and W96%angedirom i41.3%to 32.2%
difference (with a positive value meanititat We was larger than $8%). In 86% of trials, the
absolute value percent difference was less than 10%. In 57% of trials, the absolute value percent
different was less than 5%. The differences were well balanced around zero, with 47% of trials
havingWe>W96%, and 53% of trials having We<98%

In terms of the centimeter differences between We a@f@%/the differences ranged from®.70

cm to 0.8t cm. The absolute value difference viess than 0.1 cm in 68% of trials

On a per condition basi@er Finger x Vibration x Screen conditiprthe percent difference
between We and ®6%ranged from3.8%to 8.1% (with a positive value megng that Wewas
larger than VB86%). The absolute Vae percent difference was less tf#in 89% of conditions,

and less thaR% in 50% of conditions.

On a perconditionbasis, the difference between We an@6f (We minus V6% ranged from
0.16 cm t0-0.08 cm. The almdute value difference was less tHad cm in 89% bconditions.

Overall, We as calculated with the error rate formwarrelatedcclosely withWw96%

3.1.3.3 Summary of We Formulae Validation

The standard deviation formula to calculate We propdsg Soukoreff and MacKenzie does not
correspond well to an error rate of 4%. It also does not correspond well with a circle encapsulating
96% of tap points and centered on the targeta result, we will avoid using this We formula for

the purposes afetermining minimum attainable target sizekwever this does not invalidate its
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utility for the purposes of calculating throughput, as discussed previously. As aweswuitll
continue to use this formula when calculatibg andthroughput, sincd is preferrecby Soukoreff
and MacKenzig18].

The error rate formula to calculate We proposed by Soukoreff and MacK@@&}ienatches
extremey closely with adirectly measuredircle encapsulating 96% of tap points and centered at
the same location as the target. This implies that it is likely a good formula to use, for the purposes

of correcting target size tomaverall96% error ratacrosarticipants

Since W96% corresponds well with the error rate formula of We, and since it is the most direct
form of corrected target size, we will use W96% as a tool, when recommending minimum target

sizes.

3.2 Throughput

Throughput results per conditioremptarget size and condition, and per amplitude and condition.

3.2.1 Throughput per Condition (Mean-of-Means Throughput)

Average throughput results per condition.

3.2.1.1 Statistical Analysisfor Throughput per Condition

Table3.7[shows the ANOMW results forthe impact of each factor and crdastor on meaiof-

meanghroughpus.

Table 3.8/ shows the pralue results for the pairwistaroughputcomparisons, comparing the

difference between specific conditions in termshefir mearof-means throughput.
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Table3.7 +tANOVA results for whether each factor and crésstor hada statistically significant

impact onthe mearof-meanghroughput

Meanof-Means Throughput Conditionx Participant Excludes Large Screen

Reason for
DFn | DFd F p-value Method Used Method Used
Vibration 1 23 | 216.61| p<.0001* Parametric
Finger 1 23 | 68.52 p<.0001* Parametric
Parametric, Mauchlv's
Screen 2.09 | 48.00| 9.15 p<.0005* Greenhouse ny
. testfailure
Geisser
Vibration x Finger 1 23 28.47 p<.0001* Parametric
Non Brown-
Vibration x Screen| 3 345 | 2.33 p>.05 p .| Forsythe test
arametric .
failure
Finger x Screen 3 345 | 3.64 p<.05* Norr , Shaplro test
Parametric failure
Vibration x Finger | 5| gq | 746 | p<oms* | Parametric
X Screen

Meanof-Means Throughput Condition x ParticipanttExcludes Thumb Conditions (Includ
Large Screen)

Reason for
DFn | DKd F p Method Used Method Used
Parametric, Mauchlv's
Screen 2.70 | 62.21| 9.19 p<.0001* Greenhouse 1y
: test failure
Geisser
Non Shapiro test

Vibration x Screen| 4 207 1.52 p>.05 : )
Parametric failure
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Table3.8 +p-value results from pairwise comparisons on the re#aneans throughputAll

pairwise comparisons are a result of pagtric ttests

Meanof-Means Throughput

T-Test RValues

with Holm-Bonferroni Correction

Screen Pairwise Comparisons

iPad Pedestal

Large Screen

Medium Screen

Small Screen

Vibration

iPad MIP p<.05* p<.01* p>.05 p>.05
iPad Pedestal p>.05 p<.01* p>.05
Large Scren p<.001* p>.05
Medium Screen p<.005*
Finger x Vibration Pairwise Comparisons
Indexx Thumbx Thumbx
Vibration No Vibration Vibration
Index x N *
No Vibration p<.0001 p<.0001
Index x .
Vibration p<.005
Thumb x .
No Vibration p<.0001
ScreerPosition x Vibration Pairwise Comparisons
iPad Pedstal x . o
No Vibration iPad Pedstal xVibration
iPad MIP x
No Vibration p>.05
iPad MIP x




105

3.2.1.2 Throughput Results per Condition

Figure 3.1 - Meanof-means throughput result for every condition tested: Vibration x Finger x
Screen. FU represents the indexvibration condition. FV represents the ineakration
condition. TU represents the thumb-vibration condition. TV representsethhumbvibration

condition.

Note, in the graph above, that the indésration condition had higher throughput than the thumb
vibration condition, across all screens. In addition, ttireughput in theéndexno-vibration

condition is higher than the thdmmo-vibration condition, across all screens.
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Figure3.2 - Average throughput in the nobration versus vibration conditions. This average is

across all screens, excluding the large touch monitor.

As seenn the graph above, vibration has a significant negative impact on throughput,
(F12=216.6, p<.0001).
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Figure3.3 - Average throughput in the index @sopport) versus thumb (wisupport) conditions.

This average is across all screens, excluding the large touch monitor.

As seen in the graph above, using the index finger, without any hand support, resulted in

significantly higher throughput than using the thumb while holding onto the side of the screen as

a hand support ¢£3=68.52, p<.0001).
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Figure3.4 tAverage Vibration x Finger conditions. This average is across all screens, excluding

the large touch monitor.

As can be seen in the above graph, tldexnfinger (without hand support) condition resulted in
higher throughput in both ragibration and vibration conditions, when compared againghtirab
(with hand support). Theifferene was statistically significant, when comparing inadex
vibration ajainst thumkno-vibration (p<.0001). The difference was also statistically significant

when comparing indexibration against thumfgibration (p<.005).

However, note that the difference between the two finger conditions is much larger in- the no
vibration condition, compared to the vibration conditiofthere was a statistically significant
interaction effect between Finger x Vibration (F1,23=28.47, p<.0001). It is possible that, if we had
used an even higher vibration level, there may have eventuallyab@essingover point, where

the thumb (with support) may have resulted in higher throughput than the index finger (without
support). However, the vibration level used in this study was quite high and uncomfottable.

vibration levels much higher thahe one used here, the pilot would likelged to focus their
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attention on flying, and stop using the touchscregms implies that, for most practical scenarios,
the index finger (without support), will likely result in a higher throughput, for this bfgask.

Figure3.5 +Average throughput per screen, across all four conditions done on each screen. The

large touch monitor has been excluded from this graph.
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Figure3.6 =Throughput per screen, using just the index finger conditions for the average. The
thumb conditions have been excluded from the averaged for each screen, in order to be able to
LQFOXGH WKH ODUJH WRXFK PRDOLWRUWEHWK DSYSKGHQRWHG DV

The two graphs above show the average throughput per screen. The first graph excludes the large
touch monitor, in order to include the thumb conditions in the average. The second graph excludes
the thumb conditions from the averageorder to include the large touch monitor.

,Q ERWK FDVHV WKH #daBtdtidtidally sigmfiQa@tlrésult R@hduDthe large touch
monitor: 2,1, 48-9.2, p<.0005. With the large touch monito2, F, 62.2:9.2, p<.0001)

Table3.8[ above shows which specific screen differences were statistically significant.

From thepairwise comparisonseen irﬁFigureB.6 it appears as though the large touch monitor,

the small MCDU screen, and the iPadhe pedestal position all had the best average throughput.
There were no statistically significant differences between the throughput on these three screens.
The medium MFD screen and the iPad in the MIP position had the lowest average throughput. The

difference in average throughput between these two screens was not statistically significant.
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Of note, the iPath the pedestal position had higher throughput than the iPad in the MIP position.

The following graph compares the throughput in these twoiposiin more detail.

Figure3.7 - Average throughput on the iPad in both positions, with and without vibration

As seen in the graph above, without vibration, tlweaes no significantlifference between thao
screen positiongp>.05). However, with vibration, the differendeecameargerand significant
(p<.001) This implies that any performance differences between two screen positions may be

amplified by vibration

3.2.2 Throughput per Target Size and Conditon

Average throughput results per target size and condition.

3.2.2.1 Statistical Analysisfor Throughput per Target Size and Condition

Table3.9|shows the ANOVA results for whether each factor and combined factors crossed with

target sizehad a statistically significant impact on throughptitable 3.10 shows pairwise
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throughputomparisons, comparing specific target sizes against each other, and comparing specific

combinations of Condition x Target Size.

Table3.9 - ANOVA results for whether target size, and eaombination ofactors crossed with

target sizehad a statigtally significant impact othroughput.

ThroughputAveraged per W (Target Size) x Condition arcipant Excludes Large Screer

Reason for
DFn | DFd F P Method Used Method Used
Parametric, Mauchly's test
W 1.63 | 37.45| 145.04| p<.0001*| Greenhouse o y
: ailure
Geisser
Vibration xW | 3 | 1449 | 11.95 | p<.0001%| . Nom | Brown-Forsythe
Parametric test failure
Parametric, Mauchly's test
Finger xW 2.19 | 50.44| 1.01 p>.05 Greenhouse ny
. failure
Geisser
Screen x W 9 | 1449| 3.01 | p<.005* Nor | Brown-Forsythe
Parametric test failure
V'bra“ir:,\’/‘ Finger| 5 | 69 | 320 | p<05* | Parametric
N Shapiro and
Vibration x Screen 9 1449 | 0.19 ns Norr . Brown-Forsythe
x W Paraméic :
test failure
. Shapiro and
Finger x Screen x 9 1449 | 0.62 ns Non- Brown-Forsythe
w Parametric :
test failure
Vibration x Finger 9 207 1.42 p>.05 Parametric
x Screen x W
ThroughputAveraged per W (Target Size) x Condition x tigpant £Excludes Thumb
Conditions (Includes Large Screen)
Reason for
DFn | DFd F p Method Used Method Used
Non- Shapiro and
Screen x W 12 897 1.45 p>.05 . Brown-Forsythe
Parametric :
test failure
Vibration x Screen 12 897 0.51 ns Non- _ Brownqusythe
X W Parametric test failure
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Table3.10 - p-value results from pairwise comparisons on throughput per target size (W)

averages.

Throughput Averaged per W (Target Size) x Condition Being Compared x Participa

T-Ted or Wilcoxon SigneeRank TesP-Values
with Holm-Bonferroni Correction

Per W Comparison€xcluding Large Screen

W=1.5 w=1 W=0.8
wW=2 p<.01* p<.0001* p<.0001*
w=1.5 p<.0001* p<.0001*
w=1 p<.0001*
W=0.8
Per W Comparisonslust Index (Includs Large Screen)
W=1.5 W=1 W=0.8
W=2 p<.05* p<.0001* p<.0001*
Ww=1.5 p<.0001* p<.0001*
w=1 p<.0001*
W=0.8
Vibration x W Comparisons
(Vib=Vibration, No-Vib=No-Vibration)
Vib x Vib x Vib x
W=1.5 W=1 W=0.8 W=2
Vib x
p<.0001*| p<.0001*| p<.0001*
W=1.5 p<.0001*| p<.0001* p<.0001*
Vib x
W
Vib x
W=0.8 p<.0001*
No-Vib x -
W=2 p>.05| p<.0001*| p<.0001*
No-Vib x
W=1.5 p<.0001*| p<.0001*
No-Vib x
w=1 p<.0001*
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Table3.10}- p-value results from pairwise comparisons on throughput per target size (W) aveoagesiédand endl

Screen x W Comparisons
(i=iPad MIP, iP=iPad Riestal, M=Medium Screen, S=Small Screen)
iPadPedestal MediumMFD Screen SmallMCDU Screen

iXW=2

I wrs
- _p>05 [
P15
iPXW=1
I

iPXW=0.8
MxW=1.5

MxW=1
MxW=0.8
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3.2.2.2 Throughput Resultsper Target Size and Condition

There was a statistically significant impad target size on throughp(F1.6,37.5145.0, p<.0001).
Overall, from the following graphs, throughput appears to increase with tamgydiesiare reaching
a plateau.There was a statistically significamteraction of Vibration x W on throughput
(F3,144512.0, p<.0001).

