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Highlights

« We propose a neuroergonomic approach to evaluaifecation designs

« Patrticipants performed an Air Traffic Control tagih two different visual designs
» The more salient visual design globally enhancedotrformance to the task

» Cerebral response to auditory alarms was enhahesdd to the salient design

« Results have implications in the evaluation of hamreachine interface design

Abstract

The Air Traffic Control (ATC) environment is compland safety-critical. Whilst exchanging
information with pilots, controllers must also Herato visual notifications displayed on the radareen
(e.g. warning which indicates a loss of minimumagagion between aircraft). Under the assumptiot tha
attentional resources are shared between visiomeadng, the visual interface design may also ohpa
the ability to process these auditory stimuli. dsinsimulated ATC task, we compared the behavéardl

neural responses to two different visual notificatdesigns - the operational alarm that involvéskirig



colored “ALRT” displayed around the label of thetified plane (“Color-Blink”), and the more salient
alarm involving the same blinking text plus fourvirg yellow chevrons (“Box-Animation”). Participant
performed a concurrent auditory task with the rezgmaent to react to rare pitch tones. P300 from the
occurrence of the tones was taken as an indicdt@nmaining attentional resources. Participants who
were presented with the more salient visual deslignwed better accuracy than the group with the
suboptimal operational design. On a physiologieatl, auditory P300 amplitude in the former grougsw
greater than that observed in the latter group. @tential explanation is that the enhanced videalgn
freed up attentional resources which, in turn, iowpd the cerebral processing of the auditory stimul
These results suggest that P300 amplitude candukassa valid estimation of the efficiency of ifdee

designs, and of cognitive load more generally.

Keywords
Air Traffic Control, attentional resources, ERP,rhlan Machine Interface evaluation,

Neuroergonomics

1. I ntroduction

Within safety-critical, continuously-evolving, andsually-rich environments such as air traffic
control, supervisory control of emergency respomsel security surveillance, operators must ded wit
dynamic and cognitively demanding tasks whilst comted with temporal pressure, stress, and hidgh-ris
decision-making situations. In the case of Air TicaControl (ATC), the main task is to guide airtra
through controlled airspace with the safety requ#ats of maintaining a minimal distance and anualé
of separation between them while optimizing theajdctories. Each controller is responsible for an
airspace volume that is represented on a radaalization system where numerous aircraft positianes
displayed. They also must be vigilant and respansos the occurrence of various on-screen visual
notifications triggered by safety nets. In the prasstudy, within a simulated-ATC task, we used kexe

safety-critical visual notification that servesindicate an impending loss of separation betwermet.

The auditory channel is also essential for ATC @gollers also need to exchange information
with pilots and other controllers through radio gdne communications. Auditory warnings such as
ground collision avoidance alerts or area infringatrwarnings have been increasingly integrated into
ATC workstations. This recent introduction of aodytalerts raises new human factors issues, asageve
theories have indicated that a high cognitive loawtext can lead to a neglect of auditory alertse O
could argue that the high perceptual and cognitiad typical of ATC operations may consume a large
proportion of attentional resources — especiallgrvBub-optimal visual designs are used — whichirim t

can reduce the available attentional capacity focgssing the task at hand, as well as for addition



unexpected events. Indeed, according to percelsadltheory [1-3], tasks involving high perceptlesd
can consume most of attentional capacity, leavttlg femaining for processing information thanist
directly related to the focal task, such as unetgzkalarms [4-7]. In this sense, several researches
shown that attentional resources are shared betvisiem and hearing [8-11]. Some authors also
postulate that tasks with high cognitive load (dapd in working memory) can lead to a reduced
openness to additional stimuli such as auditoryratitors [12-14]. In line with these theories, wggest
that introducing efficient and salient visual desighat can reduce the perceptual and cognitiveika
important not only to improve performance of the@\ask itself, but to also help preserve attentiona
resources that may potentially be required by oitifermation channels.

Several studies have demonstrated that salientisfimomote fast and effortless processing of
information (see [15] for review). This automatitdgpreattentive process has been explained bynsalie
map models; two-dimensional maps that encode lotatio be processed in priority according to their
salience. This is supported by recent work conogrttie brain structures that might contain sucieset
maps [16]. Nardo et al. [17] showed the efficacy dfottom-up signal for the orienting of spatiaéation
in a complex and dynamic environment. By using aesalient visual design for the critical visual
notifications occurring in ATC, the allocation aual spatial attention should be directed foremost
toward those stimuli, sparing controllers a cosibual search in terms of attentional resources.

