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Abstract

:

Safety studies have identified attention as a recurring cause of incidents and accidents in air traffic control. However, little is known of the precise attentional states that lead to degraded ATC performance. Therefore, we surveyed 150 French en route air traffic controllers on the causes of and impacts on perceived cooperation, safety, and performance of seven degraded attentional states from the literature: task-related and task-unrelated mind wandering, mental overload, inattentional deafness and blindness, attentional entropy, and perseveration. Our findings indicated that task-related and task-unrelated mind wandering were the most prevalent but had the least impact on perceived safety. Conversely, inattentional blindness and attentional entropy were less reported but were considered a significant safety concern, while inattentional deafness affected cooperation. Most states were experienced in workload levels consistent with the literature. However, no other factor such as shift work was identified as a cause of these states. Overall, these findings suggest that “attention” is not a specific enough subject for ATC, as attentional issues can occur in various conditions and have different impacts. As far as safety is concerned, inattentional blindness should be the prime target for further research. Neuroergonomics in particular could help develop dynamic countermeasures to mitigate its impact.
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1. Introduction


Eleven million commercial aircraft flew in Europe in 2019 [1]. Even with the massive flight reduction due to the global pandemic, air traffic is expected to revert to 2019 levels within less than five years [2]. “En route” air traffic controllers (ATCOs) play a crucial role in supervising and ensuring an efficient flow of these aircraft while maintaining adequate separation to prevent collisions [3]. ATCOs generally work in pairs and mainly use radar screens in order to provide safe and efficient trajectories for all aircraft. A variety of tools have been implemented over the years in order to help them perform this task. This results in a multitude of information being displayed in various locations using several colors and symbolic codes, thus making air traffic control demanding in terms of attention.



Unsurprisingly, safety analyses stress the importance of attention-related issues in air traffic control (ATC). Indeed, [4] found that attentional lapses were the most common types of errors made by ATCOs in accidents and incidents. The same result was found by [5] for operational irregularities. [6] reported that a lack of visual detection was the most commonly reported error by professional ATCOs, and the most described error in Airprox analysis (i.e., a near collision between two or more aircraft). [7] also found that the failure to detect information on the radar represented over 15% of causal factors of operational errors.



Several studies have identified that the level of workload [8,9,10], decreased vigilance [11] induced by time on task [12] or shift work-related issues [13,14] can account for this impairment of ATC performance. Indeed, cognitive neuroscience studies (see [15] for a review) provide evidence that these factors can disrupt key cerebral areas supporting attentional networks [16], leading to degraded attentional states such as mind wandering, mental overload, inattentional blindness and deafness, perseveration, and attentional entropy [15,17].



The onset of these impaired attentional states can negatively affect task engagement [15,17], which represents effortful striving directed toward task goals [18]. Operators can thus yield to either task disengagement or over-engagement [15,17].



More specifically, task disengagement encompasses mind wandering, mental overload, and attentional entropy. Mind wandering is defined as “engaging in cognitions unrelated to the current demands of the external environment” [19] and can lead individuals to give up on the task at hand [20,21]. Indeed, during mind wandering episodes, individuals show reduced responsiveness to external stimuli, a phenomenon known as perceptual decoupling [19,22,23]. Mind wandering mostly occurs in conditions of low workload [20] and may start with thoughts related to the task at hand (thus labeled task-related mind wandering: [24]) or thoughts completely unrelated to the task (task-unrelated mind wandering). Mind wandering is generally associated with degraded performance [20,21,25], but task-related mind wandering may also allow prospective planning of the task [25,26] and, therefore, benefit future performance.



Attentional disengagement has also been shown to occur when task demands exceed the human operators’ processing capacity. This can lead to mental overload [27] which may cause operators to give up on their current goal [28]. For example, [27,29] disclosed evidence of prefrontal deactivation during episodes of mental overload that was mirrored by task disengagement. The mental overload phenomenon was also reported by [30] with military ATCOs in simulations. In actual operations, the possibility of fatal consequences probably provides an additional motivation source for controllers that does not exist during simulations. However, the possibility that mental overload could occur in actual working conditions for air traffic controllers cannot be discarded, even though its prevalence and manifestations may be slightly different from what was observed in simulations.