Figure 3.8 *Average results in vibration and neibration conditions plotted on a graph of

throughput versus target siz€he large touch monitor has been excluded from the average.

Looking at the graph above, it appears as thabhghthroughput in the raibration condition
flattenedout at larger target size$n thevibration condition iwasslower to flatterout (the slope
is slightly steeper at larger target sizes). Overallctimbined effect of Vibration x W appears,

visually, to be smaller than the individual effects of vibration and target size, on their own.
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Figure3.9 - Average results for each Vibration x Finger condition, plotted on a graph of throughput
versus target size.

Vibration x Finger had a statistically significant impact on throughpistB8.2, p<.05). Looking
at the graph above, it apped#natthe indexvibration conditionwasthe mostimpacted by target
size, compared to the other conditions. The throughput for the-inbieation condition appears

to rise more rapidly, with increasing et sizes.

Surprisingly, thanteraction betweehand support and target si@as not statistically significant
(r2.2,5041.01, p>.05), as shown in the graph beloespitethe previous observation about the
indexvibration condition.
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Figure 3.10 - Average results in the index (no hand support) and thumb (with hand support)
conditions, plotted on a graph of throughput versus target size. The large touch monitor has been

excluded from the average.

3.2.3 Throughput per Amplitude and Condition

Average throughput results per amplitude and condition.

3.2.3.1 Statistical Analysisfor Throughput per Amplitude and Condition

Table 3.11rable 3.9|shows the ANOVA results for whetheach factor and combined factors

crossed with amplitude had a statistically significant impact on throughpaitle 3.12|shows

pairwise throughput comparisons, comparing specific amplitudes against each other, and

comparing spefic combinations of Condition x Amplitude.
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Table3.11- ANOVA results for whether amplitude, and each combination of factors crossed with

amplitude, had a statisally significant impact orthroughput.

ThroughputAveraged per A (Amplitude) x Condition x ParticipanExcludes Large and
Small Screens

Reason for
DFn | DKd F p Method Used Method Used
Parametric, Mauchlv's
A 1.45 | 33.28| 26.38 | p<.0001* | Greenhouse Y
. test failure
Geisser
Vibrationx A 2 46 3.89 p<.05 Parametric
Finger x A 2 46 8.12 p<.001* Parametric
Non- Brown-
Screen X A 4 805 0.63 ns , Forsythe test
Parametric ’
failure
V'bra“()’(”AX Finger| 5 | 46 | 1.44 0>.05 Parametric
V|brat|c))(n Ai( Screen 4 92 0.58 ns Parametric
Finge x Screenx A 4 92 0.70 ns Parametric
Vibration x Finger 4 92 0.28 ns Parametric
X Screen X A
ThroughputAveraged per A (Amplitude) x Condition x ParticipantExcludes Thumb
Conditions (Includes Large Screetifxcludes Small Screen
Reason for
DFn | DFd F p Method Used Method Used
Screen X A 6 138 2.51 p<0.5* Parametric
V|brat|(3(nAx Screen 6 138 | 0.27 ns Parametric




119

Table3.12 - p-value results from pairwise comparisons on throughput per Amplitude (A)

averages.

Throughpt Averaged per A (Amplitude) x Conditiddeing Comparea Participant
T-TestP-Values
with Holm-Bonferroni Correction

Per Amplitude (A) ComparisonsExcluding the Large and Small Screens from the Avera
A=9 cm A=6 cm
A=12.5cm p>.05 p<.001*
A=gcm ] p<.0001*
Per Amplitude (A) Comparisonslust Index FingeeExcluding the Small Screen
A=9 cm A=6 cm
A=12.5cm p>.05 p<.0001*

A=gom T

Finger x A ComparisongExcluding the Large and Small Screens

Thumb Thumb
A=12.5cm A=6 cm
. p<.0001*
Index
A=9 cm
Index
A=6 cm

3.2.3.2 Throughput Results per Amplitude and Condition

Many of the participants mentioned that, when using their thumb and supporting their hand on the
edge of the screen, it was difflcto reach the furthest targets, in the largest amplitude conditions.
As a result, it is of particular interest to see how amplitude might impact throughput when using
the thumb, versus index fingdie results from the iPad have been combined withethdts from

the medium MFD screeras the screen size aathplitude conditionsvereclose enough These

are the results presented below.

As mentioned previously, the amplitudes on the small MCDU screen were different from on the

other screens, due to gsaller size. As a result, the results from the small MCDU screen could

S for the purpose of the graphs, the largest amplitude has been assigned a value of 12.5 cm (the average value between

theiPad, in both positions, and the medium MFD screen).
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not be combined with the results from the other screens, to form averages. Thus, in the graphs

shown below, the small MCDU screen results have been excluded.

Figure 3.11 - Average results in the index (no hand support) and thumb (with hand support)

conditions, plotted on a graph of throughput versus amplitude.

There was a statistically significant interaction effect of Finger x Anmbditon throughput
(F2,46=8.1, p<.001). In the graph above, the slope between the first and second amplitudes appears
similar, between the two finger conditions. However, the slope between the second and third
amplitude values is different between the fimger conditions. The difference between index and

thumb is most pronounced at the largasiplitude DV ZRXOG EH SUHGLFWHG IURP

feedback.

It is noteworthy that the throughput in the index (no support) conditastonsistently higher
than in the thumb (with support) condition, across all three amplitude values. For each amplitude
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value, the difference between index and thuvabstatistically significant, ashown inTable3.12

above.

Vibration x A also hada statistically significant impact on throughput: 4£3.89, p<.05).
However, looking at the following graph, the interaction effect appears to be less than the

individual impacts of vibration and amplitude, separately.

Figure 3.12 - Average results in vibration and neibration conditions, plotted on a graph of
throughput versus amplitude. Both the large touch monitor, as well as the small MCDU screen

have been excluded from the average.

There was naignificant interaction effect on throughput from Vibration x Finger x As§FL.44,
p>.05). However, it is still useful to show the graph, since it is of interest whether the index finger
continues to have higher throughput than the thumb, underiginratross amplitude conditions.
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Figure 3.13 - Average results for each Vibration x Finger condition, plotted on a graph of

throughput versus amplitude

3.3 Error Rate

Error rate results per condition, pergetr size and condition, and per amplitude and condition.

3.3.1 Error Rate per Condition

Average error rate results per condition.



3.3.1.1 St

Table3.13
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atistical Analysisfor Error Rate per Condition

shows the ANOVA results for the impact of edabtor and cros§actor on error rate.

Table 3.14

shows the jrvalue results for the pairwiserror ratecomparisons, comparing the

difference

between specific conditions in terms of their error rates.

Table3.13 - ANOVA results for whether each factor and crfsstor has a statistically

significant impact on error rate.
Error Rate x Condition x ParticipanExcludes Large Screen
Reason for
DFn | DFd F p-value Method Used Method Used
Vibration 1 23 | 177.98| p<.0001* Parametric
Finger 1 23 8.79 p<.01* Parametric
Shapiro and
Non- Brown-
*
Screen 3 345 | 127.33| p<.0001 Parametric | Forsythe test
failure
Non- Brown-
Vibration x Finger 1 345 | 13.62 p<.0005* .| Forsythe test
Parametric .
failure
Brown-
. . Non-
Vibration x Screen| 3 345 | 10.85 p<.0001* .| Forsythe test
Parametric ’
failure
Non Brown-
Finger x Screen 3 345 5.51 p<.005* p .| Forsythe test
arametric .
failure
. . : Brown-
Vibration x Finger | 5| 545 | 4 0g 0>.05 Nom- 1 Eorsythe test
X Screen Parametric g
failure
Error Rde x Condition x ParticipantExcludes Thumb Conditions (Includes Large Scree
Reason for
DFn | DFd F p Method Used Method Used
Shapiro and
Non- Brown-
*
Screen 4 207 | 32.58 p<.0001 Parametric | Forsythe test
failure
Nort Brown-
Vibration x Screen| 4 207 4.92 p<.001* , Forsythe test
Parametric failure
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Table3.14 - p-value results from pairwise comparisons on errorpatecondition

Error Rateper Condition
T-Testor Wilcoxon SigneeRank TesP-Values
with Holm-Bonferroni Correction

Screen Pairwise Comparisons

iPad Pedestal

Large Screen

Medium Screen

Small Screen

Index xVibration

Thumb xNo Vibration

Screen Position x Vibration Pairwise Comparisons

iPad MIP p<.0001* p<.0005* p<.0001* p<.0005*
iPad Pedestal p<.05* p<.0005* p<.001*
Large Screen p>.05 p>.05
Medium Screen p>.05
Finger x Vibation Pairwise Comparisons
Index x Thumb x Thumb x
Vibration No Vibration Vibration
Index xNo Vibration p<.0001* p<.0005*

p>.05

p<.0001*

iPad Pedestal x
No Vibration

iPad Pedestal x Vibration

iPad MIP xNo Vibration

iPad MIP xVibration

p>.05

p<.0001*
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3.3.1.2 Error Rate Results per Condition

Figure3.14 - Average error rate, across all participants, for ewébyation x Finger x Screen
condition. FU represents the indegvibration condition. FV represents the indakration
condition. TU represents the thumb-vibration condition. TV represents the thuwibration

condition.

Of note, in the above grapare the differences between the iPad and the other screens. The iPad
had higler error rats of 20%on averagén the MIP position (15% in the pedestal positio/@rsus

9-11% for the other screensAs was mentioned previously, the software used fortahget
selection task on the iPad did not put a limit on error rate, per trial, per participant. Whereas, on
the other screens, a limit of 50% was placed, per trial, per participant. If the error rate was over
50%, the participant was asked to redo that (that target size x amplitude condition). This was

not done for the iPad. In addition, on all screens, only audio feedback was given when an error
was made. There was no visual feedback to denote an error. On the iPad, this audio feedback was
noticeably delayed and offset from the error, due to issues with the softwardssecesult, it is

unclear whether the iPad was truly more error prone, or whether the increased error on the iPad

was caused by these differences.
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Across all screens, theummb-vibration condition caused more error than the indexibration
condition (for the small MCDU screen, the two were essentially equivalent). However, this was
not the case when comparing the thuewtiration condition against the indexoration condtion.

On the iPad, the thurmdbration caused more error than the index vibration condition. On the
medium MFD screen and the small MCDU screen it was the inverse, with thevibdation

causing more error than the thuwibration condition.

Overall, whenperforming an average across scredis discrepancy between the iPad and the

other two screens canceled out:

Figure3.15 zError rate in each Finger x Vibration condition, averaged across scrékedarge

touch monitor has been excluded from the average.

There was a significant interaction effect of Vibratiand Finger on error rate (R4513.62,
p<.0005). Vibration impacted the index finger motieanthe thumb in terms of error rate (the
difference between the two vibration conditieveshigher for the index finger, versus the thumb).
However, the error rate of the index finger remained either equivalent or higher than the thumb, in
both conditions. The index finger had significantly leserem the nevibration condition, as
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shown inTable3.14] above There was no statistically significant difference observed between the

two finger conditions under vibration.