Concerning the evaluation of cognitive load, the akthe oddball paradigm together with event-
related brain potentials (ERP) has been proposedvaid cognitive load index in various realigsks
such as simulated flight missions [18, 19], gaugaitoring [20] or video games [21]. However, to the
best of our knowledge, very few authors have eipliased such paradigms to measure the cognitive
load elicited by various human machine interfac®(Hlesigns. P300, usually measured between 300
and 500 ms post-stimulus [22] is one of the mostroonly studied ERPs and is known to be observed
during oddball paradigms. In this paradigm, papcits are instructed to detect targets among rrgetta
(series of standard to-be-ignored stimuli; see)[ZBhe oddball paradigm is a well-known exampld tha
incorporates cognitive and attentional processestimulus recognition and attention allocation][23
When attentional focus deviates from the targedatin task (e.g., in a dual task paradigm), theoP3
amplitude decreases significantly [12, 24, 25].PR0also modulated by the load of the concurrasi t
as increases in memory load reduce P300 compoizenbacause task processing demands increase [26,
27]. Importantly, it is generally accepted thatigtidction can be made between two subcomponents of
the P300, the P3a and the P3b. The P3a seemstorbespecifically related to the novelty of deviant
auditory stimuli [28], independently of task-releca. It has a shorter latency, a fronto-centradpsca
distribution and its generation involves the frombde and the hippocampus. The P3a amplitude

decreases with repetition and habituates rapitllg.densitive to variations in top-down monitorimg



frontal attention mechanisms engaged to evaluatmiimg stimuli and is related to the orienting @sge
[22]. In contrast, the P3b potential, partially geated in the medial temporal lobe, has a morespost
parietal scalp distribution, a somewhat longemleyeand is less sensitive to habituation, than B8aeral
studies also suggests that the locus coeruleugineghrine (LC-NE) system underlies P3b generation
for a target detection task [29], which is consdmeth attentional resource allocation and arousédted
effects in humans. The P3b has been thought tecteflich processes as memory access, memory storage
and response initiation that are evoked by theuatiin of stimuli in tasks that require some forim o
action like a covert or overt response. In summBa is produced in response to the processing of
sensory stimuli with frontal lobe activation froriemtion-driven working memory changes; conversely,
P3b is produced as a result of temporal/parieta kctivation from memory and context updating
operations and subsequent memory storage. In dipisrpthe term P300 will be used to refer to P8b, a
our oddball task was task-relevant and requiredpam response. The high cognitive load involved in
ATC should solicit the temporal lobe for sensorgqassing and memory operations, therefore affecting
those functions and limiting auditory target praieg.

Our study is based on a neuroergonomic approacB3p&hich merges knowledge and methods
from cognitive psychology, system engineering, aadrosciences. This approach aims to improve the
system safety and efficiency at the workplace ysatering human brain functioning. We used an ATC-
like synthetic environment called Laby [34] whidmalates key features of a dynamic visual monitgrin
radar task. Participants had to acknowledge natifins displayed close to aircraft located in pegial
vision, which simulated a collision avoidance alafiiwo notification designs have previously been
shown to elicit a difference in performance in thivironment [34]. Box-Animation (BA), a very saite
visual notification, with brackets pulsing arouie tnotified aircraft, is extremely well detectedtbg
controllers. On the contrary, the Color-Blink (Cjtification — similar to the classical operational
design of the critical notification indicating askbof minimum separation between aircraft — is &mu
less salient design that causes a lower detedien The Box-Animation design is very noticeabld an
does not require a sustained visual search to feeiped; on the other hand, the Color-Blink notfions

can sometimes go unnoticed if the controller isawively monitoring the radar screen.

2. Objectives and hypotheses

Two groups of participants were recruited. One grperformed the ATC task with Box-Animation
and the other with Color-Blink notifications. Torflier improve the level of realism, each participan
performed the task according to two levels of ctigaiload (tempo, i.e. the number of events pet ahi
time) with various numbers of aircraft in the visseene (between 5 and 21). Simultaneously with the

ATC task, participants were asked to respond tmteeirrence of low probability tones and to igniigh



probability tones. P300 auditory-evoked potentiedse recorded from the occurrence of the tones iboth
parallel with the ATC task and in two control caiiwis (tones alone without the ATC task), as an
indicator of remaining attentional resources. MeaguP300 amplitude variations will indicate if the
variations in HMI design affected attentional preses and response initiation.