Some studies have suggested the existence of attentional entropy, an inattentional state resulting in a failure to engage attention towards relevant information [17]. This state can be described in a vernacular fashion as a “panic mode” whereby operators are unable to locate and process essential information. This state is associated with a reduced number of ocular fixations and excessive saccadic activity [31], which makes this state an extreme case of task disengagement. To the authors’ knowledge, this phenomenon has never been studied in the context of air traffic control but only with pilots experiencing a cognitive conflict with automation [31]. However, given the gradual automation in Air Traffic Control and the pressure for automation, this phenomenon is of concern for air traffic control.



On the other side of the engagement spectrum is over-engagement, also known as “attentional tunneling” [32]. Attentional tunneling encompasses various inattentional phenomena such as inattentional blindness [33] or inattentional deafness [34]. Inattentional blindness is the inability to notice salient but unexpected visual stimuli. This phenomenon was illustrated by the “invisible Gorilla” from [35], where participants counting passes between basketball players failed to notice a Gorilla crossing the scene and thumping its chest amid the players. Inattentional blindness has been observed in ATC simulations [36,37]. These attentional limitations can also affect auditory perception, a phenomenon known as inattentional deafness, which is the failure to notice a perceptible but unexpected audible sound. It has been shown to take place in high load settings [34,38] and can lead pilots [39] and ATCOs [40] to miss critical auditory warnings.



Over-engagement states also include perseveration (for a review, see [41]). Perseveration is defined as the failure to revise one’s goal despite evidence that it is not relevant anymore [42]. For example, in aviation, pilots in visual flight rules (VFR) may keep flying into adverse weather [43], or professional pilots may end an unstabilized approach with a landing instead of going around [44]. This state is associated with mental rigidity and the attentional neglect of information that do not match one’s perseverative strategy [45]. This phenomenon is known to occur during demanding multitasking scenarios or stressful settings. As the ability to flexibly modify initial plans is a key feature for skilled air traffic controllers [8], this behavior could be detrimental to ATCOs performance. However, to our knowledge, no study has yet investigated perseveration in air traffic control.



So, depending on their task engagement and the workload of the task at hand, ATCOs could theoretically experience a range of degraded states, which are summarized in Table 1. However, despite their theoretical prevalence, the actual occurrence of degraded states of engagement in air traffic control currently lacks empirical support. Indeed, only very few laboratory studies on task engagement have included actual air traffic controllers as participants. Hence, an estimation of the combined prevalence and impact of degraded states of engagement on ATCOs performance and safety in control rooms is not available. Additionally, there is a need to go further and investigate more precisely how exogenous (task demand, time on task, time of the day) and endogenous (fatigue, circadian rhythm) factors interact together to induce specific deleterious states of task engagement. Identifying the specific attentional states that actually occur in ATC could lead to the design and implementation of mitigating solutions [15] to preserve ATCOs’ performance and, therefore, safety. We therefore researched the question of the extent of attentional issues in daily operations of en route air traffic control.



For that purpose, we conducted an exploratory survey of professional air traffic controllers to assess their experience of degraded states of engagement on duty. To that end, we specifically targeted the seven degraded states identified in the literature review: task-related mind wandering, task-unrelated mind wandering, mental overload, inattentional blindness, inattentional deafness, perseveration, and attentional entropy. We hypothesized that ATCOs would mostly report task-related and task-unrelated mind wandering since they experience shift work and prolonged episodes of sustained attention, which in return induce fatigue [13], hypovigilance [14,55], and boredom [12]. However, it is difficult to predict their impact on perceived safety since there are contradictory findings regarding their overall positive and negative effects on cognition and performance [26]. As safety reports (e.g., [6]) disclosed that perceptual errors were the most frequent causes of incidents, we also hypothesized that inattentional blindness and associated phenomena would have the highest perceived impact on safety. However, there is a lack of evidence regarding their frequency of occurrence that needs to be assessed, as most human errors in ATC are unreported [6].



Interrogating ATCOs on their everyday experience can provide valuable information on these exploratory research questions [6], so we queried the participants about the frequency of occurrence of each degraded mental state during air traffic control sessions. Then the conditions of these experiences with regards to the factors known to degrade engagement (i.e, task demand, time on task, time of the day, fatigue) were researched. Finally, the perceived impact of these degraded mental states on air traffic controllers’ activity was collected.




2. Method


This questionnaire was approved by the Ethics Committee of the University of Toulouse (project n   ∘   2019-191).