Figure3.16 timpact of vibration on error rate, compared to theviwation condition. The large
screen wasxcluded from this average.
As would be expected, there was a significant difference in error rate caused by vibration, versus

no-vibration (F,23=177.98, p<.0001).
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Figure3.17 £The error rate when using the index finger (no khemgport) versus using the thumb

(with handsupport). The largecreen wagxcluded from this average.

There was a signifant impact of finger on error rate1(f=8.79, p<.01). On averageasingthe
index fingerwithout ahandsupportcaused lessrroisthanusingthe thumbwith ahandsupport
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Figure3.18 tAverage errorate per screen. The largereen wagxcluded from this graph.
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Figure3.19 *Average error rate in the index finger conditions, per screen. The thumb conditions

have been excluded from this graph.

Whenthe largescreenis excluded, and the thumb conditions included in the average, there is a
significant impact of screen on error rate £/5=127.33, p<.0001). When the large touch monitor
is included, but the thumb conditions excluded from the avetlagie is also a significant impact

of screen on error rate {ko=32.58, p<.0001).

Table3.14| aboveshows which differences between each pair of screens were significant, for erro

rate. Overall, the iPad, in b positions, appears to have had worse error rates than any other
screen. The large, medium and small screens had comparable error rates, with no significant
differences observed between thefthe iPad in the pedestal position had significantly lesw err
than the iPad in the MIP position.

Theseresuls can now be combined with the throughput results shown previously, to determine
which screen was best, in terms of both throughpdterror rate The small andargescreens had

the highest throughputsnd lowest error rates. The iPad in the pedestal position had high

throughputs bualsohigherror rats. The medium MFD screen had among the lowest throughputs
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but also low error rates. The iPad in the MIP position had among the lowest throusyighis

highesterror rate.

Of particular note, the iPad in the pedestal position also had both significantly lower error rate and
higher throughput than the iPad in the MIP positibimerewasno significant difference between

error rate in the two iPad positis without vibration (p<.05). However, thavasa significant
difference between error rate in the two iPad positions under vibration (p<.0001). Remember that
this was true for throughput as well. Once again, it appears that the difference between the

positions has been amplified by vibration.

Figure3.20 £Error rate for théPad in each Position x Vibration condition.

3.3.2 Error Rate per Target Size and Condition

Average error rate results per targeesand condition.



132

3.3.2.1 Statistical Analysis for Error Rate per Target Size and Condition

Table3.15/shows the ANOVA results for whether each factor and combined factors crossed with

target size had a statistically significant impaceamr rate|Table3.16{shows pairwise error rate

comparisons, comparing specific target sizes against each other, and comparing specific

combinations of Condition x Target Size.

Table3.15- ANOVA results for whether target size, and each combination of factors crossed

with target size, had a statistically significant impact on error rate.

Error Rate Averaged per W (Target Size) x Condition x Particiaiudes Large Screen
Reason for
DFn | DKd F P Method Used Method Used
W 3 | 1449 | 1146.7 | p<ooo1*|  Nom | Brown-Forsythe
Parametric test failure
Vibrationx W | 3 | 1449 | 94.42 | p<ooo1x| _ Nor | Brown-Forsythe
Parametric test failure
Finger x W 3 | 1449| 301 | p<05* Nor | Brown-Forsythe
Parametric testfailure
Screen x W 9 | 1449| 29.44 | p<ooo1x| _ Nor | Brown-Forsythe
Parametric test failure
L : Shapiro and
Vibration X Finger | 5| 1449 | gog |p<.0001*| - N | BrownForsythe
X W Parametric :
test failure
o Shapiro and
Vibration x Screen | 1449 | 163 | p>.05 Nor- | Brown-Forsythe
x W Parametric .
test failure
Finger x Screen x Non Brown-Forsythe
W 9 1449 178 p>.05 Parametric test failure
L : Shapiro and
Vibration x Finger 9 1449 | 0.47 ns Non- Brown-Forsythe
x Screen x W Parametric .
test failure
Error Rate Averaged per W (Target Size)on@ition x ParticipanttExcludes Thumb
Conditions (Includes Large Screen)
Reason for
DFn | DFd F p Method Used Method Used
Screen x W 12 | 897 | 11.27 | p<ooo1*| _ Nom | Brown-Forsythe
Parametric test failure
L Shapiro and
Vibration x Screen| 4, | gg7 | 142 | p>.05 Nom | Brown-Forsythe
X W Parametg :
test failure
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Table3.16 - p-value results from pairwise comparisons on error rate per target size (W) averages.

Error Rate Averaged per W (Target Size) x Condition Being CompalRedtticipant
T-Testor Wilcoxon SigneeRank TesP-Values
with Holm-Bonferroni Correction

Per W Comparison€xcluding Large Screen

Ww=1.5 w=1 wW=0.8
w=2 p<.0001* p<.0001* p<.0001*
W=1.5 p<.0001* p<.0001*
w=1 p<.0001*
W=0.8
Per W Comparisonslust Index (Includes Large Screen)
W=1.5 W=1 W=0.8
w=2 p<.0001* p<.0001* p<.0001*
W=1.5 p<.0001* p<.0001*
w=1 p<.0001*
W=0.8

Vibration x W Comparisons
(Vib=Vibration, No-Vib=No-Vibration)
Vib x Vib x Vib x No-Vib x | No-Vib x | No-Vib x
W=1.5 w=1 W=0.8 W=2

p<.0001* | p<.0001* | p<.0001*

No-Vib x
W=0.8

p<.0001* | p<.0001*

p<.0001*

Vib x
w=1
Vib x
W=0.8
No-Vib x
Ww=2
No-Vib x
w=1.5
No-Vib x
w=1

p<.0001*

p<.0001*

p<.0001*

p<.0001*

p<.0001* | p<.0001*

p<.0001*
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- p-value results from pairwise comparisons on error rate per target size (W) aveoagesiédand endl

Screen x W Comparisons
(i=iPad MIP, iP=iPad Pedestdl-Large SreenM=Medium Screen, S=Small Screen)

iPadPedestal

Large Screen

MediumMFD Screen SmallMCDU Screen

W=2 | W=1.5| W=1 | W=0.8

iXW=0.8

iPXW=2

iPxW=1.5

iPxW=1

iPxW=0.8

LxW=2

p<.0001

p<.0001

LxW=1.5

LxW=1

LxW=0.8

MxW=2

MxW=1.5

MxW=1

MxW=0.8
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3.3.2.2 Error Rate Results per Target Size and Condition

Figure3.21 tError rate per target size, averaged across all conditions and screens, excluding the

large screen

As can be clearly seen in the graph above, there was a significant impact of target size on error
rate (R,1449=1146.7, g.0001). Of particular interest, the impact of target size on error rate
appears to be exponential, for the range of taiges tested, with the error rate decreasing much
morerapidly between the two smallest target sizes, compared to between the two largest ones.
However, there was still a significant difference in error rate between the two largest target sizes,
W=1.5 cmand W=2 cm (p<.0001). As a result, we cannot say for sure at which target size the

error rate flattens out.
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Figure3.22 tError rate per target size for the-mibration condition average, compared aghi
the vibration condition average. The lasgpeeen wagxcluded from these averages.

There was a significant interaction effect between Vibratiod Target Size (Fs,1446=94.4,
p<.0001). The difference between vibration andviation appears morpronounced at
smaller target sizes, with a smaller difference at larger target ditegever, here was still a
significant difference in error rate at W=2, between the vibration andbmation averages
(p<.05). Looking at the graph above, the errate, in both vibration and nabration conditions
appears to follow an exponential decrease with increasing target size. Hotvewbope is

higher in the vibration condition (error rate starts higher, but decreases faster, with increasing
target size)
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Figure 3.23 xError rate per target size for the thumb (with hangport) condition average,
versus the index finger (without hasdpport) average. The large touch monitor has been

excluded from thesaverages.

There was a significant interaction effect between Firayst Target Size on error rate
(Fs,1445=3.01, p<.05). Looking at the graph above, the interaction effect appears to be small,
when compared to the individual impacts of finger and tasget Therds a slightly larger
difference at the smaller target sizes, when compared to the larger target sizes. Since the thumb
is a larger finger than the index, it is to be expected that it would have a higher error rate at very
small target sizesHowever, the difference between the two finger conditions is remarkably

consistent, overall, across target sjaelsen considering error rate.
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Figure3.24 xError rate per target size for each Finger krdtion condition.

There was a significant interaction effect on error ta¢gwveenFinger x Vibrationx W
(r3,144=8.98 p<.00@). Looking at the graph abov#je error rate of the index finger under

vibration appears to decrease slightly faster thathtlmab under vibration.

3.3.3 Error Rate per Amplitude and Condition

Average error rate results per amplitude and condition.

3.3.3.1 Statistical Analysis of Error Rate per Amplitude and Condition

Table3.17rable 3.9|shows the ANOVA results for whether each factor and combined factors

crossed with amplitude had a statistically significant impact on error |fiable 3.18shows

pairwise error rate comparisons, comparing specific amplitudes agesachkt other, and

comparing specific combinations of Condition x Amplitude.



Table3.17 - ANOVA results for whether amplitude, and each combination of factors crossed

with amplitude, had a statistically sigmiéint impact on error rate.

139

Error Rate Averaged per A (Amplitude) x Condition x Participakixcludes Large and Smg

Screens
Reason for
DFn | DFd F p Method Used Method Used
A 2 | 46 | 29.32 | p<.0001*| Parametric | Brown-Forsythe
test failure
Vibration x A 2 805 0.87 ns Norr . Brownqusythe
Parametric test failure
Finger x A 2 46 0.41 ns Parametric Brownqusythe
test failure
Non- Shapiro and
Screen X A 4 805 0.95 ns . Brown-Forsythe
Parametric :
test failure
Vibration x Finger 5 805 0.81 ns Non- _ Brown-qusythe
X A Parametric test failure
Vibration x Screen 4 805 0.23 ns Non- _ Brownqusythe
X A Parametric test failure
Finger x Screenx 4 4 805 0.16 ns Norr . Brownqusythe
Parametric test failure
Vibration x Finger 4 805 0.62 ns Non _ Browanc_)rsyhe
X Screen X A Parametric test failure
Error Rate Averaged per A (Amplitude) x Condition x ParticipatExcludes Thumb
Conditions (Includes Large Screesiexcludes Small Screen
Reason for
DFn | DFd F p Method Used Method Used
Screen x A 6 | 520 | 0.77 ns Nor | Brown-Forsythe
Parametric test failure
Vibration x Screen 6 529 0.48 ns Non _ Brown—Fc_)rsythe
X A Parametric test failure
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Table3.18 - p-value results from pairwise comparisonseoror rateper Amplitude (A)

averages.

Error RateAveraged per A (Amplitude) x ConditidBeing Compared Participant
T-Testor Wilcoxon SigneeRank TesP-Values
with Holm-Bonferroni Correction

Per Amplitude (A) ComparisonsExcluding the Large and Small Screens from the Ave
A=9 cm A=6 cm
A=12.5cm p<.001* p<.0001*
A=gem [ p<.005*
Per Amplitude (A) Comparisonslust Index FingeeExcluding the Small Screen
A=9 cm A=6 cm
A=12.5cm p<.005* p<.0001*

acsom [ pe00

3.3.3.2 Error Rate Results per Amplitude and Condition

There was a significant ipact of amplitude on error ratex(!s=29.32, i.0001). However, none

of the interaction effects between amplitude and vibration, finger, and/or screen were significant
(p=ns)

Remember that the participants reported having more trouble reaching thstfianhets, in the
largest amplitude condition. Also remember that there was a significant interaction effect on
throughput between FingandAmplitude. It is interesting to note that, while the furthest targets

on the largest amplitude may have beemetifficult to reach, this did not have a significant

impact on error rate, only on throughput.

The graph$elow still show various interacti@onditions, in order to provide additional insight,
even if the interaction effeztverenot significantOnceagain, note that the small MCDU screen
could not be included with the other screens, when evaluating amplitude, for the purposes of

both the statistical analysis and graphs.