We predicted that the introduction of the ATC tasluld reduce ERPs amplitude to the rare target
tones in comparison to the baseline condition, lirctvthe ATC task is not administered. This might
demonstrate a reduced availability of the atterioasources for processing the auditory stimuli.
According to the initial study comparing the twaifioation types [34], we also hypothesized that th
ATC task would consume fewer attentional resouvrdasn performed with Box-Animation compared to
Color-Blink notifications. Consequently a lower gidiive mental load, a better detection rate agtidri

ERPs amplitude should be observed with Box-Animmatian Color-Blink notifications.

3. Method

3.1 Participants

42 volunteers, all students of Université LavaWesn 19 and 46 years old, were recruited for this
study. None had a history of neurological disepsgchiatric disturbance, substance abuse, or took
psychoactive medications. They all received fuibimation on the experiment protocol, sighed an
informed consent and received compensation for traticipation in the study. All participants had
STAI Y-B score below 55 (average anxiety). Six gdpants were removed from the analysis due to a
lack of compliance with instructions and/or datgusition problems. The 36 remaining participamis<
24.1 years, SD = 5.8) were divided into two groap&8. The first group was associated with thesitas
ATC type of visual notifications called Color-Blinknd the second group with the newly-developed typ

of notification called Box-Animation.

3.2. The Laby microworld and the auditory oddball task

3.21. TheATC Task

The Laby microworld is a functional simulation oT &, built on the main task of guiding an
aircraft around a route shown on the center patti@tcreen (Figure 1). Participants had to retyular
modify the flight path and altitude of an aircrafting drop-down menus. The instructions were gixian

a pop-up window close to the aircraft (cf. Figuje 2

Figure 1. Screenshot of the Laby microworld simulation. @a top, an example with 5 static peripheral

aircraft positioned around the corridor. Below,example with 21 peripheral aircraft. The radar Isloé the



peripheral aircraft are always displayed. In botlages, the main aircraft navigates through thedmarrAn altitude

instruction is displayed on its left (the radardhbf the main aircraft appears only in this case).

Figure 2. Zoom on the Laby interface. Participants had tectehe altitude of the central aircraft according

to the instruction given on the black window abtwve aircraft.

In addition to the central aircraft, participanesdito monitor a set of static aircraft located acbu
the main aircraft corridor (Figure 1). Visual natétions were displayed in or around the radarllabe
located in the vicinity of these peripheral airtrafther the Color-Blink type for the first grougr, the
Box-Animation type for the second group (Figure@lor-Blink is colored text with the word “ALRT”
which blinks at a rate of 800 ms on/200 ms off (Sigire 3, 1la-1b). It is used in ATC operationalana
visualization for high-priority short-term conflielerts. Box-Animation involves the same colored te
“ALRT” but also four yellow chevrons placed arouttié label of the notified plane (Figure 3, 2a-2b).
These chevrons move outwards from the label byix€lpfollowing a slow in/slow out animation cycle

of 1 Hz. It corresponds to a radar display protetgping used in a previous study [35].

Figure 3. The two types of visual notifications inspiredrirdghe one triggered in ATC radar screen when
minimum separation between aircraft is lost. In@udor-Blink notification, the text ALRT switchesdm white (1a)
to red (1b) at a rate of 200 ms white on/800 ms lrethe Box-Animation notification, the text ALR$ displayed in
red (2b) and four yellow chevrons placed arounddbel (2a) move outward from the label (2b) bypdtels

following a slow in/slow out animation cycle of 1Hz

Participants had to acknowledge the notificatiopslitking on the associated aircraft. The notified
aircraft was randomly selected among the statradi, and only one notification was issued aneeti
The notification disappeared as soon as the paatiticlicked on the aircraft. If the participand diot
react within a given time (depending on the spemdlition), the notification disappeared. Thirty-fou
visual notifications were displayed in each scemari

In order to engage the participant in the ATC-Blkeaulation, a score was displayed on the top left
of the screen. The score decreased for the follpwiree reasons: first, when a participant lecaiheraft
outside of the corridor, second when he/she gavecmrect instruction, third when he/she failectliock
on a peripheral naotification in the time limit. ThEnulation ended as soon as the aircraft readieed t
arrival area, colored in red, at the end of theidor.