2.1. Participants


The participants were 150 air traffic controllers (85 men, 65 women) from Direction Générale des Services de la Navigation Aérienne (DSNA), the French Air Navigation Service Provider. Age ranged from 25 to 57 years (M = 41.35 years, SD = 6.85). All were certified in an en route air traffic control center (years of certification: M = 13.29, SD = 6.80). As required by the Ethics Committee, participants to this questionnaire had the right to withdraw from the research at any point without any explanations. Consequently, a few controllers stopped participating before the end of the survey. Since the survey was taken online, no supervision was present to collect the reasons why controllers stopped answering. However, since the demographic data of the group who completed the whole questionnaire and the group who only partially did, the decision was made to keep the unfinished questionnaires in our data. The number of respondents to the last question was therefore N = 131.



Flyers were passed out in control rooms in all five en route air traffic control centers of DSNA giving a very brief description of the aim of the study and inviting only certified air traffic controllers to take the online survey. The flyers also included the URL of the questionnaire and a QR code leading to it. Participants did not receive any compensation for taking part in this study.




2.2. Procedure


Upon accessing the first page of the questionnaire, participants were presented with a short paragraph explaining its purpose and were asked to read a consent form and accept it electronically. No question was asked prior to this acceptance, and participants could disconnect from the survey at any point. Then demographic data were gathered and a reminder that all answers were strictly anonymous was presented.



Finally, questions regarding degraded states of engagement were asked. From this point on, all questions were optional, and no default answer was proposed. The questionnaire also comprised a few questions pertaining to engagement for internal use at DSNA (not presented here). A total of 11 pages were presented, three of which only displayed information to the participants, two requested short written answers, and six included boxes to be ticked. The whole survey lasted approximately 20 min.




2.3. Materials


Given the absence of a prior survey on engagement in air traffic control, no existing material could be used as a reference. Moreover, as this study was entirely exploratory and was not meant to quantify the occurrences of degraded attentional states precisely, the reliability and validity of the material were not statistically investigated. As the targeted audience (professional air traffic controllers) mostly had no background knowledge in psychology or neuroscience, the degraded states of engagement presented above were framed in the ATC operational context. This was performed by the first author, who was a certified en route air traffic controller for 10 years. The questionnaire was tested on two former ATCOs without a background in psychology or human factors whose results were not included, and then approved by an ATC Subject Matter Expert from the French Civil Aviation Authorities that allowed ATCOs participation.



For example, inattentional blindness was described as “you were totally focused on a radar situation and did not perceive, or belatedly perceive other signals elsewhere on the screen, such as a Short Term Conflict Alert or a newly added tag on a label” and task-unrelated mind wandering as “your thoughts disconnected from the present traffic and “wandered” towards matters unrelated to control”. The description for all seven states is available in Appendix A.



In order to assess the prevalence of degraded engagement states for ATCOs, direct questions were asked (i.e., “Did it ever happen that you were totally focused your radar screen and did not perceive, or belatedly perceive other signals elsewhere on the screen, such as a Short Term Conflict Alert or a newly added tag on a label?”). The answer was given on a 5-point frequency scale (from “Never” to “Almost every work session”).



If the participant reported having experienced a degraded state “several times per year” (i.e., rating 3 of 5 on the frequency scale) or more often, follow-up questions were asked about these experiences (so the total number of responses to these questions is higher than the number of participants). Firstly, the workload conditions were investigated: ATCOs were asked to rate their workload when the degraded state occurred on a 4-level scale (“low”, “average”, “high”, “no pattern”).



The impact of shift work and fatigue was then investigated. Controllers were asked at which moment in the day (available answers were “morning”, “afternoon”, “evening”, “night”, “no pattern”), in the control session (that usually last around two hours. Available answers were “just after the beginning”, “just after the sector was split”, “by the end of the session”, “no pattern”), in the shift (“in the beginning”, “in the middle”, “by the end”, “no pattern”) and in the work cycle (i.e, a sequence of 3–4 shifts before rest days. Options were “in the beginning”, “in the middle”, “by the end”, “no pattern”) the degraded states occurred.



Finally, the impact of degraded states of engagement on ATC operations was assessed. Given the sensitive nature of these questions (that included admitting to having jeopardized safety) all degraded states were presented in the third person (i.e., “The thoughts of a controller disconnect from the present traffic and “wander” towards matters unrelated to control”.) in order to reduce personal misreporting [56]. Then for each state, participants had to tick a checkbox if they thought this state had a significant impact on safety, cooperation and control performance.