As seen in the graphs below, it appears as though error rate increases witldamplit
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Figure3.25 - Error rate versus amplitude in the thumb (with haodport) versus index finger
(without handsupport) conditions. The large touch monitor and small MCDU screen were

excluded from thiswverage.

While there was no significant interaction effect between Finger x Vibration, it does appear that
the error rate slightly increased at the largest amplitude for the thumb condition, compared to the
index condition.Of note, the index finger haswer error rate than the thumb, for all amplitude

conditions.
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Figure 3.26 - Error rate versus amplitude for the vibration condition average, versus the no
vibration condition average. The large touch namand small MCDU screens have been

excluded from this average.
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Figure3.27 *Error rate versus amplitude for each Finger x Vibration condition.

Of note, in the graph above, the indékration condition ha lower or comparable error rate

than the thumiwibration condition, across all amplitudeested

3.4 Double-Clicks

As described previously, the participants occasionally made accidental -dbckdée These
doubleclicks were excluded from the throughpup© FXODWLRQV VLQFH WKH\ Y
assumptions. However, they were included in the error rate and are important for error
considerations. In particular, it is useful to highlight these decilikes separately from other

forms of error becausbey may be more likely to go unnoticed.

The methods used to classify an error as a decllale were described previously.
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There wereseveral distinct types of doubblicks observed:

1. Accidentally tapping twic€or more times)n the same spotThis was nost prevalent

under vibration.

2. Confused tapping caused by a lack of responsiveness. In essence, the finger is moving
towards the next target, but the previous target has not been selected due to a lack of
screen responsiveness, causing a confused tap.w@k most prevalent on the medium

MFD screen, due to its lower responsiveness.

3. Accidentally brushing up against an active area of the screen, causing an unintentional
tap. This was most prevalent in the thumb conditions, since the hand was alwags in clo

proximity to the screen edge.

It is difficult to disentanglehese distinct types of doubtaps, when looking at the data. As a
result, they are presented together here. However, the third type of double tap, wherein the hand
accidentally brushes uggainst part of the screen, may be particularly likely to go unnoticed,
since the tapnay occuiin an area of the screen far from where thesuaefocusing their visual

attention.

There were 417 doubldicks out of a total of 10,468 errors, acrosst@gdlls and participants.

Thus, doubleclicks represent just 4% of errdBable 3.19|shows the number of doubtdicks

observed for different test conditions. In particular, note that:
1) There was a greater number of doutlieks under vibration versus without vibration.

2) There was a greater number of doutlieks when using the thumb, versus the index
finger. This is likely due to the hand and thumb hovering closer to the screen in the

thumb condition, during all parts of the sgtion motion.

3) In particular, the thumb under vibration had a higher number of dalibles. This is
likely due to the combined effects of the hand and thumb hovering near the screen at all
times, and vibration making it more likely that the hand or thumil accidentally

contact the screen.

4) The pedestal position had a higher number of double clicks than the MIP position.
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5) The MFD had a higher number of douloleeks. This is likely due to its lower

responsiveness.

Table3.19 +Doubleclicks associated with various conditions.

Double clicks
Condition Number (%)

Overall 417 100,0%
Vibration 281 67,4%
No Vibration 136 32,6%
Index Finger (excluding the large screen) 141 33,8%
Thumb (excluding the largecreen) 261 62,6%
Isrl?g;(n)lzinger x No Vibration (excluding the lar 42 10,1%
Index Finger x Vibration (excluding the large screel 99 23, 7%
Thumb x No Vibration (excluding the large screen) 92 22,1%
Thumb x Vibration (excluding the large screen) 169 40,5%
iPad MIP 84 20,1%
iPad Pedestal 102 24,5%
Large Touch Monitor 15 3,6%

Medium MFD 130 31,2%
Small MCDU 86 20,6%

3.5 96% Adjusted Target Size (Ws%) per Target Size (W)

As mentioned previously, we calculated a circle size that encapsulatedf@8Ptaps, across

all participants for a given trial. We called this circle sizgdVand considered it a more direct
measurement of the We formulas proposed by Soukoreff and MacKH#&&kieNe poposed it

as a potential tool to aid in the search for a minimum recommended target size under vibration

conditions.
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In thissection we preseit/oso versus W. Of particular interest is ks value at the smallest
target size, W=0.8 cm, since it maygiadditional insight into the minimum target size that is

reasonably attainable at a decent speed for this type of task, under the tested conditions.

Figure3.28 - Wase for each Vibration x Finger x Screeonndition, at W=0.8 cm. FU represents
the indexno-vibration condition. FV represents the indakration condition. TU represents

the thumbno-vibration condition. TV represents the thuwvibration condition.

Figure3.28|shows that there are large difference issdacross different screens, when W=0.8

cm. In particular, note that the medium and small screens have smalgrvalues in the
thumbvibration condition, versus the indexbration condition, wheis it was the opposite for

the iPad. This mirrors the error rate results shown previoughigure3.14

If we treat these results as potentially representative of the minimum reasonably target size on
each devie, under each conditiohe iPad in the MIP position hisgerminimum target size,
of nearly 1.9 cm under vibration, versus the medium or small screens, which have a minimum

target size of less than 1.4 emder vibration
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Figure 3.29 - Average results in vibration and neibration conditions, plotted on a graph of

throughput versus target size. The large touch monitor has been excluded from the average.

If the endpoint selections made by users werstribhuted within the target, ¢h we would

expect Wey <= W.|Figure 3.29|shows thathis was not the case. Wieomparing vibration

condition against nwibration conditions, the difference indé% waslarger at smaller target

sizes, compared to larger target sizes. Tasexpected, sinceibration makes it more difficult

to attain smaller targets compared to larger targets. However, it is noteworthy that the two lines
do not converge at the larger target sizes measured, aathrefiset from each other. lItis also
noteworthy that the lines appear to be broadly linear, and have not flattened out, for the range of

target sizes tested in this study.
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Figure3.30 - Average resultsni the index (no hand support) and thumb (with hand support)
conditions, plotted on a graph of throughput versus target size. The large touch monitor has

been excluded from the average.
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Figure3.31- Average results for each Vibration x Finger condition, plotted on a graph of
throughput versus target size.

Figure 3.30|andFigure 3.31show that the index finger a smaller or equivalent ¥ size,

compared d the thumb, across all target sizes and vibration conditions, when looking at the
average across all screens. However, as previously noted, there may be some divergence
between the medium MFD screen and small MCDU screen, versus the iPad, when looking at

thumbvibration versus indexibration.

3.6 Effect of SelectionAngle

Several participants mentioned that, in the ksunoport condition, the targets furthest from the
hand were difficult to reach. As a result, it is of interest to see whether targetrangleave

impacted the thumb condition more than the index finger condition.

In this section, movement time, error rate, and dx values were averaged per target angle, per
condition. This average is across target sizes, amplitudes, participants and sdtbethg,

large screen and small MCDU screen excluded from the averages.
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This analysis per selection angle has several limitations:

1.

Other studies that analyzed the impact of selection angle on touchscreen used a different

target layout and selection patt¢8, 33]than the one used in this study.

We did not balance for selection angle; the participants always selected the targets in the
same order. For the iPad, the participants alvstaided withthe target onhte positive
Y-axis. For the other seens, the participants always started \lith targetalong the

positive X-axis

Looking qualitatively at the results, the order effects may have adversely effected the
first couple of targets selected more than theeotargets, since the participants may
have needed a slight ramp up before getting into the flow of the task. The first two
recorded targets in the sequence on the iPad were at 192° and 288°. The first two
recorded targets in the sequence on the ottteess were at 24° and®2 Therefore,

particular caution is advised when interpreting the results at these angles.

The small MCDU screen was excludaeecause, tven using the small MCDU screen in
the thumb condition, participants were asked to hold¢hees from the top, rather than
the side, when supporting their hand. As a result, for the thumb condition, different

targets/angles were furthest when usingstimall MCDU screen.

Only those participants that exclusively used their right hands weredéattlin the
averages and grapkBown in this section@hree partipants out of 24 were excluded
from the following averages). This was because, in the thumb condition, participants
held onto the side of the screen corresponding to their handedneds,médaat that
different targets were closest and farthest, between-maded versus leftanded

participants.

Thetargets on the iPadereoffset from the targets on the other screenargangle of

6°. This difference was assumed to be negligible,thadPad values were averaged

with the medium MFD values ithis sectionas though this 6° offset did not exist. The

iPad angles were used in the graphthis section, since 0° was at the top for the iPad.
In essence, the medium MFD screen values haea shifted by +6° and then averaged

with the iPad, in thgraphs shown in this section
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While the polar graphshown in this sectiomre interesting, it is difficult to draw broader
conclusions from them, since there are so many points to compare agamsther. Itis easier

to compareverages for motions acragsadrants of the screen. Unfortunately, 15 targets were
selected per trial, and 15 does not divide evenly by four. As a result, one of the angles was used

for two crossquadrant motionsTheresulsat 0° wereused both for the bottoteft-to-top-right

guadrant average, as well as the bottaght-to-top-left quadrant average¢Table 3.20/shows

the angles that correspond to each copssdrant motion.

Table3.20 £The movement angles that were averaged together to show the value for each

crossquadrant motion.

CrossQuadrant Motion Movement Angles Averaged for Each Cro4
Quadrant Motion, in Degrees

BottomRight-To-Top-Left 0°, 288°, 312°, 336°

BottomLeft-To-Top-Right 0°, 24°, 48°, 72°

Top-Right-To-Bottom:Left 192°, 216°, 240°, 264°

Top-Left-To-Bottom-Right 96°, 120°, 144°, 168°

3.6.1 Movement Time Versus Selection Angle

The following graphs show movement time, in méconds, versus seton angle. These are
average valueacross target sizes, amplitudes, participants that used their right hands, and the
iPad MIP iPad pedestal and medium MFD screens.



152

Figure3.32 - Movement time (in milliseconds) versus selection angle, for the index finger and
thumb conditions. The largecreenand small MCDU screen have been excluded from this
average, as well as any participants that used theihdefls. Note thaany increasein

movement timet 192°, 288°, 24° ardr 120 may bepartially due to order effects.
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Figure3.33 tMovement time in milliseconds per creggadrant motion, when using either the
index finger or thumb. Thiargescreerand small MCDU screen have been excluded from this

average, as well as any participants that used theindefts.

Figure 3.32| and|Figure 3.33| show that the index finger position had fastereguivalent

movement speeds to the thumb, on average, across all selection angles. The thumb did have
slower movement times towards the furthest targets at 264°, 288°, and 312°, compared to the

other movement angles, as expected (with 288° likely alisqg lrefluenced by order effects).

For the thumb, going from the bottemght to the top left of the screen, and vice versa, resulted
in slower movement times. The thumb condition had noticeably faster movement times for the
bottomtleft-to-top-right crossquadrant, compared to the other quadrants. This may be due to

reach.

For the index finger, going from the top of the screen to the bottom of the screen had noticeably

slower movement times, compared to going from the bottom to the top of the screen.
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Figure3.34 tMovement timgin milliseconds) versus selection angle, for thevitiwation and
vibration conditions. The larggcreemand small MCDU screen have been excluded from this
average, as well as anarnicipants that used their Idfands.Note that any increase in

movement time at 192°, 288°, 24° and/or 120 may be partially due to order effects.
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Figure 3.35 Movement time in milliseconds per creggsadrant motion, for the Finger X
Vibration conditions The large screen and small MCDU screen have been excluded from this

average, as well as any participants that used theindefts.