To further improve the level of realism, the papants performed the simulated ATC-like tasks
within the Laby microworld software in four differescenarios: two with low cognitive load and two

with high cognitive load. The cognitive load wasmpaulated by the speed of the task. In the low



cognitive load condition, the central aircraft mdwe 0.6 velocity units and peripheral aircraft
notifications were displayed every 17 seconds @arage. In the high cognitive load condition, thetca
aircraft moved to 0.99 velocity units and periphaiecraft notifications were displayed every 12@eds
on average. In addition, the number of aircrathia visual scene varied, from 5 in two scenaria®ltén
the two other scenarios. We only considered thecefif the speed. The number of paths, altitude
instructions and visual notifications were the sameach of the four scenarios, and the order efolr

scenarios was counterbalanced among participants.

3.2.2. Auditory oddball task

In parallel to the ATC task, participants had tofgen an auditory alarm detection task. Standard
tones (1000 Hz, 52.5 dB, 500 ms long, probability.8) and deviant tones (2000 Hz, 52.5 dB, 500 ms
long, probability = 0.2) were randomly played. Tthaes were not representative of the auditoryslert
recently integrated in ATC operations. The frequesiavere chosen from the study of P300 components
conducted by Kolev et al. [36]. The mean time windmetween successive tones depended on the speed
of the scenario (slow = 4.2; fast = 2.6 mean tinmedew in seconds between two tones). Participants
were told to consider the deviant tones as audit@mnings and to report them as fast as possible by
pressing a specific button. The auditory oddbaédigon task had no impact on the score. The nummber
auditory alarms (n = 20) was the same in eachefdhr scenarios.

In order to determine individual baseline P300 atugés, participants were asked to perform two
auditory oddball control tasks. These oddball curtasks were similar to the auditory oddball task
administered in parallel to the ATC task, the afifference was that a white cross was displayeteat
center of the screen instead of the ATC task. Quuit@ry control task was performed in the slow spee
condition, and another one was performed in tha bBgged condition. The order was counterbalanced
among participants. These two oddball control tagkse completed after the four ATC scenarios.
Importantly, after having checked the lack of sfigaint effect of speed on N100 and P300 components,
we merged these two oddball control tasks intoaséline condition”. A 42 dB white noise was played
continuously during each ATC scenario and duriregatdball control tasks.

3.3. Procedure

The whole procedure lasted about 2.5 hours. Fiesticipants had to fill out two behavioral
guestionnaires: the Pichot Fatigue questionnairgdfd the State-Trait Anxiety Inventory (STAI Form
Y-B, [38]). Next, participants were seated comfblyaat 60 cm from the 30 inch screen in a sound-
attenuated room with their right hand on the commpuaiouse and their left hand on the auditory alarm

button. Second, they completed a training phasandiarize with the Laby microworld software, i.e.



enter correctly path and altitude instructionshmy drop-down menus, acknowledge visual notificajon
and report deviant sounds. After the training, tetetes were placed on the participants’ scalpsrbefo

they completed the four counterbalanced ATC scemsaBetween each scenario, participants fillectioait
NASA Task Load Index (NASA TLX, see [39]). Finallgarticipants performed the two control oddball

tasks in the two speed conditions.

3.3.1. EEG  recordingsand data processing

Continuous EEG recordings were performed with &CBrop Infinity™ encoder (Thought
Technology Ltd) during the four ATC scenarios anel two control tasks. Prior to the four scenarios,
three electrodes were placed for bipolar measuremgre positive electrode on the Pz site (pariets),
the reference electrode on the left side of theHead and the ground ear-clip electrode on thé¢ eigh
lobe. The EEG signal was recorded at a samplirggab256Hz.

EEG data analysis was performed using EEGLAB 1116.310] running under MATLAB 7.1 (The
Mathworks). The EEG signals were filtered with &Hz high-pass filter and 20Hz low-pass filter, and
then segmented into epochs around the auditoryktgy{from 200 ms before stimulus onset to 1000 ms
after stimulus onset). The amplitude of the P306 defined as the average amplitude within 364 tb 46
ms post-stimulus. These windows were determinad fidl 00 ms wide time window around the peak
latency for deviant tones (414 ms post-stimulusprgrparticipants during the control task (oddball
alone).