2.4. Data Collection and Analysis


The questionnaire was implemented on a Limesurvey server hosted by ISAE-SUPAERO. Data were collected between November 2019 and March 2020. The raw results were reformatted with Python 3.7.3 using pandas 0.24.2. Descriptive statistics were computed with numpy 0.16.4 and statsmodel 0.10.0. Inferential statistics were computed with R version 3.6.3, using MASS 7.3-51.6 for the ordinal logistic regression. As one exploratory hypothesis was tested in this study for the distribution of occurrences of degraded engagement, seven more in the ordinal regression of degraded engagement against age, and three for the Cochran’s Q test on the impacts of degraded states, a Bonferroni correction to the significance threshold was applied to mitigate the type I error. A value of   α = 0.05 / ( 1 + 7 + 3 ) ≃ 0.0045   was thus retained for omnibus effects in this study.





3. Results


3.1. Experiences of Degraded Engagement


Seven states of degraded engagement were investigated in this survey. First and foremost, every single certified air traffic controller reported having experienced at least one of these states at least once in their career, and all seven states were experienced to some degree. About 40% of air traffic controllers reported at least one experience of degraded engagement every work cycle. Conversely, only 4% claimed to experience a degraded state of engagement in every work session.



As the dependent value in this question was ranked on an ordinal scale, a value of 0 to 4 by increment of 1 was attributed to the answers from the lowest frequency of occurrences (“never”) to the highest (“every work session”), and a Friedman test was conducted to evaluate differences among the frequency of occurrences of all seven states of degraded engagement. The distributions as well as medians and quartiles of all seven states are represented in Figure 1.



The Friedman test was significant    χ 2   ( 4 )  = 314.10  , p < 0.001. Post-hoc pairwise comparisons were conducted using a Wilcoxon signed-rank test and controlling for the Type I errors using the Holm procedure. All but 3 pairwise comparisons were significant: task-related mind wandering (Mdn = 2, p < 0.0001 for all pairwise comparisons) was the most frequently reported state, then inattentional deafness (Mdn = 2) and task-unrelated mind wandering (Mdn = 1), between which the difference was not significant (z = 0.40, p = 1). Less frequent then were perseveration and inattentional blindness (both Mdn = 1), with a non significant difference between them (z = 0.14, p = 1). Finally, the least frequently reported states were attentional entropy (Mdn = 1) and mental overload (Mdn = 1), for which the difference did not reach significance (z = 2.66, p = 0.02 > 0.05/11). This is in line with our first hypothesis that mind wandering would be the most reported state.



An ordinal logistic regression was then performed in order to investigate the influence of age on the reported experiences of each degraded states of engagement. Age was not a significant predictor for any of the states. The detailed results of the regression are available in Table A1 of Appendix B.




3.2. Workload Experienced during Degraded States


These questions were only asked for degraded attentional states for which controllers had reported an experience of at least “several times a year”, so the number of respondents greatly varied between the seven states under investigation. Details on the numbers of respondents for each state and results are visible in Figure 2.



The controllers reported experiencing three of the degraded states during high workload: all eight respondents declared high workload while suffering from mental overload, 91.67% for inattentional deafness (72 respondents), and 70.37% for inattentional blindness (27 respondents). For attentional entropy (11 respondents), seven controllers reported experiencing it in conditions of high workload, but also two in medium, and one in low workload. On the other hand, task-unrelated mind wandering (66 respondents) was experienced in conditions of low workload by 90.91% controllers. Finally, for experiences of task-related mind wandering (104 respondents) and perseveration (33 respondents), all workload conditions were reported, but in both cases the most frequent answer was “no answer” (51.92% for task-related mind wandering and 39.39% for perseveration).




3.3. Time of Occurrence of Degraded Attentional States


Again, the questions pertaining to the time of occurrence (within a day, a shift, or a work cycle) were asked only to respondents for the states they had reported to have experienced “several times a year” or more frequently (i.e, with similar number of respondents as the questions on workload). However, for all questions, the answer “no pattern” was by far the most prevalent (from 72.36% for the occurrence within the shift to 90.00% for the moment within the work cycle) of given answers. Therefore, according to this data, the circadian rhythm and time on task did not influence the occurrence of degraded states. No further analysis was thus performed on this data.




3.4. Impact of Degraded States on the Controllers’ Activity


All degraded states were assessed as having an impact on safety, performance, and cooperation by at least 25% of licensed ATCOs. The results are illustrated in Figure 3.