Figure 3.34|andFigure3.35/show that the index finger position had faster or nearly equivalent

movement speeds to the thumb, on average, across all selection angles, even under

vibrationFigure3.35

3.6.2 Error Rate per Selection Angle

The following grajps show error rate, in percent, versus selection angle. These are average
values across target sizes, amplitudes, participants that used their right hands, and the iPad MIP

iPad pedestal and medium MFD screens.
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Figure3.36 HPercent error rateersusselectiorangle, for the index finger and thumb conditions.
The largescreerand small MCDU screen have been excluded from this average, as well as any
participants that used their ld¢fands. Note thainyincreasen error rateat 192°, 288°, 24°
andor 120 may beartially due to order effects.
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Figure3.37 tPercent error rate per creggadrant motion, when using either the index finger or
thumb. The lage screen and small MCDU screen have been excluded from this average, as well

as any participants that used their-tedinds.

Figure3.36landFigure 3.37|shows that the index finger had a lower error rasgs tthe thumb

across all target angles, on average.
The graphs for the index finger and thumb appear similarly shaped.

The index finger had higher error rates when moving from the top of the screen to the bottom of

the screen, compared to the inverse nmtio
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Figure 3.38 xError rateversusselectionangle, for the nevibration and vibration conditions.
The largescreerand small MCDU screen have been excluded from this average, as well as any
participantsthat used their lefhands.Note that any increase in error rate at 192°, 288°, 24°

and/or 120 may be partially due to order effects.
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Figure3.39 xError rate per crosguadrant motion, for the Finger x Vddion conditions The
large screen and small MCDU screen have been excluded from this average, as well as any

participants that used their ldfands.

[Figure3.38landFigure3.39show that under vibratia, the index fingeand thumb had similar
error rates acroselection angles.

3.6.3 dx per Target Angle

The following graphs show dx, in centimeters, versus selection angle. These are average values
across target sizes, amplitudes, participants that usedititei hands, and the iPad MIP iPad
pedestal and medium MFD screens.

These graphs help reveal if participants consistently offset their taps in one direction or the other,
from the target. Alegative dx value means that the taps were offset towardsnber of the
screen whereaspositive dx value means that the taps were offaety from the centesf the

screen

Note, for the graphs in this subsection, that the negatigas&nger than the positive axes (the

graphs are not symmetrical around 2ero
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Figure3.40 - dx (in cm) versus target angle, for the index finger and thumb conditions. The
large screenand small MCDU screen have been excluded from this average, as well as any

participants that usktheir lefthands.
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Figure3.41 +dx (in cm)per crossguadrant motion, when using either the index finger or thumb.
The large screen and small MCDU screen have been excluded from this average, aanyell as

participants that used their l¢fainds.

Figure3.40landFigure 3.41{show thathe dx values are as close or closer to zero (less offset)

for the index finger, compared to the thumb, across all targges.

The shape of the graphs for the index finger and thumb appear similarly shaped. There was an
average negativex offset (closer to the center of the screen) when selecting targets towards the
left side of the screen, especially targets towarddotimleft, for both the thumb and index
finger. There was an average positieoffset for targets towards the right side of the screen,

for both the index finger and thumb.
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Figure3.42 - dx (in cm) \ersus target angle, for the Finger x Vibration conditiohke large
screen and small MCDU screen have been excluded from this average, as well as any participants
that used their lefhands.
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Figure3.43 dx (in cm) per crossguadrant motion, for the Finger x Vibration conditioi$he
large screen and small MCDU screen have been excluded from this average, as well as any

participants that used their ldfands.

Figure3.42landqFigure3.43|shows that, under vibration, the dx values are as close or closer to

zero (less offset) for the index finger, compared to the thumb, across all target angles.

3.6.4 Summary of Selection Angle Results

Under vibration, the indexirfger had similar error rates and dx offsets to the thumb across
selection angles.It also had similar or faster movement times to the thumb across selection
angles, with faster movement times for motions from the belédino topright, as well as from

thetop-right to bottomleft of the screen

The index finger had faster movement time and lower error rates when moving from the bottom

to the top of the screen, compared to the inverse motion.

The thumb had faster movement times and lower error rates mbeing from the bottom left

to top right of the screen, compared to the other aeyjaaslrants.
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For both the index finger and the thumb, there was an average negative dx offset (closer to the
center of the screen) when selecting targets towards thakeftfshe screen, especially targets
towards the bottoreft. For both the index finger and the thumb, there was an average positive

dx offset for targets towards the right side of the screen.

In addition to reach and biomechanics, the visibility oféggsgnay have played a role in these

results. When using the index finger, the bottom targets were more obscured than the top targets,

as shown ifFigure3.44] When the index finger was selecting the top targets, the hand tended

to obscure the next target, which was towards the bottom of the screen. When the index finger
was selecting the bottom targets, the next target, which was tothartip, was clearly visible.

As a result, in addition to biomechanical and reach considesatwisibility mayhave adversely
effected target selectiomswards the bottom of the screen, compared to the top, when using the

index finger

Figure3.44 +Composite image made by combining 15 imagéh the index finger touching
each of the 15 targets. As can be seen, the bottom targets tend to be obscured, while the top

targets are more visible.
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When using the thumb, the targets closer to the hand (towards the right, for-laarigktl

participant)were obscured when selecting targets farther from the, lagreken ‘ﬁigure3.45

However, while selecting targets closer to the hand, the targets far from the hand (towards the
left, for a righthanded participant) were cleaxlisible. As a result, in addition to biomechanical
considerations, it is possible thratach adversely effected target selectimmgards the left side

of the screen, while visibility adverly effected some of the target selectitmsards the right

side of the scree(for right-handed participants)

Figure3.45 +In the hanesupport (thumb) condition, when reaching for a far target, the hand

often hides the next target, which is located closer to thé.ha
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3.7 Questionnaires

3.7.1 Debriefing Questionnaire

None of the questionnairesswersprovided satistically significant results, as shown in the
table of $ results below Despite this, he questionnaire results are presented here for

completeness, and the additional insight they may bring.

Table3.21- $results for the questions on the debriefing questioena

Question $ Result

Difficulty impact of vibration (slightly more,| $¢n=2273.36, p>.05
moderately more, much more)
Did hand support helpr hinder you? $(2.n=2270.64, p>.05
(Helped/Hindered/&@metimedHelped
Most liked screef(iPad, large toucmonitor, | $3n=2172.05, p=05
medium MFD screen, small MCDU screen
Least liked scree(iPad, large touch monitol $n=2y=4.71, p>.05
medium MFD screen, small MCDU screen
Preferredposition (MIP or Pedestal) $u.n=19=.06, p>.05

Two participams did not answer any questions. One participant did not specify which screen
they most liked. Another participant did not specify which screen they most disliked.

The first five participants originally tried the medium MFD screen in both MIP and pkdesta
positions, and answered the questions based on that experience. The medium MFD screen did
not fit properly in the pedestal position, and was too far to the side. Based on their experience
with the medium MFD screen, which was too far, all five of tipesécipants preferred the MIP
position to the pedestal position. These five participants then came back to the lab, to redo the
pedestal conditions on the iPad. However, they were not asked whether their preference for
screen position had changed, lthea using the iPad instead of the medium MFD screen. As a
result, the preferences of these five participants have been excluded from the preferred position

analysis.

Five of the participants had a pegisting bias towards preferring the hasupport (tlumb)
condition. Four out of the five claimed that it helped, with one out of the five claiming that it
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did not help. Their preferences have been included. However, note that the results-for hand

support preference may be skewed by this bias.

Figure3.46 - The number of participants who answered either slightly more, moderately more
RU PXFK PRUH W RHoW HidHvibratidrvimphadR ypur ability to complete the task?

7TKH LOQOWHUSUHWDWRURQGRIIEFROVWKWORRGHUDWHO\ PRUH GL
GLIILFXOW" DSSHDUHG WR EH SDUWLFXODUO\ VXEMHFWLY
interpretations. )RU WKRVH SDUWLFLSDQWY ZKR H[SOLFLWO\ DVN
difficut " DQG *OHVV GLIILFXOW"™ ZHUH DOVR DFFHSWDEOH UHYV

asked ended up selecting these options.
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Figure3.47 +The number of participants who answered H O, S*HKG& Q G, HiUsb@étimes
K H O $Hh8 question of whether the hand support (thumb condition) hetgeddered them

Those who replied that the hasdpport helped felt that it helped on some screens, but not
others. Of the participants who said that the hand suppometimes helped, many of them
mentioned that it did not helpn the iPad. Some pdepgfound it helped on the small MCDU
screen only. Some people found that it helped on the mddiihscreen only. &ne people

found that it helped on bothe smallMCDU screen and medium MFD screen.

Some people preferred holding the screen from the top, as was done on the small MCDU screen.
Some people preferred holding the screen from the side, as was done on all the other screens.
Many people mentioned that, whbalding the screen from the top, their vision of the targets

was obscured, and they needed to shift their head to the side, to be able to see around their hand.
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Figure3.48 £The number of participants whespoQGHG 30,3HRHVAEDO" WR WKH -
3:KLFK VFUHHQ SRVLWLRQ ZzDV WKH HDVLHVW WR XVH"’

Many of the participants who preferred the pedestal position mentioned that the MIP position as
more fatiguing on their arm. Many of the participants who predethe MIP position liked that

it was directly in front of them. They found the pedestal position more fatiguing on their neck,
DQG GLGQTW OLNH KDYLQJ WR ORRN RYHU WR WKH VLGH D(

Figure 3.49 =The number of partitt SDQWYV ZKR UHVSRQGHG ZLWK WKH 3
SPHGLXP 0)' VFUHHQ  RQDW RN "WWR RF¥HN 17D GWhidlvVoMhesQeehs

did you like using the most?
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Figure350- TKH QXPEHU RI SDUWLFLSDQWY ZKR UHVSRQGHG :
SPHGLXP 0)' VFUHHQ " 2ODUJH WRXFK PR Q\@hithPotihe sRreerisL 3D G ”

did you most dislike using?

JRU WKH T XWhich\bE tReEcRrens did you most dislilkeng?” PDQ\ RI WKH SDUWL
who chose the medium MFD screen spoke about its lack of responsiveness, and the fact that it
occasionally did not register their clicks, which they found frustratifay.those who chose the

iPad, some participants mentezhthat they did not like the way the selection task was presented

on the iPad as much, versus how it was presented on the other screens. Other participants
mentioned that the iPad seemed too sensitive, for tf&eme participants did not like having

to grab behind the screen, for the hamgbport condition.Those who disliked the large touch

monitor found it too large. Several of those who disliked the small MCDU screen found it too
VPDOO DQG ZHUH IUXVWUDWHG E\ W Kdicovtihub\toure Dext@riaV L1H R |

on GoFitts, which was very difficult to click.

JRU WKH TXWhitNMoEtReFcrRénd did you like usingthe mostY¥ RPH RI WKH SDUW
who chose the iPad cited its familiarity to them and its quick responsivenegsyftiney liked

it. Several of those who liked the medium screen felt that it provided a bettesuygmatt in

the thumb condition. Other liked it because it was a real avionic touchscreen. Those who liked
the large touch wnitor found it very responge. Some people noted that they liked the tactile

way it felt, when clicking it (absorbed taps a bit differently than the other screens. It had a bit

of give to it, when clicked). Those who liked the small MCDU screen also found it very
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responsiveandliked its small size. Some of those who liked the small MCDU screen or the

medium MFD screen liked that they were not too sensitive.

3.7.2 Comfort Questionnaire

The first five participants have been excluded from these questionnaires, since they answered
the questions while using the medium MFD screen in both conditions, rather than the iPad (these
participants then came back to the lab, to use the iPad in the pedestal position, but were not asked
to redo the comfort questionnaire). For two of the particip#meg, questionnaire on one of the

four conditions was missing. As a result, the comfort questionnaire results from these two
participants were also excluded. In summary, the comfort questionnaire results from only 17 of

the 24 participants were retained

Due to therelatively low number of participantshat could be included for the comfort
guestionnaire resultand the relatively minor differencedserved in the graphs below, an
attempt has not been made to perform a statistical analysis on the. reBéisresults are
presented here for completendsst the following graphs, the median rating for each condition

is shown. Note that a high value denotes higher comfort (better) and a low value denotes lower

comfort (worse). All ratings were measuredaLikert scale from 1 to 7.