3.3.2. Satistical analysis

Mean detection rates of peripheral visual notifimas were calculated for the four scenarios. ERP
amplitudes were computed for the four Laby scesaaind for the two oddball control tasks. Statistica
analyses were performed using Statistica 7.1 (8ta€). Differences between the experimental
conditions were investigated with the use of ANO¥lowed by post hoc testing (Tukey's honestly

significant difference, Tukey HSD).

4. RESULTS

4.1. Subjective results

We performed 2 * 2 ANOVAs with “group” (notificatiotype) as a categorical variable and within-
subject factor “speed” (cognitive load) to inveatig the effect of the notification design and skt
speed on the “mental demand” and “temporal demdirdensions (NASA TLX). Although the mean
scores for mental and temporal demands were lawidei Box-Animation vs. Color-Blink groups (mental
demand: 57.42 vs. 48.06; temporal demand: 54.249/81) there was no significant main effect of the



group (mental demandéf(1, 34) = 1.86p = .18,#2p =.05; temporal demandF(1, 34) = .55p = .46,%2p

= .02). These results reveal that participants didew a significantly lower effort with the notiakle
Box-Animation design compared to the basic ColdniBHesign. There was a main effect of the speed on
both mental demandr(1, 34) = 30.84p < .001,42p =.48) and temporal demanB((, 34) = 31.77p <
.001,#2p = .48), and no interaction. The effect of the spdenhs that the increase in speed was perceived

by participants as an increase in difficulty (méatad temporal demands).

4.2. Behavioral results

4.2.1. Peripheral notifications detection rate

We performed a 2 * 2 ANOVA with “group” (notificain type) as a categorical variable and
within-subject factor “speed” (cognitive load) tovestigate the effect of the notification desigd &me
task speed on the peripheral notifications detaatibe. Importantly, we found a main effect of gneup
(F(1, 34) = 20.14p < .001 ,#2p = .37). As expected, participants had a higher matifbn detection rate in
the Box-Animation group (mean M = 99.83, standaxdiation SD = 0.33) than in the Color-Blink group
(M =95.70, SD = 3.89). We also found a main efféfctpeed (1, 34) = 14.78p < .001,4#2p = .30).
Significantly fewer visual notifications were repedt under the fast condition (M = 96.41, SD = 6.48)
than under the slow condition (M = 99.11, SD = 2.42erestingly, there was a significant interanti
between speed and groug(1, 34) = 11.24p = .002,42p = .25). Tukey HSD post-hoc analysis revealed
that increasing simulation speed significantly éased the detection rate of peripheral notificatifom
the participants that used the Color-Blink desigr (001) while the detection rate of the particigahat
used the Box-Animation notifications was unaffedbgdhe higher level of speed € .99). Box
Animation design seems to ease the detection fasi & point where speed increases did not affect
detection rate.

4.2.2. Accuracy tothecentral aircraft guiding and the oddball task

As a supplementary analysis, we examined the sfféfagroup and speed on the accuracy rate to
the central aircraft guiding task with a 2 * 2 AN@With group as categorical variable. There was a
significant effect of the spee&((l, 34) = 44.71p < .001,42p = .57) on the accuracy for altitude
instructions, no effect of the group(Q, 34) = 1.39p = .25,#2p = .04) and no interactiorF(1, 34) = .69,
p =.41,7?p =.02). We also performed a 2 * 2 ANOVA with groupcagegorical variable on the rare
tones detection for the ATC scenarios. There wasffazt of the speed-(1, 34) = .95p = .34,#?p =
.03), no effect of the grouf-(1, 34) = 30.84p = .52,4#2p =.01) and no interactiorF(1, 34) = 2.96p =
.095,72p = .08). Interestingly, though not statistically sifigant, there was a numerical difference
between the means performance to the oddball tagkif interaction. In the slow condition, paniants



had very similar tone detection rates (Box-Animatiwoup: M = 95.62 %, SD = 6.39; Color-Blink group:
M = 96.25 %, SD = 5.19), while in the fast conditithey had a slightly better performance in the-Bo
Animation group (M = 96.46 %, SD = 3.06) than ie tBolor-Blink group (M = 93.26 %, SD = 10.50).
These results may suggest that the better acctogmripheral notification detection allowed by Bex-
Animation design was not detrimental to auditortedéon or guiding the central aircraft, and coelen

marginally improve the performance in auditory d&ta.