Therefore a Cochran’s Q test was run for each of the three investigated domains (safety, performance and cooperation) to check whether the reported impacts of all degraded states were significantly different. All three tests showed similar results, showing that the reported impacts of the seven attentional states related to engagement were different on safety (   χ 2   ( 6 )  = 253.53 ,  p < 0.001  ), performance (   χ 2   ( 6 )  = 143.37 ,  p < 0.001  ) and cooperation (   χ 2   ( 6 )  = 173.82 ,  p < 0.001  ). Pairwise post-hoc comparisons were then performed to assess the significance of the difference between the mode and the other modalities in each domain. p values were adjusted with a Holm correction for multiple comparisons.



Inattentional deafness was the most often reported state (89.31%) as having an impact on cooperation, and the difference with all other degraded states was significant (   χ 2   ( 1 )  > 33.33 ,  p < 0.0001  ). It was also the only state for which cooperation was the most reported impacted domain.



Control performance (e.g., flight optimization, ...) was the most reported impact for mind wandering (62.60% for task-unrelated mind wandering and 79.39% for task-related mind wandering) and perseveration (91.60%), which was the highest impact for this domain. However, the differences between perseveration and task-related mind wandering (   χ 2   ( 1 )  = 7.53 ,  p = 0.01  ), mental overload (   χ 2   ( 1 )  = 9.97 ,  p = 0.005  ) or attentional entropy (   χ 2   ( 1 )  = 7.26 ,  p = 0.12  ) were not significant.



Finally, safety was reported as the most impacted domain for mental overload (86.23%), attentional entropy (90.84%) and inattentional blindness (96.18%), which was the most reported impact in this study, thus confirming our second hypothesis. However, the difference between inattentional blindness and attentional entropy (   χ 2   ( 1 )  = 3.77 ,  p = 0.05  ) did not reach statistical significance.





4. Discussion


The motivation of this study was to investigate air traffic controllers’ attentional management issues in actual operations. Indeed, degraded attentional states have been studied in experiments and ATC simulations, but little is known about their actual prevalence and impact on everyday operations. This study aimed at providing such operational data, as identifying which states have significant prevalence and repercussions could lead to targeted countermeasures to help air traffic controllers cope with the variability of their working conditions while maintaining a high level of performance.



We surveyed professional French air traffic controllers about their career experience of seven degraded attentional states linked to task engagement issues. We also aimed at identifying some contributing factors to these degraded engagement states, such as the workload conditions and circadian rhythm. Finally, the perceived impact of these states on safety, cooperation, and performance were investigated.



The results showed very heterogeneous frequencies and operational consequences of the degraded attentional states. In terms of prevalence, four groups of diminishing frequency of occurrence emerged: firstly, task-related mind wandering was the most prevalent degraded state. Then inattentional deafness and task-unrelated mind wandering were reported with similar frequencies. The third most reported group was composed of perseveration and inattentional blindness. Finally, the least frequently reported states were attentional entropy and mental overload. In terms of operational impact, air traffic controllers considered inattentional blindness and attentional entropy were the biggest threats to safety, and that cooperation was most impended by inattentional deafness. Four out of seven states also reportedly had high impact on control performance. The four more frequently reported states had the least reported impact on safety but ATCOs found them to degrade control performance. Moreover, states with the highest impact on safety were mostly experienced in conditions of high workload, what is in line with the results of [57], who found that more operational errors occurred in en route ATC when workload was high. So overall, we believe that inattentional blindness, which was reported as having a significant impact on safety by over 96% of ATCOs, is a prime candidate for further safety research as its impact on it is markedly higher than that of more frequent states.



In line with our first hypothesis, task-related mind wandering constituted the first group of reported prevalence, and task-unrelated mind wandering was in the second most prevalent group, making it a valuable research topic. As a matter of fact, recent works in air traffic control dealt with it through various means [58,59]. The reported frequency of mind wandering experiences was however low compared to previous experiments. Indeed, previous studies found that up to 50% of waking hours consist of mind wandering [60], a figure that was also found during a sustained attention task [61]. However, both task-related and task-unrelated mind wandering were reported to occur in every work session by less than 3% of professional air traffic controllers, which is clearly incompatible with the previous results. A first explanation to account for these differences is that the data from [60,61] involved laboratory experiments or every day life scenarios that were not as critical as ATC operational situations. Indeed, mind wandering is probably less frequent on the job, especially when human lives are at stake as in ATC, than during less demanding activities (e.g., attending a meeting or reading a book). So, these results suggest that either air traffic controllers somehow prevent their minds from wandering when working, or that they might not be systematically aware of its occurrence when on the job (both hypotheses not being mutually exclusive). Even though the first hypothesis cannot be discarded and should be investigated, massive under-reports of mind wandering due to the participants being unaware of it are actually quite common (e.g., [22]), and meta-awareness of mind wandering (i.e., the explicit knowledge that one’s mind is wandering) is only intermittent [19].