Figure3.51 £The median general comfort Likert rating (a higher value denotes higher comfort,
while a lower value denotes lower comfort) in each iPad index finger condii@hdenotes
the iPad in the MIP position, without vibration. iFV denotes the iPad in the MIP position, with
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vibration. iIFUP denotes the iPad in the pedestal position, without vibration. iFVP denotes the

iPad in the pedestal position, with vibration.

Figure 3.52 - The median finger fatigue Likert rating (a higher value denotes higher comfort,

while a lower value denotes lower comfort) in each iPad index finger condition.

Figure 3.53 - The median wrist fatigue Likert rating (a higher value denotes higher comfort,

while a lower value denotes lower comfort) in each iPad index finger condition.
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Figure3.54- Themedian arm fatigue Likert rating (a higher value denotes higher comfort, while

a lower value denotes lower comfort) in each iPad index finger condition.

Figure3.55- The median shoulder fatigue Likertirag (a higher value denotes higher comfort,

while a lower value denotes lower comfort) in each iPad index finger condition.
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Figure 3.56 - The median neck fatigue Likert rating (a higher value denotes hagimefort,

while a lower value denotes lower comfort) in each iPad index finger condition.

As mentioned previously, during the debriefing questionnaire, several participants mentioned
that the MIP position caused more arm and shoulder fatigue, whereasidstgb position was
a bit more fatiguing on the neck and required a slightly worse posture, since it required looking

down and to the side.

3.8 Additional Observations

While using the hand support, the participants tended to rest two of their fingerssiaetioé

the screen, while extending their thumb to reach far targets. As a result, having a deeper flat
edge, like on the small MCDU and medium MFD screen seemed to provide a better hand
support, versus the rounded, thin edge of the iPad.

Like many aviont touchscreens, the MFD screen used in this studybeael keys. In the case

of this MFD screenthekeys protrude outwards from the bezel, as shoWfigare3.57] We

ran a preest, just among the research investigatorsptthgough the experimental procedure
before inviting participants.During this pretest, in the harglpport (thumb) condition, we
accidentally clicked in and activated these bezel keys several times, while reaching for targets.
Some of these bezel keysapped video input to the display. Hence, when they were pressed,
WKH VFUHHQYfY FRQQHFWLRQ WR WKH FRPSXWHU UXQQLQJ :
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the task until the connection waseastablished. After this happened several times in a short

period of time, we decided that we needed to attach a barrier over the keys to prevent them from

beingaccidentally clicked.This barrier, covering the bezel keys, is showRigure3.58

Figure3.57 £tWhen using the bezel edge as a hand support, the protruding bezel keys of the
MFD screen were accidentallyicked on several occasionghile reaching for a target.
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Figure3.58 *A barrier was affixedo the bezel, in order to cover the bezel keys, to prevent

them from being accidentally activated in the hangdport condition.

As mentioned previously, participants had trouble reaching the furthest targets, in the thumb
(handsuppat condition).

Some patrticipants naturally tried to use their knees as an arm support, especially in the index
vibration condition and especially as they became more tired over time. There was a structural
support bar directly under the chair, and sonmé@pants naturally wanted to rest their feet on

it and bring their knees higher. They then tried to use their knees to support their arm, in the
indexvibration condition. They were discouraged from doing this, and told that their arm should
not be suported. However, this may be a viable strategy on some aircraft. In some aircraft, the

layout of the chair (which can sometimes be low and tilted back) and the screens (which are



177

sometimes much lower than in this study) could allow pilots to rest tineiomtheir knee, while

using the touchscreen.

Some participants tried to support their arm with their other hand, especially in the index
vibration condition, and especially as they became more tired over time.

The posture of the participants tended tangdde over time, especially as they became more tired.

Some participants tended to slouch more when using the pedestal screen.

Participants tended to lean forward to use the screens, especially under vibration. This was
especially true for participantsathad trouble selecting the targets, some of whom leaned

forward to a significant degree.

Some prticipants reported feeling fatigliafter prolonged use of the touchscrearspecially
under vibration. They reported that both the index firffyeehand)and thumb (handupport)

conditions were fatiguing over time.

Participants tended to become much more familiar with the task and target sequence over time.
They tended to select targets more quickly by the end of the experiment, and were slower towards
the beginning. The participants who started off selecting targets quickly tended to maintain a
fast pace throughout. The participants who started off selecting targets slowly tended to speed
up much more over time (this is a general impression; we hawbjsatively quantified this to

confirm it).

As mentioned previously, none of the screens had visual feedback to denote an error. However,
the small MCDU screen, medium MFD screen and large touch monitor were hooked up to a
computer as touch monitors, ttvia finger tap being treated the same way as-alettse click.

As a result, the mouse cursor moved to the position of each finger tap, providing feedback for
where the tap was registered. In addition, the large touch monitor showed a subtle epple eff

for each tap: a transparent circle appeared, centered on the finger, and expanded in size while
decreasing in opacity. This transparent circle was larger than the finger, and so was not hidden
by it.

When using the small MCDU screens, participantsevesked to hold the screen from the top,
rather than the sides, due to limitation in how the frame was built, for this screen. Some

participants found this more comfortable, while other participants found it less comfortable and
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more awkward. In generdiolding the screen from the top seemed to result in poorer visibility

of the targets. The participants needed to shift their head to the side, to look around their hand.
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',6&866,241'/,0,7%$7,216

This sectionreviews the objectives of this stugdyhen it summarize the main findings per
objective and compase¢hem withprevious studiedt highlights the implications fothedesign

of avionicinterfacesandconcludes withthe limitations and future research questions.
The goals of this study, as sdem in the introduction, were:

1) Quantify the impact of vibration on o#e&nded target selection task performance by
providing throughput values measured in controlled, representative helicopter cockpit
conditons 8VH WKIBEBMPWILRQ Sdtannéhd€edin Wiy d41441
standardand the methods recommended by Soukoreff and MacKenzie to measure and
calculate throughpyi8, 24}

2) Compare the effectiveness of using the edge of the screen as a hand support, versus using
the touchscreen without any suppotRU D ' )LWWVY VHOHFWLRQ WDVN
against those of Hourlier and Servarfis].

3) Compare selection task performance on real avionic touchscreens of representative sizes,

versus commercial touchscreens.

4) Compare selection task performance for touchscreens located at two positions: Main
Instrument Panel (MIP) position (directly in front of the pilot and at a vertical incline)
versus the pedestal position (beside the pilot &aacharizontal incline). Compare these
results against Coultts et al., who measured selection task speed and accuracy in different

screen positions, but did not provide throughput vallés

5) Confirm the impact of target size on error rate under vibration and compare the results
against those dkvsar[44], Avsar et al[45], and Coutts et aJ16].

4.1 Quantify the Effects of Vibration on Selection Task
Performance, Using a Standardized Methodology

Vibration had a significant impact on task throughput. On average, atiresgeens andand

support (finger) conditionsthroughput was 6. bits/secondin static conditionsversus %.



180

bits/second under vibration. As a result, on average, throughput was around 13% lower under

the vibration condition tested herghen compaie against the static condition

Looking at the error rate for these same two averaged condttiens was an error rate of 3%
in static conditionsversus 1&% with vibration. Hence the error rate went up by a factor of 1.6

times, due to vibration.

When considering just the index finger {handsupport conditionexcluding the large touch
monitor), the average throughput was Bi&/secadin static conditionsversus 5. bits/second
under vibration. As a result, there was around a 16% decrepsdanmance under vibration,

on average.

When looking at the error rate for these same two averaged conditions, there was an error rate
of 9.0% in static conditions versus 16.7% with vibration, when using the index finger

unsupported.This is a 1.9 timg increase in error rate.

When considering just the thumb (hasupport condition, excluding the large touch monitor),
the average throughput was 6.1 bits/seconstatic conditionsversus 5.5 bits/second under
vibration. As a result, there was around(®b6 decrease in performance under vibration, on

average.

When looking at the error rate for these same two averaged conditions, there was an error rate
of 12.3% without vibration, versus 17.0% with vibration, when using the thumb with the hand
supported @ WKH VFUHH QMg i€aHl] 4Htineld Bciddse in arrate.

Since we have used a standardized methodologyamiined speedccuracyvalue for our
study, our results can be compared to those in other studies that used the same or similar

methalology.

The touchscreen throughput vale found under vibration, of 5hits/second, is higher than

the throughput values for other types of common input deuceasuredn static conditions,
given by Soukoreff and MacKenZig8]. Soukoreff and MacKenize gave throughput values of
between 3.#4.9 bits/seconds for a computer mouse in static conditions. In the context of
aviation, DoyorPoulin and Routhie[74] found a throughput value of 1.9 bits/second for a
cursorcontrol device in static conditions, positioned in a representative cockpit layout. Hence

their throughput value for a cursor control device, under static conditions, was 3 times less than
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the throughput value we have found in this study for a touchscregervibration conditions.
LetsuDake et al[75] reported throughput values of 1.3 bits/second when using a cursor control
device under turbulent conditions (so arourtsl #mes less than the throughput value we have
reported for touchscreemnsmder vibratiol, although their vibration level appears to have been

higher than the one used in our study.

We found average error rates of.2% in static conditions, versus B8 under vibration. Lin

et al.[8] reported an average error rate of 7.3% for touchscreens, averaged across both static and
vibration conditions Howeverthey used lower vibration lelgs and larger average target sizes

(they used a target size range .5 cm, whereas we used a range frora20cén). In addition,

their screens were likely closer to the participants, since they were using an office desk layout,
and they had younger gigipants on average For a mouse and trackballin et al. reported
average error rates of less than,28ross all vibration levelsLin et al. found thaerror rate
increased faster for the touchscreens, compared to the mouse and trackball, redtsingc

vibration and decreasing target sizes.

LetsuDake et al[75] found error rates of 1.7% to 5.68hen using a cursor control device
under vibration levels higher thahase used in our study, with tresror raterange including
conditions vhere participantsised their nosdominant hansl Although LetsuDake et aldo

not specify their target size directihey appear to have used a target that¢ was in the range

of 0.81 cm In our studywe founderror rats, under vibratiorand averaged across all screen
and finger conditionsof 34.2% and 21.2%, when using target sizes of 0.8 cm and 1 cm
respectively As a resultit appears as though the error rate on toueless may bmuch higher

than when using a cursor control deviespecially under vibrationonditions and espcially

for small target sizes.

4.2 Compare the Effectiveness of Using the Bezel Edge as a Hand

Support, Versusa Freehand Baseline

We found no cleabenefit to using a harsupport under vibration for the ISO standard multi
directionalpointing task{24], while it provided a clear hindrance in ts@ticcondition. This

applied for both throughput and error rate. It applied acrbssrgét sizes ahamplitudes.
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Our experiment was not designed to investigate the impact of selection angle. Nevertheless, we
performed a validation analysis to compareeragemovement time, error rate armhe
dimensionaloffsetfrom the target center (dyer movementragle. This analysis showed no

clear benefit from the harglpport, across all movement angles.

Under vibration, the throughput was an average of 5.7 bits/second when using the index finger
unsupportedexcluding the large touch monitor, since it couldb®tested in both harglipport
conditions) It was an average of 5.5 bits/second when using the tiismpiportedl Under
vibration, the error rate was an average of 16.7% with the index finger unsupported. It was an

average of 17.0% with the thunfitard supported on the bezel edge

This result is in contrast to tHRAE ARP60494 standard, which recommends using the bezel
edge as a hand suppfit®]. Itis in contrast to the qualitative observations of Coutts ¢1@],
who also looked at a multlirectional pointing task but did not control for haswpportand did

not explicitly test it against a freehand baseline.

Cockburn et al[13] also qualitatively observed that the haswuppot was helpful to the
participants, in contrast to our results, without controlling for keupgport and without
explicitly testing it against a freehand baseline. Cockburn et al. conducted a 2D target selection
task, but their task design did not folloetISO standard multirectional pointing tasi24].