4.3, EEG reaults

4.3.1. Averaging of thetwo oddball control tasks into one baseline condition

We first compared the two oddball control taskeshnd fast) before merging them into a single
baseline condition, to exclude potential effectthef speed on the auditory P300 amplitude. Th@2 *
ANOVA with within-subject factors “speed” and “tyjd sound” showed no effect of the speE¢l( 35)
=1.72,p = .20,»?p = .05), a classic significant effect of the type ofisd (1, 35) = 68.78p < .001,42p
= .66), with a higher P300 for target deviant tords<(4.57 uV, SD = 3.37 uV) than for standard tones
(M =-.13pV, SD =1.52). There was no significarteraction F(1, 35) =.12p =.73,42p =.003). Speed
of the oddball control task having no impact P36tpktude, the two control tasks were averaged to

create the baseline condition. For the followinglagses, we only focused on the deviant tones.

4.3.2. P300results

We compared the deviant tones P300 response lmagadine condition to the Laby scenarios with
a one-way ANOVA with within-subjects factor “tasiiaseline condition vs. the four Laby scenarios
averaged). There was a significant main effechefibtroduction of the ATC task(1, 35) = 13.20p =
.001,#2p =.27), with a lower P300 when the ATC task was penfied (M = 2.64 uV, SD = 2.35 pV) than
in the baseline condition (M = 4.57 uV, SD = 3.37)uThis result is coherent with Kramer, Trejo [41]
findings that showed that P300 amplitude is seresith the mental workload generated by the
introduction of a radar-monitoring task vs. a bexetondition (tones alone) [42].

Finally, a 2 * 2 ANOVA on the Laby scenarios witlitin-subject factor “speed” and categorical
variable “group” revealed a significant main effe€the group (1, 34) = 4.20p = .048,4#?p =.11), no
main effect of the spee# (1, 34) = 1.29p = .04) and no interactiori(1, 34) = 2.41p = .13,#%p =.07).
These results revealed that Box-Animation notifarad elicited a higher P300 for deviant tones (841
pnV, SD = 2.70 uV) in comparison to Color-Blink rfatations (M = 1.87 uV, SD = 1.68 pV), as shown in
Figure 4. As expected, it suggests an enhance@gsg of auditory deviant target tones allowed by

release of attentional resources when the bettelr déigign was used.



Figure 4. ERPs for the BA (red) and CB (blue) and Contréd¢k) conditions, for alarm tones, on the Pz
electrode. The horizontal axis denotes time inansl, the vertical axis denotes amplitude in pV. P&dlitude is

significantly higher in BA group than in CB group.

5. Discussion

The current study used EEG techniques to assessplaet of cognitive load during a simulated
ATC task that also required responding to auditargets. The visual notification detection aspd¢he
ATC task was performed either with the Box-Animatitesign, a very noticeable visual notification, or
with the Color-Blink design, a much less percegtibbtification. The main objective of this studysita
investigate if an enhanced visual design can inptbe cerebral processing of supplementary auditory
stimuli during the ATC task.

Behavioral results showed that participants whalike ATC interface with the Box-Animation
design were more accurate in the detection of pergl notifications compared to those who were
presented with the Color-Blink notifications. Indatibn, we found that those participants in the Box
Animation group were also less affected — or eveaffected — by an increase in speed. It is esdéntia
multi-task situations to evaluate performance acedstasks to ensure that any new design doegisiot
improve performance on one particular task whilgrdding performance on others [43]. Accordinglg th
lack of impact of the notification design on thaencorrent tasks (guiding the central aircraft antcling
auditory targets) shows the efficiency of the BaxirAation design to draw participant’s attention éoels
peripheral notifications, without causing undediedbterference with other critical tasks. Thistpat of
results may be taken to suggest that there iseaselof attentional resources due to the Box-Amnimat
design and not only a trade-off between visualfizations and the concurrent tasks.

However, the subjective questionnaires (NASA TLXyaaled that participants did not perceive a
lower mental demand with the noticeable Box-Animatiesign compared to the basic Color-Blink
design. Yet, the effect sizes calculated usingotirtial eta squared showed that the behavioralémpa
(peripheral notification rates) of the notificatibype was higher than the simulation speed (rebgt
n?p = .37 andy?p = .30). This inconsistency between the subjectivessaent and the objective
behavioral performance demonstrates the importahcensidering both subjective and behavioral
objective metrics in design evaluation. Neverthelbe subjective judgment should not be dismissed;
indeed, the compliance of the operators of critsggtems is essential, especially as it can jedgmthe
use and acceptability of the system.