Task-unrelated mind wandering was overwhelmingly reported in conditions of low workload, and hence low external demands, which fits the existing literature. However, no clear workload conditions emerged for task-related mind wandering, with high, low and medium workload being reported about equally, and “no answer” being the most frequent reply. Furthermore, less than half of air traffic controllers reported an impact of mind wandering on safety or cooperation, and the highest impact was reported on global performance. Given the extent of the domains adversely impacted by mind wandering (for a review, see Table 1 in [26]), again, either professional air traffic controllers have developed ways to mitigate its costs, or are unaware of them. Ref. [62] suggested that expert pilots would learn to identify “appropriate times” to mind wander during their monitoring duties. They would confine mind wandering to periods where its impact would be minimal, but let it happen whenever possible. It could be the case that expert air traffic controllers have adopted the same strategy, thus explaining the low reported impact on safety, and possibly its prevalence in most workload conditions. This would be compatible with the low reported impact on cooperation: by choosing appropriate times to mind wander, controllers could rely on their colleague to maintain an acceptable performance in situations that require little time to assess and explain if need be. Mind wandering could also provide relief from boredom during a tedious task, which is corroborated by the fact that task-unrelated mind wandering was overwhelmingly (≃90%) reported in conditions of low workload. Another possible explanation is that the benefits of mind wandering outweigh its costs in this activity. Indeed, according to [26], mind wandering promotes future thinking and prospective planning, which is necessary in air traffic control. They also suggest that it could help maintain goal-appropriate behaviors for multiple goals at a time through attentional cycling -again, a desirable feature in ATC. These results lean towards the fact that even though mind wandering is a fairly prevalent state, its impact is not so adverse that it needs eliminating from actual real world tasks. We still believe that the actual impact (both deleterious and beneficial) in ecological conditions should be further investigated, even more so after the dramatic drop in traffic following the global pandemic, which should greatly increase periods of (very) low workload.



The inattentional phenomena (blindness and deafness) were ranked in the second and third most prevalent groups, significantly lower than task-related mind wandering. In actual working conditions, stimuli such as visual notifications or visual alerts may be impacted by blindness. However, as no auditory alarm has yet been implemented in the control facilities that were surveyed, inattentional deafness would manifest itself through missed verbal communications with colleagues or missed pilot calls. These episodes were mostly reported in conditions of high workload, in accordance with previous literature. Indeed, high load settings induced missed aircraft notifications [36,37,40] as well as auditory sounds in simulated ATC situations [40]. These states were perceived as being the most critical in terms of safety (inattentional blindness) and cooperation (inattentional deafness), what confirms our second hypothesis. The criticality of inattentional blindness seems logical if one considers the consequences of a missed proximity alert, which can lead to separation infringements between aircraft and ultimately airborne collisions (even though not all visual notifications can have such dire consequences). Again, this is consistent with the results of [6,7] who identified the lack of perception of alarms as one of the major causes of incidents. The fact that the auditory channel is mainly dedicated to communications with colleagues, pilots and other staff members, could explain the high impact on cooperation of inattentional deafness. However, safety could be impacted in the future should auditory alarms be implemented. Studies could be performed in facilities already benefiting from such alarms, where safety concerns have already been raised [63]. So these reports constitute evidence that inattentional blindness and deafness are a concern in air traffic control as, even though their prevalence seems rather limited, their impact can have extreme consequences.



Perseveration was found to be in the third most prevalent group of degraded states of engagement. In actual operations, it can correspond to a controller carrying on a resolution strategy for one or more conflict(s) despite evidence (from colleagues or pilots) that it is no longer appropriate considering the evolution of the tactical situation. One has to consider that ATCOs may have to solve several conflicts at the same time and so often have to make a lot of quick decisions over a few minutes. No predominant workload condition was reported for perseveration, even though most laboratory experiments generating this behavior in pilots used high workload conditions (e.g., [44]). However, [41] reported that perseverative behaviors can also occur if workload is too low, which could explain these results. It is noteworthy that safety seems little impacted by perseveration for air traffic controllers while it is a prime concern for pilots. Yet air traffic controllers report that it has a high impact on global performance. This may be explained by the large difference in the nature of perseverative behaviors between ATC and piloting. While pilots have (among others) one hugely critical decision to make (landing or not: [44,54]) that needs to be regularly reassessed, controllers rather have sequences of decisions to make regarding several problems, rendering the impact of one perseverative (sub-par) decision less important. Furthermore, these results tend to show that a sub optimal strategy in ATC makes the overall task harder but may still maintain an acceptable level of safety, suggesting that controllers keep some room to recover from poor decisions.