Dodd et al[17] also qualitatively observed that the hasupport was helpful to the participants,

in contras to our results, without controlling for haistipport and without explicitly testing it
against a freehand baseline. Dodd et al. conducted a menu navigation, data entry and map
panning task, in contrast to the ISO standard rairéictional pointing taskised in our study

[24].

Hourlier and Servanti¢l5] did explicitly testa handsupport condition against a freehand
baseline, and found that the haswpport reduced error ratélhe task they ta participants
SHUIRUP ZDV QRW D )LWVwWé&reWjenerally,Vigartidibanks S&lectR@eridsDoy N
targets, in a predictable pattern, in rapid successidhgyhad participants press a circle, drag

it to a target, and release it. They ondyported a comparison between the hangport and
freehanccondition forthe3s SUHVV™ FRPSRQHQW RI WKLV WDVN 7KH GLI

ours may explain the differences between our results.
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There are several other facttinst could explain Wy Hourlier and Servantie found a benefit to

the hanesupport, while we did not:

1.

It is possible that tasks focused on slow, precise selection may benefit more from having

a hand support than those requiring quick selection of a sequence of faogetdsk

that requires the participant to carefully align their hand over a target and then
VXEVHTXHQWO\ VHOHFW LsWport\Wigi\beDeneficiaihOtaskhded® W D K
in our studyls more representative tfping on a sofkeyboard31]. However, it may

not be representative of a task where someone deliberately selects one menu option at a
time, searches through a list and then selectgton, or selects a button multiple times

to move forward or backwards through a list. In some of these cases,-aupgdt

may allow the user to deliberately align their hand with a button or section of the screen,
before tapping downwards. It magahelp keep their hand aligned, if selecting a button
multiple times.$V D UHVXOW LW LV SRVVLEOH WKDW WKH 3¢

Hourlier and Servantie was one of these slower, more deliberate selection tasks.

Hourlier and Servantie usedarty double the magnitude of vibrati@empared to our

test (1.5 m/s2vs. 0.7 m/s2). It is possible that having a hauwgpport may become
beneficial at even higher vibration levels than those used in this studyr study, the

freehand condition perfmmed much better than the hand support condition in static
conditions, but the difference became smaller under vibrats a result, it is possible

there is a crossingoint at which the handupport eventually becomes beneficial, under

higher levels d vibration. However, note that the vibration levels usedunstudy are

TXLWH KLJK UDWHG DV 3IDLUO\ XQFRPIRUWDEOH" LQ \
[10]), and pilots may need to concentrate on other aspects of flying and may avoid using

the touchscrens at very high levels of vibration.

Hourlier and Servanti® HDVXUHG HUURU UDWH RQ MXVW WKH 3SU
It is unclear whether participants knew their accuracy was being measured on this
component of the taskit is possible thaparticipants naturally terd to move faste

when their hand wasnsupported, and tead to move slower when their handas
VXSSRUWHG 6 L Q melenteht Yim&/iS&ldtecdtd accuracy, this could have
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caused more errsin the unsupported condin, if participants did not know that their

accuracy was being measured

4. 7TKH VFUHHQ SODFHPHQW LQ RXU VWXG\ ZDV GLIITHUHQ\

which could havdad an impact.

Given that the task used this study to compare between hasubport conditions is quite
different than that used by Hourlier and Servafittd, there is currently no evidence to support
using a hangupport under vibration for tasks that are well repmésd bythe ISO 9241411

multi-directional selection tagR4].

4.2.1 Hand Support Reach

The handsupport limited the range of movement of the hand and made it difficult to acquire
targets farther from the edgelhis prompted the participants to adopt certaindrsupport

strategies, to increase their reach and flexibility when moving between closer and further targets.

When using the MFD, grticipants found that resting the tips of their fingers on the side of the

screen offered the most flexible strategy t@ctemost ofthe targets (s¢ieigure4.1).

Figure4.1 A participantholdingonto the MFD screen, during the hand support condition.
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Reaching the farthest targets of the MFD anddiBereens was difficult in the hand support

condition (sefFigure4.2). For many participants, the farthest targets were at the edge of their

reach. They extended their hand fully while resting their fingers flat on the side sdrden.

Figure42 +)RU PDQ\ SDUWLFLSDQWYV WKH IDUWKHVW WDUJHWYV
VXSSRUW" FRQGLWLRQ IRU ERWK WKH 0)' VFUHHQ DQG L3D

With the MCDU screen, since it was smallwis much easier to reach fully across the screen

to the farthest targetsvhile maintaining a firmer grip on the bezel edge|@&Egare4.3).
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Figure4.3 tHand support with themal MCDU screen

4.3 Compare the Performance on Avionic Touchscreens Versus

Commercial Touchscreens

When looking at both throughput and error rate, in combination, the commercial iPad performed
the worst, among all the screens. This may have been due tertifsrin the 2D target selection
task interface on the iPad versus the other ssreknparticular, the audio feedback for errors

lagged behind the error evefdr the iPad

The medium MFD screen performed second worst, considering both throughputcandte.
This was to be expected, since it occasionally did not register taps. This lack of responsiveness
may have been due to various workarounds that were done to be abten&xtit as a touch

monitorto a Windows computer.
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The small MCDU screerand large touch monitor performed the best, considering both

throughput and error rate.

Overall, with the previously mentioned caveats tloe iPad and medium MFD screen, the

avionic touchscreereppeaedto performreasonably well against the commeromldhscreens.

Most importantlytherange otthroughput values measured &vionicstouch screen€.8- 6.6
bps)were twiceas fast athe throughput of traditional input devices used in the flight deck: track
ball (3.0 bps)joystick (L.6- 2.5 bps)prtouchpad (1.0 2.9 bps)8]. Note that these values were
measured in static (nenbrating) conditionsOur findings support the use of touch screass

an efficient input devicen the flight deckas it outperforms other input devioegen undethe
vibrating conditiongested in this study, in terms of throughptitowever, note that the error
rate on touchscreens was very high for small target sizes, in both vibratistaocbnditions.

As a result, appropriately sized targets are necessary when integrating touchscreens into the
flight deck. In addition, the vibration profile used in this study corresponded to normal 120 knot
flight conditions in a Bel412 helicopter. We nige the assumption that backup input devices,
other than a touchscreen, would be provided for conditions with higher lewasaifon, such

as under turbulence or in abnormal flight conditioms.addition, some participants reported
feeling fatigued aér prolonged use of the touchscrediath with and without the harslipport

As a resultprolongedtouchscreen use in the flight deck may cause fatiguaddition,in our
study, theparticipants were allowed to fully focus on the target selectiln ta a real cockpit,
pilots may split their attention between multiple tasks and distractions.

4.4 Compare Task Performance with the Touchscreen in the Main

Instrument Panel Versus Pedestal Positions

There was a significant difference between througlapdterror rateon the iPad in the main
instrument panel versus pedestal positions. This difference was not significant without vibration,

but became significant with vibration.

In static conditionghe average iPad throughput (averaged adrodshanesupport conditions)

in the main instrument panel position was 6.5 bits/second, versus 6.6 bits/second for the iPad in
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the pedestal positionThe average error rate was 14.9% on the main instrument panel, versus
13.2% on the pedestal.

With vibration, the avexge iPad throughpuayeraged acrossoth hanesupport conditionspn

the main instrument panel was 5.4 bits/second, verdudits/second for the iPadn the
pedestalThis was a 10% decrease in performance when usinBaleon theviIP compared to

the pedestaln vibration conditions The average error rate was 25.6% on the main instrument

panel, versus 17.8% on the pedestal.

We observe@n average decrease in throughpfut6% due to vibratioon the main instrument

panel Whereas, on the pedesthk taverage decreasetimoughputdue to vibration was 9%.

This points to the importance of screen positioning when attempting to reduce the impact of

vibration.

The results of Coutts et al., who measured error rate and movement time, did not show a clear
improvement in the pedestal positi@empared againghe main instrument pangl6]. Coutts

et al. found a higher number of errors in the pedestal position, compared to the main instrument
panel position, especially for smaller target siZélsey didnot that inpedestal positionertain
tapswere not registered, which did not happen in the main instrument panel poBiiemight

explain the discrepancy between oesults and theirs Another possibility is thaheir screen

was larger, and itposition may have been slightly fartreway,towards the side. In our pre

study, we observed, qualitatively, that placing the screen too far to the side had a large impact
on the usability of the pedestal scrdmns was based on feedback from five participants, who
noted that the screen was ially too far, and based on our own observatioriBje pedestal
screen in particular may be quite sensitive to where it is placed, with just a few inches further to

one side making a large difference.

When using thescreenin the MIP position, we observeittatthe SDUWLFL SDvigi VY KD (
outstretched and elevated. Under vibration, this likely put more torque on the shoulder, since
the weight of the arm was at a further distance. In the pedestal position, the arm was extended
more downwards and less outds. As a result, the vibration likely acted on less of a lever arm
especiallysince the vibration profile used in this study was solely in the vertical axis. It may be

less true for vibration profiles that include higher levels of vibration in ther cikes.

Participants who liked the pedestal position over the MIP position tended to find it less fatiguing
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on the shoulder and arm. Those who liked the MIP position over the pedestal position liked that
it was directly in front of them, requiring them tiarn their head lessyhich put less strain on

their neck and @vethem a clearer view of the screen.

4.5 Effect of Target Size on Error Rate

The independentariablethat most impacted error rate was target Sibe.impact of target size

on error rate appead to be exponential, for the target sizes tested in this stirther vibration,

the error rates per target siséhenaveraged acrosdl finger and screeconditions, were: 32%

for a target size of 0.8 cm (0.3 inches),224 .for a target size of Int (0.4 inches), % for a

target size of 1.5 cm (0.6 inches), andP4 for a target size of 2 cm (0.8 inches). The error rate
varied significantly between screens, with some screens have lower error rates than this average,
and some having higher errates. Since therevereno consequences to making errors and
participants were not asked to prioritise accuracy, these error rates may be higher than in a real
task. However, on the other hand, the participants could focus their attention on this gne task
and where not asked to split their attention between multiple tasks and distractions, as a pilot
might need to. Hence, the error rate re@ported hereould alternatively be lower than in a

real cockpit environment during flightAs a result, th@bsolute error rates shown here should

be regarded with some caution. However, the relative error rates do provide insight and show

an exponential relationship.

This exponential relationship between error rate and target size matches the findings ef Avsar
al.[45], andCoultts et al[16]. Avsar et al. reported lower average errdaeséhan in our study

with the screen in a fixed position, of 12% for 1 cm targets, 5.3% for 1.5 cm targets, and 2% for
2 cm targets. Coutts et akported number of errgrsather than error rate, and had the
participants attempt to 1&elect targetd they missed them, making it difficult to compare our

results against theirs

Our study found a significant interaction effect on error rate between target size angdasateen
target size andibration As a result, it may be difficult to come up with error rate per target

size graph that applies for all scenariag;kpit layouts and interfaces. Further testing may be
required for each specific context, in determining an appropriate target size and acceptable error
rate.
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We looked at the size of tloércle containing 96% of tagoints(W96%) versus target width
(W). In static conditbns, averaged across all screen and finger conditeotarget size of:
W=0.8 cm resulted in W96%=3cm; W=1 cm resulted in W96%=1.4 cm; W=1.5 cm resulted
in W96%=16 cm; W=2 cm resulted it.8 cm.

Under vibraton, averaged across all screen and finger condijtimnarget size of: W=0.8 cm
resulted in W96%=1.6 cm; W=1 cm resulted in W96%=1.7 cm; W=1.5 cm resulted in
W96%=1.8 cm; W=2 cm resulted in 2.0 cm.