In the ATC-like Laby simulation, participants wenstructed to focus on the main task of guiding
an aircraft around a given route, in accordanch wedntrally displayed instructions, always appesrin

next to the central aircraft. The validation ofuas$ notifications displayed in the periphery of Hoeeen at



random locations was regarded as secondary to déiregniding task. According to the NSEEV’s model
[44], these latter notifications are more likelyite missed, especially under high cognitive loataoise
of their greater eccentricity (higher effort neededlirect attention toward the item of interegtgir
occurrence in a random location (lower expectaricii@event to appear in a particular locationy Hre
fact that they are seen as secondary to the malinguask (lower value of the item). However the
current experiment demonstrates that this effest Ineacompensated by a more salient design. The Box-
Animation design is larger than color-blink (stagalience, see [45]), and the slow in/slow out ztiom
involves greater dynamic salience [46]. While bothifications involve a repeated animation cydhes t
‘popping’ motion of the chevrons in Box-Animatioreates a ‘deviant’ quality that is more likely to
capture attention analogous to deviance in thet@aydinodality, [47]. As such, detection of the Box-
Animation notifications required fewer attentiomesources than Color-Blink notifications, meaningtt
detection was achieved with greater ease and wass/ignerable to increases in workload. Accordingly
when the difficulty of the ATC task increased (spheearticipants’ performance remained unaffected i
the Box-Animation condition while it declined wi@®olor-Blink.

The analysis of physiological results showed a éigPB00 in the baseline condition — which
required participants to simply detect the oddbalinds — than when performing the simulated AT€-lik
set of tasks. This analysis also revealed thatypsthesized, the better performance in the Box-
Animation group was concomitant with a greater sargliP300 amplitude for deviant tones compared to
that found in the Color-Blink group. It seems thdien the simulated ATC-like tasks were performed
with the Box-Animation design, the P300 amplitudbserved for the deviant tones (3.41 uV) was much
closer to the amplitude observed in the baselimgition (4.57 pV) in comparison with the P300
amplitude observed in the Color-Blink group (1.87)uThis pattern of results suggests that theee is
lower depletion of attentional resources from wogkiith the Box-Animation notification design. Take
together, these results support the idea that BB{itude can serve as a reliable cognitive loaéxrin
ecological settings [18, 20, 21, 41].

As the auditory P300 reflects the cerebral resptmsa auditory stimulus, it seems likely that P300
reduction may also indicate a decline in the prdttglof detecting an auditory stimulus. This is
supported by the smaller auditory detection rdteygh not statistically significant) in the Colokiik
group for the high speed condition, compared tadBbe-Animation group. The P300 decrease in the
Color-Blink can also be seen as a precursory effettte diminishing attentional and perceptual
processing resources, which would eventually leaa decrease in performance on the auditory detecti
task if cognitive resources were completely exredisf\ccording to several authors [48, 49], the fmab
of missed alarms occurs frequently across a rafhfiiglat environments and extends to ATC since the
development of auditory notifications and warnimgicreasingly integrated within ATC workstations



[50]. In addition to their well-documented limitatis (e.g. stress, cry-wolf effect, cf. [51], audjtalarms
sometimes fail to be perceived, especially in caitsituations. This propensity to remain unawdreilty
audible stimuli under high workload conditions éfarred to as inattentional deafness (e.g. [52].
Consequently, using more salient notification desitp restore P300 could help prevent inattentional

deafness in high multitasking situations such a€And piloting.

6. Conclusion

The analysis of behavioral, subjective and physjicial results, i.e. the neuroergonomic approach,
gives us a more complete understanding of the aaxripipact of changes in interface design. The
benefits of the Box-Animation design were bettedenstood given its impact on the subjective peioapt
of participants, on their behavioral performancd #reir cerebral response, the latter revealing an
otherwise invisible effect on available attentioredources. The neuroergonomic approach offersra mo
complete and objective way to evaluate HMI desigur study corroborates the assumption that an
enhanced HMI design liberates attentional resous€as operator, making him/her more efficient to
process other additional critical stimuli such aditory alarms. We also confirmed that P300 amgétu
represent a reliable cognitive load index in ecialgsettings. The investigation of the relatiopshi
between HMI design in an ATC context and ERPs anmbdi is the first step towards real-time monitoring
of operators for adaptive intelligent systems.
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