Finally, the least frequent degraded states according to air traffic controllers were mental overload and attentional entropy. They were both reported (albeit by very few respondents) to occur in high workload conditions, in line with our model of engagement and previous studies (e.g., [15]). They were mostly reported to impact the safety domain. The low prevalence of mental overload may be explained by considering the motivational aspect of task engagement [18]. Indeed, conditions of high workload are mainly associated with a high number of aircraft under responsibility with a high number of problems between them. In these conditions, providing effective air traffic control is literally a matter of life and death. This must elicit great motivation and hence maintain the high level of engagement that is required to perform the task. The low frequency of occurrences of attentional entropy may be related to the lack of implementation of automation tools to assist air traffic controllers, as ATC systems in Europe are still notoriously relying on humans for most tasks despite large-scale attempts to introduce automation in ATC facilities [64]. Indeed, attentional entropy has been mainly shown to occur when conflicts between humans and automated systems arise (i.e., "automation surprise"), confusing the human operators [31]. However, this phenomenon could become a real concern in the near future with the gradual automation of ATC.



In a nutshell, the main results are as follows:




	
All degraded states of engagement were experienced by air traffic controllers, and all these states can have a significant impact;



	
States of over-engagement had fairly low prevalence but a high perceived impact, making them a prime target for future studies;



	
These results advocate for the implementation of countermeasures to degraded attentional states in order to maintain a high level of safety, cooperation and performance.








4.1. Limitations


The reports in this article were, however, subject to several limitations. First of all, the personal and sensitive nature of some of the responses are obvious: task-unrelated mind wandering on the job or missing an alarm could be perceived as professional malpractice (even though this is not the authors’ view), which professionals may be reluctant to admit [56]. Hence, some respondents may have censored their responses. Another limitation is that the recall of errors in one’s career may also have been subject to forgetting, as we already put forward to explain some absence of results. Indeed, air traffic controllers may have difficulty remembering perceptual failures or mind wandering states that occurred long ago. This may explain the almost total absence of results regarding the factors other than workload contributing to degraded engagement. Even though there is ample evidence of deleterious effects of shift work or time on task on safety and performance (e.g., [65]), no such pattern was reported in this study.



Additionally, the impacts of degraded attentional states, including safety, are entirely subjective as they were based on the perceived experience reported by ATCOs, and not from objective systematic studies such as risk analysis.



Finally, these data may to a certain extent only be applicable to air traffic controllers in a given set of conditions. Indeed, all participants were working for the same Air Navigation Service Provider (but from five different facilities), with a limited variability in terms of typologies of traffic and equipment. It is possible that the results could be slightly different in other locations with other tools at their disposal and different levels of automation. ATCOs could also choose the time and place to answer this questionnaire, so their answers might have been influenced by their rest level or their last shift at work.




4.2. Perspectives


Despite these limitations, the present study advocates for further research on degraded attentional states in air traffic control. Inattentional phenomena should be investigated, as they have a high impact on safety and cooperation. The prevalence of mind wandering may increase due to the recent traffic drop, and its impact on air traffic control needs to be clarified. Future studies should also characterize perseveration, that appears to be fairly different from what was observed on pilots.



Neuroergonomic studies could identify markers of degraded states with a high impact on safety in order to implement adaptive automation based on the principle of [66] and dynamically trigger countermeasures that mitigate their deleterious effects [15]. For instance, [36,37] successfully designed adaptive notifications to prevent the occurrence of ATCOs’ inattentional blindness. Similar solutions, based on information removal, were proposed by [67] to mitigate perseveration in the context of flying and operating robots. In terms of neuroergonomics, [58,68] developed an on-line vigilance index computed from EEG signal to drive the level of automation so as to maintain ATCOs in their comfort engagement zone. Finally, neurofeedback could be used to inform ATCOs on their mental states so that they can regulate their level of engagement [69,70,71]. So this study is a first step towards mitigating the prevalence and adverse impacts of deleterious attentional states.