When lookingjust at the W=0.8 cm target size, we compared the W96% size across different
Finger x Vibration x Screen conditions. When usimgindex finger under vibraticat a target

size of W=0.8: the iPad in the MIP position had a W96% of 1.8 cm; the iPad pedestal
position had a W96% of 1.6 cm; the latgach monitoihad a W96% of 1.5 cm; the MFD screen
had a W96% of 1.4 cm; and the small MCDU screen had a W96% of 1.4 cm.

7KLY PHDQV WKDW HYHQ ZKHQ SUHVHQWHG Zltay poirds WD U J I
tended to be distributed over a zone, centered on the target;Jo8Xrh (with 4% of taps being

outside this zone), depending on the screen being considered.

4.6 Effect of Target Distance on Error Rate

In addition to the impact of target size error rate, we also looked at the impact of target

distance orerror rate.

For the freehand condition, the error rappeared to increaseearly with increasing distance
between targefover the amplitude conditions tested in this study

For the hanéupport condition, the error rate increaseore between the medium and largest
amplitude conditionscompared to between the smallest and medium amplitude condifibiss
was likely because the largest amplitude condition was at the limit of thelp&xQW VY UHDFK

4.7 Implications for design

This study has implications for the design of avidoiechscreen interfaces
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The multidirectional selection tagR4] used in this study has been shown to be representative
of onehanded typing on a sekeyboard[18, 31] Thus, the results of our study are most
applicable to the task of off@nded typing on@uchscreen sekeyboard that spans the screen.

Based on our findings, the two smallest target sa&e8.8 and 1 cnshould be avoideth
touchscreen interfacdsr the flight deck given their very high error rate$his finding is
important as these are the smallest widget sizes present on anterfigcesthat use pointing
devices (exTrackbal), as mentioned toslby aviation experts, and as impliedlistsuDake et
al.[75]. Larger targets athusrequired for touchscreen interactidhen shown a small target
size of 0.8 cm, paxtipant tap points resulted inV#96%size of1.4-1.8 cmunder the freehand
vibration condition, depending on the screen being consideFats means that, even when
SUHVHQWHG ZLWK D WDUJHW VL]H RI FP WKKERI®EUWLFLS
azone centered on the targef,1.4-1.8 cm (with 4% of taps being outside thtsg, depending

on the screen being considered/hen presented with larger targets, the participant tap points
spread out moreyith an average W96% value a8fcmwhenthe participants werpresented
with a 2 cm target, undéreehandvibration conditions In comparison,lte MIL -STD-1472H
standard67] recommends minimum target size ot.5 cm fortouch targetgexcept thosen
touch keyboards and suggests artpet size of B cm, without providing a minimum, for touch
keyboards At a 1.5 cm target sizeye found a averaga&V96% size of 1.8 crmyndervibration

conditions

We found better performance and reduced error rate waditipants used the screen on the
pedestal compared to the MIP under vibratidata entryintensive formats, such as the Flight
Management System (FM@nd checklist applicatiorgould be presented on a touch screen
locatedon the pedestab make thenmore robust teerror under vibration This follows the
recent trend of aircraft manufacturers that favimteractive formats on the pedestal or side
console whereas displays on the MIP are mostly for presentatimmaiteractiveinformation,

ex. Primay Flight Display (PFD).

We found no clear benefit to using a hasugpport under the levels of vibration tested, and there
was a clear detriment to using it without vibration, when performimgltidirectional selection
task. Under vibration, increasintpe target sizprovideda much larger beneficompared to the

handsupport, in terms of reduciregror rate anéhcreasinghroughput
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On one of the avionic touchscreens that was used in this study, there were physical buttons
located on the top and silezels. In a pretest, conducted amongst the investigators, we found
that there was a tendency to accidentaifyandactivate theebezel keys, when using the bezel

edge as a hand supportVhen using the bezel edge as a hand support, the hand isén clo
proximity to the bezel key buttons and can easily come into contact with them, especially when
reaching for far targetslf this type of erromvere to occur during flight, especiailyit were to

go unnoticed, it could have negative safety implicaiolepending on the function assigned to

the bezel key.Thus, for avionic touchscreens that include bezel kbgsbezel keys should be
designed in such a way to prevent accidental activation, especially if the bezel edge is intended

to be used as a hasdpport

4.8 Limitations and Recommendations for Further Research

This study did not find that using a hand support provided a benefit under vibration, for the task
that was asked of the participantdowever it might provide a benefit for different type$

tasks not tested herer it may provide a benefit under higher levels of vibratidhe limits of

where a hand support can provadeenefit and where it does not should be determined by future
research, especially since it is currently recommenddtie SAE ARP60494 standafti2].

Other hanesupport strategies, not investigated here, should also be tested.

This study useane vibration profile, which wasolely in the vertical axis. Future research
should investigate the impact on throughput frdifferent levelsof vibration indifferentaxes
and in combinations of axeas well as the impact of having differesibration levels on the
touchscreen versuson tti&fLORWY{V VHDW

Some participants naturally wanted to rest their arm on their knee, as -@u@vort stategy.
This may be a practical strategy that pilots could usseraincockpit layouts. As a result,
future research could evaluate the effectiveness of resting the arm on the knee, while using

touchscreens under vibration.

The chair used for this stydlid not have aarmrest As a result, when using the touchscreen

in the pedestal position, the arm was not supported. However, in certain cockpit layouts, the
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pilot may be able to rest part of their armapedestakupport while using the touchscnee

This armsupport strategy should be tested under vibration.

The participants were instructed to perform the task as quickly and as accurately as possible.
The participants were not penalized for making errors. The study took around 2 hours per
partidpant, and the participants may have sped up over time, in order to get through the tasks
faster Hence, the error rate results reported here may have been highétlteesmwere clearer
downsides to making an error, as there would be in a coc&mtthe other hand, pilots must
sometimes split their attention between multiple tasks, and can have additional distractions. In
this study, we only asked the participants to perform one task, on which they could focus their
full attention. As a result, prming a target selection task under stressful, high workload
conditions, as one of several tasks, could result in higher error rates and lower performance
values than those reported hefauture research should measure error aatk performancat

different targt sizes for different taskase contextand environmental conditions

In this study, we had participants use their dominant hand. However, pilots often use their non
dominant hand to interact with cools as well. Futureresearch stuld lod into quantifying

the impact of vibration on nedominant hand use, while using touchscreens.

Helicopter pilots ofterwear gloves. Future researctosld measurghe impact of gloves on

error rate and effective target size.

In this study, the targets weearranged around a circle, centemethie screen. Future research
should look into task performance and error ratdifferent areas of the screen, with different

handsupport strategies.

In this study, we did not prevent the participants from leafingard, nor did we measure the
amount that each pasipant leaned. Future studiesosld measure the impact of leaning

forward on touchscreen performance under vibration.

In this study, we measured tworeerpositions, one for the main instrument pased one for

the pedestalEach screen position was tested at only one distance, as measured relative to the
S D UW L F L SHo@é&Ves, \différdrt aircraft cockpits can have different layouts, with screens
placed at differet distancesand screens carelplaced in different positions than those tested
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here Future research shld look into the impact oflifferent aspects of screen placement,

includingscreen distancéeight lateral offset and orientatipan touchscreen usability.

This study providedverage throughput and error resédues across participants of different ages
and anthropometric measurementuture research should investigate the impacigef and
different anthropometric measurements on touchscreen usability in a vibrating cockpit

environment.
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Touchscreens argeginning to be installed imany different types circraft cockpitg1-3].
These touchscreens may be located at a distance that is difficu fokatto reachHelicopter
cockpits in particular can undergo high levels of vibration during normal flght1]. This
combination of each distance and vibration could make touchscreen use in the flight deck more
difficult than in other ontexts. There is thus a need to quantify tingpact of vibration on
touchscreen use in the flight deck environment. There is also a need to evaluate mitigation

methods that could improve touchscreen use in this environment.

We used the mulilirectionalselection taskecommendetby the 1ISO 924411 standard4].

We calculated and reported the throughput value, per independent variable, according to the
recommendations in & standard, as well as those of Soukoreff and MacKefifig and
Mackenzig[23]. We also reported the error rate results, per independent variable, for this type
of task. Since we used a standardized tasklaodghputformula our results can be compared
against others in the literaturs].

The multidirectional selection task used in this study is most representative oftreoded
typing task on a sokeyboard18, 31] Hence, the results of this study are most apple for

a onehanded typing task on a touchscreen-keftboard that spans the screen.

The screen positions were representative of a flight deck I§y4ub5] We used a vibration
profile representative of a Bedl12 helicopter during 120 knot flight1, 60]

This study had 24 participants, who hadange of ages and anthropomaetric

The independdnvariables werel) Handsupport method (thumb with hasdipport versus
index finger freehand)2) Vibration (no vibration, with vibratior) 3) Screen (avionic MFD
touctscreen, avionic MCDUouclscreen,consumeitouch monitor, iPad)4) Screen position
(MIP position, pedestal positigr§) Target size6) Distance between targetd Selection angle

The main dependent variables where: throughput and error rate.

We found that throughput values on touchscreewsnunder vibratiorand even in a flight deck
layout, were higher than those reported for other common input devested in static

environment$7, 8, 18, 74] This implies that touchscreens could be very efficient input devices
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for the flight deck, in tams of allowingmorerapid selectionsompared to other input devices

However touchscreenkave several limitabins that need to be considered:

X In this study, he error rate when using touchscreens under vibration higis
particularly for small targetizes. We recommend avoiding target sizes of 0.8 cm and 1
cm, since these caused very high error rates. We have confirmed, along with prior work
[16, 44, 45] that error raténcreasegxponentially withdecreasmg target sizeswith the
slope becoming steeper under vibratiadence careful consideration of target size is
recommended, when designing touckser interfaces for the vibratingockpit

environment.

x Prior work has shown that vibration has a largeraotn touchscreen throughput and
error ratewhencomparedagainsiotherselectiondeviceg8]. Hence, we expect that, at
vibration levels above those tested in this study, it ssiiate that task performance may
degrade and error rate may increase to unacceptable levels, requiring a backup input

devicethat is less impacted by vibration

x Participantgeported fatigue after prolonged use of the touchscreens, even when using a
handsupport. As a result, prolonged touchscreen use in the cockpit may cause fatigue,

especially under vibration and especially for farther reach distances.

We failed to find aclearbenefit of using the bezel edge as a hampportwhile using the thumb
for selection, compared to using the index finger freehamen performing anulti-directional
selection task The index finger freehand outperformed the hamgportmethod in terms of
higher throughput and lower error rate, in static conditions. Undeittfagion conditions tested
here, the index finger freehand showed similar performance to theshppdrimethod in terms

of throughput and error rate.

We found that having the touchscreen in the pedestal position rather than the main instrument
panel msition resulted in better performance (higher throughput and lower error rate) in
vibration conditions. However, the two positions were equivalent, in terms of throughput and

error rate, in static conditions.

Finally, we built a vibrating platform tha¢produces the physical geometry of a flight deck and

we validated that the vibration profised wasepresentative of helicopter flighthis test setup
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is easily reconfigurable and adjustable to accommodate different sized participants and
touchscreenslt offers novel and much needed test capabilities to the Québec aviation
community. One aerospace compahgsplans to use the test setap part of arinterface
certification process witlan aviation regulatory bodyThe setup makes it much faster and
cheaper to test, modify and improve technology under representative vibration conditions,
compared to running flight tests, which thus expands the range and quantity of tests that can be

conducted.

Since theest setupve builtis configurable and programibvle, it could also be used to conduct
usability testing for other types of devices in a range of different vibrating environments. These
vibrating environments could be representative of different types of aircraft, but also other types

of vehicles, suclas cars, trucks, trainstc.

This work will contribute to improving the usability of touchscreen interaction in aviation, as it
provided design recommendations on factors impacting selection performance and accuracy.
Our findings can also apply to otheamsportation environmentas touchscreens are making

their way into cars (ex. GPS navigation, music selection), trains (ex. railroad navigation) and
marine ships. We hopthat our findingswill contribute toimproving the overall safety of

operationgha use touchscreens in vibrating environments
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