5. Conclusions


Noticing the lack of operational data on degraded attentional states in air traffic control, we conducted an exploratory survey of professional air traffic controllers in actual operations in order to assess the prevalence, conditions and impact of such states. In accordance with the incident and operational error studies, inattentional phenomena were found to have a significant adverse impact on perceived safety and cooperation by ATCOs, thus making them a major subject of investigation.



Mind wandering was the most reported state but its prevalence however appeared to be much lower than the existing literature suggested. It reportedly impacted more global performance than safety, but potential benefits from it should be further investigated. Finally perseveration in air traffic control seems to be quite different from perseveration in pilots and should be further characterized. These results have applications in the design of user interfaces for air traffic control, which should try and mitigate the most deleterious effects of degraded states that are actually encountered in real operations.
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Appendix A


	
Task-unrelated mind wandering:



Did it ever happen that your thoughts disconnected from the present traffic and “wander” towards topics unrelated to air traffic control ?



	
Task-related mind wandering:



Did you ever integrate a new flight by browsing through its parameters without being concentrated on it, and realize later that your integration was so incomplete that you had to perform it again?



	
Inattentional deafness:



Did it ever happen that you were totally focused your radar screen and did not perceive verbal coordinations directed at you? For example, you did not the coordinations from your planning controller or information from the supervisor.



	
Inattentional blindness:



Did it ever happen that you were totally focused your radar screen and did not perceive, or belatedly perceive other signals elsewhere on the screen, such as a Short Term Conflict Alert or a newly added tag on a label?



	
Perseveration:



Did you ever get involved for several minutes in an obviously costly strategy (for example, solving a conflict with evolving aircraft with numerous heading instructions), while external elements (slow reactions from a pilot, many radio calls from other pilots, advice from your PC) urged you to switch to a simpler solution (for example, stopping a climb)?



	
Attentional entropy:



Did you ever fail to (or wrongly) anticipate the general situation in your sector and the forthcoming problems, and felt "lost" on the sector?



	
Mental Overload:



Did it ever happen that you could not handle all the incoming problems on the sector, even with a lot of effort ?
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Table A1. Ordinal logistic regression of age against reported occurrences of degraded engagement (N = 141).






Table A1. Ordinal logistic regression of age against reported occurrences of degraded engagement (N = 141).





	Degraded State
	Value
	   σ   
	t
	p





	Task unrelated Mind Wandering
	−0.05
	0.02
	−2.06
	0.04



	Task related Mind Wandering
	0.03
	0.02
	1.17
	0.24



	Mental overload
	0.02
	0.02
	0.66
	0.51



	Inattentional Deafness
	−0.00
	.02
	−0.19
	0.85



	Inattentional Blindness
	0.05
	0.02
	1.85
	0.06



	Perseveration
	−0.02
	0.02
	−0.86
	0.39



	Attentional Entropy
	0.05
	0.02
	1.86
	0.06







Note: The threshold value in this study was α = 0.0045.
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Figure 1. Frequency of occurrences of the seven degraded attentional states (N = 150). All pairwise comparisons were statistically significant (p < 0.0045) unless specified otherwise. The response distributions were compared to rank the degraded states from most to least frequently reported. The statistical analysis disclosed the existence of four main groups (from most to least frequent): task-related mind wandering, inattentional deafness and task-unrelated mind wandering, perseveration and inattentional blindness, attentional entropy and mental overload. Note: ns = no significant difference. 
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Figure 2. Workload experienced during degraded engagement states. 
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Figure 3. Impacts of degraded engagement states reported by ATCOs (N = 131). For each domain, all pairwise comparisons with the most reported state were statistically significant (p < 0.0045) unless specified otherwise. According to ATCOs, inattentional blindness and attentional entropy are the main threat to safety, and inattentional deafness has the most impact on cooperation. Four states reportedly had the most significant impact on control performance. Note: ns = no significant difference. 
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Table 1. Summary of degraded attentional states and relevant literature.
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	Degraded State
	Workload Level
	Engagement Level





	Mind Wandering
	Low [24,46,47]
	Disengagement [20,24,48]



	Mental overload
	High [27,29,49],
	Disengagement [27,49]



	Attentional Entropy
	High [31]
	Disengagement [17,31]



	Inattentional Deafness
	High [38,39,40]
	Over-engagement [50,51]



	Inattentional Blindness
	High [35,37,52]
	Over-engagement [15,17]



	Perseveration
	High [44,53,54]
	Over-engagement [45]
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